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Preface

My first book on this subject, Nutritional Blindness,' was published 1n 1982 As
the title suggests, 1t concentrated on the ocular comphcations of vitamin A
deficiency, the primary clinical concern of half a century The next year colleagues
and I published the first of a series of studies®® demonstrating that vitamin A
deficiency 1s a public menace of multiple dimensions, including reduced resistance
to severe 1nfection and markedly increased childhood meortality The ocular
changes, xerophthalmia and keratomalacia, are relatively late complications of
more severe deficiency among children who manage to survive These data, 1t
turns out, merely confirm conclusions drawn by investigators over 60 years ago**
but since 1gnored, forgotten or considered wrrelevant to the problems of today’s
impoverished populations

It now seems clear that improving the vitamin A status of deficient children
would not only prevent 5 million to 10 mullion cases of xerophthalmia and half
a milhon children from going blind each year,!”® but save a milhon or more lives
annually as well * In the past two years, specialized agencies of the United Nations
(WHO, UNICEF, FAQ) have raised their level of concern and commitment The
UNICEF Governing Board, the World Health Assembly,'® the World Summut for
Children and the International Conference on Nutrihion have all called for the
control or elimnation of vitamin A deficiency by the year 2000 !

This book therefore reframes the 1ssue of vitamin A deficiency 1n 1ts broader
context of child health and survival, taking up the story where the onginal volume
left off A great deal more attention 1s paid to the systemic compheations of
vitamin A deficiency and the data from which they are derved

Ocular mamfestations are still dealt with 1n considerable depth and the infor-
mation and references updated where warranted Pertinent material from the
original work 15 retained 1n the present volume, erther ntact or rewritten de-
pending upon the amount and substance of intervening reports But the reader
1sreferred to Nutritional Blindness and the onginal references for detailed presen-
tations of that data
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I wrote Nutritonal Blindness by myself The present volume 1s a joint effort
Dr Ketth P West, Ir, a close colleague and collaborator for the past dozen
years has jommed me as co-author The recent explosion 1n knowledge about the
basic biochemistry of vitamin A and 1ts impact on the immune system, which
has begun to explain the climical and public health observations at the heart of
this book, requires more thorough and knowledgeable discussion than 1 can
provide Drs James Olson and Catharine Ross have graciously assumed responsi-
bility for these two chapters

The goal and spint of the ongmal volume have, I hope, been retamned in
this sequel

That this book will prove useful to pediatricians, nutnnionists, ophthalmologists,
scientisis and public health practiioners and officials engaged in designing
and wumplementing programs aimed at curbing vitamin A deficiency and 1its
consequences and reducing the terrible and needless loss of sight and Ife

Balumore AS
May 1995
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Introduction

While they were saying among themselves 1t could not be done, behold 1t

was done
—Helen Keller






Background

We feel confident that these cases of xerophthalmia reported bv Mort and
Bloch should be looked upon as a deficiency disease not hutherto recognized

m 1ts true relationship to diet
—E V McCollum, 19177

The disease [vitamimn A deficiency] 1s ushered n by failure to gamn weight

These children are liable to be attacked by some infectious disease These
itfections are extraordmnarily persistent and often have a fatal 1ssue An
increased susceptibihty and a dumimished power of resistance to nfections
are therefore present The eye lesion does not appear as a rule until late m

the discase
-—-C E Bloch, 1924°

Vitamuin A Suspicion Confirmed  There 15 no longer any reason to wait
Vitamin A supplements have taken their place alongside the handful of other
low-cost strategies that could now significantly reduce iUlness and death
among the children of the developing world

—The State of the World's Children, 1993"

Historical Development

Vitamimn A deficiency 1s one of the oldest recorded medical conditions, long
recogmzed for its stnking and umique ocular mamfestations Nightblindness and
1ts successful treatment with amimal hver was known to the ancient Egyptians
at least 3500 years ago™, and 1s mentioned by Hippocrates Corneal destruction
resulting 1n permanent blindness was certamly recognized by eighteenth and
nineteenth century physicians,” " usually 1n association with severe systemic

3
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tllnesses like menmgins, tuberculosis, typhowd, and severe protem energy mal-
nutrition

In 1816, Magendie'® demonstrated that dogs “starved’ on sugar and distilled
water suffered corneal ulceration, suggesting a specific nutritional basis for the
ocular lesions Hubbenet” observed children in a French orphanage and de-
scribed the progressien of xerophthalma from nightbhindness through conjuncti-
val and corneal involvement, attributing 1t to a faulty diet

By the mid-1800s, xerophthalmia was recogmized in many areas of Europe, ™
particularly 1n Russia during the long Lenten fasts,” the United States,® and
elsewhere around the world 7-*! In a particularly thoughtful and well-documented
study pubhshed 1n 1881, Snell” demonstrated that cod liver o1l would cure both
mightblindness and Bitot’s spots Within a decade, meat, milk, and cod hiver od
were routinely administered for corneal ulceration and dissolution (keratoma-
lacia) ¥

In 1904, Morn published an exhaustive description of “Hikan,” as the disease
was known 1n Japan *' Not only did he recognize the entire sequence of ocular
changes constituting xerophthalmia, but also the central role of dietary deficiency
of fats (particularly fish liver oils) resulting from erther a faulty diet or faulty
absorption, the role of diarrhea, kwashiorkor, and other contributory and precip-
itating events, and the curative value of cod hver ol administered orally or
mtramuscularly

The first two decades of the 1900s witnessed the flowermg of “basic™ nutri-
tional research the use of ammal models in the search for specific dietary factors
and thear role in human health and disease Hopkins, McCollum, and Osborne
and Mendel led the way Ammals fed ‘“‘pure” diets of fats, starch, protemn and
morganic salts ceased to grow, lost weight, became susceptible to infections,
and generally died of overwhelming sepsis, only those that survived developed
mflammatory corneal ulceration ¥ Administration of “accessory factors” pres-
ent 1n the hpid fraction of mulk, eggs, butter, and cod hver o1l reversed the
process **“ McCollum termed the critscal factor “Fat Soluble A ™ McCollum™*
and Goldschmidt® equated these diet-dependent ocular changes 1n animals with
human xecrophthalmia

Bloch, a Damsh pediatrician, confirmed McCollum’s suppositions In a series
of papers that represent classics of chnical epidemiology, he described the full
spectrum of human disease and 1ts etiology, prevention and cure 6% Seeking
an explanation of why children hving in one dormitory of a Damsh orphanage
failled to thrive compared with children housed 1n other wards, he discovered
the latter recetved more generous helpings of butterfat and whole milk Extend-
mg from 1912 through at least 1919, Bloch’s studies convinced him that, n
humans as 1n McCollum’s animals, the carhest mamfestations of progressive
vitamin A deficiency were growth retardation accompamed by reduced resistance
to mnfection (particularly of the respiratory and urnary tracts and the middle
ear}, and only subsequently by the appearance of the ocular changes of xeroph-
thalmia Hence the title of one of his seminal publications contamed the words
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*  xerophthalmia et dystrophia ahpogenetica” (xerophthalma and growth fail-
ure related to lack of a dietary lipid) * He found he could cure all these manifesta-
tions, mcluding otherwise severe and seemingly mntractable infections, with cod
hiver onl, butterfat or whole mulk Upon learning of McCollum’s description of
fat-soluble A, Bloch declared that its deficiency was the sole factor responsible
for the disease

Thus, by 1920 the clinical manifestations of vitamin A deficiency and their
cause and cure were well established Not until many years later was vitamun A
crystallized® or were xerophthalmic patients shown to have decreased levels in
therr blood *

Modemn Perspective

From that moment (December 21, 1917), everyone ate butter instead of
margarme and since then there has been no xerophthalma i Denmark

1t 15 mmpossible with certamnty to throw any light on the extent to which
change of diet 1n 1918 and 1919 affected the two other conditions associated
with xerophthalmia 1n young children, viz  dystrophy and the reduced power

of resistance towards infection
—C E Bloch, 1921*

Recent research seems to have crystallized mto the behef that vitammn A 1s
concerned with rawsing the reststance of the amimal body as a whole to
various bactenal mvasions The comparative scarcity of human investigations
on this subject may perhaps be attnibuted to the fact 1t 15 not easy to pont
to any clearly defined group of symptoms associated with a deficiency of
this factor in man 1n any way analogous to the syndromes of nckets and
scurvy There 15, however, good evidence for the belhief that concentrates
rich in this vitamun are valuable as prophylactics against infections

—I] B Elhson, 1932%

In retrospect, a profound amnesia appears to have settled over the broader
context of vitamimn A deficiency once 1t ceased to be a major concern of wealthier
countries Although amimal studies and chinical observations had seemingly dehn-
eated the wide spectrum of disease associated with vitamun A deficiency, particu-
larly growth retardation and reduced resistance to infection, climeal interest soon
fixated on the ocular mamfestations (xerophthalrmuia and keratomalacia) To what
can we ascribe this relative indifference to the systerme consequences of vitamm
A deficiency and 1its potentially profound impact on the health and survival of
young children? No clear answers exist, though a constellation of factors were
probably responsible

1 Despite periodic but scattered reports attesting to the potential relation-
ship between vitamn A status and infection,* - 1t 15 unclear whether
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this thesis was ever widely accepted or aitered the practices of the medical
profession (in the absence of xerophthalmia)

2 Scentfic curiosity reached 1ts peak m Europe, Japan, and the United
States when vitamm A deficiency was a readily recogmized local phenome-
non As these countries succeeded m eliminating severe deficiency (xe-
rophthalmia) through alterations in diet, the problem became less appar-
ent and urgent Scientific and public health interest turned elsewhere

3 In contrast to xerophthalmia, which 1s associated with a dramatic and
readily recogmzed constellation of signs and symptoms, the systemic con-
sequences of vitamin A deficiency are more protean, msidious and, less
specific As the quotation from Bloch makes clear, even he was unsure
whether improved child health and survival in Denmark was a direct
consequence of the marked and abrupt increase mn vitamin A intake Too
many factors seermngly influenced childhood morbidity and mortality to
ascribe a major role to a single nutnient

4 The poverty and deprivation affhicting children 1n the developing world
have long presented complex, overwhelming challenges to their health
(Given contaminated water supplies, poor hygiene, and multiple nutritional
deficiencies, many scientists, including a panel of the National Academy
of Sciences,” doubted that vitamin A deficiency alone could account for
a sigmficant proportion of severe childhood infections and death Nor
were they convinced that improving vitamin A nutriture by itself would
improve health and reduce mortahty

The sigmificance of “mild” vitamin A deficiency as an important determinant
of chuld survival was overlooked until the chance observation that nuld xeroph-
thalma (or, as we now recogmze, moderate vitamin A deficiency) was closely
associated, in a dose-dependent relationship, to mortality among children who
seemed otherwise healthy and well nourished > That was more than ten years
ago, 1t took another decade of observational studies and controlled clinical trials
to convince ourselves and the broader scientific and public heaith communities
that mproving the vitarmn A status of deficient children could, by itself, dramati-
cally reduce their morbidity and mortality 1056

Vitamin A

“Vitamuin A” 18 a genernc term for a vanety of related compounds Briefly,
they include retinol, its esters (e g, retnyl palmitate), and retmoic acid The
brocherstry and cellular and molecular biology of vitamin A are detaled 1n
Chapter 8, but a short overview will help orient the reader

Vitamin A 1s a fat-soluble substance found 1 ester form (usuaily as retinyl
palmitate) in ammal and dairy products It is hydrolyzed mn cells of the small
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intestine to alcohol (retinol) Carotene, the naturally occurring progemtor of
vitanmn A found 1n certamn vegetables and fruits, 1s split in the intestinal cells to
retinaldehyde, most of which 1s promptly reduced to retinol All-trans beta-
carotene 1s the most active of the provitamin A carotenoids The bioavailability
of provitamin A carotenes varies widely with the way in which food 1s prepared
and consumed

Dietary hipids, pancreatic enzymes, and bile salts play an important role n
the digestion and assimilation of these agents

Most of the absorbed retinol 1s re-esterified, enters chylomicra and makes
its way to the bloodstream via the lymphatics Under normal condifions, over
90% of vitamm A 1s stored in the hver, mostly as retinyl palmitate This 1s why
fish and animal livers (and their oils, like cod liver o1l) are such potent sources
of vitamin A

Liver stores are dramned to mamntain serum levels and the delivery of adequate
amounts of retinol to target tissues When released from the hver, retmol s
bound to a specific transport protein, RBP (retinol-binding protein} By itself
the protein 1s known as apo-RBP Bound to retinel, the complex 1s called holo-
RBP Interference with protein metabolism can depress RBP synthesis and holo-
REP release Conversely, pure vitamin A deficiency results in the accumulation
of apo-RBP 1n the liver, admimstration of a bolus of retinyl ester will cause a
sudden outpouring of holo-RBP This response 1s the basis for indirect assessment
of liver stores {the relative dose-response [RDR], see Chapter 11)

A variety of intracellular retinol binding proteins have been identified Some
in the intestines participate 1 the absorption of vitamin A, others promote 1ts
storage in the liver’s stellate cells Retinol’s role i the visual cycle of photorecep-
tors, remarkably well worked out, only begins to tell the story Exciting new
molecular studies indicate that vitamin A nfluences the expression of over 300
genes, 1n most mstances after oxidation to rettnowe acid which then binds to
nuclear receptors (RAR) The retinoic acid-RAR complex 1s thought to bind to
DNA sequences (retinoic acid-responsive elements [RARE]) in the vicinity of
target genes and thereby regulate their expression %%

While retinoc acid-responsive genes are nvolved in a host of activities,
including production of structural proteimns, they clearly play a major role mn
cellular differentiation ™™ Vitarmn A’s impact on cellular differentiation and
morphogenesis affects (among other things) the epithehal hning of a number of
organs, including the eye and the respiratory and genitourinary tract, and the
differentiation of cells related to the immune response (Chapter 9)

Indices of witamin A status and therr mnterpretation are detailed in Chapter
11 For purposes of this overview, suffice 1t to say that no single measure alone
provides a complete story of vitamin A nutriture at the cellular and orgams-
mic level

A varniety of body tissues and biochemical techmques have been used to
assess vitarmmn A “status ”’ Serum “vitamin A’ has a certain histoncal pride of
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Table 1-1 Serum Vitamin A Classification of Vitanun A ““Status”™

ngldl prnolliter Vitamm A “Status”
=20 =07 Normal
10-20 033-069 Low

< 10 < 035 Deficient

*Serum levels were traditionally expressed as pg/dl They are increasingly reported as pmol/liter (28 57 pg/dl = 1
wmol/liter) In still older hiterature, “international umts” were used The reader s cautioned to pay close attention
to the unit of measurement

place, having been first measured and correlated with clinical status (xerophthal-
mia) in the 1930s ® Despite a number of well-recognized limitations, 1t has been
the most common biochemical measure of vitamn A “status™ and the basis
upon which much of our knowledge about vitamun A status and 1ts chnical
correlates rests

Vitamin A levels have traditionally been categonized (Table 1-1)

Not surprisingly, interpretation of serum levels in any one inchividual 1s fraught
wrth problems Aside from laboratory artifact, biclogic vanation dictates that
an “‘abnormal” level in one mdividual 1s perfectly ““normal” n another Hence
“normal” levels of vitamin A are best considered a “‘range’ with considerable
overlap

While serum retmol levels above 20 pg/dl (07 pmol/hter) are generally
considered normatl, there are mnportant caveats

¢ Carefully momtored vitanmn A depletion of otherwise healthy adulis dem-
onstrates impaired dark adaptation at serum vitamin A levels between 20
pg/dl-30 pg/dl or igher 7™

® Non-xerophthalmic children with serum levels above 20 pg/dl have evi-
dence of subchnical functional disturbances, like conjunctival metaplasia,
which are directly associated with other health consequences (Chapters
2,11)

® A sigmficant proportion of children with clinical xerophthalmia have serum
levels above 20 pg/dl, while an even larger proportion with seemingly
normal eyes have levels below 20 pg/dl (Table 1-3)

Direct measures of various vitamin A-dependent functions (impression cytol-
ogy. dark adaptation, etc) provide a snapshot of that particular function, but
Iittle about the adequacy of other functions or vitamin A reserves

Xerophthalmia’s Relationship to Vitamin A Status

As the pathognomonic climcal sign of vitamin A deficiency, the presence and
severity of xerophthalmia has classically served as a surrogate for “vitamm A
status” 1n studies investigating the relationship between vitamin A deficiency
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and factors with which 1t might mteract A detarled description of the chinical
entity appears in Chapter 4 and elsewhere !

The term ‘“xerophthalmia™ was coined nearly 200 yvears ago to describe dry
eyes (Greek reros, dryness), unrelated to the nutritional condition under discus-
sion {cited 1n MacKenzie'®) While a number of pathologic processes interfermng
with mucus or tear production may give rise to “dry eye,” these are exceedingly
rare among children 1n developing countries “Xerophthalmia™ has since become
synonymous with the ocular mamfestations of vitamin A deficiency * Historically,
the signs and symptoms covered by the term have vaned from excludmg might-
blindness to including a vanety of permutations and combinations of conjunctival
and corneal abnormalities *-*

In 1974, participants at an international conference® proposed following the
mclusive practice of Qomen and McLaren®¥ ‘“Xerophthalmia” mcludes all
ocular signs and symptoms of vitamin A deficiency, from mghtblindness to kerato-
malacia A standardized classification (modified after ten Doesschate®) has smce
been refined following climcal studies 1n Indonesia (Table 1-2) '®

Nightblindness (XN), conjunctival xerosts (X1A), Bitot's spots {X1B), and
corneal xerosis (X2) are entirely reversible Loss of corneal stroma (X3) will
result 11 permanent sequelae (XS) a crcumscribed ulcer (Latin wicus) will
leave a scar, “‘keratomalacta” (Greek keras, horn, malakos, soft), full thickness,
often hmbal-to-himbal necrosis of the entire cornea, commonly results 1n a blind,
shrunken globe

Despite limitattons of serum vitarmin A as a guide to all aspects of vitamin
A status, particularly among individual subjects, 1t 1s a useful basis for assessing
the relative status between groups of individuals Indonesian studies documented
a direct, dose-dependent relationship between serum vitamun A levels and the
prevalence and sevenity of xerophthalma (Table 1-3)!

While a significant proportion of preschool chuldren with mild xerophthalmia
had serum levels above 20 ug/dl, the prevalence and severity of disease increased
markedly as levels fell below 20 pg/dl, particularly below 10 pg/dl-15 pg/dl
Mean serum vitamin A among children with keratomalacia was well below 10
pg/dl (035 pmol/liter) %

Table 1-2 Chnical Classification of Xerophthalmua (WHO, 1981 Revision)
Nightbhindness {XN)

Conjunctival xerasis (X1A)
Bitot’s spots (X1B)
Corneal xerosis (X2)

Corneal ulceration/keratomalacia <1/3 corneal surface (X3A)
Corneal ulceration/keratomalacta =1/3 corneal surface (X3B)
Corneal scar (X8)

Xerophthalmia fundus (XF)
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Table 1-3*  Association Between Xerophthalmia Status and Serum Vitamin A
Aa

Distribution of Serum Retinol Levels
Defictent Low Adeguate Mean Number
Cliucal Status (<10 pg/dl)  (10-20 pgidl) (=20 pg/dl) Total (ug/dl)  of Cases
XN (+),

XIB () 27% 55% 18% 100% 139 174
XN (=)

X1B (+) 31% 57% 12% 100% 134 51
XN (+),

X1B (+) 38% 53% 2% 100% 121 79
Neighborhood N/A N/A N/A N/A 177 282

controls

Random sample 8% 37% 55% 100% 200 268
Bb

X2 62% 34% 4% 100% 52 26
X3A (ulcer) 69% % 0% 100% 72 32
X3A (necrosis) 92% 8% 0% 100% 54 25
X3B 80% 20% 0% 100% 52 15

‘Modified from Sommer et al *—community based study
"Modified from Sommer et al " —hospital-based study

XN = nightblindness X1B = Bitot s spots, controls = neighborhooed peers of same age and sex random sam-
ple = peers from thronghout the six wvillages studied X2 = corneal xerosis X3A = ulcers and locahzed
keratomalacia, X3B = widespread corneal necrosis (keratomalacia), “randam sample * distribution of serum retinol
for XN{-¥X1B(—)

Data on XN, X1B, controls and random sample from a six village field study outside Bandung, Indonessa Data
on corneal cases were children seen at the Cicendo Eye Hospital, Bandung

Serum levels among children with X1B appeared only shghtly lower than
among children with 1solated XN, this may partially reflect inclusion of children
with Bitot’s spots that persisted despite a more adequate (if not necessarily
normal) vitamin A nutriture {Chapter 4)

Correlation between children with “normal” eyes and serum vitamin A levels
reveals an interesting aspect of vitamin A status among children without evident
xerophthalma Seemingly normal children living in the vicimty of an active case
of xerophthalmia (“neighborhood controls™) had serum levels higher than the
neighboring case, but lower than those of children of the same age and sex hiving
farther from the explicit case (“random sample™) This finding indicates the
mfluence of local, shared community and environmental factors on vitamin A
status (e g, dietary practices, samtation, educational levels) ®

NOTE In Indonesia m the late 1970s, the mean serum vitamin A level of
control children wuhout xerophthalma was at, or below, 20 pg/dl (070 wmol/
Iiter) In other words, roughly half the population of seemingly normal, free-
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living, rural Indonesian children had serum vitarmin A levels classified as “low™,
serum levels 1n the remaming “normal” children were not much higher
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Child Survival

Our results suggest that the existence of even mild xerophthalma in a commu-
mty justifies vigorous intervention measures, as much to reduce childhood
mortality as to prevent bhindness

—A Sommer et al., 1983!

Where it is the limiting nutrient, vitamin A deficiency causes anemia, growth
retardation and xerophthalmia; increases the incidence and/or severity of infec-
tious episodes; and reduces childhood survival. Reduced survival is the most
severe and potentially the most widespread consequence of vitamin A deficiency,
and the one that has generated the most interest recently.” The international
Child Survival Initiative, a program directed at reducing the 14 million child-
hood deaths each year, has helped focus attention on mortality. Improvement
in vitamin A status is now viewed as one of the most cost-effective measures to
achieve the Initiative’s goal,® joining immunization, breast-feeding and related
strategies.>*

Vitamin A-deficient animals die much earlier and at a far higher rate than
vitamin-A sufficient controls. Under experimental conditions of gradual, progres-
sive deficiency, mortality begins to take its toll even before the appearance of
xerophthalmia (Fig. 2-1).° Indeed, one of the problems in creating an experimen-
tal animal model to study xerophthalmia has been keeping such animals alive
long enough to develop ocular changes.

The situation in humans is far more complex. Vitamin A deficiency rarely
occurs as an 1solated disturbance; when it does, it is rarely recognized in the
absence of severe xerophthalmia, a condition long associated with increased
mortality.

19
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[] Accumuiated Deaths
. Deaths with Xerophthalmia

Total Deaths

0O 10 20 30 40 50 60 70 80 90 100 110 120
Days

Fig. 2-1. Cumulative deaths of increasingly vitamin A-deficient rats. Most died before
ever developing xerophthalmia. (From C.M. Stephenson.®)

Mortality Associated with Moderate to Severe Deficiency (Xerophthalmia)

Severe xerophthalmia, particularly keratomalacia, has traditionally been associ-
ated with extraordinary mortality. This is hardly surprising since early reports
were generally confined to children who went blind during chronic, debilitating
illnesses like encephalitis and tuberculosis, complicated by severe pneumonia,
diarrhea and emaciation—children like those recalled by Elliot (Chapter 4).° In
1868, Hirschberg reported mortality rates of 100%’, and authors early in this
century cited rates of 50% —80%.%° Given the lack of understanding and means
to treat kwashiorkor and underlying infections at that time, these rates probably
approximate the natural, untreated outcome of keratomalacia today.

It seems reasonable to suspect these extraordinary mortality rates were deter-
mined, at least in part, by concomitant infections and protein-energy malnutrition
(PEM). Indonesian children presenting with severe (e.g., corneal) xerophthalmia
to the Cicendo Eye Hospital in Bandung received the recommended course of
vitamin therapy (200,000 IU on two successive days and again one month later),
as well as protein-rich diets and antibiotics appropriate for systemic infections.
Cumulative mortality over the fourteen months of follow-up was 12.6%,'° most
of the deaths occurring within two months of initial presentation. PEM status
at admission was the single most important determinant of mortality in this
treated group of subjects: children with severe PEM (edema, serum albumin
< 2.5 pg/dl or weight for height < 70% of standard) died at almost seven times
the rate of those who were better nourished (25.7% versus 3.8% respectively).
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Years before, 30% -35% of severely malnourished children treated in the
central hospital in Jakarta died whether or not they had accompanying xeroph-
thalmia.” Only 8% of xerophthalmic children (most but not all of whom had
PEM) treated at a nutrition rehabilitation center in India died, versus 10% of
non-xerophthalmic, but more malnourished, children."? Children hospitalized for
xerophthalmia in El Salvador had an in-hospital mortality of 21%; among those
most severely malnourished, mortality was 25%."

On the other hand, several reports suggest that all else being equal, xeroph-
thalmia (e.g., severe vitamin A deficiency) can increase the risk of mortality
among malnourished, hospitalized children. Of severely malnourished children
hospitalized in El Salvador, 16%with xerophthalmia died; that rate was only
11% among those without xerophthalmia.” In South Africa, overall hospital
mortality for severely malnourished children (25%) rose to 30% for those with
ulcerated corneal lesions."® In Bangladesh, children hospitalized with severe mal-
nutrition died at a 50% higher rate if they were xerophthalmic (10% versus
15% ).' This difference was not statistically significant, however, and closer exami-
nation revealed that the xerophthalmic children were even more undernourished
and hypoproteinemic than their non-xerophthalmic peers.

McLaren long ago argued that xerophthalmia increased mortality among
malnourished children. Mortality among hospitalized xerophthalmic children was
56%-64%, four times the rate among non-xerophthalmic children of similar
PEM status (judged by broad classifications).”” Pereira et al."® reported similar
though less dramatic results in Vellore, South India: mortality among children
with both keratomalacia and kwashiorkor was 28%, twice the mortality rate
among children with kwashiorkor alone. Given the observations in Bangladesh'
that xerophthalmic children were generally more malnourished than non-xeroph-
thalmic children, even when confined to the same broad nutritional categories,
more detailed examination of nutritional status in McLaren’s and Periera’s stud-
ies would have been valuable.

Among girls in El Salvador hospitalized for severe malnutrition, the mortality
rate of those with xerophthalmia was twice that of girls without xerophthalmia;
mortality rates among xerophthalmic and non-xerophthalmic boys, however,
were similar." This was interpreted as evidence that admission of females with
xerophthalmia was delayed, by which time they had become more malnourished.
Scragg and Rubidge" reported in-hospital mortality of 52% among 1565 severely
malnourished African children (over 90% with edema). In general, those who
died had lower serum protein values than those who survived. Fourteen had
rapidly progressive corneal perforation in eyes that had appeared normal the
previous day. The mortality in this subgroup was an astounding 93% (thirteen
of fourteen). Five had been admitted “in extremis,” dying within a few hours.

Before 1980, therefore, evidence had linked xerophthalmia to mortality; un-
fortunately, it was primarily limited to children hospitalized with concomitant,
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severe malnutrition. The data suggested that severe PEM (a strong predictor of
mortality’>??) was a greater determinant of survival than was xerophthalmia, but
also indicated, tentatively, that severe xerophthalmia (vitamin A deficiency)
might further exacerbate the underlying risk of death.

The contribution of vitamin A deficiency to child mortality, isolated from the
confounding effects of severe PEM, was identified in a prospective, longitudinal
observational study of generally healthy, free-living rural Indonesian children.! %
Approximately 3500 preschool-age children up to six years of age were followed
for eighteen months (Figure 2-2).119% After baseline examination, the children
were reexamined by the same team every three months, resulting in seven exami-
nations encompassing six intervals. Serum samples were obtained at baseline
from children with mild xerophthalmia (XN, X1B), from age, sex, neighborhood
matched controls, and from a representative subsample of the study population
(Table 1-3). Any child with advanced xerophthalmia (i.e., X2, X3) was immedi-
ately given 200,000 IU vitamin A by mouth and hospitalized for treatment.

Each child was assigned the ocular status present at the interval-initiating
examination. Mortality for that interval was ascertained at the follow-up examina-
tion three months later. The process was repeated and summed across all six
intervals. The data relate solely to children with mild xerophthalmia (XN, X1B)
compared with peers with normal eyes (but not necessarily normal vitamin
A status).

The incidence of mild xerophthalmia rose dramatically during the first four
years of life, to 7% (5% XN, 2% X1B). No child under one year of age had
evidence of xerophthalmia. Of the 132 deaths, 24 occurred in children within
the three-month interval after the exam at which they were diagnosed with
xerophthalmia (Table 2-1). Age-specific mortality among these mildly xeroph-
thalmic children was four to twelve times the rate among their non-xerophthal-
mic peers.

XN

X1iB

i - -k
Non

X

O I N i 9
Alive t Alive t Alive 1 Alive 1

Fig. 2-2. Approximately 3500 preschool-age Indonesian children in Purwakarta District,
Indonesia, were reexamined in their village every three months for eighteen months.
Vitamin A status was based on the presence or absence of xerophthalmia at the examina-
tion initiating each three-month interval. Mortality rates were calculated for each interval,
by xerophthalmia status at the start of the interval, and summed over the six intervals.
(From A. Sommer et al.')
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Table 2-1. Mortality in Relation to Xerophthalmia (Vitamin A) Status

Mortality

Ocular Status Chuld Intervals Deaths (per 1000) Relative Risk
Normal 19,889 108 54 1.0

XN (+),

X1B (~) 547 8 14.6 2.7

XN (-),

X1B (+) 269 6 355 66

XN (+),

X1B (+) 215 10 46.5 8.6

From A Sommer et al'

Refer to Table 1-3 for relationship between serum vitamin A status and chnical xerophthalmia at baseline
examination

It is important to note that the association between vitamin A status and
mortality was dose-dependent: the greater the degree of vitamin A deficiency,
the greater the mortality. Children with only nightblindness died at almost three
times the rate of their non-xerophthalmic peers; children with Bitot’s spots, at
almost seven times the rate; and children with both nightblindness and Bitot’s
spots (a cleaner group than XN (—) X1B (+), in whom Bitot’s spots were more
likely to be residua of past deficiency), at almost nine times the rate (test for
trend, p < .05).

At the interval-initiating examinations, respiratory infection (diagnosed by
the pediatrician on the basis of wheezing, rhonchi, or rales) was more prevalent
at the interval-initiating examinations among xerophthalmic than among non-
xerophthalmic children (by 40% —-90% ). Since it was uncertain whether respira-
tory infection precipitated the xerophthalmia or xerophthalmia the infection
(Chapters 3, 7), and respiratory infection could have contributed to the increased
mortality seemingly associated with xerophthalmia, mortality rates were stratified
for respiratory status at each interval-initiating examination (Table 2-2).

Even among children without respiratory disease at baseline, mortality in-
creased in direct association with the severity of vitamin A deficiency. Though
the numbers are much smaller, the same relationship is evident among children
with respiratory disease at the start of the interval.

To simultaneously account for potential associations between age, mortality
and respiratory disease, age-specific mortality was plotted for each degree of
xerophthalmia (vitamin A deficiency) (Table 1-3) excluding children with respi-
ratory disease at the interval-initiating round (Fig. 2-3). Each age group exhibited
a dose-response relationship between the severity of vitamin A deficiency and
subsequent mortality.

Wasting (as percent of median weight-for-height) was equally prevalent
among children with and without xerophthalmia. Increased mortality was associ-
ated with xerophthalmia in the same monotonic, dose-dependent manner
whether or not wasting was present (Table 2-3).” At every age, xerophthalmic



Table 2-2. Respiratory Disease, Xerophthalmia and Mortality

Respiratory
Infection at Ocular Status at Mortality
Initiating Exam Inttiating Exam Chuld Intervals Deaths (per 1000)
ABSENT
Normal 18,321 93 5.1
XN (+),
X1B (—) 486 6 12.4
XN (-},
X1B (+) 235 6 255
XN (+),
X1B (+) 183 7 383
PRESENT
Normal 1568 15 96
XN (+),
X1B (-) 61 2 32.8
XN (-),
X1B (+) 34 0 —
XN (+),
X1B (+) 32 3 93.8
From A Sommer et a]'®
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Fig. 2-3. Mortality per 1000 child intervals among children who were 2 to 4 years of age
(at the first of their interval-mnitiating rounds). All children with respiratory discase at an
interval-initiating round have been excluded. (From A. Sommer et al.!)
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Table 2-3. Relationship Between Weight-for-Height, Xerophthalmia and Mortality

Mortality

Weight-for-Height® Ocular Status Number Examined Deaths (per 1000)
< 90%"

Normal 6079 58 95

XN (+)

X1B (-) 111 2 180

XN ()

X1B (+) 94 5 532

XN (+)

X1B (+) 68 8 117.7
= 90%

Normal 9107 38 42

XN (+)

XiB (-) 283 4 141

XN (-)

X1B (+) 107 1 9.3

XN (+)

X1B (+) 76 2 26.3

*Based on the median of the “Harvard Standard ”” From D B Jellife et al »
*The number of children with severe wasting (< 80% ) was neghgible

From A Sommer et al '?

children who were not wasted suffered a higher mortality than mildly wasted
children who were not xerophthalmic. In this population at least, moderately
severe vitamin A deficiency (mild xerophthalmia—XN, X1B) was a more im-
portant predictor (determinant?) of mortality than was mild PEM (Fig. 2-4),'#
even though weight-for-height was a powerful predictor of mortality.” The same
results were obtained when the population was stratified by height-for-age.”

If anything, this study underestimates the increased risk of mortality associ-
ated with moderate vitamin A deficiency (xerophthalmia)'**

® Children with severe deficiency (corneal xerophthalmia—X2, X3) were
hospitalized, treated, and excluded from the study, removing those xeroph-
thalmic children having the highest mortality.

® Although children were reexamined and their ocular status reclassified at
the start of each three-month interval, ocular status could vary within
the interval—some xerophthalmic children exhibited improved vitamin A
status and developed normal eyes, and vice versa.!®” This dilutes the dis-
tinction between non-xerophthalmic and xerophthalmic (mild and more
severely deficient) children, hence the relationship between vitamin A
status and subsequent mortality. A similar time-related leveling is observed
in the association between wasting PEM and mortality.?

® Treatment and referral of children with severe systemic disease or malnu-
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Fig. 2-4. At every degree of xerophthalmia, wasted children (< 90% weight-for-height;
open bars) died at a higher rate than children of better anthropometric status (black
bars). Within each anthropometric stratum, children with xerophthalmia were less likely
to survive than were children without xerophthalmia. Wasted children (< 90% weight-
for-height) without xerophthalmia (open bar, “normal”” ocular status) had a lower mor-
tality than nonwasted children with mild xerophthalmia (black bars, “XN” through
“XN,X1B”). (From A. Sommer et al.'®)

trition undoubtedly reduced mortality. Since these conditions were more
common among xerophthalmic children, treatment and referral further
reduced the apparent risk.

® As we've seen (Table 1-3), normal eyes do not necessarily mean normal
vitamin A status. At least half the ‘“non-xerophthalmic” children had
serum levels considered “low” (below 20 pg/dl); and levels in the other
half were not much higher. Given the dose-dependent relationship between
mild xerophthalmia and increased mortality, this monotonic trend might
well be expected to extend downward to non-xerophthalmic, deficient
children. Their mortality was two to three times higher than it might have
been had their vitamin A status been truly normal (exactly what was
observed in the vitamin A supplementation trials). A lower mortality
among vitamin A-sufficient, non-xerophthalmic children would have in-
creased the relative risk of death associated with mild xerophthalmia at
least twofold (see Table 2-13).

Despite these factors, which individually and collectively drove results toward
a conservative estimate of the increased mortality associated with xerophthalmia,
the attributable risk was still substantial. Eliminating excess mortality associated
solely with identifiable (mild) xerophthalmia in this population would reduce
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overall mortality by ar least 16% . Given the conservative estimate of relative
risk associated with mild xerophthalmia, the estimates of attributable risk and
excess mortality are undoubtedly conservative as well (see Table 2—-13).

The high relative risks, statistical significance, dose-dependent relationships,
and internal consistency suggest a direct and probably causal relationship be-
tween vitamin A status and risk of childhood death, and provide a quantitative
estimate of its potential magnitude.

Observational data collected in subsequent community intervention trials
support these conclusions. Vijayaraghavan and colleagues® found that mortality
among mildly xerophthalmic children in Hyderabad was more than twice as high
as among their less deficient (i.e., non-xerophthalmic) peers.

In Tamil Nadu,” mortality was 50% higher among xerophthalmic compared
with nonxerophthalmic children (10.6 versus 7.2 per 1000), even though they
reportedly received supplemental vitamin A. The absence of comparative data
stratified or adjusted for potential differences in age and other variables limit
the ability to fully interpret the significance of these observations.

Herrera and colleagues® (who treated mildly xerophthalmic children and
therefore could not directly study the connection between xerophthalmia and
mortality) noted an inverse relationship between mortality and dietary vitamin
A intake among Sudanese children. This relationship persisted after adjusting
for a number of potentially confounding variables. Greater intake was particularly
protective among children with chronic protein energy malnutrition or diarrhea.’!
Those in the highest quintiles of vitamin A intake (at or above the Recommended
Daily Allowance [RDAJ]) died at only half the rate of those in the lowest quintile.

Vitamin A Supplementation Reduces Preschool-Age Mortality

A further strong reason to promote programmes intended to control vitamin

A deficiency and associated blindness 1s the now conclusive evidence that

they can be expected to also significantly reduce mortality in young children
and late infancy

—United Nations Administrative Commuttee

on Coordination/Subcommittee on Nutrition, 199332

The observation that mild xerophthalmia might be responsible for a substantial
proportion of deaths in preschool-age children'” resulted in a series of commu-
nity-based controlled mortality trials to:

® determine whether intervention programs that improved vitamin A status
of deficient populations would, by themselves, reduce overall childhood
mortality;
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® quantify the magnitude of reduction in mortality that might be expected
in different cultures and environments;
¢ identify factors that might account for variations in the level of impact.

Eight major controlled community mortality prevention trials (CPTs) have
been conducted. In each trial, one group of children received vitamin A supple-
ments (the simplest means of improving vitamin A status for the purposes of
these studies) and a comparable group did not. These studies indicate that any
approach that significantly improves vitamin A status of deficient populations
has a high likelihood of materially reducing preschool (six months to six years)
childhood mortality.*>* Younger children (up to five months) may represent a
more complex situation.®

Six studies were carried out in Asia (two each in Indonesia, India and Nepal)
and two in sub-Saharan Africa (the Sudan and Ghana) (Table 2-4). Six employed
periodic distribution (every four to sixmonths) of large-dose vitamin A (i.e.,
200,000 IU for children over twelve months of age; smaller amounts for those
younger); one distributed smaller amounts (equivalent to a week’s RDA) on a
weekly basis; and one fortified a commonly consumed condiment (monosodium
glutamate [MSG]) with vitamin A.

The first of these studies, conducted in the Aceh province of North Sumatra*
served as the stimulus and model upon which the subsequent trials were built
and refined. Half of the 25,000 preschool children in 450 villages were randomized,
by village, to receive high-dose vitamin A from a local resident twice in one
year. The first dose was administered one to three months after the baseline

Table 2-4. Major Community Mortality Prevention Trials

Reported
Mortaluy Primary
Study Country Vitamin A Supplement Reduction® Reference
Aceh Indonesia Large dose every 6 mo 34%"° Sommer et al.#!
Bogor Indonesia Vitamin A fortified MSG 45% Muhilal et al.?
NNIPS Nepal Large-dose every 4 mo 30% West et al ¢
Jumla Nepal One large dose follow-up 29% Daulaire et al ®
at 5 mo
Tamil Nadu India Weekly RDA 54% Rahmathullah
etal”
Hyderabad India Large dose every 6 mo 6% (not SS)° Vijayaraghavan
etal®
Khartoum Sudan Large dose every 6 mo (+6%, not SS) Herrera et al
VAST Ghana Large dose every 4 mo 19% Ghana VAST

Study Team"

*Six months and older at baseline (one year or older if younger children not reported separately)

*Alternative analyses suggest at least 40% to > 50%

cAs calculated from data in their publication but not reported as such **
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examination, and the second dose six months later. The second Indonesian study,
among 11,000 children, was conducted in Bogor, Java, 1200 miles away.>* MSG
bound for markets serving one set of villages was fortified to a level of ~ 810
g RE/g MSG (MSG-A) calculated to provide children with half their RDA of
vitamin A. MSG sold in an adjacent, control area was unfortified.

The larger and more comprehensive of the two Nepal trials (Nepal Nutrition
Intervention Project, Sarlahi [NNIPS]) randomized 28,000 children (by ward)
to receive large-dose vitamin A or placebo every four months.* It was carried
out in the southern Terai, a region ecologically, culturally, and demographically
contiguous with the Gangetic flood plain of South Asia. The other” was conducted
in Jumla, a mountainous region in the far west with extraordinarily high childhood
mortality. Unique to this intervention trial was that data collection and vital
registration had been in place for several years as part of a community-based
pneumonia case management trial. When it ended, a brief vitamin A intervention
study was randomly implemented in eight of sixteen subdistricts: a large dose
was provided at baseline in half the subdistricts, and mortality assessed five
months later.

The more detailed of the two Indian trials was conducted outside Madurai,
in Tamil Nadu.? Over 15,000 children in 206 clusters were randomized by cluster
to receive a weekly supplement consisting of 8133 IU (8.7 pmol) vitamin A
(one week’s RDA) or placebo. The second Indian study, outside Hyderabad,
randomized 15,000 children in 84 villages, by village, to either large-dose vitamin
A or placebo every six months,® with tri-monthly morbidity monitoring and
almost monthly contacts at the household level by trained health workers.*

Two studies were conducted in Africa: one in the Sudan and one in Ghana.
In the Sudan, over 28,000 children living outside the capital of Khartoum were
randomized by household (the only study to employ this logistically difficult
approach) to receive either large-dose vitamin A or placebo every six months.*
The Ghana VAST (Vitamin A’ Supplementation Trial) mortality study random-
ized 22,000 children in 185 clusters, by compound, to receive a large dose or
placebo every four months.¥ It was conducted adjacent to a detailed morbid-
ity trial 4748

All studies reported their results on an “intent-to-treat” basis: mortality was
compared for all enrolled children, whether or not they actually received the
prescribed supplement. In six of the eight studies, the supplemented group had
a significantly lower mortality, ranging from 46% -81% of the control group; two
of the studies (Hyderabad and Sudan) recorded no discernable impact (Fig. 2-5).

Cumulative mortality curves following baseline enumeration for Aceh, Jumla
and NNIPS all revealed reduced mortality among program children shortly after
administration of the first large vitamin A dose (Figs. 2-6 to 2—8). Tamil Nadu
and Bogor, trials in which smaller supplements were provided more frequently,
produced comparable results after a brief delay (Figs. 2-9, 2-10). Smaller doses
probably resulted in superior absorption and retention.®* In addition, more
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Fig. 2-5. Difference in preschool mortality (6 months or 12 months to 6 years of age)
1n eight major community-based vitamin A prophylaxis trials. Individual trials identified
in Table 2—4. All figures as reported on an “intent-to-treat’ basis showing proportional
differences in mortality for the vitamin A group. There was a net reduction in mortality
among the vitamin A group 1n all trials but the Sudan.

frequent supplementation, as in Tamil Nadu, probably achieved a higher “effec-
tive”” compliance: since children were sought out individually for supplementation
each week, they were more likely to receive at least some of their extra vitamin
A. When dosing occurs only once every four to six months, however, one or two
consecutive noncompliant contacts greatly reduces the potential impact.

The two Nepal studies continued to follow all children after the formal study
was completed, and vitamin A was administered to the control groups. In both
instances, mortality among the former control children dropped precipitously,

100 F O Males A Females, Control Villages
. @ Males A Females, Program Villages
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Fig. 2-6. Cumulative mortality, by sex, of preschool-age children in Aceh (Indonesia)
trial. Vitamin A capsules were first distributed by local government teams zero to two
months after baseline enumeration. The second distribution took place six months later
(~ months 6-8). (From A. Sommer et al.*)
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Fig. 2-7. Cumulative mortality of preschool-age children in Jumla (Nepal) trial. Only a
single distribution took place, at baseline. (Figure drawn from data in N. Daulaire et al.*)

approximating mortality rates of those assigned to receive vitamin A from the
start (Fig. 2-11) (Nils Daulaire, personal communication, February 1993).%

At least four independent meta-analyses®-3*¥-%2 addressed the crucial ques-
tion: Would improvement in vitamin A status of deficient populations similar to
those enrolled in the controlled community-based supplementation trials reduce
overall preschool-age child mortality? All four unequivocally concluded that it
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Time
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Fig. 2-8. Cumulative mortality of preschool-age children in NNIPS (Nepal) trial. Vitamin
A (and placebo) distributed at baseline and every four months thereafter. (Drawn from
data in K. West et al.*)
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Fig. 2-9. Cumulative deaths of preschool-age children as reported for Tamil Nadu (India)
trial. Recalculated (using denominator) as mortality, instead of absolute deaths, yields
similar curves. (From L. Rahmathullah et al.?)

would. Each suggested a similar level of anticipated impact, but these should be
viewed only as rough orders of magnitude; the actual size of the anticipated
impact will vary with local conditions.

The first of the meta-analyses, prepared by Dr. James Tonascia for the Bel-
lagio meeting,** covered the six Asian trials (a more homogeneous group and
the only trials published at that time) using “‘child-intervals at risk’’ (Fig. 2-12).
The 34% estimated reduction in mortality attributed to vitamin A supplementa-
tion of children six months and older was exceedingly robust: eliminating any
one of the trials, weighting factors that adjust a trial’s contribution to the esti-
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Fig. 2-10. Cumulative mortality of preschool-age children in Bogor (Indonesia) MSG
fortification trial. (Drawn from data provided by the authors.?)
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Fig. 2-11. Preschool-age mortality in vitamin A-supplemented (white bars) and -unsup-
plemented (black bars) villages in NNIPS trial. Vitamin A capsule distribution every four
months was extended to control wards during round 4 (months 12-16) onward, when the
trial ceased. By the sixth interval (months 20-24), mortality n the previously control
(placebo-recipient) wards had fallen to the same level as in the treatment (vitamin A-
recipient) wards. RR = relative risk. (From R.P. Pokhrel et al.™!)

mated impact in relation to the trial’s variance, or substituting a random-effects
for a fixed-effects model failed to materially alter the results.

The meta-analysis of Beaton et al.,* commissioned by the Canadian govern-
ment at the request of the United Nations Administrative Committee on Coordi-
nation/Subcommittee on Nutrition (ACC/SCN), included all eight major studies
ultimately undertaken (the six Asian and two subsequent African trials). The
estimated overall reduction in mortality was a robust 23% (CL,s 0.12-0.32) (Fig.
2--13). When Beaton and colleagues limited their analysis to the six Asian trials,
their estimated impact was 30%, remarkably similar to Tonascia’s 34% using
different analytic techniques and a different age range. The other meta-analyses
arrived at much the same conclusions.

Rel Wt % Red

Aceh, Indonesia ———0——§ 0.11 33%
W Java, Indonesia —_— 0.18 46%
Madurai, India : 0.08 52%
Hyderabad, India ——‘-é——'— 0.07 7%
Sarlahi, Nepal — § 0.32 30%
Jumia, Nepal —— 0.24 29%
Meta-analysis —- . 1.00 34%

0.2 0.5 1.0 20

Relative Risk (log scale)

Fig. 2-12. Meta-analysis of six Asian community preschool-age mortality intervention
trials. The results accorded each trial were weighted by 1ts relative variance. (Prepared
by J. Tonascia.**)
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Fig. 2-13. Meta-analysis of the eight major community mortality intervention trials. A
shightly different methodology was employed from that of Fig. 2-12 (see text). (From G.
Beaton et al.*¥)

The meta-analyses confirm that the reduction in preschool-age mortality
associated with community-based improvement in vitamin A status is unlikely
to have been due to chance (p < .00000002).** These results are remarkably
consistent considering the enormous heterogeneity across populations that dif-
fered in their culture, ecology, xerophthalmia prevalence and underlying mortal-
ity; and the wide variations in trial design, mode of supplementation, number
and size of clusters, dosing intervals, size of the vitamin A dose, duration of
supplementation, and type and degree of study supervision and quality control.

All eight trials were conducted in populations in which children were consider-
ably vitamin A-deficient. In all but Ghana, xerophthalmia rates surpassed World
Health Organization (WHO) criteria for a public health problem; in Ghana the
prevalence of severely depressed serum retinol levels was high.

Age-Specific Effects and Anthropometric Status

The Beaton meta-analysis concluded that the level of impact on child mortality
did not predictably vary with either age or anthropometric status.”® Subsequent
data from the NNIPS study, and a reassessment of the other trials, suggest this
may not, in fact, be entirely the case.

Age-specific mortality data, reported for six of the studies, are shown in
Tables 2-5 to 2-11. In all six studies, vitamin A supplementation substantially
reduced mortality among children six months and older. Except for Tamil Nadu,
there was a distinct tendency for the benefit to increase with age. There was



Table 2-5. Age-Specific Mortality—Aceh

Age at Program Villages Control Program
Baseline Mortaluy Mortality Relative
(years) Deaths Chuldren (per 1000) Deaths Children (per 1000)* Risk

1 19 1979 9.6 22 1941 11.3 0.84

2 14 2086 67 25 2072 121 0.55

3 11 2274 48 8 2016 40 1.20

4 5 1887 26 7 1724 41 0.63

5 4 2686 1.5 13 2465 53 028

Total 53 10,917 49 75 10,230 7.4 0.66*

“Mortality per 1000 children
*p < 05

From A Sommer et al ¥

Table 2-6. Age-Specific Mortality—Bogor, 22 Months after MSG-A Marketed

Age at Program

Baseline Program Control Relative

(months) Deaths Children Mortaluy® Deaths Chuldren Mortality® Risk
<12 109 1199 91 116 1134 102 0.89
12-60 77 4556 17 134 4311 31 0.55
Total 186 5775 32 250 5445 46 0 70*

“Mortality per 1000 children

*p < 05

From Muhulal et al ¥

Table 2-7. Age-Specific Mortality, June—October 1989, Jumla

Program
Age Program Control Relative
(months) Deaths Mortality* Deaths Mortality* Risk
1-5 20 166 19 168 099
6-11 24 133 41 260 051
12-23 62 179 7 221 0.81
24-35 19 62 22 81 0.77
3647 11 39 11 46 0.85
48-59 2 8 3 13 0.59
1-59 138 93 167 126 0.74*
“‘Mortality per 1000 child-years at risk
*p < 05

From N Daularre et al %

35
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Table 2-8 Age-Specific Mortality—NNIPS

Age at

Dosing Viamin A Control Relative Risk
(months) Deaths Mortality Deaths Mortality? (Vitamin A)
0-5 150 571 130 516 111
6-11 39 28.0 47 35.8 078
12-23 53 19.0 75 27.5 069
24-35 27 99 31 12.0 0.83
36-47 18 6.8 28 10.6 064
48-59 13 49 25 97 0.51
60-72 2 21 4 42 0.50
Total 6-72 152 11.5 210 16 4 0.70*
*per 1000 child-years

*p < 01

Data on 0-5 months from extended, twenty-four-month trial® (West et al ), all other ages from twelve-month
trial¥ (K P West et al )

little if any effect on overall mortality during the first six months of life. The
overall reduction in mortality for Aceh children (one through five years of age
at baseline) was 34%. However, as vitamin A was not administered until one to
three months after the baseline examination, a more appropriate estimate would
exclude deaths, in program and control groups, for the initial period. This scenario
raises mortality reduction to at least 41%.%

Overall mortality in program villages in the Bogor MSG study was 30% lower
than in the program villages; among children one year and older it was 45%.%
Jumla children in vitamin A villages died at only 74% (CL¢; 0.55-0.99) the rate
of control children, a reduction of 26%.* The effect was seen solely among
children six months and older, for whom the reduction in mortality averaged
29%. Mortality rates in control areas remained consistent with those of prior
years. Mortality in NNIPS program children six months and older was 70% that
of their controls, a reduction of 30%.* There was a consistent drop in mortality
with age.

Table 2-9. Age-Specific Mortality—Tamil Nadu

Age Vitamin A Control Relative Risk
(months)  Children  Deaths  Mortality*  Children  Deaths  Mortality? (Vitamin A)
6-11 689 4 16 678 14 21 028
12-35 3179 24 8 3185 52 16 0.46

= 36 3896 9 2 3792 14 4 063
Total 7764 37 5 7655 80 10 046*
“Mortality per 1000 children

*p < 05

Accidental deaths excluded
From L Rahmathuilah et al ¥
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Table 2-10  Age-Specific Mortality (0 to 5 Months)—NNIPS

Age at

Dosing Viamin A Control Relative Risk
(months)® Deaths Mortality® Deaths Mortaliry® (Vitanun A)
0 38 142 34 132 107

1 46 90 32 65 138

2 22 49 20 45 109

3 15 33 11 27 126

1-3 83 59 63 47 127

4 14 31 15 34 092

5 15 30 18 39 078
4-5 29 31 33 36 0.84

0-5 150 57 130 52 1.11¢

50,000 IU at < 1 month of hfe, 100,000 IU dose for children 1-5 months of age
bper 1000 child-years

‘CLys (0 86-142)

From K West et al ©

In Tamil Nadu, mortality of children six months and older in program villages
was only 46% (CLgs 0.29-0.71) of the mortality in control villages, a 54% reduc-
tion.” Tamil Nadu is the only trial in which the benefit clearly declined with age.
It is uncertain whether this represents chance variation or a real difference,
natural or imposed by study design (Tamil Nadu had weekly contacts).

In Ghana, the vitamin A-supplemented clusters experienced mortality rates
19% lower than that of control clusters (RR 0.81; P = .03).¥ The relative risk
of dying was reduced for five of the seven age groups, but in no consistent pattern.

The concomitant but separate morbidity trial conducted in an adjacent area
of Ghana also recorded fewer deaths in the vitamin A group (6 out of ~ 730)
than in the placebo supplemented arm (20 out of ~720 children), a potential
reduction in mortality of ~70%.¥ The impact on mortality occurred despite
vitamin A treatment and subsequent exclusion of all cases of clinical xerophthal-

Table 2-11. Age-Specific Mortality (0-12 Months) after 50,000 IU Vitamin A or Placebo
at Birth

Vitamin A Recipients Placebo Recipients
Child- Mortality Child- Mortality  Relanve Risk
Birth Weight Years Deaths (%) Years  Deaths (%) (Vitamin A)
Low (< 2500 gm) 88 6 68.3 86 8 925 0.74
(027, 2.03)
Normal (= 2500 gm) 882 1 11 871 11 12.6 009
(0.01, 070)
Total 970 7 72 957 19 19.9 0.36
(0.15, 0 85)

From J Humphrey et al **
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mia and measles diagnosed at weekly visits, and referral of particularly sick
children to clinics and hospitals.

The internal consistency of results within and between studies is remarkable.
Despite the instability that small sample size imposes on age-specific estimates
of mortality, in almost all of these individual trials the supplemented group (six
months and older) had a lower mortality at every age.

Only NNIPS was designed to fully assess mortality under six months of age.®
As in the Jumla trial,” which had many fewer children, overall mortality for
children up to five months old at dosing was similar in program and control
groups (Table 2-8). NNIPS data suggest that a very large dose (100,000 IU in
a single bolus) may be detrimental during the first few months of life, becoming
protective only at the fourth or fifth month (Table 2-10). Children initially dosed
under one month of age (50,000 IU) died at the same rate as their controls.
Children initially dosed at one to three months old (100,000 IU) appeared to
die at a higher rate than their controls.

The apparent absence of a protective effect before four months may reflect
special circumstances of the newborn, breast-fed child, who will have inherited
considerable immunity from its mother and obtained additional passive immunity
and vitamin A from breast milk. As xerophthalmia is rare among the youngest
children (under two years of age), so, presumably, is moderate to severe vitamin
A deficiency. However, a hospital-based study to be discussed later suggests
50,000 IU nearer birth is not only safe but offers considerable survival advantage.>

Less clear is the reason why the youngest children (one to three months)
given large doses of vitamin A (100,000 IU) may have suffered increased mortal-
ity. Very young infants probably metabolize vitamin A differently than older
infants with more mature metabolic systems. Premature infants, for example,
are born with negligible vitamin A stores that generally decline during the first
few weeks and months of life.>% Although not the case with older children
(Chapter 10), parenteral supplementation is more effective than oral in raising
serum retinol in newborns, at least for the first one to four weeks of life.”! Even
more surprisingly, the apparent (but not statistically significant) excess mortality
is predominantly confined to the best-nourished (i.e., least wasted) children (Fig.
2-14) (West KP, Katz J, Sommer A, unpublished data).*

The foregoing observations are consistent with preliminary reports from one
morbidity trial suggesting that an apparent increase in acute lower respiratory
infection (ALRI) is most pronounced among better-nourished children receiving
high-dose vitamin A.® These unexpected findings await confirmation and a bio-
logic explanation. They do suggest, however, that in determining whether to
establish a high dose supplementation program to reduce mortality among very
young infants, it may be prudent to consider both the vitamin A status and the
anthropometric status of the population. The potential risk must be kept in
perspective: in the Nepalese population studied, high-dose supplementation of
children six months and older prevented over 150 deaths for each death to which
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Fig. 2-14. Relative mortality among Nepalese children supplemented under 6 months
of age with large-dose vitamin A. Children with the largest arm circumference (presumably
least PEM) generally gained less advantage; indeed, better-nourished vitamin A recipients
sometimes fared less well than placebo recipients, especially children receiving 100,000
IU vitamin A during the second through fourth months of life. (From K. West et al.®
and unpublished data.)

it may have contributed among younger children. A smaller dose (i.e., 50,000
IU) may be entirely safe, as it appears to have been in children less than one
month of age, or even protective, as was found in an Indonesian hospital-
based trial.

The safety and value of directly dosing the youngest children (newborns) is
supported by data from a sophisticated clinical trial recently completed in Indone-
sia. Newborn infants in Bandung received either 50,000 IU vitamin A or placebo
in randomized masked fashion, within one to three days of birth. Over the
succeeding twelve months, vitamin A recipients died at only 36% the rate of
their controls (although associated confidence limits were wide). The benefit was
most apparent during the second through fourth months of life (after the initial,
high mortality associated with congenital malformations and neonatal tetanus,
the intrinsic high death rate associated with low birth weight, and other causes
of death during the first month unlikely to be affected by vitamin A status) (Fig.
2-15).%6 However, the impact of supplementation was considerably less positive
in low-birth-weight infants (< 2500 gm) (Table 2-11).

A Bangladesh study of complex design and potentially confounding variables
compared infant mortality among children born to mothers supplemented within
three months after giving birth (300,000 IU). The findings suggest a sizeable
reduction in mortality (= 30%) attributable to the maternal dose supplementa-
tion.* These observations close the loop. Previous reports have demonstrated
that maternal supplementation raises maternal stores, vitamin A levels of breast
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Survival Following 50,000 IU Vitamin A or Placebo
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Fig. 2-15. Survival curves for children in Bandung, Indonesia, randomized to receive
either 50,000 IU vitamin A or placebo at birth. The marked reduction in mortality observed
among vitamin A recipients occurred almost exclusively during the 2d through 4th months
of life. (From J. Humphrey et al.**%)

milk, and serum retinol of breast-fed children.®% We now have evidence of the
anticipated, beneficial impact upon infant mortality.

The implications of these potentially complex interrelationships among the
youngest infants will remain uncertain until further study, though it seems likely
that 50,000 IU supplements to infants and newborns is a safe and potentially
effective prophylaxis against early childhood mortality (Chapter 15).

The relationship between various baseline anthropometric indices and the
impact of vitamin A supplementation is variable. The meta-analysis by Beaton
et al. failed to establish a consistent pattern.”® This is hardly surprising. The
interpretation of various indices and their relationship to subsequent mortality
is far more complex than was once assumed; indeed, the importance of individual
indices on subsequent mortality varies with age.”

Further, a child’s anthropometric status can result from a number of interre-
lated factors that may or may not bear on the importance of vitamin A status.
For example, the Tamil Nadu study” found that stunted children were more
likely to benefit from supplementation than were wasted children. The authors
concluded that this link was probably related to protein deficiency—which indeed
may be the case (Chapter 7). However, vitamin A deficiency itself may contribute
to stunting (Chapter 6), as do repeated infections. It is possible that the authors’
observation reflects the fact that from the start, children at greatest risk of
severe, fatal infectious episodes (and offering the greatest opportunity for positive
impact) are those who are most vitamin A-deficient, suffering the highest expo-
sure to infections, or both.
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Cause-Specific Mortality

In the four trials in which cause-specific mortality was studied (NNIPS, Jumia,
Tamil Nadu, and Ghana), vitamin A had its most profound and consistent effects
on diarrhea/dysentery and measles. Results are summarized in Table 2-12.

Measles

All four studies show a consistent reduction in measles mortality, ranging from
18% —76% , which is particularly remarkable given the generally small numbers
of cases involved. The average impact is almost identical to results of the measles
treatment trials, to be discussed later in this chapter.

Diarrhea/Dysentery

All four studies reported a consistent reduction in diarrheal mortality of about
35%-50%. The number of diarrheal deaths were sufficiently numerous that the
difference reached statistical significance in each of the individual trials. The
Ghana trial reported that the reduction in mortality associated with chronic
diarrhea or malnutrition (22 versus 36, RR = 0.67) was as sizeable as that
associated with acute gastroenteritis.

Table 2-12. Cause-Specific Mortality, Vitamin A Supplementation Community
Prevention Trals

Symptoms/Diseases

Measles Diarrhea Respiratory
Study Vitamin A Control Vitamin A Control Vitanun A Control
TAMIL NADU?
Deaths (n) 7 12 16 33 2 3
RR® 058 048 067
NNIPS*
Deaths (n) 3 12 39 62 36 27
RR 024 061 129/1.00°
JUMLA®*
Deaths (n) 3 4 94 129 18 17
RR 067 065 0.95¢
GHANAY
Deaths (n) 61 72 69 111 47 45
RR 0.82 0.66° 1.00

*RR (Relative Risk) Cause-specific mortality rate of vitammn A group divided by rate 1n control group

*Orniginal published results* RR = 129, reanalysis as an associated cause that recognizes other underlying causes
RR =100 (KP West, unpublished data)

‘Pneumonia case management program may have confounded results
9Defined as “acute gastroenteritis ”

*Except for Jumla, findings relate to children already = 6 months of age when supplemented
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Respiratory Infections

Excluding the tiny number of respiratory deaths in Tamil Nadu (2 in the vitamin
A group versus 3 among controls), there was little evidence that vitamin A
supplementation had any impact on the rate of respiratory deaths. A special
WHO working group and related meta-analyses reached the same conclusion 5%

Other Causes

Three of the studies recorded a significant reduction in mortality from less
certain causes:

¢ Tamil Nadu—*“convulsions” were reduced by 75% (p < .05), as were
“other (infections)”’;

® NNIPS—“uncertain (infections)”” were reduced by 48% (p < .02 by Z—
test—unpublished data);

¢ Ghana—*“meningitis” was reduced by 34%, “other” by 27%, and “not
known” by 19% (individually, none of these differences were statisti-
cally significant).

The results of these four trials are particularly striking. None was designed
with sufficient power to detect cause-specific mortality; each was hampered by
difficulties in assigning cause of death from often complex, multi-system derange-
ments,” frequently using data collected weeks to months after the event from
medically unsophisticated relatives of the deceased child. Even trained health
workers present at the time of death can have difficulty accurately designating
the cause of death in children with multiple illnesses. An autopsy study at the
International Center for Diarrhoeal Disease Research, Bangladesh (ICDDR,B),
in Dhaka, revealed that pneumonia was the underlying cause of death in 40%
of children hospitalized with severe diarrhea.”

Magnitude of Mortality Reduction

Vitamin A status probably modulates the mncidence and seventy of disease
caused by a variety of pathogenic orgamisms. The impact that vitamin A
supplementation will have on mortality will therefore depend upon a constel-
lation of factors, including the prevalence and severity of vitamin A defi-
ciency, the frequency of exposure to pathogenic organisms, size of the inocu-
lum, and their virulence; and the presence and degree of other adverse
influences with which the young child must contend (e.g., malnutrition, para-
sitic load)

—A. Sommer et al , 1986*
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The observational studies and community prevention trials provide sufficient
data to assure policy makers (with 98% confidence) that improving the vitamin
A status of their own populations, if similar to those studied, will almost certainly
reduce preschool age mortality.* What remains unclear is the size of the reduc-
tion. Two major reasons account for this uncertainty: the precise extent of the
impact in the studies already undertaken; and local factors that might modify
the outcomes.

The published meta-analyses provide rough estimates of potential impact,
but these were recognized to be “ballpark™ figures related, in part, to the ways
in which these analyses were prepared. The Tonascia analysis*~¢ (Fig. 2-12)
employed results reported by the individual investigators of the six Asian trials
as, for the most part, ““deaths per child-intervals at risk.”” Beaton (George Beaton,
personal communication, XIV IVACG Meeting, Arusha, Tanzania, February
1993) agreed this was the preferred method; but since he was unable to gather
sufficient data to incorporate all eight trials into this approach, he employed the
simpler device of calculating the proportion of enrolled children who died, ignor-
ing their duration at risk (Fig. 2—-13). These pooled estimates, ranging from a
23%* to a 34%* reduction in all-cause mortality, should not be taken at face
value. They reflect reported reductions in all-cause mortality ranging from 0%
to 54%,” results that themselves are likely to underestimate the potential impact:

1. Several studies reported overly conservative estimates. The initial Aceh
publication (34% reduction) evaluated the reduction in preschool (one
to six years) deaths by including all deaths, even though large-dose supple-
ments were first administered one to three months after baseline enumera-
tion.*! Simple exclusion of all deaths during the first three months raises
the apparent impact to 41%.%

2. The intent-to-treat analysis reported by each of the studies provides an
estimate of the impact likely to be observed in a particularly well-sustained
supplementation program. But it underestimates efficacy: the impact po-
tentially achieved if all target children received the intervention (perhaps
through fortification of an item consumed by all children, full coverage
with supplements, or a universal change in dietary behavior among those
who were most deficient). In most public health intervention programs,
those who fail to participate (noncompliers) are generally those who
would benefit most.” In Aceh, for example (Fig. 2-16), children assigned
to the first vitamin A dose who didn’t receive it died during the ensuing
six months at three times the rate of controls.” After the first distribution,
almost all deaths in ““vitamin A villages” were among children who had
not received a vitamin A capsule: fifteen deaths among 2256 children who
did not receive their capsule versus three deaths among 9573 children
who did. Higher mortality among nonrecipients than among controls
reflects selective, nonrandom participation. It is unlikely the Hawthorne
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Fig. 2-16. Mortality in the Aceh trial among children in treatment villages who did and
did not receive their intended vitamin A dose, compared with children in control villages.
Mortality was higher among children assigned to receive vitamin A but didn’t get it than
for any other group, including children in control villages. (Drawn from I. Tarwotjo et al.”)

Effect played a significant role in this disparity since contacts in the Aceh
study were rare and infrequent. Noncompliance is therefore an important
impediment to any intervention, and its impact on outcome disproportion-
ate to the percentage of target children reached.

The actual level of impact among participants (efficacy) can be approxi-
mated directly by comparing mortality among only those who actually
received their assigned supplement, or indirectly through a statistical
approach if a placebo was not used.>*” In Aceh, the efficacy was estimated
at 72% (CLgs 41%, 87%).3 This does not mean that the reduction in
mortality in Aceh would have been 72% if all children assigned to partici-
pate actually did. We have no way of knowing the degree to which dosing
would reduce mortality among children who failed to participate: it might
be more or less than the 72% estimated for those who did participate. It
would surely be greater than zero, which is the assumption inherent in
the intent-to-treat analysis; and the overall impact would therefore cer-
tainly have exceeded the estimated 34% —41% reported. Small, frequent
dosing in Madurai (Tamil Nadu), with its inherently higher effective com-
pliance, might explain (at least in part) the greater impact observed in
the Tamil Nadu trial (54% ).

3. In most studies, children with xerophthalmia were identified (at least at
baseline and sometimes at interim visits) and treated. Thus, children at
the highest risk of dying,' and therefore with the most to gain from vitamin
A, were effectively removed from the controlled comparison.
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4. Periodic large-dose vitamin A supplementation every four to six months
may prevent xerophthalmia and blindness,!® but provides less than optimal
vitamin A nutriture.”” In moderately to severely deficient populations,
large-dose periodic administration may increase serum retinol for only
two to four months,” and in mildly deficient populations it maintains a
normal relative dose-response (RDR) (a surrogate for ““safe” liver stores)
for only four to six months.” More frequent administration, as in Tamil
Nadu,” was probably more physiologic, causing greater vitamin A reten-
tion®* and a more sustained improvement in vitamin A status. While
weekly dosing requires a prodigious infrastructure, fortification, as in
Bogor,?# provides a relatively inexpensive mechanism for achieving the
same end (Chapter 15).

5. The maximum measurable impact of isolated alteration in vitamin A
status requires a sustained improvement in the vitamin A status of pro-
gram children (optimally into the “normal” or “sufficient” range), with
little or no change in the vitamin A status of control children or in the
underlying pattern of childhood disease responsible for their preschool
mortality. Few, if any, of the intervention trials achieved this ideal. The
effect of even minor, transient alterations in any of these factors is readily
apparent from the “spontaneous’ variation in mortality observed among
placebo recipients in NNIPS (Fig. 2-11).%

If a trial does not cause a meaningful difference in vitamin A status between
the two comparison groups, or if it reduces the background level of disease and
mortality upon which the vitamin A was to act, it becomes difficult if not impossi-
ble to demonstrate a measurable impact. These problems are thought to have
interfered with the Hyderabad and Sudan studies, the two trials with the lowest
(and nonstatistically significant) alterations in mortality.” They may in fact repre-
sent valuable exceptions that help prove the rule. Mortality rates in Hyderabad,
even in the control arm, were far lower than anticipated, an outcome attributed
by the authors to frequent home visits by trained health workers attached to the
study.’ Not only did this drastically reduce the power of the trial to detect a
difference in mortality (as evidenced by its wide confidence limits [Figs. 2-12,
2-13]), but may have specifically reduced just those forms of mortality most
susceptible to vitamin A status. Further, a potentially larger impact may have
been obscured by differential loss to follow-up in the two study arms and the
relatively low level of subject compliance. 7"

The Sudan trial may have created relatively little difference in the vitamin
A status between the two groups studied,” as represented by the negligible
impact of supplementation on subsequent rates of xerophthalmia (both groups
appear to have had the same prevalence of xerophthalmia at the end of the trial
[Table II in their original report])*”. The population might not have been
particularly deficient to begin with (reported xerophthalmia rates notwithstand-
ing, almost half the children lived in houses with latrines and piped-in water
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supplies, atypical of disadvantaged Third World children). Even if the remaining
children in the Sudan trial were deficient, the effective sample size was halved
and the power to detect a difference in outcome reduced accordingly.

The authors of the Sudan study suggest 200,000 IU every six months may
have been inadequate supplementation for their population.®®* As Beaton et al.
point out, while this may have been the case, there is no evidence to support
it.”® Indeed, this explanation seems highly unlikely. As seen from the cumulative
mortality curves (Figs. 2-6 to 2-8), a single large dose affects mortality within
a very short period, certainly before a second dose is given. While there is reason
to suspect a large dose may not produce optimal vitamin A status over a sustained
period,'%”*5 200,000 IU should have been adequate, even in the Sudan, to yield
an effective response for at least half to two-thirds the inter-dose interval, thereby
producing half to two-thirds the estimated impact (rather than none at all).

Quite apart from the individual trials to date, and their pooled (if imperfect)
estimates of impact, one would expect outcomes of intervention programs to
vary in relation to local population and ecological factors that determine the
potential for impact; and in the nature and success of the programs themselves.
Local variables include the severity and prevalence of underlying vitamin A
status, and the impact it exerts on residual causes of childhood mortality. In
both Ghana and Tamil Nadu, vitamin A supplementation reduced measles and
diarrhea-related deaths to a similar degree. In Ghana, but not in Tamil Nadu,
23% of all preschool deaths were attributed to malaria, a cause of death seemingly
unaffected by vitamin A supplementation.”’® Hence, all else being equal (which
is rarely the case), improvement in vitamin A status would reduce all-cause
mortality to a greater degree in Tamil Nadu than in Ghana—exactly what was
observed.

Similarly, the dramatic reduction in measles mortality associated with vitamin
A supplementation will have less impact on all-cause mortality where measles
immunization rates are high than in populations where they are low and measles
epidemics are therefore common. Comparable considerations may explain, in
part, why vitamin A has limited potential for protection among some children
less than five months of age, but a strong beneficial impact among older children.
Pneumonia is a leading cause of death in children under five months, and seems
relatively impervious to vitamin A status; diarrhea accounts for almost half the
deaths among older children,# and is sensitive to vitamin A status.

The impact of intervention will also be determined by the degree to which
it improves vitamin A status, particularly among those who are most deficient.
Simply raising mean serum vitamin A levels to a normal range is not necessarily
indicative of success. Raising levels among the most compliant children, who
generally need help the least, may increase the overall average without ever
impacting on more deficient, noncompliant children who need it most. Individuals
who fail to comply with public health interventions are almost always at higher
intrinsic risk than their peers seeking better health, whether the outcome is
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mortality,®532 high cholesterol®®# or cholera.” As already noted, in Aceh the
noncompliers died at twenty times the rate of vitamin A recipients and three
times the rate of controls.” Similar results were reported from Hyderabad.?%

Mortality Attributable to Mild Vitamin A Deficiency

Despite the many factors working to minimize the apparent impact of vitamin
A supplementation on childhood mortality, these ‘‘underestimates” exceed the
estimated excess mortality attributable to clinical xerophthalmia (moderate vita-
min A deficiency). For example, the most conservative intent-to-treat analyses,
for Aceh and Bogor, suggest a mortality reduction of 34% -41%. In contrast, the
observational study in West Java'® (having the same xerophthalmia prevalence
observed in Aceh during the trial) predicted that prevention of all xerophthalmia
would reduce mortality by only 16%.

It therefore seems likely that the vast majority of preschool children with
mild or marginal vitamin A deficiency, but not xerophthalmia, suffer excess
mortality as well.% This should come as no surprise, as xerophthalmia is a
relatively late manifestation of slow depletion of vitamin A stores. It generally
follows keratinizing metaplasia of the respiratory and genitourinary tracts; altered
impression cytology (and other histologic manifestations of abnormal cellular
differentiation) (Chapters 4, 11); reduction in immune system response (Chapter
9); anemia (Chapter 5); and perhaps growth failure (Chapter 6) and other evi-
dence of impaired physiology. As has been shown in vitamin A-deprived animals,
mortality rises sharply long before the appearance of xerophthalmia (Fig. 2-1).

Hence, while much of the mortality reduction associated with improved vita-
min A status may be related to preventing severe deficiency associated with
xerophthalmia, a significant proportion, perhaps a majority, of deaths averted
may represent reduced mortality among the larger number of children who are
less deficient.'? The 16% of childhood deaths attributable to xerophthalmia
in Indonesia was calculated from the comparison in mortality between mildly
xerophthalmic (XN and/or X1B) children and their non-xerophthalmic (but ap-
parently deficient) controls (RR = 1). Improving the vitamin A status of the
mildly deficient, non-xerophthalmic controls by raising their serum vitamin A
from 18 ng/dl1-20 pg/dl to 30 pg/dl would conservatively be expected to reduce
their mortality rate by 30% -50%, as suggested by the CPTs. Accordingly, Table
2-13 revises the estimated excess mortality associated with inadequate vitamin
A nutriture of varying severity. If improving the vitamin A status of the deficient
but non-xerophthalmic controls halves their mortality, it doubles the relative
mortality of all the groups followed in the Indonesian observational study, and
correspondingly contributes to excess deaths. While the assumptions employed
are approximations, they provide a useful order of magnitude.

Because decreased survival is directly related to the severity of deficiency,
xerophthalmic children (with the most severe deficiency) will have the highest
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Table 2-13. Vitamin A Status and Extrapolated Excess Mortality—Indonesia
Extrapolated Mortality

(as Relative Risk) Extrapolated

Observed in Proportion  Proportion of

Observational of all “Excess”
Vitamin A Status Study* Extrapolation®  Chidren® Deaths*
Adequate (supplemented) (intervention trials) 1

(~1/2)
Deficient (non-xerophthalmic) 1 2 40.0% 56%
“controls”

XN+, X1B— 3 6 33% 14%
XN-, X1B+ 6 12 0.9% 8%
XN+, X1B+ 9 18 14% 18%
X2 — 50 < 1% 2%
X3¢ — 100+ < 1% 3%

2See Table 2-1
YRR rescaled from preceding column based on CPTs, field epidemiologic data and hospital experience (X2/X3)
‘Untreated X3 probably has an absolute mortality rate approaching 95% '°

4Among “controls” (“random sample” Table 1-3) 45% had serum levels < 20pg/dl, of whom 5% had xerophthal-
mia Assume X2 + X3 = 008% ¥

‘Proportion of excess deaths = excess deaths m that stratum of deficiency — total excess deaths among all
“deficient” children

relative mortality; but children with less severe vitamin A deficiency (and propor-
tionately lower excess mortality) represent a larger segment of the population,
and therefore a significant proportion of all unnecessary deaths.

Calculations suggest vitamin A deficiency may be responsible for as many as
1 million to 2.5 million deaths annually worldwide.®

Vitamin A Therapy Reduces Measles Mortality

Measles represents a special case of vitamin A deficiency-related morbidity,
mortality and blindness (Chapters 3, 4, 7). Measles not only accounts for a large
proportion of preventable childhood blindness, particularly in Africa (Chapter
4), but acute and delayed mortality as well.¥-® Measles-associated mortality was
consistently reduced by ~50% in the four CPTs in which cause-specific mortality
was investigated (Table 2-12).

In a recent observational study, Markowitz® and co-workers studied 283
children up to five years of age hospitalized in Zaire with moderate to severe
measles. Overall case fatality was an astounding 26%. In univariate and multivari-
ate analyses (adjusting for wasting, among other variables), depressed serum
vitamin A (< 5 pg/dl) was associated with a threefold risk of mortality (RR =
2.9 [CLys 2.3, 6.8}), but only among children less than twenty-four months old.
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Depressed vitamin A levels were also associated with younger age, wasting, and
the presence of pneumonia at the time of admission. Similar observations link
severity of measles illness with lower serum retinol in the United States.”

Three controlled measles treatment trials (MTTs) have demonstrated that
vitamin A treatment, after the onset of measles, reduces associated mortality.”*
A fourth study by Coutsoudis et al. carefully assessed the impact of treatment
on morbidity (Chapter 3).%% The first of the most recent trials was conducted
in Tanzania.

Tanzanian Trial

Soon after recognizing the relationship between vitamin A status and all-cause
mortality' (indeed, before the report had even appeared), a hospital-based study
was designed to test the hypothesis that vitamin A deficiency contributed to
measles mortality in Africa; and that vitamin A supplementation might reduce
such mortality, even if administered after the onset of disease.

Children admitted to a Tanzanian missionary hospital with moderate to severe
measles were randomly assigned to receive either standard therapy alone (includ-
ing antibiotics where indicated) or standard therapy in combination with 200,000
IU vitamin A administered orally on admission and again the following day.”
Children who presented with xerophthalmia or corneal ulcers were immediately
treated with vitamin A and excluded from the trial. Only 9% of subjects had
serum vitamin A levels above 0.35 pmol/liter (‘low’), despite the exclusion of
cases with clinical xerophthalmia.

Nineteen children died: six of the eighty-eight vitamin A recipients; and
twelve of the ninety-two controls (Table 2-14). The vitamin A group suffered
only half the mortality of the controls. All of the benefit was confined to children
below two years of age (p < .05). Vitamin A recipients fared better than con-
trols in every category of weight-for-age (p < .05) (Table 2-15).” Complications
accompanying measles, usually present on admission, were common in both
groups. In every instance, mortality among vitamin A recipients was lower than
among controls, particularly for croup/laryngotracheobronchitis (LTB) (Table
2-16).

By the time these data were published, results of the Indonesian observational
study'”® and Aceh intervention trial* were widely known. So, too, were the
increased risks of respiratory and diarrheal disease in vitamin A deficient chil-
dren,” and the increased risk of xerophthalmia among those with systemic infec-
tions®—particularly measles.!* Within four months of publication of the Tanza-
nian vitamin A treatment trial, WHO and UNICEF issued a Joint Statement
recommending immediate high dose supplementation of all children with measles
from communities where vitamin A deficiency was a ‘‘recognized problem” or
where measles case-fatality rates were 1% or greater.®'® This recommendation
was meant as much to reduce mortality as to prevent blindness. WHO and
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Table 2-14. Measles Mortality—Tanzanian Trial

Relative
Risk
Vitamin A Controls Controls:
Age Mortality Mortality Vitamin
(months) Chuildren Deaths (%) Children Deaths (%) A
<9 14 0 — 9 2 22
9-11 12 0 — 10 2 20
12-23 20 1 5 23 3 13
0-23 ) 46 1 21 42 7 167 8:1*
24-35 1 3 27 16 2 13
3647 1 1 9 13 1 8
48-59 8 1 13 6 0 —
= 60 12 0 — 15 2 13
24- = 60 42 5 11.9 50 5 10 0841
0- = 60 88 6 7 92 12 13 191
*p < 05

From A Barclay et al *

UNICEEF also suggested serious consideration be given to instituting programs to
prevent vitamin A deficiency and its exacerbation by measles (with its attendant
increase in morbidity and mortality) by initiating routine high-dose supplementa-
tion of all preschool-age children. As was pointed out in an invited commentary,
the latter approach has the potential for greater impact.'” Attempting to boost
vitamin A reserves only among children who present with measles ““is like putting
out a raging fire: some homes will be saved but a substantial proportion will
burn down before aid arrives.”!”

Table 2-15. Measles Mortality by Nutritional Status—Tanzania

Relative
Risk

Vitamin A Controls Controls

Mortaluity Mortality  Vitarun

Weight-for-Age*  Chidren  Deaths (%) Children  Deaths (%) A

> 80% 24 1 4.0 27 3 11.0 281
60-80% 47 1 40 57 6 11.0 281
< 60% 17 4 240 8 3 38.0 1.6:1
Total 88 6 6.8% 92 12 13.0% 1.9:1

*Percent median NCHS standards 7

From A Barclay et al »
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Table 2-16. Measles Mortality by Complications—Tanzania

Relative
Vitamun A Controls Risk
Number With Mortality Number With Mortality  Controls.
Complications Complications Deaths (%) Complications Deaths (%) Vitanun A
Pneumonia 38 3 8.0 47 7 15.0 1.91
Otitis media 19 1 50 20 3 15.0 3.01
Croup/LTB 8 0 — 13 4 310 (310)
Dysentery 1 50.0 6 3 50.0 1.01
Hemorrhagic 28 1 4.0 34 4 12.0 3.0:1
rash
Oral candida 9 1 11.0 5 1 20.0 1.8.1

From A Barclay et al *

Cape Town Trial

A superbly conducted hospital-based trial, similar in design to the Tanzanian
study, was reported from Cape Town, South Africa, in 1990.* Children with
measles requiring admission for treatment of complications were randomly as-
signed to receive 200,000 IU water-miscible vitamin A or placebo orally on
admission, and again the following day. Children who had already received
vitamin A, suffered from xerophthalmia (none in this instance), or had a rash
more than four days old were excluded. All subjects received oxygen, intravenous
fluids, and antibiotics as appropriate. Two-thirds of the subjects were below
twelve months of age and 85% were under two years. Serum retinol was below
20 pg/dl (0.7 pmol/liter) in 92% of the children; almost 50% had levels below
10 pg/dl (0.35 pmol/liter).

Mortality was markedly reduced in the vitamin A group (Table 2-17).

Hussey and Klein subsequently compared the results of their controlled trial
with outcomes in a much larger number of children followed in uncontrolled
fashion. They examined their hospital records before (1985-1986) and after
(1989-1990) vitamin A supplementation (200,000 IU for two successive days)
had become routine therapy.'” The latter group, which received vitamin A as a
matter of course, experienced lower mortality (1.6% versus 5%, p < .001), a
shorter hospital stay (10 versus 13 days, p < .001), and less frequent need for
intensive care (4.3% versus 10.5%, p < .001).

London Trial

Ellison carried out a long overlooked hospital-based clinical trial in London fifty
years before the Cape Town trial took place.” Understandably, it employed a
somewhat cruder design.* Children admitted to the Grove Hospital were assigned
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Table 2-17. Measles Mortality—Cape Town Tnal

Relative
Vitamin A Controls Risk
Age Mortality Mortality Controls
(months) Children Deaths (%) Chuldren Deaths (%) Vitanun A
<6 4 0 — 3 1 333 330
6-12 53 1 1.9 64 7 109 571
13-23 19 1 53 18 1 5.6 1.1:1
0-23 76 2 2.6 85 9 10.6 411
=24 16 0 — 12 1 8.3 8.3:0
Total 92 2 22 97 10 103 471

From G Hussey et al *

routine therapy or routine therapy plus 1 ounce of cod liver oil (high in vitamins
A and D) daily. Results were virtually identical to those of the Tanzanian and
Cape Town studies. Mortality among controls under two years old was 16%;
mortality among cod liver oil recipients was half that of the controls (Table
2-18). As in Tanzania, mortality was reduced among cases already complicated
by pneumonia.

To bolster his conclusions, Ellison compared the mortality rates of controls
with nearly 5,000 previous measles admissions (October 1929-July 1930); age-
specific and overall mortality (8.1% ) were virtually identical.”® Ellison concluded
the value of cod liver oil came from its vitamin A, since previous studies'® had
failed to demonstrate any association between vitamin D and infection.

Overview

Mortality among control children up to 23 months of age was similar in all three
treatment trials, as was the reduction in mortality among their vitamin A-recipient

Table 2-18. Measles Mortality Trial—London

Relative
Treated Controls Risk
Age Mortality Mortality Control
(years) Children Deaths (%) Children Deaths (%) Treated
0-1 31 1 30 32 4 13.0 431
1-2 101 8 80 90 15 170 211
2-3 55 1 20 60 4 70 351
34 61 1 2.0 61 2 30 1.5.1
4-5 52 0 — 57 0 — 00
Total 300 11 37 300 25 8.3 241

From J Ellison*
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peers. The great bulk of all deaths (among controls) was in children under
two years.

Given the small sample sizes and great differences in geography, population,
time, age distribution, and case management, overall reductions in mortality in
the three studies are remarkably consistent (Fig. 2-17).

Reduction in measles mortality by treatment with vitamin A suggests that a
change in vitamin A status can rapidly alter basic physiologic functions concerned
with cellular repair and resistance to infection; a conclusion for which there is
growing evidence at the molecular level. It also suggests these changes should be
reflected in a reduction in the incidence and/or severity of measles complications,
phenomena well documented by Hussey and Klein,” Coutsoudis,* and others
(Chapter 3).

However, unpublished trials conducted in three hospitals in the Philippines
(personal communications, L.Lucero, 1993), terminated prior to reaching statisti-
cal significance, suggest the issues may sometimes be more complex. The Philip-
pines studies used only half the vitamin A dose of the two large hospital-based
MTTs (and Coutsoudis’ morbidity study) in Africa. Two of the Philippine hospi-
tals recorded reduced case fatality among vitamin A recipients; one reported
increased mortality. The latter, a tertiary pneumonia referral hospital, differed
from the other two hospitals (and the African treatment trials) by requiring the
presence of severe pneumonia on admission, and by enrolling children long past
the onset of their disease (as long as eighteen days, versus less than five days
post-onset of rash). In addition, the children were all severely ill and severely
malnourished; but only a third had low or deficient serum vitamin A levels. The
significance of these results is difficult to ascertain, though they suggest vitamin
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Fig. 2-17. Measles case-fatality rates among hospitalized patients randomuzed to receive
high-dose vitamin A (cod hver oil in the London trial) compared with those of their
controls. Vitamin A supplementation reduced mortality by ~ 50% in all three trials.®>**
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A supplementation may be more effective earlier in the course of complicated
measles. The principal investigator of this study, Dr. Luluth Lucero, undertook
a meta-analysis of extant trials and concluded that even in the Philippines,
children hospitalized with measles should receive large-dose supplemental vita-
min A regardless of the severity of illness.

To explain the lack of clinically recognized xerophthalmia in their Cape Town
population, Hussey and others proposed that vitamin A was not reaching target
tissues (hyporetinemia) in children with otherwise adequate vitamin A stores.”'*
The suggestion is consistent with the claim that administering a very large dose
of vitamin A at a critical moment overcomes a measles-induced block of vitamin
A metabolism, rather than addressing underlying measles-induced exacerbation
of vitamin A deficiency.”'® However, there is little evidence that this is the case.
Quite the contrary. Measles mortality was reduced to the same degree in the
CPTs (Table 2-12, Fig. 2-18) even though large doses were never used (Tamil
Nadu) or were not timed to an acute measles episode. It seems more likely that
measles mortality was reduced secondary to the improvement of vitamin A status
of deficient children. For the same reasons it is highly doubtful that the impact
observed in the hospital treatment trials represents a nonspecific ‘‘adjuvant”
effect of a large-dose of vitamin A.'%

Most likely, children studied by Hussey and Klein had suboptimal vitamin
A stores to begin with and their status was further eroded by their severe measles.
This would help account for other observations, including recent associations
between measles morbidity and mortality and low serum levels in the United
States'91,107—109

These considerations again raise the issue of treating measles versus prophy-
lactically improving the vitamin A status of all children. Both approaches appear
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Fig. 2-18. Reduction in measles-related mortality among children in vitamin A-recipient
villages compared with measled-related mortality among children 1n control villages.
Results are comparable to those of the hospital-based measles treatment trials (Fig. 2-17).
Only four of the eight major community mortality prophylaxis trials investigated cause-
specific mortality.
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to have the same level of impact among recipients. Even from the narrow perspec-
tive of measles, improving the vitamin A status of all children will increase their
ability to withstand a measles attack and thereby protect them from developing
serious complications in the first place, from which they might well die or suffer
long-term sequelae before ever reaching a hospital. It is also the only way to
help those who haven’t access to urgent care.

On the other hand, this strategy will take considerable time to accomplish,
particularly since the long-term goal is normal, not merely improved, vitamin A
status. Therefore, treatment with vitamin A of all cases of measles, as has been
repeatedly urged, makes enormous good sense.***!® It not only provides vitamin
A to those who may still be deficient, but also increases their chances of main-
taining an adequate vitamin A status afterward. As Berggren insightfully points
out,'"” widespread measles coverage under the WHO Expanded Program on
Immunization (EPI) should not alter this policy. Since many children develop
measles before they are old enough to be successfully vaccinated,®#11'-13 and
with vaccine efficacy considerably less than 100% among current recipients in
Third World countries,” a million children die of measles annually despite EPI
efforts.!!* Vitamin A therapy offers a safe, simple, inexpensive, accessible and
effective means for further reducing this number. Even the American Academy
of Pediatrics recommends vitamin A treatment of measles in selected patients
in the United States.!”®

It should be noted that the two African measles mortality trials (and Cout-
soudis’ important morbidity study [Chapter 3]) all administered vitamin A on
two successive days (in the South African studies, water-miscible, not oil-miscible,
vitamin A was used; the Tanzanian trial used standard, oil-miscible preparations).
Until studies demonstrate that a single dose is just as effective as a dose on two
successive days, it is probably prudent to follow the double-dose schedule already
proven rather than the single-dose treatment recommended by WHO and UNI-
CEF.»'® Indeed, EPI has recently expanded the indications for use of vitamin
A in measles to “all cases of severe measles,” not just to children from populations
where vitamin A deficiency is known to exist or where measle case fatality
exceeds 1%.116
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Infectious Morbidity

It 15, 1n fact, chfficult to avoid the conclusion that an important, and probably
the chief, function of vitamin A from a practical standpoint 15 as an anti-
mfective agent, and that a large number of common mfective conditions are
due to a deficiency of this substance 1 the diet of many people

—Green and Mellanby 1928

no nuintional deficiency 1s more consistently synergistic with infectious
disease than that of vitamm A
—Scrimshaw et al, 1968¢

The strong impact of vitamin A status on mortality (Chapter 2) must be mediated,
n large part, by its effect on the incidence and/or severity of life-threatening
mfections Vitamin A prophylaxis and treatment have their clearest efficacy in
reducing mortality associated with charrhea and measles An understanding of
the relationship(s) between vitamn A status and infection 1s important 1n identi-
fying the mechanisms that account for altered mortahty and it quantifying the
burden of infectious morbidity associated with vitamin A deficiency These rela-
tionships are being examined with growing interest >

As already noted, amimals develop infections relatively early in the course of
vitamun A deficiency,'**' often dying of overwhelmuing sepsis before developing
xerophthalmia ' In 1924, Webster reported that muce raised on “McCollum’s
complete diet” were much more resistant to the lethal consequences of an oral
challenge with mouse typhoid bacillus than were apparently equally healthy mice
raised on the standard Rockefeller Institute diet > By 1930, Green and Mellanby
had demonstrated a dose-dependent relationship between dietary carotene 1n-
take and the nsk and seventy of mfection n rats P Vitarmn A-deficient ammals
raised 1 a germ-free environment grow better and live longer than ammals
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raised 1n conventional facilities % Survival of conventionally reared, deficient
ammals can be dramatically extended by the use of broad spectrum antibiotics '
Organs particularly susceptible to infection in deficient animals include the respi-
ratory, genitouninary, and gastrointestinal tracks Massive infection involving the
respiratory tract 1s often a terminal event, though sometumes more apparent at
autopsy than antemortem '

Early clinical reports, largely anecdotal, suggested simmlar relationships ex-
1sted between vitamin A status and human infection Thus, binding xerophthal-
mia (severe vitamin A deficiency) has been associated with respiratory tract
infections,””* diarrhea,®#2-¥ tuberculosis,” #* # childhood exanthems (chick-
enpox and measles),”?'#3-3 pertussis, '’ 4 scarlet fever,'* ¥ * typhoid,”* malaria,”
encephaliis,® and urmary tract®?# and other infections It 15 no surprise that
severe, chromic infections leading to debihtating malnutrition and dehydration
are complicated by severe vitamun A deficiency and xerophthalma ¥# Also well
known 1s that decompensation of borderline vitanun A status by infections that
have a particularly deleterious effect on vitamin A metabolism (such as measles)
result 1 acutely severe vitamuin A deficiency At 1ssue 1s whether vitamin A
deficiency, per se, increases the mcidence and/or severity and outcome of mfec-
tious episodes Interpretation of most cross-sectional associations, whether chini-
cal reports or population-based surveys, 1s complicated by

® the mdirectional relationship between vitamin A status and infection—
each appears to increase the risk of the other?3** (Chapter 7 deals with
evidence that systemic infections increase the risk of subsequent vitamin
A deficiency and xerophthalmia¥ ),

¢ the frequency with which xerophthalmia and diseases with which 1t has
long been associated occur n developing countries (turn-of-the-century
Europe as much as today’s Third World) where the risks of mfection,
malnutrition, and poverty are deeply entwimed,

® the varying nature of the studies, populations, instruments, and defini-
tions employed,

® differences 1 the climeal recognition and sigmficance of infectious epi-
sodes

Some of the earhiest chimical reports suggested the possibility that vitamin A
deficiency, by itself, might specifically increase susceptibihity to infection Bloch
noted that among children on vitamin A-poor diets, growth failure was com-
monly followed by infections, particularly of the respiratory tract, urmary tract,
and middle ear * These infections, which had otherwise been resistant to conven-
tional therapy, disappeared after treatment with vitamm A (as cod liver oil,
butter, cream, or whole milk)

By 1934, Mecllanby had concluded that humans became more susceptible to
mnfection long before vitamin A reserves were depleted or xerophthalmia was



Table 3-1

Cross-Sectional Associations Vitarmn A Status and Infections

Origin of Vitarmin A Morbudity®

Report Subjects® Status Cough/LRI  Duarrhea/GI  Measles TB UTI
BANGLADESH
Brown et al C/H XN-X3 — — -+
Mahalanabs C/H XN/X1B/X2/X3 + + +

et al ¥
Stanton et al *¢ Pop XN —_ + —
INDIA
Guyral et al Pop XN/X1B — + +
NEPAL
Brilliant™ Pop X1B — + +/-
Briliantet al *#
THAILAND
Bloem et al % Pop serum retmok + +
PHILIPPINES
Solon et al ® Pop XN/X1B + — — +
INDONESIA
Sommer* Pop, C'H X1B + —
Sommer* CH XUX3 + + -
JORDAN
Patwardhan® Pop X1 — +
GUATEMALA
Arroyave Pop serum retinol + +

et al®
PERU
Salazar-Lindo H/Pop serum retinol +

et al %
MALAWI
Tielsch et al ' Pop XN/X1B + — +
ETHIOPLA
DeSole et al® Pop XN-X3 + + +
MICRONESIA
Lloyd-Puryear Pop CIC + +

et al®

“Pop Population-based data

C/H Climc or hospital-based data

CIC = Conjunctival impression cytology

*UTI = Uninary tract infection

LRI = Lower respiratory infection

GI = Gastroenteritis

TB = Tuberculosis
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evident # Clausen found that chuldren with low levels of plasma “carotenmds”
ran a higher risk of repeated respiratory mfection, and that children receiving
supplemental cod liver o1l or carotene-rich vegetables expenienced a lower 1nci-
dence and severity of infection ¥ He further reported that carrots caused rapid
improvement of severe otitis in children seemingly destined to suffer mastoiditis *

Ramahngaswarm observed twenty children two to mine years of age who
presented with watery diarrhea, usually of one to two months duration ¥ All
were emaciated with varymg degrees of xerophthalmia (mostly mightblindness
or Bitot’s spots} Serum vitamun A was severely depressed (< 10ug/dl) mn all
cases i which 1t was measured, and fever and bilateral rhonch1 were present
1n twelve of the children When the diet of fifteen of the severest cases was
supplemented with vitamuin A concentrate (72,000 IU per day), there was a
dramatic reduction 1 their diarrhea within forty-eight hours In five of the
remaming muldest cases (Bitot’s spots and diarrhea}, the diarrhea persisted until
vitamin A was added to the treatment regimen

Henning and co-workers found vitamin A treatment did not alter the course
of acute, watery diarrhea.®® On the other hand, the average episode lasted only
two days, not a particularly long window 1n which potential benefits could be
observed, particularly if these were likely to require replacement of damaged
intestinal mucosa ™ Further, those treated with vitamin A had a smaller rise 1n
serum vitamin A and a lower level at twenty-four hours than those given placebo!
The potential failure of vitamin A treatment to reheve acute, self-hmited diarrhea
1s 1 contrast to its apparent beneficial effect on persistent diarrhea * Thus finding
18 consistent with vitamin A defioiency’s stronger association with persistent
diarrhea (= 14 days) than with acute diarrhea 3%

In the 1930s, Blackfan and Wolbach found early keratimzing metaplasia
(evidence of mild to moderate vitamin A deficiency) n wnfants who died of a
variety of nfections without climically apparent xerophthalmia "

A vast array of relevant data have become available over the past two decades
These include cross-sectional associations based on clinic or hospital patients
and population surveys (Table 3-1), population-based longitudinal observational
stuches, and controlled intervention trials These data provide overwhelming
evidence that vitarmin A status alters the inaidence and/or severity of a variety
of infections, particularly diarrhea, measles, urinary tract infection, and probably
some forms of respiratory disease

Diarrhea

Vitamm A supplementation has been shown to reduce diarrhea-specific mortality
(Table 2-12), thus, vitarmin A status must affect the frequency or outcome of
chnically sigmificant gastromtestinal disease, as Ramalmgaswarni’s early chinical
study suggested ¥
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At least twelve cross-sectional studies have found a strong association be-
tween impaired vitamin A status (usually defined by mild xerophthalmia) and
the presence, or a recent history, of diarrhea (Table 3-1} Dharrhea was often
the strongest nisk factor associated with xerophthalmia in these studies m Ne-
pal¥™* the odds ratio was 20, 1n Indonesia, 12 (drarrhea dunng the past week)
to 23 (diarrhea during the past month) ¥ The associations were often strongest
for “persistent,” ““chronic,” or “severe” diarrhea or dysentery % Gastroenter:-
tis was present m three times as many cases of severe xerophthalma (X2, X3)
as 1n cases of milder disease (X1B) presenting to the Cicendo Eye Hospital m
Indonesia, and twice as common in corneal cases as in their controls ¥ A Guate-
malan study found that gastroenteritis was more frequent among chuldren with
serum retinol levels < 10 wg/dl @ In Truk, Micronesia, diarrhea was almost three
times more common among children with abnormal conjunctival impression
cytology (CIC) * In Thailand, a 1 pmol/liter increase i serum retinol was assocs-
ated with a 50% reduction 1n the prevalence of diarrhea ® Children mn Lima,
Peru, hospitalized with dehydrating diarrhea had serum retinol levels half that
of matched controls, 75% versus 14% had levels below 20 pg/dl % In the Sudan,
children with three watery stools during the past 24 hours were 20% more
likely to have Bitot’s spots, even after multivariate analyses controlled for other
contributory factors

Despite the consistent association between indices of vitamin A deficiency
and evidence of recent or existing diarrhea (especially protracted or severe
diarrhea), 1t 18 not always clear which oceurs first (Chapter 7)

The Indonesian observational study® suggests that children with preexisting,
mild xerophthalmia (closely correlated in ts population with serum retinol}®
(Table 3-1) are more likely to develop subsequent diarrhea (Table 3-2) ™ Since

Table 3-2 Age-Specific Incidence of Diarrheal Disease among Children With and
Without Xerophthalmia®

Cases of

Age Child-Intervals Diagrrheq Rate (per 1000) Relative Risk
(vears) N-N X-X N-N X-X N-N X-X N-NX-X
=1 5425 36 421 9 78 250 132%

2 3014 135 202 31 67 230 134*

3 3018 160 151 27 50 169 134*

4 2958 147 93 14 3t 95 131%
=5 3624 183 87 14 24 77 132*
Total 18,039 661 954 95 53 144 127+

*Without xerophthalmia (N-N)—children with normal eyes at both the start and end of the three-month
observational mterval, with xerophthalmia {X—X)—children with nuid xerophthalma (nightblindness and/or Bitot's
spots) at both the start and end of the nterval

*p < 001

From A Sommer et al ™
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vitanun A status fluctuates over time,” a child’s xerophthalmia status was reclassi-
fied at each interval-mitiating examination Given the lag between a change n
vitamun A status and a change 1n signs and symptoms of xerophthalmua, vitamm
A status was defined as follows

® N-N: no evidence of xerophthalmia at either the interval-imtiating or
interval-ending examination (best vitamin A status),

® X-X: xerophthalmia at start and end of the mnterval (poorest vitamin
A status),

# X-N, N-X: vitamun A status in transition, improving 1 the former, declin-
ing 1n the latter

Diarrhea was three times were common among X-X than N-N children at
every age (Table 3-2) The excess nisk of diarrhea, at each age, was consistent
across nutritional strata (height-for-age and weight-for-height) (Fig 3-1) As
might be expected, the rate of diarrheal disease among children whose vitamin
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Fig. 3-1. Incidence of diarrhea among cluldren with normal (N-N) or xerophthalmic eyes
{X-X) at the examination mmibating and ending the same three-month interval, summed
over all six mtervals The upper graph includes only children with superior nutriticnal
status (weight-for-length/height 90% of standard) The lower graph indicates that the
same relationship exists for wasted children (< 90% weight-for-length/height) In both
anthropomettic strata, diarrhea was assoctated with the presence of Xerophthalma At
every age, better-nourtshed xerophthalmic children {upper graph) had higher rates of
diarrhea than less-well-nourished, non-xerophthalmic children (lower graph) (From A
Sommer et al ™)

Incidence of Diarrhea per 1000 Child-Intervals
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A status was improving (X-N) was simmlar to the rate among children with
normal eyes (N-N)

Further, vitarmin A status seemed even more important than general nutri-
tional status {(weight-for-height or height-for-age) as a determuinant of diarrheal
mcidence well-nourished xerophthalmic children were at greater nisk of duar-
rhea than poorly nournshed children with normal eyes (127 versus 61 per 1000,
p < 001), which 1s consistent with prior observations that the risk of developing
diarrhea 1s independent of anthropometric status -

Followmng publication of the Indonesian study, investigators at the Indian
National Institute of Nutrition reanalyzed data from one of their earher studies
n a comparable manner * Over 1500 slum-dwelling, preschool-age children were
examined at baseline, six months, and one year, morbidity data were coilected
at weekly home wvisits ™ The study differed 1n several regards from Indonesia
children were classified by their ocular status only at the interval-mitiating round,
a milder defimtion of diarrhea was used (three or more loose stools 1n one day),
and more frequent (weekly) home visits collected add:itional data, but also had
a far greater hkelihood of inducing a Hawthorne Effect

The nisk of diarrhea was no greater among ‘xerophthalmc™ than “normal”
children However, the subsequent vitamin A mortality prevention trial {Chapter
2) conducted by the same mstitution” studied this 1ssue prospectively Children
were examined for xerophthalmia at baseline and again six months later Field
workers visited homes every three months to collect information about diarrhea
(three or more loose stools a day) and other morbidity Children were classified,
as 1n the onginal Indonesian study, by therr ocular status at the examinations
imtiating and ending a six-month interval (Table 3-3) It 1s unclear whether the
analysis was hmuted (as 1t should have been) to children 1n the placebo arm All
three xerophthalnma categones registered increased rates of subsequent charrhea
(relative risks ranging from 113 to 131), the greatest nisk (as for respiratory
disease) was among childrent who developed xerophthalmia duning the six-month
mterval (the clearest ¢vidence for active vitamun A deficiency 1n a population
prone to persistent X1A and X1B)

Table 3-3 Inadence of Infections 1n Relation to Vitamn A Status—India

Diarrhea Resprratory Infection

Clirecal Vitanun A Status Incidence naidence
Baseline After 6 Months (%) Relatuve Risk (%) Relative Risk
Mild xerophthalma Mild xerophthalmia 86 119 166 129+
Mild xerophthalma Normal 82 113 175 135~
Normal Mild xerophthalma 95 131 225 1745+
Normal Normal 73 10 129 10
*p < 05
*rp < (1

From Vyayaraghavan et al™



Infectious Morbidity 69

The weaker association between xerophthalmia and diarrhea observed in
India compared with Indonesta may reflect a real difference between the two
populations Alternatively, 1t may reflect the dilutional effect within the Indian
study from use of X1A, widely regarded as unreliable evidence of vitamim A
deficiency™, a longer (six months) interval that leads to less precise temporal
classification of vitanun A status, and the milder defimtion of diarrhea, which
may have recorded more trivial, less chmcally significant, hfe-threatening events

In a simifar vein, a small study (n = 146) of Thai children failed to demonstrate
a relationship between baseline serum retinol and the incidence of subsequent
diarrhea® (Table 3-11) %

The impact of vitamin A supplementation on subsequent diarrheal morbdity
was studied 1n several of the mortality trials discussed in Chapter 2 (usually as
mcident or point-prevalent events at the completion of the study), and 1n con-
trolled tnals specifically designed to assess morbidity With the exception of two
small trials,®*” these uniformly failed to find any statistically significant difference
mn the “ineaidence™ of mild diarrhea (usually defined as = 3 or 4 loose stools a
day) ¥-% Nor should they necessanly have been expected to Given a conservative
estimate of relative nsk (RR) of ciarrhea among mildly xerophthalmic (XN,
X1B) compared with non-xerophthalmic children of 20, a 2% prevalence of
mild xerophthalma, and an expected four such diarrheal episodes annually for
all chuldren (Madurat recorded an average of 5 62), ehmination of xerophthalmia
and 1ts excess risk of diarrhea would reduce the overall incidence of diarrhea 1n
the study population by a mere 2% * Even 1f xerophthalmia were twice as
prevalent, the reduction would still be only 4% If, in addition, the relative sk
of more mildly deficient children was elevated proportionately (e g, RR ~ 12),
these children constituted 35% of the study population, and the intervention
was 100% effective, the maximum potential reduction 1n the overall meidence
of mild diarrhea would be less than 8% By companscn, mortality tnials were
launched with an anticipated reduction of at least 20% -25% The difference lies
in the lgher relative risk of vitamin A deficiency for death than for incident
(presumably trivial) episodes of diarrhea

Since vitamin A supplementation caused a consistent reduction 1n diarrhea-
related deaths, 1t should also reduce the incidence of severe diarrhea There 15
growing evidence that this indeed 1s the case In northeastern Brazif 1240 non-
xerophthalmic children six to forty-eight months of age received large-dose vita-
min A supplements or placebo every four months for one year ® The vitamin
A-supplemented group was at lower risk of subsequent diarrhea. The more
severe the diarrhea, the greater the benefit (Table 3—-4} The protection afforded
by the vitamin A dose lasted only three to four months Despite the striking
difference 1n rates of “severe diarrhea” as defined by the frequency of move-
ments, there was no difference in “severity” as defined by either blood or mucous
i the stool This finding 1s consistent with observations that most diarrheal
deaths in young chuldren are secondary to dehydration Of particular interest,
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Table 3-4 Diarrheal Episodes by Frequency of Movements—Brazil

Number of Loose Movemenis Relatve Risk (Vitammin A Group)
3 092
4 090~=
5 0 §0=*
6 Q774+
*p < 05
*p < 01

From M Barreto et al®

the Brazilian population 1s considered only nmuldly vitamin A-deficient and free
of xerophthalmia

A smaller study in Caleutta randormized 174 preschool-age chiidren to 200,000
IU or placebe The subsequent rate of mld diarrheal episodes was sumilar (1 35
versus 173 respectively}, though the difference m the mean duration of each
eptsode (2 05 days versus 303 days) and mean diarrheal days per child (529
versus 8 42) during the six month follow-up penod were lghly sigmificant ®

A controlled morbidity intervention trial specifically designed to assess sever-
ity was conducted in Ghana®# in proxinuty to the VAST mortality trial Almost
1500 children six months to fifty-nine months of age were randomized to either
high-dose vitamin A or placebo every four months, and were followed weckly
All children with measles or xerophthalmia recerved vitamin A and were excluded
from further analyses Il children were referred to clinics and severely 11l children
were hospitalized Careful records were maintamed of all such referrals and
hospitalizations While there was no difference mn the apparent incidence or
prevalence of trivial diarrhea between the two groups, supplementation had a
marked impact on the severity of illness The vitamin A group experienced fewer
diarrheal episodes with high stool frequency (> 6 movements per day, RR =
092) or signs of dehydration (sunken eyes, RR = 090, p < 04, drowsmess, RR
= 070, p < 01), findings that are consistent with the results from Brazil ® In
addition, all-cause chnic attendance was reduced by 12% and hospitalization by
38% (Tables 3-5, 3-6) Drarrhea-specific chnic attendance of the vitamun A
group was reduced by 17% (p < 02) and hospitahization by 32% The vitamin
A group also had fewer chinic revisits (p < 02), suggesting less severe disease
among those who attended climc

Table 3-5 Chmic and Hospital Attendance—Ghana VAST Health Study Trial

Vitamin A (N) Placebo (N) Relative Risk (CLy; %)
Climic attendance 1193 1341 088 (081, 095)*
Hospital adnussions 36 57 062 (042, 093)*
*p < O
*p < (12

From Ghana VAST Study Team *
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Table 3-6 Hospital Discharge Diagnoses—Ghana VAST Health Study Trial

Vitarmun A (N) Placebo (N) Relative Risk (CLys %)
Duarrhea 12 18 068 {033, 141)
ALRI 5 10 048 (0 16, 1 45)
AURI 9 15 061 (027,138)
Malaria 17 25 070(038,129)
Malnutrition 5 7 069 (022, 215)
Measles 3 6 048 (012,192)
Anemia 3 15 033 (025,3%)

From Ghana VAST Study Team *

In summary, 1t appears that improvement in the vitamin A status of defi-
aent populations protects preschool-age children from severe, dehydrating, Life-
threatening diarrhea, but may have little if any impact on the frequency of trivial
diarrheal episodes

Measles

Measles bears a strikimg relationship to vitamin A status Measles precipitates a
large proportion of X3 (Chapters 4, 7}, which partially accounts for the strong
association between a history {or presence) of measles and corneal destruction
But vitamin A status also modifies the seventy and outcome of measles and 1ts
systemic complications, as amply demonstrated 1n all four measles treatment
trials®*"" and by reductions in measles-related deaths in the four community-
based vitamin A prophylaxis stuches (CPTs) that exammed cause-specific mortal-
ity (Table 2-12) Measles 15 the only specific pathogen for which we have direct,
overwhelming evidence that vitamin A status imnfluences morbidity (seventy)
and mortalhty

Vitamin A deficiency clearly increases the severity of measles Whether vita-
min A supplements are admimistered prophylactically on a commumty-wide basis
before children have measles, or as treatment for moderately severe, hospitalized
cases of measles, mortahty 1s reduced by roughly half The stniking similarity 1in
the magnitude of the reduction of measles-associated mortality under these two
very different conditions strongly suggests that

® vitamin A supplementation, even as igh-dose treatment, influences out-
come by correcting underlying vitamuin A deficiency rather than by a
nonspecific, adjuvancy effect,

® 1t 15 unlikely that vitamin A status matenally affects the wmcidence of
measles, since the entire 1mpact of supplementation can be explained by
the reduction n case fatality



72 Consequences of Vitamin A Deficiency

The dramatic and consistent reduction in case fatality associated with vitamin
A supplementation 1s mirrored by a corresponding reduction 1n the severity of
measles and 1ts complications These 1ssues were carefully evaluated by Hussey
and Klemn® 1n thewr Cape Town mortality trial, and by Coutsoudis et al " * n a
measles morbidity trial in Durban

In the Cape Town trial, placebo recipients fared far worse than children given
high-dose vitamin A (Table 3-7) pneumoma lasted longer (p < 001} and chromic
pneumoma (= 10 days) was more frequent (p < 01), diarrhea lasted longer
(p < 001) and chronic diarrhea was more frequent (p < 05), post-measles croup
was twice as common (p < 05) and post measles croup requiring airrway interven-
tion, three himes as common, herpes stomatitis was almost five times as frequent,
the need for intensive care was three times as common, and surviving children
were hospitalized 50% longer (p < 01) Most adverse outcomes (75 of 77)
occurred m children less than two years of age (p < 01)

The detailed hospital-based measles treatment tnal conducted in Durban
evaluated the impact of vitamm A therapy on both short- and long-term measles-
associated morbidity and the related immune response *' % Sixty African children
four months to twenty-four months of age with measles rash less than five days
complicated by concomitant pneumonia and diarrhea were randomized to lagh-
dose, water-miscible vitamin A (100,000 TU if < 1 year, 200,000 IU if = 1 year)
or placebo on admission, and again on days 2, 8, and 42 (a post-hospitalization
return visit) The children were also asked to return at six months

As with the shorter follow-up i Cape Town, vitamin A recipients responded
rapidly to treatment (Table 3-8) They recovered more quickly than placebo
recipients from pneumomna (p < 05), diarrhea, and fever Almost all vitamin A
recipients, but only two-thirds of placebo recipients, recovered fully by day 7
(p < 002) The beneficial effects of vitamin A supplementation persisted beyond
the mnitial hospitalization An “integrated morbidity score” {IMS) was developed
by pooling the presence and severity of clinical comphcations {diarrhea, upper
respiratory tract infection, pneumonia, laryngotracheobronchitis [LTB], herpes,

Table 3-7 Measles Complications—Cape Town Vitamin A Controlled Treatment Trial
Relative Risk

Complication Vitamun A (N) Controls (N) Vitamint A Controls
Pneumonia = 10 days 12 29 044 (024, 0 80)
Dharrhea = 10 days 8 21 040 (019, 0 86)
Post-measles croup 13 27 051 (0628, 092)
Requining airway 3 9 035 (010, 1 26)
Herpes stomatitis 2 9 023 (005, 108)
Intensive care 4 1 038 (013,118)
Hospital days 10 54 1524 p < 004

From G Hussey et al®
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Table 3-8 Hospital Outcome—Durban Measles Vitamin A Controlled Treatment Tnal

Vitamin A Placebo
Outcome (N =29 (N =31)
Duration (davs)}—pneumonia 38+04 57+08
Duration {days)—diarrhea 32x07 4504
Duration {davs)—fever 3603 42+05
Clinical recovery mn < 8 days 28 {96%)} 20 (65%)
IMS on day 8 024 015 137 £ 040

* Integrated Morbidity Score °

From A Coutsoudis et al *'*2

and x-ray evidence of pulmonary involvement) Vitamin A recipients did better
at every IMS assessment, including the six-month visit (Fig 3-2)

The 61% reduction m IMS at six weeks and 85% reduction at six months
largely reflect differences in the subsequent frequency and severity of pneumonia
(Table 3-9) Since measles commonly precipitates severe deterioration of general
nutritional status, which subsequent and recurrent compheations exacerbate, 1t’s
not surprising that vitarmn A recipients gained considerably more weight by six
weeks (p < 05) and that this advantage continued for at least six months

The persistent benefits conferred by repeated vitamin A supplementation {(a
fourth dose at day 42) are consistent with improved vitarmn A status duning the
prolonged period 1t often takes children with severe measles to regain their pre-
morbid health and nutritional status, and also with the ligh rate of post-measles
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Fig. 3-2. Integrated morbdity scores (IMS) on follow-up of children admatted with acute
measles to hospital in Durban, South Afnca, and randomized to large-dose vitamuin A
or placebo (IMS desenibed 1n text) Follow-up lasted six months post-baseling, when
children stll seemed to benefit from earher vitamin A supplementation (From A Cout-
souchs et al ™' %)
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Table 3-9 Post-Hospital Qutcome—Durban Measles Vitamin A Controlled
Treatment Trial

6 Weeks 6 Months

Vitamin A Placebo Vitamin A Placebo

(N =24) {N = 24) (N = 20) (N =16)
Weight gain (kg) 129 = 017 090 +014 289 023 2372020
Diarrhea episodes 6 12 3 6
Score/episode—diarrhea 217 £ 031 2252025 167 = 067 217 £ 031
URI episodes 7 9 3 8
Score/episode—URI 171 =028 266 £ 017 200 =058 237018
Pneumonia episodes 5 6 0 3
Score/episode—pneumoma 440 = 098 667 =067 —_ 667 =067
Chest x-ray
Score = 3 2 6 ] 3
IMS 221 £ 045 574+ 117 060 = 022 412113

From A Coutsoudis et al #' %

illness, malnutrition, and delayed mortality that commonly follow an acute mea-
sles episode %

Less detailed intervention trials support the results of Hussey et al and
Coutsoudis A smgle large oral dose of vitamin A admimstered to Kenyan
children hospitalized with measles reduced the nisk of severe, progressive LTB
and otttis media, and the duration and seventy of diarrhea * Finally, a small,
village-based vitamn A prophylactic trial conducted in West Bengal, India, in
1972 on 153 preschool children (100,000 IU, or a placebo every four months for
one year) yielded forty cases of measles ¥-*® While there was no difference m
the incidence of measles between the two groups, “associated complications
such as pneumonia, diarrhea, and eye discharge were significantly higher in the
placebo group ™’

Results of the commumty- and hospital-based intervention trials indicate
the powerful mfluence vitamin A status exerts 1n reduang the severity and
complications of measles There 1s relatively little evidence to suggest any impact
on incidence Most of the hospital and population-based cross-sectional assocta-
ttons noted between xerophthalna and measles relate to severe corneal disease
{X3), for which measles 15 a common precpitating event (Chapters 4, 7), or less
frequently, acute decompensation of chronic, underlymg vitamm A deficiency
exacerbated by recurrent comphcations (pneumoma, diarrhea, protem-energy
malnutrition), and changes 1n dietary patterns that commonly follow measles

Since measles'™ ! and vitamin A deficiency both impair immune competence,
1t 15 reasonable to expect the combined impact 15 devastating to host defenses
Depressed measles antibodies and lymphopema are associated with more severe
measles and a fatal outcome #2219 Measles antibody titers are lower 1n children
with lower serum vitamin A,'™ while African children with measles treated with
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Fig. 3-3. Measles immune (IgG) response among children randomized to vitamin A or

placebo supplementation upon hospitahzation in Durban, South Africa, for acute measles
Vitamin A-supplemented chmldren achieved igher IgG titers (From A Coutsoudis et al %)

]

Measles 1gG (mlU)

a large dose of vitamin A mount a stronger measles Ig(G response to the natural
disease than do unsupplemented children (Fig 3-3)

Pasatiempo and colleagues'™ demonstrated that vitamin A supplementation
of deficient rats as late as one day after an antigenic challenge increased the
antibody response to near normal levels Semba et al ' found a simitar phenome-
non among deficient chuldren given a large dose of vitamin A (200,000 IU} two
weeks prior to immunization with tetanus toxod (Fig 3-4)
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Fig. 3-4. Primary IgG response to tetanus immumzation admimistered two weeks after
supplementation with large-dose vitammn A or placebo among Indonesian children (From
R Semba et al ™)
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A preliminary but intriguing report suggests large-dose vitamin A supplemen-
tation simultaneous with measles immunization may mnhibit immune conversion
among six-month-olds with preexisting lngh levels of maternal blocking antibody,
further suggesting that vitamin A might be mnterfering with rephcation of the
lrve vaceme virus If so, it would help explain vitamin A’s beneficial effect on
morbidity and mortality associated with infection with the wild strain virus '"

One small study 1n Ndola, Zambua, failed to elicit and enhance the measles
antibody response among children receiving vitamin A during an acute measles
episode '® However, the children did not requre hospitalization, received only
a single vitamn A dose, and already had mean serum retinol levels well within
the normal range (> 40 pg/dl)

Respiratory Disease

The effect of vitamun A status on respiratory diease 1s clearly shown in animal
models of vitamuin A deficiency, chnical and autopsy studies in children, and
observational incidence data in human populations However, population-based
prophylaxis trials, whether for morbidity or mortality, imply the situation 1s more
complex and uncertan than 1t first appears

Chnical and histopathologic studies of vitamun A-deficient animals reveal
early metaplasia of the tracheobronchial tree %81 Chnical and histopathologic
studies 1n deficient children parallel observations m deficient amimals 1?4+

Lower respiratory disease was associated with vitamin A deficiency m eight
of the cross-sectional clinic and population-based studies {Table 3-1} In Guate-
mala,” respiratory disease was more common among children with serum retinol
< 10 pg/dl, in Thailand, an increase of 1 pmol/liter of serum vitamin A was
associated with an 80% reductton in respiratory disease € In the Lower Shire
Valley of Malawi, the prevalence of mild, active xerophthalma (XN, X1B) was
one-third more common among children with a history of cough and fever during
the preceding week (p < 05) ' In the mono-crop regions of Ethiopia,” severe
respiratory disease (unable to walk and play for at least five days) was twice as
common among cases of xerophthalmia as among controls (p < 02) Lower
respiratory disease (fever plus rales) was the most common infection accompa-
nymg xeropthalmic children presenting to the Cicendo Eye Hospital ® The
prevalence ncreased with the severity of xerophthalmia/vitamin A deficiency
(p < 01) (Fig 3-5) Lower respiratory disease was seven times more common
among cases of X3 than among thetr controls (64% versus 9%, p < 01)

While these cross-sectional associations could, by themselves, be explained
by the impact of respiratory disease on vitamun A status rather than the other
way around (Chapter 7}, natural history studies confirm the increased nisk of
respiratory disease 1n children with preexisting vitamin A deficiency
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Fig. 3-5. The prevalence of respiratory disease among Indonesian children presenting

to the Cicendo Eye Hospital increased with the severity of therr xerophthaliua (p < 01
for lmear trend) (From A Sommer *)

In the Indonesian observational study (Chapter 2, Fig 2-2), respiratory dis-
ease was defined as “chnically sigmficant cough, rhonchi or rales” leading the
examining pediatrician to diagnose “‘bronchitis or pneumecmna ™ The incidence
of respiratory disease was almost twice as common among X—X as N-N children
(RR =18, p < 001) This relationship was consistent across age and nutritional
strata (Fig 3-6) As with diarrhea, the mcidence of acute respiratory mfection
(ARI) among children whose vitamin A status was improving (X-N) was similar
to that among children with normal eyes {N-N) Also, vitamin A status seemed
a more important determinant of respiratory disease than did weight-for-height
or height-for-age (Fig 3-7) Well-nourished xerophthalmic children were at
greater risk of subsequently developing respiratory mfections than were their
more poorly nounished, non-xerophthalmic peers (92 versus 72 per 1000, p < 05)

The study from Hyderabad, India™ yielded virtually identical results (RR =
20 p = 06) (Table 3-10) An excess rate of subsequent respiratory disease was
associated with xerophthalmia at every age over twelve months

In their vitamin A mortality intervention trial, Vyayaraghavan et al confirmed
the increased risk of respiratory disease among children with vitamuin A defi-
ciency 7 The nisk was greatest among children who began the study with normal
eyes but developed muld xerophthalmia by the time of the ocular follow-up, six
months later, indicating deteriorating vitamin A status (Table 3-3)

The placebo arm of the MORVITA trial displayed a similar relationship
between vitamm A deficiency (as determined by basehne serum retinol) and
subsequent cough—acute lower respiratory infection (ALRI) 1

The small Thai study® demonstrated that the nisk of subsequent respiratory
disease (a history of “chinically sigmificant™ respiratory complaints accompanied
by fever) was related, 1n a dose-dependent manner, with vitamm A status at
baseline (Table 3-11) The rate of respiratory disease among children with
“deficient” serum retinol levels (< 035 pmol/liter) was nearly four times that
among children with “adequate” levels (> 0 70 umol/liter, p < 01)
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Table 3-10 Incidence of Respiratory Disease among Cluldren Age < 5 Years With and
Without Mild Xerophthalmia® 1 India

Age Child Intervals Cases of Disease Rate (per 1000) Relatve Risk®
(vears) NN X-X N-N X-X N-N X-X N-N X-X
=1 1540 3 153 0 99 0 00

2 724 1 49 3 68 273 49

3 756 21 36 2 45 95 20

4 600 27 29 4 48 148 31

Total < § 3620r 62 267 9 74 145 2 0%

*Without xerophthalmia (N-N) with xerophthalmia (X-X) See text for defimtions

"Ratio of rate per 1000 child mtervals with vitamun A deficiency to rate per 1000 child mntervals without witamn
A deficiency

“Six-month ntervals
#p - 06
From R Milton et al ™

In an mtngmng report from the United States, respiratory syncytial virus
(RSV) mfection was associated with a transient but dramatic dechne m serum
retinol Infants with the lowest serum retinol values ran the greatest nsk of
requinng respiratory assistance (6/7 versus 4/16, for serum retinol levels below
and above 10 pg/dl, respectively, p < 02) "' RSV, hke measles, 1s a paramyxovirus
that replicates in the respiratory track

In addition to the strong and consistent relationship between vitamin A
deficiency, hustopathologic changes, and subsequent nisk of respiratory infection,
vitamin A morbidity supplementation trials suggest a potential reduction 1n the
severity of respiratory events (if not necessarily their frequency) * The detailed
Ghana morbidity tral®® recorded similar rates of respiratory illness among
vitamin A and placebo groups, including the mean duration of “probable” ALRI,
but the vitarmin A group had less frequent episodes of wheeze, stridor, and other
observed “respiratory noises” (RR = 086, p < 02), and of “rapid breathing”

Table 3-11 Relationship between Risk of Respiratory Disease and Serum
Retinol—Thailand

Incidence of Resprratory Disease

{3 mo follow-up)
Serum Retmol t T = 0 Nurber Ya 5% CP
Deficient (0035 pmol/liter) 23 391° 21-61
Margmal (0 35-070 pmol/liter) 63 265 16-38
Adequate (> 070 pmol/liter) 55 09 4-24
Total 146 226

*CI = confidence miterval

*Sigmficant difference (p < (1) between the group of children with “deficient” and that with “adequate’™ levels
of serum retmok

From M Bloem et al &
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with cough (RR = 092, p = 08) Pyrexia (axillary temperature = 101°) was
also less common i the vitamin A group (RR = 087, p = 07) The authors
concluded that vitamin A reduced the severity of illness, and that the more acute
the indicator of severity, the greater the impact In the Brazihan population,™
1n which xerophthalmia 1s rare, there were similar incidence rates of mitd ALLRI
among vitamin A and placebo recipients, and a nonstatistically sigmficant reduc-
tion 1n the mcidence of pneumonia (RR = 0 94) among the vitamn A group

A meta-analysis of available data from mortality and morbidity intervention
tnials failed to mdicate any consistent impact of vitamin A supplementation on
the incidence of ALRI, a conclusion supported by a World Health Organization
(WHO) ad hoc review panel "2'5 Results of individual studies however, varied
The small but umque Thar tr1al® recorded three times more respiratory disease
in the control group at two months (not statistically sigmificant), an apparent
protection that persisted for at least four months among one-to-two year olds
(the group not attending day care centers, among whom the opportunity for
transmussion was probably lower [RR = 2 5, p < 05]} A small controlled chimcal
mtervention trial (one large dose at six-month intervals) in Hebei, China® re-
ported a marked reduction 1n the incidence and duratron of respiratory illness
m the vitamin A group, which was statistically significant at every age except
mfancy (s1x months to eleven months) Though the numbers were small. the
difference 1n the rate of hospitalizations between the two groups was marked
4/78 controls (three with pneumoma) versus 0/98 vitamin A recipients In contrast,
a prelimmary report from the MORVITA morbidity trial m Central Java'®
reported anincrease 1n cough (RR = 1 07) and ALRI {cough and rapid breathing,
RR = 140) among vitamin A recipients, particularly among children less than
one year of age The apparent increased nisk associated with high-dose supple-
mentation was largely confined to children with the best vitamin A and anthropo-
metric indices at baseline

While meta-analyses'?'" concluded there was no convincing evidence that
large-dose vitamin A supplementation increased the risk of respiratory disease,
particulatly Iife-threatening pneumonia, the MORVITA report 1s consistent with
the apparentincrease m the nisk of death observed in the best-nourished, youngest
Nepalese mfants supplemented with large-dose vitammn A (100,000 TU) during
the second through fourth months of hfe (Chapter 2) ' These unexpected, but
potentially related, observations suggest prophylactic massive dose supplementa-
tion of very young children needs careful consideration—particularly the size of
the dose, especially in populations where a substantial proportion of children
are otherwise healthy, vitamin A-sufficient, and well nounished Nonetheless,
improving vitamin A status of deficient chuldren reduces the risk of severe respira-
tory disease, hfe-threatening diarrhea, and all-cause mortality There 18 no evi-
dence that increasing retinol levels above 20 pg/dl 1s harmful mdeed, levels of
30 pg/dl-40 pg/di are the norm in well-nounished Western countries The concern,
if any, centers on the approprnate size of a single large bolus administered to a
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very young infant It should be recalled that 50,000 IU at barth can dramatically
reduce subsequent mortality ‘1711

It 15, of course, possible the two observations are unrelated, and increased
cough n vitamun A-supplemented children simply reflects their recovered ability
to generate a cough subsequent to the reversal of keratinizing metaplasia of the
respiratory tract with return of mucous-producing epithebum When deficient
Bangladesh: mothers received a 300,000 IU supplement within three months of
delivering, 1t reduced subsequent infant mortality by 30%, while at the same
ume 1ncreasing the mcidence of climeally detectable ALRI and diarrhea (but
not dysentery) ' The authors speculate that improved vitamin A status increased
the infants’ ability to respond to infections—making them more readily appar-
ent—rather than increasing the nsk of infection 1itself On the other hand, the
Indonesian children supplemented with 50,000 1U at birth were less hikely to
seek medical attention for cough and fever (e g, suffer medically significant
respiratory disease) during the first three months of life ‘1

Unexplained 1s the discrepancy between the apparent increased susceptibility
of vitamin A-deficient children to severe respiratory disease, and the general
failure of vitamin A supplementation to reduce respiratory-related deaths (except
i measles™®”) This stands 1n marked contrast to the dramatic reductions ob-
served 1n measles and diarrheal deaths This difference may be real, accounting
for the relative lack of impact of vitamin A supplementation on all-cause mortality
during the first few months of hfe, when the predominant cause of infectious
death 1s respiratory disease Alternatively, the impact may have been obscured
by one or more himitations of study design, particularly the relatively blunt
mstruments utihized for identifying respiratory-related deaths A number of mor-
tality mtervention trials recorded significant reductions n death from “unspeci-
fied” or “infection-nonspecific’” causes, categories that might have harbored
respiratory disease There 1s no proof, however, that this was the case or would
account for these seemingly mcompatible phenomena Despite the value of
vitamin A as treatment for measles and 1ts respiratory complications, there 1s little
evidence such treatment affects the outcome of non-measles associated ALRI ¥

While beyond the scope of this text two areas of investigation bear on other
aspects of vitammin A status and respiratory function Pinnock and co-workers
observed that otherwise healthy well-nourished, seemingly vitamm A-replete
preschool-age Austrahan children with a huistory of frequent respiratory iliness
supplemented with one RDA of vitamin A daily experienced a 25% reduction
m their rate of lower respiratory infection. despite the absence of any mncrease
in serum retinol ' In a follow-up study'® of different design, vitamun A supple-
mentation had no apparent impact on preschool children who had suffered from
a prior episode of RSV in infancy The significance of these observations remains
10 be clarfied

In a senes of studies related to problems of low birth weight, Shenar and co-
workers found such infants to be particularly vitamin A-deficient at birth and
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for months thereafter ' In a small controlled chnical trial, vitamin A supplemen-
tation at birth appeared to reduce the inctdence of bronchopulmonary dysplasia
(BPD) by 50%, though not *all-cause’ mortality ' A subsequent study in North
Carolina failed to confirm these resuits,” but control infants received twice the
vitamin A as did controls 1n Shenar’s Vanderbilt study, and few had serum levels
< 20 ng/d! Further, all subjects recerved more elaborate neonatal care, including
steroids and surfactant ''¥ Given the growing number of low-birth-weight 1n-
fants, their complex management needs, low survival, and high nisk of BPD and
bhinding retinopathy, this 1s an timportant area in need of further work, particularly
it the developed world

Urinary Tract infection

Urmary tract infections are among the most consistently reported chinical accom-
pantments of vitarmin A deficiency Bloch® repeatedly reported their presence
in deficient children, as well as their response to vitacmn A Fifty years later,
Brown and co-workers* compared nfections 1n children hospitalized for severe
malnutriton Those with active xerophthalmia were even more malnourished
and 11l than those with normal eyes The most striking difference, however, was
their rate of bacteruria 78% versus 17% The prevalence of bacteruna increased
with the severity of xerophthalmia (hence vitamin A deficiency), from 40% 1n
children with XN to 92% in those with X3 Little else 1s known about this chimcal
manfestation, not even whether it represents colonization or true f1ssue mvasion
More than hikely, 1t represents both vitamin A-deficient ammals® and {autopsied)
mfanis® frequently display pyelonephntis

Otihis

Like bacteruria, otit1is was one of the first infections to be assoctated with vitamin
A deficiency 1n humans and reported to respond to vitamin A therapy **' Ani-
mal studies confirm that squamous metaplasia of the middle ear occurs early in
deficiency'™ and greatly increases the nisk of otitis media '

In a recent chnic-based mvestigation 1n Truk, children with abnormal CIC
indicative of muld, ““subclimcal™ vitamin A deficiency were at three to four times
greater risk of middle ear infection than children with normal CIC

Only one of the communtty mtervention trials (NNIPS) attempted to assess
the impact of vitamin A supplementation on the prevalence of “drnippy ear "Gi-
ven the comparatively low relative nisk suggested in Truk, and low incidence of
the disease 1n the NNIPS tnal, the absence of an apparent effect 1s not surprising
or necessarily defimtive
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Otiis medsa 15 responsible for a good deal of hearng loss and disability 1n
the developing world, and its relationship to vitamm A status deserves greater
attention than 1t has received to date

Other (HIV)

AIDS 1s the only other important mfectious entity whose relationship to vitamn
A status has begun to recerve sigmficant attention Studies n this area are
recent and often preliminary i nature, and their biologic imphcations uncertain
Nevertheless, they may well be charting an important new course n understand-
g the pathogenesis of the pandemic, and m identifying potentiaily valuable
approaches to treatment and control ' Vitamuin A levels are reportedly depressed
in a significant proportion of asymptomatic individuals infected with HIV-1',
high doses of beta-carotene increase CD4 levels in HIV-1 mfected adults™,
cytokine production may be retinol-responsive'®, the more advanced and severe
the disease, the lower the serum retinol level'® '3 subsequent mortality 1s higher
among AIDS patients with lower retinol levels, even after adjusting for CD4
cell counts'®, and HIV-1 infected mothers who are vitamin A-deficient are
(much) more hikely to pass the mfection to their offspring than are infected
mothers with higher serum retimol values (women with levels < 20 pg/dl were
four times more hkely to infect their offspring than were mothers with levels
= 40 pg/dl (32 4% versus 7 2% respectively, p < 001) ¥ Among HIV-infected
mothers, infant mortahty was an astounding 90+% 1if maternal serum retinol
was below 20 pg/dl * While we must await supplementation trials to determine
whether these relationships can be mfluenced, Coutsoudis et al have already
shown that vitamin A supplementation of HIV-infected infants reduces the
eighteen-month 1ncidence of diarrhea, prolonged diarrhea, and thrush by 50%,
and hospital admissions for diarthea by 80% '%

No doubt research interest and activity m this area will continue to accelerate
n the years to come

Conclusions and Pathogenesis

why 15 vitamin A so very important?” Dr McCollumsmiled “The simplest
way 15 to say this vitarmn A builds fences that keep germs out
—McCall's magazine, 1935

It 15 clear from a wide range of evidence that vitamin A status and infection,
particularly non-trivial, severe morbidity, are closely associated Dafficulties 1n
mounting scientifically definitive, ethically acceptable mvestigations preclude
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guantification of the total burden of infectious morbidity suffered by vitamin A-
deficient populations As a large proportion of mortality averted by vitamin A
supplementation has been from unspecified causes,® 17 1t 15 hikely these mirror
a corresponding reduction 1n unrecogmzed infecticus morbdity as well

In contrast with other investigations, one report claimed an ncrease 1n both
diarrheal and respiratory moerbidity among supplemented children '** These re-
sults, however, were widely considered umnterpretable**1# given the high loss
to follow-up and low comphance of study children (two-tiurds of all children
were lost to follow-up and only one-third received the three prescribed doses),
the simultaneous introduction of other public health mterventions which were
netther detailed nor evaluated, disproportionate interview rates in the “two
groups”, and general weaknesses in study design (yielding for example, an est1-
mated twenty-four or more diarrheal episodes annually per child, five times the
rate reported from other developing countries)

There are a vanety of mechamisms by which vitamn A status mught influence
the risk of hfe-threatenmg infections Therr relative roles and importance are
not well delineated, mdeed, it 1s likely they vary with the particular pathogen
and the state of the host ' What 1s known of these complex relationships 1s
detailed in Chapter 9

Vitamin A deficiency must erther lower the body’s ability to prevent a patho-
gen from mvading its tissues (establishing “climical” or “subchnical” mfection)
1n the first place, or its ability to cope with such invasion once 1t occurs Both
factors may be important alterations in the epithehal liming of vital organs
involved m serious infechions (e g , the respiratory and gemtourmary tracts) occur
early m vitamin A deficiency, suggesting a potentially important role for their
“parrier function ” The speed with which seriously 1ll measles patients respond
to vitamin A 1ndicates the abihity for coping with established and sometimes
disserminated infections after they have occurred The critical function vitammn
A plays 1 regulating cellular differentiation provides a unique, ‘““core” mecha-
msm that would explain, at least in part, its influence on epithehal barriers,
immune competence, and cellular/tissue/organismic functioning, healing, resis-
tance and recovery '#!%

The rapid and dramatic climcal response to vitamin A supplementation ob-
served 1 severe meastes nurrors the rapid and global biochemical response
recognized at the molecular level Vitamin A mfluences the expression of over
300 genes (a number nising ramdly), vitamm A supplementation of deficient
arumals alters gene products within one to four hours 145-14

Epithelial Metaplasia

The high rates of infection, particularly pulmonary infection, observed 1n vitamin
A-depleted amimals®'**'™ led to a concerted search for its origins ' ¥ Mori® 15 1%2
was the first to systematically study histopathologic changes n the vitamun A-
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deficient rat, describing keratinizing metaplasia of normally mucous-secreting
cthated epithehum of the tracheo-bronchial tree, with complete loss of goblet
(mucous producing) cells followed by an “inflammatory process™ that often
termunated m bronchopneumonia, the cause of most deaths

Wolbach and Howe® extended these observations by systematically observing
the sequence of histopathelogic changes in the witamin A-depleted rat They
concluded the specific pathology was “wide-spread keratimzation ™ (Gross pathol-
ogy revealed atrophy of a number of organs (e g, the submaxillary and Harderan
glands, testes, and parotid) Desquamated keratimized cells partally filled the
bladder, and ureteral blockage caused dilatation of the ureter and renal pelvis
Keratimzation was specifically noted in the respiratory tract (nares, sinuses,
larynx, trachea, and bronchi), the ahmentary tract (submaxllary, parotid and
accessory salivary glands), the gemtouninary tract (bladder, ureter, renal pelvis,
uterus and oviducts, epididymus, prostate), and the eyes (conjunctiva, meiborman
ducts, cornea, and the lacnmal, Hardenan, and extra-orhital lacrimal glands)
In some areas, particularly glandular ducts, atrophy and hypoplasia may have
preceded the appearance of keratimzing epithehum Infection, which was com-
mon, was clearly secondary to and followed the metaplastic changes

Waolbach and Howe were able to follow the temporal sequence most readily
in the respiratory tract 1t began as multiple foc: that subsequently spread to
adjacent columnar epithehum, infection, when 1t occurred, followed these
changes As arule, keralimzation affected the respiratory tract before involving
the genitourinary tract Bronchiectasis appeared to be secondary to occlusion
of bronchi by desquamated keratimzed cells The spleen became increasingly
depleted of lymphoid and “erythrocyte-forming cells.”” Extreme atrophy of the
thymus was universal, indeed, 1t “practically disappears!” (an important observa-
tion thatwill bear on the subsequent recognition of compromsed immune status)

Wolbach and Howe® noted that histopathologic abnormahties of the eye
followed those of the respiratory tract Tilden et al ' made the same observation
mn the monkey nine of eleven ammals had widespread keratimzation of other
organs without ever mvolving the eye

Although early investigators failed to recogmze vitamun A-dependent meta-
plastic changes of the gut (indeed, Wolbach and Howe specifically noted their
absence), more recent observations 1n the mouse reveal a substantial reduction
in the number of goblet cells per duodenal villus when compared with control
and pair-fed amimals,”™ and a reduction 1n gastric mucosal and luminal mucous '
Decreased cellular division precedes histologic abnormalities 1n muldly defi-
clent ammals 1%

The findings of Wolbach and Howe were confirmed mn animal models in which
the possibility of concomutant vitamm D deficiency was rigorously excluded ¥

Green and Mellanby' produced vitamin A-deficient ammals supplemented
with vitamin D Their ammals were “umformly attacked and ultimately killed
by infective and pyogenic complications ” They concluded that supplementation
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with vitamin D actually hastened the onset of infection, conjecturing that growth
stimulation (among amimals mitially deprnived of both A and D) “made a greater
call on the vitamin A stores of the body ™ This 15 exactly the same reasoning
advanced to explamn the sudden appearance of xerophthalmia among starved
children fed high-protein supplements (unfortified by vitamimn A).* and the sea-
sonal vanation of xerophthalmia, which often peaks during the spring growth
spurt ¥’

Green and Mellanby' also found that xerophthalmia was a relatively late
phenomenon even advanced infections were common 1n 1ts absence Infections
of the urinary tract were particularly promment 44% of ammals had pyelonephri-
tis or cystitis They suggested that a “favorable mecdium,” provided by obstruction
and a keratimzed surface, accounted for at least some of the reduced resistance to
mfection Certainly the overgrowth of the xerosis bacillus on xerotic conjunctiva
supports the concept that a keratinized surface provides a conducive substrate
for bactenal rephcation '

It has also been shown that replemishing vitamin A-deficient rats causes
relatively prompt reversal of the metaplastic process and heahng with hittie
organ destruction '*

By 1937, the catalogue of amimal species in which vitamin A deficiency induced
typical keratimization of the epithehum included rats, mice, guinea pigs, monkeys,
swine, dogs, rabbits, cattle, domestic fowl, and humans Wolbach comed the
process “‘keratinizing metaplasia 1%

More recent studies have directly demonstrated the importance of vitamin
A to the keratinizing process Vitamn A-deficient rats display alterations in
epithehal cytokeratin expression of the genitounmary tract, conjunctiva, and
salivary glands before histologic evidence of metaplasia becomes apparent ¢
Huang and colleagues!'® have traced the impact of vitamin A-free cell cultivation
of hamster trachea to increased keratin synthesis and the appearance of novel
keratn species not normally present 1n mucocihary tracheal epithelium-—an area
of research of enormous current interest ''* Earler, Fell'® had demoenstrated
the ability of vitamin A-enriched cell culture medium to transform normally
keratinized epithelum mnto columnar, non-keratinized epithehum Compared
with pair-fed controls, marginally depleted gminea pigs suffer sigmificant reduc-
t1ions 1n goblet cell density and secretory granules before any change in the
number of ciliated epithelium of the tracheobronchial epithehum '%

The first detailed pathologic description of human vitamin A deficiency was
provided by Leber,' 30 years before the existence of “fat-solubie A” was recog-
mized or any pathology accounts of controlled animal depletion studies had been
reported He described marked keratimizing metaplasia of the renal pelvis, which
he considered the same process that affected the cornea and conjunctiva

Forty years later, Wilson described autopsy findings m a five-month-old m-
fant'® who presented with corneal xerophthalmia, irregular fever (as high as
104°F), and semstuporous condition Eighteen days later the corneas perforated
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and the child died The histopathologic changes mirrored those described 1n
deficient ammals The necropsy material was subsequently reexamined by Wol-
bach,” who considered keratmization of the lungs, uterus, and submaxillary
glands, and severe atrophy of the thymus, identical to that of the rat The only
thing Wilson and DuBois had overlooked was keratimzation of the epithelum
Iiming the renal pelvis The lungs were striking for the metaplasia of the bron-
cheolar epithelium, the presence of bronchiectatic abscesses, and purulent 1nfil-
tration of alveoh Wilson’s description was followed by additional, 1solated
reports '**

Ten years later, Blackfan and Wolbach described an extensive series of cases
from the same mstitution  These were particularly noteworthy for the absence
of clinical xerophthalmia in seven of the eleven children (almost all were infants),
the diagnosis of vitamin A deficiency having been based on keratinization of
one or more epithelial-lined organs Keratimzing metaplasia of the trachea and
bronchi was the earliest and most consistent finding Blackfan and Wolbach
ascribed the frequently lethal pneumoma to “loss of protective powers of the
epithelium due to dimimished or absent mucous secretion and loss of cihary
motion ”’ The organ next most frequently involved was the renal pelvis In fact,
{keratimized) epithelial cells were found n the unne of at least four of the eleven
cases Wolbach subsequently concluded that “In the human being, as 1n the rat,
mvolvement of the eye occurs later "'

Sweet and K’ang”' reviewed autopsy matenial available from cases of xeroph-
thalmia and keratomalacia m Beijjng In contrast to “experimental amimals on
well controlled diets, these patients were almost always suffering from multiple
deficiencies ” Yet the condittons were similar to those described previously,
including Blackfan’s seven cases that had not yet developed chnrcally detectable
xerophthalmia In Sweet’s series of more advanced deficiency, eight of seventeen
had evident metaplasia of the trachea (in more severe cases, extending to the
smaller branches of the bronchi), five had definite keratimization of the esophageal
mucosa (1 some 1t was “‘so marked that the mucosa closely resembled hyperkera-
totic epdermus™) Only three cases displayed metaplasia of the urinary tract In
numerous 1nstances systemic mfections clearly complicated or followed the on-
set of ocular lesions The most common was respiratory disease, which Sweet
believed was probably related to lowered resistance secondary to metaplastic
changes

In summary, histopathologic alterations accompanying vitamin A deficiency
in animals and humans indicate that keratinizing metaplasia affects a multiphety
of vital organs. most dramatically the respiratory and gemtournmary tracts This
may well affect the ability of organ surface limings to protect the tissue from
bacterial (and viral) invasion Chandra'™ demonstrated that the number of bacte-
na adhering to nasopharyngeal cells obtained by saline lavage from Indian chil-
dren was mversely related to their serum retinol levels The conjunctival surface of
xerophthalmic children shows large numbers of bacteria, Bitot’s spots sometimes
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beng a pure “culture” of the xerosis bacillus (Chapter 4) ° In addition to at-
tracting or serving as a supportive medmum for bactena and/or increasing the
ability of pathogens to mvade tissue layers, keratimizing metaplasia muight (as
suggested 1 both amimals and humans) miniate locally destructive changes mn
the lung and elsewhere that then become secondarily infected Rotavirus mfection
of vitamin A-deficient mice causes almost complete destruction of the tips of
intestinal villi, changes not seen 1n non-deficient animats '

While keratimzing metaplasia must, perforce, act locally, widespread distribu-
t1on of these keratimzing changes provides one potential explanation for multior-
gan involvement, in addition, serious infection i any organ can lead, systemucally,
to more generalized complications In an early experiment, Lassen'” found that
vitamin A-deficient rats were more susceptible to systemic infection and death
from paratyphoid bacitlus, whether 1t was given orally or subcutancously Mel-
lanby, on the other hand,” concluded from his own data that vitamin A played
a greater role 1 “mucous membrane resistance” than in “general resistance”
to nfection (e g, the ability to deal with established septicema) Eusterman'”
also favored the importance of the integrity of the epithelial linings, but acknowl-
edged that too little was known about the role of vitamin A 1n systemic resistance

Immune Competence

It 15 unlikely that keratimzing metaplasia explains all the infectious phenomena
assoclated with vitamin A deficiency The severe course of measles m vitamin
A deficiency and its rapd response (therapeutic and protective} to vitamun A
supplementation suggest more profound and rapidly reversible mechanisms that
control resistance and cope with established, systermic infections The relationship
between vitamin A status and unmune competence 1s detailed i Chapter 9.

Climically, persistent measles 1n malnourished cluldren'™ and prolonged or
disserminated herpes recrudescence,”™ blamed on especially severe immune de-
pression accompanying some cases of measles,”*" might well have 1ts genesis
(at least 1n part) in vitamin A deficiency Treating measles with vitamin A may
reduce the incidence (or speed healing) of herpes® and yield a more vigorous
measles immune response %

In a classic experiment,'”” Bang demonstrated that vitamin A-deficient chicks
become susceptible to influenza A infection, a virus to which they are normally
resistant, and shed 100 times more Newcastle Disease Virus (NDV) than do
normally fed controls In a follow-up study'™ 1t was shown that NDV greatly
exaggerates lymphocyte depletion of the thymus and bursa caused by vitamin
A deficiency, offering further evidence of the devastating interaction between
vitamin A deficiency and infection Vitamin A deficiency not only increases the
severity of disease caused by Newcastle Disease Virus, but NDV further depresses
already marginal plasma levels of vitamuin A through increased retinol utilization
and by inlubition of retinol release from the hiver *'% Thus, 1n this single amimal
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model we find vitammn A deficiency affecting the population of lymphoid struc-
tures and resistance to established infection (as seen 1n more severe disease and
persistent viral shedding), while NDV mfection further reduces vitamin A status
and wmpairs already compromised immune competence

An enormous body of Literature explores the relationship between vitarmn
A status and immunocompetence tn ammals Human data 1s far more hmited
and somewhat contradictory, reflecting problems 10 studymg human subjects and
the rarity with which modern techmques have been apphed to deficient, remote,
Third World populations With all its hmitations, recent work suggests sigmfi-
cantly impaired immune response 1n marginally vitamin A-deficient children and
marked improvement following vitamin A supplementation %1718

It1s worth recalling that early anatomic studies in vitamin A-deficient ammals
and humans"'® noted profound atrophy of both the thymus and spleen In
previously deficient rats, the spleen begins to regenerate within six to eight days
of vitamm A supplementation '%®

The complex and emerging relationship between vitamin A status and im-
mune competence 1s addressed by Ross 1n Chapter 9

Other

No doubt there are other, as yet umdentified, mechamsms that modulate the
severity of infectious episodes {as well as other chimeal mamfestations of vitamin
A status) Filteau et al " report that children who benefitted most from vatamun
A supplementation 1 the Ghana morbidity trial, primarly by experiencing less
vomuting, severe diarrhea, or dehydration, had a tendency for increased levels
of serum acute phase protemns (alpha;-acid glycoprotein, C-reactive protein and
amyloid A) compared with matched placebo recipients They suggest synthesis
of these or other APP may be an important mechanism in conferring the beneficial
effects of improved vitamin A status
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Xerophthalmia and Keratomalacia

Never whilst memorv lasts, can one obliterate the mental pictures of those
pitiful Iittle bundles of marasmuc, apathetic humamty Their faint, feeble,
fretful wails ring still in one’s ears today—summoning up visions of wasted,
stick-like Linbs, of distended abdomens, of dry, mnelastic, scurfy scaly skins,
of hawr scanty brittle and dry and of sightless desiccated eyes

—R H Elhot, 1920°

A carotenotd-free world would be drab to behold and a rettnoid-free world
waould be swathed for us i eternal darkness
—I1 A Olson, 1993

Xerophthalmia (xeros, dry, ophthalmea, inflamed eye) 1s a constellation of ocular
manifestations long associated with vitamin A deficiency, representing the ““classi-
cal” presentation and (with rare exceptions) pathognomonic signs and symptoms
of this particular form of malnutrition In some ways, xerophthalmia has been
too closely associated with vitamin A deficiency

¢ while xerophthalnua 1s the leading cause of acquired pediatric blindness
in the world, responsible for 5 milhon-10 million cases of milder ocular
disease (XN-X2) every vear, 1t 1s sufficiently infrequent on a population-
wide basis that health officials have often overlooked 1ts existence and
therefore have been misled 1nto assuming that vitamin A deficiency was
absent or not a significant health problem

* the more severe forms of xerophthalma (X2-X3) are so often associated
with severe malnutritton and life-threatening systemic disease that 1t 1s

Revised and condensed from A Sommer, Nugrinonal Blindness, 1982
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these associated conditions that have been held solely responsible for the
problem, masking the underlying effects of vitamin A deficiency

® the high mortality associated with severe, blindmng disease (and its accom-
panying 1illnesses) means that the number of surviving, blinded children
(XS} 1dentified in population-based surveys 1s extremely small, mimimizing
the apparent size of the problem

® the climical appearance 1s so dramatic that 1t has diverted attention from
the more common and prevalent systemic consequences of vitamun A
deficiency, as a result, xerophthalmuia, rather than its underlying cause and
associated systemuc consequences, has received the hon's share of chinical
attention and research

P AN .~ | -

slow, chronic depletion of vitamin A reserves and decline 1n vitamin A status
result 1n the predictable sequence of ocular changes suggested by their classifica-
tion (Table 4-1) nightblindness (XN), followed by conjunctival xerosis/Bitot’s
spots (X1), corneal xerosis (X2), and corneal ulceration/keratomalacia (X3) But
whereas XN through X2 are generally mamfestations of long-standing vitamin
A deficiency, corneal ulceration/keratomalacia 1s a rapidly progressive disorder
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For a more extensive discussion of chnical, historical, histologic and epidemio-
logic data relevant to xerophthalmia, consult Nutrittonal Blindness '

Retina and Nightblindness (XN, XF)

Nightblindness (XN) and fundus specks (XF) were the first and last of the signs
and symptoms of xerophthalmia to be described They both arise from faulty
retinal metabohism associated with vitamin A deficiency Nightblindness 15 the
earliest and most ubiquitous chinical sign and symptom of vitamin A deficiency,
XF 1s largely a clinical oddity

While there are a number of causes of mightblindness (nyctalopia), they
generally fall into two major categories hereditary abnormalities (that may not
show up until later hfe) and acquired disease Among chuldren of the developing
world, acquired nmightblindness 1s almost always a manifestation of vitamin A
deficiency

Under normal conditions, retinal photoreceptors (rods and cones) produce
photosensitive pigments that respond to light, tnggernng neural impulses that
eventually make their way to the brain Rhodopsin, the photosensitive **visual
purple” synthesized by the rods and responsible for vision under low levels of
tllummation (scotopic vision), contains vitamin A *° Synthesis of rhodopsin, and
therefore the ability to see under low levels of illumination, will depend upeon
the availability of vitamin A Under scotopic tllumination, high levels of rhodop-
sin are generated m the rods and the sensitivity of the eye to hght 1s greatly
increased Full “dark adaptation™ normally takes twenty to thirty minutes The
cones, which dark adapt 1n five to seven minutes, are responsible for color and
fine, reading vision, but never become sufficiently sensitive to low levels of
tllummation to provide scotopic vision It 1s scotopic vision that normally permits
a child or adult to find his way about the house or village at dusk or dawn, or
by the hight of a weak flame

The ancient Egyptians and Greeks recognized nyctalopia and treated 1t with
calf’s or goat’s hver (high in vitamin A content)’ By the mneteenth century,
nightblindness was known to occur primarily among the poorer strata of society,
particularly during periods of dietary deprivation®® ', was exacerbated by photic
stress (which bleached so much rhodopsin that synthesis could not keep up with
demand, causing borderline deficiency to become manmifest as mghtblindness)!! 2,
and could be effectively treated with liver or liver oils #*' In fact, most other
manifestations of xerophthalma were first recognized by therr association with
nightblindness #2115 Nightblindness (without evidence of xerophthalma) was
reported to have disabled Confederate soldiers between dawn and dusk,' and
to have affected whole regiments during the Crimean War 77

Hence, when vitamin A deficiency becomes a limiting factor, rhodopsin levels
dechine, rod thresholds nise, and mightblindness ensues '® Treatment may quickly
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restore adequate levels of rhodopsin, but ammal work suggests full return of
retinal sensitivity awaits regeneration of rod outer segments damaged from pro-
longed deficiency ¥

Despite the tremendous avidity of retinal pigment epithelium for vitarmin
A= impaired dark adaptation 1s the earliest chmcal manifestation of xeroph-
thalmia In vitamun A-deprived rats®# and human volunteers,” % elevated rod
thresholds and mghtblindness precede other ocular manifestations of deficiency
Imparred dark adaptation wdentifies previously unrecogmzed deficiency m older
adults and children suffering from a variety of malabsorptive states *-* Clinically
{and functionally) stgnificant nightblindness characteristically occurs 1 the sec-
ond. but principally the third, trimesters of pregnancy*-* 1n margmally deficient
populations, usually in the absence of other signs of xerophthalma

Deficiency imtially results in slowing of rod adaptation followed by reduc-
tion i threshold sensitivity and, lastly, abnormal cone adaptation ¥ As expected,
these parameters respond to vitamin A 1n reverse order Standard electroretino-
graphic abnormalities probably appear later, beginning with disappearance of
the a-wave 7%

As befitting the earliest mamnifestation of deficiency, nightblindness 15 com-
monly the most prevalent form of xerophthalmia®* and the ocular abnormahty
associated with the least depression n serum vitamin A levels (Table 1-3) *
These associations have sometimes been obscured by comphicating diagnostic
issues The two most important are the sensitivity and specificity of a history of
nightblindness as provided by the cluld’s parent or guardian (Chapter 11), and
the specificity of X1A and X1B as evidence of active vitamin A deficiency In
Indonesia, careful assessment revealed that more than three-fourths of children
with vitamin A-responsive conjunctival xerosis (X1B) were nightblind #

Although vitamm A levels of 20 pg/dl have traditionally been considered
mdicative of normal vitamin A status,” almost 20% of children with mightblind-
ness (and 10% with mghtblindness plus Bitot’s spots) have hugher levels * Care-
fully controlled depletion studies reveal impaired dark adaptation at vitamin A
levels between 20 pg/dl to 30 pg/dl %7

Nightblindness of nutritional origin responds rapidly (often within hours) to
the administration of vitamin A 1222745 More sensitive mndices of dark adapta-
tion may take days or weeks to fully recover ¥

It 15 often unnecessary to measure dark adaptation (a cumbersome procedure,
particularly in young children under field conditions) to determine whether or
not a child 1s mghtblind Many cultures have locally appropriate, specific terms
that show high sensitivity and specificity for the condition ¥#42432-% Presumably
these are populations 1n which vitamin A deficiency has been endemic for many
years Some commumties may not have such terms ¥ The critical 1ssue 15
dentifying this specific, often extremely local term and an individual who can
reliably report the status of the culd (¢ g, a parent or older sibling) Nightbhnd-
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ness generally goes unrecognized until the child begins to ambulate (one to two
years of age)} ¥ The condition 1s exacerbated by photic stress. as when the child
has flown a kite on a sunny day or watched too much television !

A new, simphfied techmque 1s showing promise for objectively assessing
dark adaptation mn young children using the consensual pupillary response to a
graduated hight stimulus (Chapter 11) %

Fine, white dots or motthng of the retina has been noted n chiuldren with
xerophthalmia since the turn of the century 2% In 1928, Uyemura® reported
their disappearance following vitamm A supplementation

On ophthalmoscopy, the retinal lesions appear to be small, discrete yellowish-
white dots deep to the vessels and distributed about the equatorial region and
periphery of both eyes (Plates 1-2) “7%-% Although they occasionally approach
the disc,”% the lesions remain outside the temporal vascular arcade Closer
examination under magmfication afforded by the sht lamp and contact lens, and
by fluorescein angiography, suggest mottled depigmentation at the level of the
pigment epithelium ¢

The number of lesions 1ncreases with the chromicity of deficiency In a case
of self-imposed dietary deprivatien, the lesions became more numerous over
tme * In Indonesia, fundus changes were more prevalent 1n older xerophthalmic
children and in children with more severe vitamin A deficiency '

In most nstances, the retinal lesions fade within one to three months of
vitamin A therapy %664 They can also recur with considerable speed,” pre-
sumably representing either a predisposition to the retinopathy of vitammn A
deficiency or, more hkely, persistent pigmentary alterations that enhance visibility
of new lesions or related retinal changes !

XF may represent disrupted outer segments of rods (and possibly cones) with
accompanying alterations in the retinal pigment epithelium (RPE) ¥ Impairment
of dark adaptation m vitarmin A-deprived anmmmals 1s accompanied by decreased
production of photoreceptor outer segments™ and declining levels of the opsins
of which they are composed®™, degeneration of both rods and cones, beginmng
with the distal portions of their outer segment™27, and alterations and loss of
pigment epithelium *” The latter appears related to the inamition and generahzed
mterference with cellular metabolism that accompanes severe vitammn A defi-
ciency, rather than specific interference 1n synthesis of visual pigment *“ Although
there 1s a paucity of correlative histopathology,” one monkey that developed typi-
cal retinal lesions had degenerated rods, cones, and RPE * Retinal whitening (com-
mot10) 1n owl monkeys sufferng traumatic retinopathy, which can have a simlar
chnical and angiographic appearance, 15 related to disruption of outer segments
of rods and cones, and their phagocytosis by cells ongmating in the RPE #

Degeneration of a large proportion of rods and cones should cause correlative
alterations in the visual field Although some reports claim patients have normal
fields, vitamin A-responsive constriction of the visual fields has been noted in a
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number of deficient subjects.” ®”® mcluding two carefully studied cases with

fundus lesions 7% It one of these,” the defect was absolute and congruent with
the area of retnal involvement Chnical recovery appears to proceed in three
stages” mghtblindness disappears within four days, presumably as vitamin A
becomes available for regeneration of rhodopsin i outer segments outside the
arca of structural damage, visual fields return to normal one week later, perhaps
as still-viable rods and cones 1n the affected area manufacture sufficient opsin
{and terrmnal outersegments) to become functional, and retinal lesions fade
within one to three months as the histologic alterations are reversed Functronal
and histologic deterioration and restoration follow a similar time course n vita-
mun A-deficient rats®4™ and cats ¥

Conjunctiva (X1A, X1B)

The epithehal surface of the conjunctiva and cornea participate 1n the same
process of keratimzing metaplasia induced by vitamin A deficiency in other
organs # When sufficiently advanced and severe, they become clinically visible
as conjunctival and corneal xerosis (xeros, dry)

Conjunctival xerosis {X1A) almost always precedes corneal xerosis (X2), an
advanced (though still reversible) lesion representing more severe, prolonged
vitamm A deficiency.

Histologic abnormahties are widespread prior to their climcal recognition
Biopsy specimens of clinically normal conjunctiva from the inferonasal quadrant
of children with temporal xerosis or Bitot’s spots reveal early metaplastic
changes 2 Keratimized cells and occasionally a prormnent granular cell layer may
be present 1#

More subtle involvement can be demonstrated in milder deficiency by con-
junctival impression cytology (CIC) (Chapter 11) Epithelal surface layers re-
moved by adhesicn to a millipore filter and examined by hght microscopy range
from normal sheets of small, uniform, nonkeratinized epithelial cells with abun-
dant mucous-contaimng goblet cells to abnormally wrregular and fragmented
sheets of large, often keratinized emthelial cells devoid of goblet cells (Plates
3-4) ¥% In young children, there 1s ordinanly a direct correlation between the
prevalence of abnormal CIC specimens and the severity of vitamin A deficiency
(Tables 11-5, 11-6) ¥ Almost half the children with “normal” eyes (void of
chnical xerophthalma) and serum retmol levels below 20 pg/dl had abnormal
CIC, compared with 6% of children whose eyes looked the same but whose
serum vitamim A was above 25 pg/dl Not all individuals with abnormal CIC will
have depressed serum retmol {Chapter 11)*

When vitamin A deficiency 1s sufficiently severe and chrome, keratimzation
becomes apparent as a dry, corrugated, irregular surface The tear film or lacrimal
lake may cover the surface and mask the uregularity Only after the tears have
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been allowed to drain will the abnormal area appear “like sandbanks at receding
tide”” (Plate 5) #

The abnormal surface 1s almost always associated with some degree of overly-
ing, white, foamy, or “cheesy” material This material, generally consisting of
desquamated keratin and a heavy growth of bactenna (commeonly the xerosis
bacillus, a gram positive diphtheroid)® ¥ 15 easily wiped away, revealing the
xerotic base below The overlying maternal reaccumulates within hours

For the most part, Bitot’s spots (X1B) are the sine qua non of conjunctival
xerosis “Pure” xerosis, m the absence of a fine or gross foamy/cheesy surface
(X1A), 1s probably rare and overdiagnosed, as such, 1t 15 an unreliable sign of
xerophthalmia and not acceptable evidence of vitammn A deficiency (Chapter
11) 4390

Bitot’s spots first appear temporal to the hmbus, 1n a charactenstic oval or
triangular shape This 1s not, however, invariable (Plates 6—11) With more serve
deficiency the nasal, inferior, and lastly the supernor quadrants become n-
volved '*'¥? By then, vitamin A deficiency 1s usually severe, corneal xerosis (X2)
apparent, and the conjunctiva has a thickened, corrugated, skin-hke appearance
(Plates 20, 28) (Table 4-2) 18529

The histopathologic appearance of conjunctival xerosis/Bitot’s spots 1s well
described?#%'% 3 thickened, superficial layer of flattened cells commeonly con-
taming a keratimzed surface, a prominent granular cell layer, acanthotic thick-
ening accompanied by an irregular maturational sequence with mild to moderate
disorgamzation of the basal layer and enlarged cells and nucler with prominent
nucleol, complete absence of goblet cells (from areas 1n which they are usually
dense'™. and 1in some instances, mild, chrome inflammatory infiltration of the
substantia propria (Figs 4-1, 4-2) As noted, the surface 1s frequently covered
by a frayed mass of keratin intermixed with gram-positive baciil, other bacteria
and even fungi In cheesy lesions, the surface debnis sometimes reaches mam-
moth proportions

Bitot’s spots are so closely associated with vitamin A deficiency and xeroph-
thalmia, and so misunderstood, that 1t 1s useful to review their character and
significance The lesions were recognized n the early 1800s among patients with
liver disease (presumably deficient from interference with intake, absorption and

Table 4~2 Geographic Extent of Conjunctival Involvement

Quadrants with Conjunctival Xerosis

Panent’s Clincal {Percent of Eyes)

Classification Number of Eyes a Temporal Temporal + Nasal = 18°
X1® 100 5 37 51 7
X 106 4 9 40 47
X2X3 167 8 12 35 45

Differcnce 1n distnibution between X1 and X2 {or X2/X3), p < 01

From A Sommer et al ®
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Fig 4-1. Topleft By hight microscopy, pretreatment temporal conjunctival biopsy (night
eye) reveals a prominently keratinized surface (Dane s, X 528) Top right Phase-contrast
microscopy of same area resolves surface keratimization kerathohyaline granules, acan-
thosis and dyskeratosis {paraphenylenediamine, x 480) Bottom left Biopsy of temporal
conjunctiva (left eye) seven days following systemic vitamin A appears normal by light
mucroscopy (hematoxyhin-eosin, x 528) Middle night Phase contrast photomcrograph
of same area shows decrease in epithelial thickness (¢f top night, paraphenylenediamine,
X 480) Bottom right TEM (transmussion electron mucroscopy) of same area illustrates
partial return of surface membrane nfoldings and microwillae (x 10,700) (From A
Sommer et al )

utihzation of the vitamin) '"'™ These cases must have represented relatively late,
chronic, severe deficiency * In 1860, Hubbenet described progressive epithelial
dryness and scaling of the conjunctiva (and cornea) i undernourished nightbhind
soldiers, which responded to mtake of beef hiver ® In 1863, Bitot described the
same association between silvery-white, foamy conjunctival lesions in mightblind,
but otherwise healthy, children ® With rare disagreement,'" the association be-
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Fig. 4-2. A 13-year-old female with nonresponsive foamy Bitot's spots Top left Light
microscopy of temporal conjunctival biopsy (right eye} exlnbits abrupt transition (arrow-
head) between the abnormal, heavily keratimzed surface (right) and more normal adjacent
comjunctiva (left) (Dane’s, X 495} Top nght Another section from the same specimen
sumilarly demonstrates by hght microscopy the abrupt transition between normal epithe-
lium {left) and abnormal emithehum {nght) with keratin, granular cell laver, and rregular
maturational sequence (PAS, x 495) Bottom mset Phase contrast photomicrograph of
inferonasal conjunctiva ilustrates chronic inflammatory infiltrate of the stroma, predomu-
nantly composed of plasma cells {circled) {paraphenylenediamine, X 450} Bottom TEM
of area circled 1n inset reveals clustered plasma cells having typical nuclear and cytoplasmic
features (X 5703) (From A Sommer et al ¥)
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tween XN and X1B has been repeatedly confirmed 01390939457 10-11Z Tt 15 not, how-
ever, invariable

Graefe’s'" failure to recognize the connection between Bitot’s “hemeralopic
spot™ and the corneal destruction he witnessed in the same children was credited
as long ago as 1883% with fostering an artificial division between these two ab-
normalities, despite subsequent reports suggesting they arose from the same
underlying condition’®® %1011 and that both could® respond to cod liver oil

What has contused mvestigators and clinicians alike 1s the observation that
Bitot’s spots do not always reflect active vitamun A deficiency or necessanly
respond to vitamin A treatment ¥ %100 115-126 Thig apparent discrepancy 1s read-
ily explained by studying the chnical and histopathologic response n children
treated with vitamm A *#°' Results separate subjects into two relatively distinct
groups those in whom the Bitot’s spots are a manifestation of active, systemic
vitanun A deficiency, and those in whom they are not In the “active™ group,
the Biatot’s spots contract or disappear entirely within two weeks, 1n the latter
group, they persist largely unchanged The histologic characteristics of responsive
and nonresponstve lesions are virtually identical, what distinginshes one from
the other 1s the appearance of the surrounding conjunctiva® Nonresponsive
lesions are sharply demarcated (Fig 4-2) In contrast, the histologic abnormalities
of the responsive lesions merge with widespread but milder metaplasia of the
rest of the conjunctiva, including the distantly located inferior nasal quadrant
Amnimal models contfirm the presence of generalized metaplasia of the conjunctiva
in vitamin A deficiency, mamifested as widespread disappearance of goblet cells 7/
It would appear that responsive lesions are accompanied by active vitamin A
deficiency, while nonresponsive lesions are not

Charactenstics of children with responsive and nonresponsive lesions sup-
ports this thesis Children with nonresponsive lesions are older (almost 80%
were = 6 years, versus 11% of responsive children), have higher serum retinol
levels (295 * 47 pg/dl versus 135 = 147 pg/dl), thewr temporal Bitot’s spots
(present 1n all subjects) are less likely to be accompanmied by nasal spots (6%
versus 66%}, and concomitant mghtblindness and punctate keratopathy (the
earliest corneal mamifestation of vitamn A deficiencyy® are far less prevalent
(punctate keratopathy, 13% versus 96%, nightblindness 0% —33% versus 78%—
91%)*“ Recent studies confirm higher serum retinol values and lower rates of
abnormal relative dose-response (RDR) (0% versus 32%) among nonrespon-
sive cases 1%

The ongin of the nonresponsive spots 1s uncertain and may involve a vanety
of factors Given the location and age of the population, 1t 1s concervable they
represent persistent sequelae of previous vitamin A deficiency, perhaps exacer-
bated by chronicity and by local factors Nonresponsive lestons were much more
common in older than younger children and more likely to have been present
longer ! Most of the nonresponsive patients examined by Sie-Boen-Lian® and
Metivier'® claimed their lesions had first appeared 1n early childhood, suggesting
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that their Bitot’s spots (and/or therr vitamun A deficiency) were more longstand-
ing Sinha made the interesting observation that treatment with high-dose vitammn
A every four months prevented the development of Bitot’s spots in preschool
Indian children previously free of xerophthalma, but had no impact on the
seasonal reappearance of Bitot’s spots among children 1n whom they had been
previously present '

Although vitamin A induces keratimzing metaplasia throughout the bulbar
conjunctiva, chnically visible mmvolvement 1s ordinarily most frequent, most pro-
nounced, and slowest to resolve temporally, and temporal lesions are usually
the only ones to become nonresponsive Vulnerability of the temporal perillimbal
area may be related to the underlymg comjunctival histology 1t 1s the area most
devoud of mucous secreting goblet cells '% Lying along the mnterpalpebral zone,
1t 1s also the area of bulbar conjunctiva most exposed to the outside environment
and least wiped clean of bacteria and debns (which may be concentrated, by hd
action, 1n this vicimity) Appelmans'™ reported a Bitot’s spot located on the
superor bulbar conmjunctiva, in an area exposed by a coloboma of the upper lid
McLaren™ reported a Bitot’s spot 1 the infenior bulbar comjunctiva exposed
by ectropion of the lower hd, Metivier'? reported two mstances of unilateral
(nonresponstve) lesions, one 1 an eye proptosed by an orbital osteoma We
observed the disappearance of severe, plaquelike xerosis on the protuberant
surface of a staphyloma {a consequence of keratomalacia) n a xerophthalmic
child following systemic vitamin A ! Total excision of nonresponsive spots pre-
vents their return, unless, of course, vitamin A deficiency recurs

Since a child’s vitamin A status may improve despate persistence of the Bitot’s
spots, the population prevalence of X1B 1s a poor basis by which to assess the
impact of an intervention program 3 Furthermore, given the greater frequency
of nonresponsive lesions among older children, only X1B 1n children younger
than six years 1s considered a switably reliable index of vitamin A deficiency to
serve as an acceptable prevalence criterion for establishing the vitamin A status
of a community {Chapter 11)

The fact that human volunteers enrolled 1n depletion studies generally fail
to develop Bitot’s spots™ '™ merely confirms other evidence that these subjects
never became particularly deficient The previously healthy, well-nourished case
reported by Bors and Fells was allegedly on a diet devoid of vitarmin A for five
years before developing significant ocular pathology ® Finally, the absence of
typical Bitot’s spots 1n some cases of classical corneal melting®® ' 1*5-1% gpeaks
to the complexity of vitamun A-related corneal necrosis and the corresponding
conjunctival response As noted elsewhere, a precipitous “collapse” i vitamin
A metabolism will result in corneal melting before metaplastic changes become
chaically evident In addition, conjunctival inflammation that often accompanies
corneal ulceration (particularly when secondanly infected) can reverse or other-
wise mask underlymg xerosis  Studies on conjunctival transdifferentiation 1mn
rabbits support the potential influence that vascular flow can have on epithehal
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differentiation, perhaps through alterations in the local availability of vitarmin
A 140 141

Despite recognition that mflammation®® % and sudden deterioration of
vitamin A status®® P16 can modify the clinical appearance of potentially
blinding xerophthalma, cases have been denied therapy because of the absence
of classical conjunctival xerosis ' Pillat’s suggestion'” that “‘examination of the
conjunctiva 1s the only guard against a mistaken diagnosis™ 1s unfortunately, and
sometimes tragically, ncorrect It costs httle, and 1s entirely safe and appropriate
to treat every case of suspected xerophthalmia and keratomalacia with high-
dose systemic vitamin A (Chapter 10)

Active Bitot’s spots (and more extensive xerosis) are almost always bilateral
and respond rapidly to systemic vitamin A All lesions will improve within five
to seven days, and most will have disappeared entirely by two weeks '* In his
classic report of 1881, Snell** noted that most spots began to resolve within four
days of taking cod liver o1l and disappeared within ten days Simular results have
been reported by others " 1% Ag they heal, the lesions shrink and lose their
covering debris Before disappearning entirely, they appear as small xerotic
patches or tiny epithelial bhsters located 1 mm to 2 mm from the imbus Healing
usually progresses symmetrically in the two eyes, nasal lesions usually disap-
pearing before temporal ones #'™In a closely followed case remmiscent of Sinha’s
observation, the onginally sizeable spots shrank by day 20 to two tiny temporal
bubbles, at both one and two months they had reexpanded into small classical
Bitot’s spots, at four months, both eyes were clear of all abnormalities, but by
six months the temporal bubbles had reappeared, despite serum vitamin A levels
remaming at their post-treatment high (> 25pg/dl)

Histologic and clinical responses proceed i parallel # Keratin and granular
cell layers are usually gone within one to two weeks of treatment It takes
considerably longer to repopulate the conjunctiva, particularly the mferonasal
quadrant, with a normal complement of goblet cells ¥4 157 1%

An important consideration for both assessing the vitamin A status of a
population (Chapter 11) and evaluating the impact of an intervention program
(Chapters 11, 13-15) 15 the proportion of cases of Bitot’s spots that represent
active vitamin A deficiency and are therefore likely to respond to improvement
m vitamin A status This will depend upon the prevalence of chimically active
vitamun A deficiency in the age group studied and their propensity for developing
nonresponsive lesions A therapeutic clinical trial was conducted during the last
of seven rounds of observations in rural Indonesian preschool children (200,000
IU versus 700 IU vitamin A), and the children reexamined in double-masked
fashion by the same ophthalmologist two to three weeks later Bitot’s spots had
disappeared 1n nearly 80% of high-dose recipients {versus a spontaneous “cure”
rate of 50%, p < 05) ' An 80% cure rate in only two to three weeks 1s equivalent
to a nearly 100% cure rate over a longer follow-up '
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Table 4-3 Prevalence of Bitot’s Spots (X1B) at Follow-Up—Aceh Mortality Trial

No Bitot’s Spots at Baselne Butot's Spots at Baseline
Number of Number of
Chuldren XI1B, Number (%) Children XIB, Number (%}
Vitamn A vitlages 12,277 15 (0 12) 140 20 (14 3)
Non-vitarmin A villages 11,342 55 (0 48) 160 20 (12 5)

From E Djunaed et al '

Xerophthalmia rates were also assessed at baseline and follow-up examimation
{one year after imtial dosing and three to four months after the second dose)
1n the Aceh mortahity tnal ¥ The prevalence of new cases of X1B was five imes
greater in the control group than in the treatment group (0 1% versus 05%)
But the total prevalence of X1B (new and old cases—despite treatment of all
“old cases” at baseline) was only twice as great as the prevalence of new cases,
representing persistence of refractory or recurrent lesions Among children as-
signed to the vitanun A prophylaxis group, and who had Bitot’s spots at base-
line (and recerved immediate high-dose treatment), the prevalence of Bitot’s
spots at follow-up was 100 times greater than among those children who didn’t
have Bitot’s spots at baseline (Table 4-3), remimuscent of Sinha s experience %1%
Hence, over the course of the year in which children with basehne Bitot’s spots
1n the vitamin A group received basehme high-dose treatment for existing lesions
and subsequent high-dose prophylaxis, X1B disappeared 1n 85% of the original
cases This 1s consistent with the “cure’ rate of 80%-100% noted above among
preschool children followed on Java, six years earlier and 1200 miles away
Persistence of Bitot’s spots in the other 15%, however, created a pomnt-prevalence
of the same order of magnmitude created by incident cases among non-vitamin
A recipients

In the Sudan, where baseline vitamin A status was probably considerably
better to begin with, large dose prophylaxss reduced the incidence of new cases.
but to a lesser degree than total vitamin A mtake (e g , from dietary sources) *

In the MSG-vitamun A fortification trial on Java,!® Bitot’s spots prevalence
in the fortified villages declined 73% by the five-month follow-up, and 85% by the
final examination at eleven months '* Rates 1n the unfortified villages remained
essentially unchanged (Fig 4-3)

Nonresponsive lesions have reportedly been more prevalent in parts of India,
even among young children In the intervention trial conducted by Sinha 1n West
Bengal,* the prevalence of Bitot’s spots fluctuated between 8% and 20%, over
half representing nonresponsive lesions Similarly, almost one-third of Indian
children treated for “conjunctival xerosis” at a day care center failed to respond
to massive dose vitamm A over a five-week follow-up period **' In Bangladesh,
the prevalence of XN i communities decreased in relation to vitanun A coverage,
Bitot’s spots prevalence declined much less * The relative prevalence of XN and
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Fig. 4-3. The prevalence of Bitot’s spots among children from Indonesian villages pur-
chasing vitamin A-fortified MSG fell precipitousty Bitot’s spots prevalence in control
viliages remained essentially unchanged (From Muhuilal et al ™)

X1B among those who did not receive a large dose compared with those who did
was similar in Indonesia and Bangladesh, 1 9 and 2 7 for XN, and 1 3 for X1B '#

As already indicated, individuals with responsive lesions are more likely to
have other evidence of active vitamun A deficiency (e g, mghtblindness, punctate
keratopathy) or lesions pathognomonic of the condition (e g, bilateral Bitot’s
spots present nasally and temporally) However, the prevalence of coexisting
evidence or pathogonomic signs 1s msufficient to distinguish active from nactive
vitamin A deficiency on an individual basis For example, a high proportion of
children presenting to clinic with Bitot’s spots will be mightblind, since 1t 18 often
the reason help 1s sought 1n the first place—80% at the Cicendo Eye Hospatal,'
with comparable rates elsewhere 1313839102153 Byt the proportion of X1B ac-
companied by recogrmized XN 1 the field 1s hkely to be lower, representing
varymg relability of a history of mightblindness when patients are not sufficiently
aware or moved by the condition to seek help 1t was said to affect only 61% of
children with Bitot’s spots examined at their homes 1n neighboring West Java *
Where an appropnate local expression for XN 1s not available, the rate can be
10% or less,”® which may have been the case 1n the Sudan ®

Conjunctival pigmentation, much commented on in the past®®14215 g g
chronic change, 1f in factatis related to vitamin A deficiency at all ! 4893115117121 155136
It 1s not a reliable component or criterion for diagnosing Bitot’s spots

Brief interest in the use of “wital stains” (e g, rose Bengal and hssamine
green) to enhance the visibility of conjunctival xerosis'”'” has waned follow-
ing careful tnals indicating the technmique 1s neither sufficiently sensitive nor
SpeC1ﬁc 151 158-161
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Xerophthalmic corneal destruction 1s classically said to occur i nonmflamed
“white and quiet™ eyes (Plates 17, 22-23) '#1419 Nonetheless, conjunctival m-
flammation (of varying degree) 1s the rule, not the exception, in corneal ulceration
(Plates 13, 15 24-26, 29) 1% 1># 4 It may result from secondary infection, con-
comutant illness (e g, measles), or sunply corneal destruction itself It 1s clear
that inflammation often masks or otherwise reverses conjunctival xerosis %

Cornea (X2, X3A, X3B)

Corneal changes of vitamin A deficiency, particularly ulceration and keratoma-
lacia, were probably recogmized even before those of the comjunctiva Over
250 years ago, Duddel™ described corneal necrosis i poor children and *‘some-
times after measles ’ There 1s no mustaking Brown's early 19th century
description of a “case of ulcerated cornea from nanition” in a “‘poor babe "%
Hubbenet, who first reported the “hemeralopic spot™ for which Bitot became
famous, may also have been the first to describe early changes in the cor-
nea® as the discase progresses  the cornca itself becomes cloudy  the
vision becomes blurred, and consequently the patient has poor vision 1n artificial
hight, objects appearing to him as if they were wrapped 1n a halo”—exactly what
one would expect from early metaplasia (and xerosis) of the corneal epithelium
Within six years of Hubbenet’s observations, Blessig!!? described the entire
spectrum of ocular manifestations, from mghtblindness through corneal melting,
in the presence of comunctival xerosis Excellent descriptions of conjunctival
and corneal xerosis, some progressing to ulceration and widespread necrosis,
followed %1% Concluding with Bloch,'® these early investigators had associ-
ated diverse ocular abnormalitics with the lack of a specific nutrient, often
precipitated by severe infections, and responding to foods rich in “fat-soluble A ™
A number of classifications for these ocular changes were suggested over the
years ' The one officially recognized today® '"!® (Table 4-1) arose from a long-
used scheme 1 Indonesia, modified in 1974% and minimally rewvised m 1980
It retans the practical distinction between reversible corneal changes that heal
entirely without sequelae (X2) and those that do not (X3) The latter 1s further
divided mto X3A and X3B, for practical purposes, X3A represents localized
corneal destruction that, when healed, will leave a scar but preserve central vision,
X3B 1s more extensive, invariably resulting 1in loss of most or all useful vision
The following discussion refers to a more detailed classification of corneal
alterations developed solely for investigational purposes (Table 4—4) 11701

Punctate Keratopathy

The earliest, mildest corneal change observed 1n vitamin A-deficient indviduals
appears to be a fing, fluorescein-positive, superficial punctate keratopathy (SPK)



114 Consequences of Vitamin A Deficiency

Table 4-4 Detailed Classification of Corneal Xerophthalmia Developed for
Investigational Purposes

X2 Categories 1-3 Minumal mnferior haze apparent on handlight
Corneal xerosis examination, through frankly thick, elevated,
keratimzed plaques on the corneal surface
X3A; Caregories 4-5 Stromat loss 1n the form of relatively small, round
Corneal ulcers with xerosis to oblong, sharply demarcated, shallow to full-

thickness ulcers accompanied 1t most (but not all)
nstances, by evidence of X2

X3B (I) Caregory 6 Localized corneal dissolution or necrosis
Keratomalacia (locahzed)
X3B (II), Categorres 7-8 Generalized corneal dissolution or necrosis of one or
Keratomalacia (generalized) both eyes

Cases with punctate keratopathy but otherwise clear carneas {on handlight exanunation} are classified by their
other manifestations of vitamm A deficiency (XN or X1)

From A Sommer'

(Plate 12), usually beginming nferiorly, especially inferonasally (Fig 4-4) ** As
the disease progresses, the lesions become more numerous, concentrated, and
affect a larger portion of the corneal surface ! Sixty percent of corneas of patients
with confirmed nightblindness and 75% of patients with vitamin A-responsive
conjunctival xerosis were affected, even though their corneas appeared crystal
clear on handhght examination Among controls and patients with nonresponsive
Bitot s spots, punctate keratopathy was far less prevalent and sparse (Fig 4-4) ¥
Simular festons, responsive to systemic vitamun A, have recently been reported
in putatively deficient but otherwise asymptomatic adults *#

Punctate keratopathy responds rapidly to vitamin A,'* improving within one
week of a single oral dose of 200,000 IU vitamun A Healing begins with loss of
staining, producing a mixture of staining and nonstainig white specks Within
one to two weeks many of the nonstaining specks become hightly pigmented
By the fourth week only nonstainmg, pigmented epithehal or subepithelial specks
remain, most prominently mferiorly, where they may persist for months Eighteen
eyes of ten patients with Bitot's spots received low-dose (700 IU) vitamin A as
controls '® By the end of the month none had improved and eleven (61%) had
actually deteriorated, four of them alarmingly so These patients were then

Fig. 4-4. In early xcrophthalmia, fluorescein-staining punctate lesions have a strong
predilection for the inferior and nasal aspects of the cornea (From A Sommer et al %)
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treated with a single oral dose of 200,000 1U vitarmn A, all improved withmn
mne days

By the time punctate keratopathy covers most of the corneal surface, mvolve-
ment 1s generally apparent on handhght examunation, thus qualifying for the
designation *“corneal xerosis” (¥X2)

Corneal Xerosis (X2)

The first visible change on handlight examination 15 a haziness of the corneal
surface, usually most pronounced adjacent to the inferior hmbus but occasionally
centrally instead (Plates 10-11) The haziness becomes more distinct a few sec-
onds after the hds have been retracted, the tear film having had a chance to
run oft revealing the dry, “nonwettable,” finely wrregular surface below Mild
mvolvement may be missed by the casual observer Many such cases were referred
to us for nightblindness or Bitot’s spots In more advanced disease, haziness and
decreased wettability are apparent over a larger portion of the corneal surface,
although usually remaining most pronounced infertorly In the vast majonty of
cases both eyes are involved, usually symmetrically

The most prominent abnormalities seen on shit-lamp examination are the
punctate epithehal changes already described (Plate 12) Some corneas present
with a mixture of staimng and nonstaining specks, suggesting previous episodes
of active disease An occasional case presents with nonstaining, fine epithehal
mucrocysts with or without more typical punctate lesions (SPK) interspersed
between thern These cysts are often water repellent, appearing even less fluores-
cent than the tear film itself Within one to two days of systemic therapy the
cysts usually disappear, being replaced m many nstances by typical stammng
punctate lesions

The other abnormality apparent on slit-lamp examination 1s stromal edema
As with the surface changes, the infenor aspect of the cornea 1s usually affected
first and most severely

The extent of corneal haze 15 directly related to the density! and extent of
the punctate changes and to the degree of stromal edema Dense accumulations
of healed, residually pgmented specks may cause inferior haziness to persist
indefinitely Central corneal haze, when present, 1s therefore a better index of
active chsease Corneas with active disease often have a ground-glass appearance
on retrolllumination This 1s most prominent 1t areas of dense punctate keratopa-
thy. the same sites at which tear film break-up time 1s usually bnefest

In more severe involvement the corneal surface has a dry, granular, peau
d’orange appearance (Plates 14, 20), which 1s usually most prominent inferiorly,
etther adjacent to the hmbus or as a horizontally oval area 2 mm to 3 mm above
1t Occasionally these changes first become apparent one to two days after imtia-
tion of therapy Multiple patches of sinmlar appearance are sometimes distributed
about the corneal surface Involvement 1s generally symmetrical in the two eyes
Haziness tends to be more severe
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The frankly xerotic nature of the changes 1s often apparent, even on handlight
examination of the fluorescein stained cornea Many eyes have severe, dense
punctate staining, while in others the fluorescemn stamns or pools 1n cracks on the
cornified surface, presenting a “treebark” appearance (Plates 16, 18-19)

“Treebarking” appears to represent a sohd sheet of cormified epithelium
Although fluorescen pools n the cracks, the surface 1s usually free of punctate
staining (Plate 16) Following therapy, the cormfied layer loses its attachment
to the surface below and peels off (Plate 16) The free end may fold over, or
break off and slough The central, interpalpebral zone 1s generally the last to
clear, presumably because of 1ts protection from abrasive Iid action (compare
Plates 18, 19)

The severity of edema tends to be greater than in milder disease corneal
thickness was at least twice normal 1n over one-fifth of eyes

Thick, elevated, frankly xerotic plaques are the most severe form of nonulcer-
atmg surface change (Plates 18-19, 21) Relative protection from hd abrasion
and the greater potential for exposure probably account for their preponderance
1n the mnterpalpebral zone Particularly heavy plaques are foamy or amorphous
1n nature, suggesting an agglomeration of bacteria and fragmented keratin as in
thick Bitot’s spots Plaques, xerosis, and corneal hazmess are present m both
eyes Punctate keratopathy 1s of the densest sort, especially surrounding the
plaques The surface of the plaques themselves generally stain as hnear or whorl-
like crevices With healing, the plaques fragment and slough, sometimes being
(transiently) replaced by areas of densely packed, fluorescein-positive punc-
tate lesions

Stromal edema 1s universally present

At least one-third of our fifty-three cases of X2 presented with a chuef com-
plaint compatible with corneal derangement twelve because they were keeping
their eyes closed, six because they were avoiding bright lights, and two because
they had “1tchy eyes " A twenty-four-year-old woman with corneal involvement®
denied any foreign-body sensation, grittiness, or dryness, but was moderately to
severely photophobic

Aside from therr ocular appearance, there was hittle to distinguish cases of
muld to moderate X2 Patients with severe X2, however, were sicker and more
protem-deficient !

® Serum albumen and transferrin were lower 1n severe X2 (2 5 pg/dl versus
3 4 pg/dl and 151 mg/d] versus 159 mg/dl respectively, p < 01), and pedal
edema was far more prevalent (60% versus 15%, p < 001) Standard
anthropometric indices were below normal but similar for all degrees of X2
* A history of recent febnile illness was more common and clinical illness
scores more severe 1 advanced X2, as reflected i their mortahty rates
{4 2%, 12 5%, and 40 0% for mild, moderate, and severe X2 respechively)
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Stromal Loss (X3}

It 15 more difficult to devise a meamngful climcal subdivision for cases with
stromal loss, since different mechamsms, with potentially ssmilar outcomes, might
be responsible Categories 4 and 6 contain cases with active, locally destructive
corneal lesions of distinctive appearance Category 5 contains cases with large,
often perforating ulcers that may represent a transitional stage between the other
two Categornies 7 and 8 contain cases with complete corneal destruction of one
or both eyes

The prevalence of binocular stromal loss increased with the seventy of loss
in the worst affected eye (24% versus 93% for Categories 4-5 and 7-8 respec-
tively, p < 01) """

X3A Corneal Ulceration {Categories 4-5)

Category 4 was characterized by the presence of one or more sharply demarcated
ulcers of varying depth The most common form of stromal loss, present m over
70% of these cases, was a punched-out, smooth-walled, cylindrical ulcer, looking
as 1f a cork borer or trephine had been applied to the eye (Plates 22,24) The
margins were regular, not undermined, and, mn only a minornity of istances,
swollen In 13% of affected eyes the worst lesion was a smooth, saucer-shaped
depression, otherwise simnilar in appearance to the punched-out form Infiltration,
if present, was slight and confined to the base, mner wall, or a thin rim around
the ulcer (Plate 26) In rare instances a pinpoint infiltrate was present at a distance
from the main ulcer, occasionally at the base of an erosion or second, superficial
ulcer In an additional 7% of eyes, such shallow, saucer-shaped, infiltrated ulcers
represented the most severe lesion In 9%, the worst lesion was a mild, seemingly
transitional stage tin which a large, subepithehal bulla (sometimes encountered
1n corneal xerosis [XS]) ruptured, leaving a densely staiming erosion or superfi-
cial ulcer

Ninety-one percent of affected eyes contained only a single ulcer, the remain-
der contamed two or three Over three-fourths of all ulcers were located 1n the
infenor and/or nasal gqnadrants, most commonly the former Over 90% were 0
mm to 2 mm 1n diameter regardiess of location Of those i the inferior quadrant,
45% were honzontally oval, 1 mm to 3 mm m length, and at least 1 mm to 2
mm above the limbus (Plates 17, 23)

The main ulcer was usually between one-fourth and one-half corneal thick-
ness In only one mstance (2 4% ) was 1t greater than three-fourths depth

Among the forty-four cases in which both corneas were xerophthalmic, ulcers
were present bilaterally in eight In all but one of these eight, the location, shape,
size, and depth of the lesions were symmetncal m both eyes

Conjunctival injection, of varying intensity, was present in a majonty (79%)
of eves with ulcers A hypopyon, usually less than 20% 1n size, was present 1n
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one-third of eyes with ulcers (Plates 25-26) It was almost twice as prevalent
(34%) among eyes with conjunctival imjection as among those without (18%),
and often adherent to the posterior surface of the cornea immediately deep to
the ulcer

Two patients with corneal xerosis included 1n Categories 2 and 3 developed
ulcers while under observation Both children were dl and severely protein-
deficient Their cases illustrate potential mechanisms by which corneal ulceration
might develop 1n xerotic corneas

Case 200/068 A two-year-old, severely malnounshed child with rhonchi,
pedal edema, stomatitts, and draiming right ear was referred for Bifot’s spots
Both eyes had extensive corneal Xerosis with a treebark, cornified layer in the
inferonasal quadrant With hospital therapy, his general condition and eyes im-
proved By day 3, the pedal edema had largely subsided, the conjunctival xerosis
had disappeared, and the cormified layer had begun to break up and slough By
day 7, the cormified layer was completely gone During the second week the
chuld’s general condition deteriorated he developed diarrhea, anorexia (requiring
a feeding tube), and the pedal edema returned Although the diarrhea was soon
controlled, serum albumin had fallen further Both corneas detenorated by day
15, numerous fluorescein-positive punctate lesions and nonstaimng epithelial
micracysts appeared mfenorly despite good hid closure On day 17, the surface
of the inferior portion of the night cornea developed an 1rregular appearance
due to the presence of five small bubble-hke mounds, all sharply demarcated
cystic swellings 1n the superficial stroma The tear film 1n both eyes was wrregular
and unstable Within five days, a sharply demarcated, perfectly clear, intensely
staimmmg non-nfiltrated shallow uleer replaced the bubblehke mounds infero-
centrally The ulcer was surrounded by a moderately hazy zone, the test of the
cornea was munimally hazy, studded with SPK, and 1 5 times normal thickness
Three days later, the left cornea assumed an identical appearance By day 28,
the erosion/ulcer of the left eye had healed without a trace The child died on
day 37

Case 200/069 A severely 1ll and malnourished three-year-old boy with bloody
diarthea was seen with skin-hke changes of his entire conjunctiva, and heavy
xerosis with treebark cornification and adherent amorphous white plagues inferi-
orly m both corneas (Plate 18) His serum alburmim was 19 and holo-RBP 1
Two days after admission and mitiation of therapy. a sharp-margined, punched-
out, fluorescemn-positive depression formed at the receding, inferior edge of the
xerotic plaque (Plate 19) This presented a striking appearance, the crevices of
the remainder of the plaque converging on the ulcer, suggesting that underlying
epithelium, and perhaps stromas as well, had been lost when the overlying plaque
sloughed There was no evidence of infiltration and the margins were not swollen
By day 8§, the xerotic plaque in the left eye was confined to a small, nasally
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remote area mferiorly What remained of the cornified layer was folded upon
itself some distance from where the ulcer had been The ulcer itself had reepithelr-
alized, forming a clear, nonstaiming, shallow depression The child’s general
condition also improved, s edema disappeared, and his albumin rose to 2 6 by
the end of the first week

A number of cases presented simultancously with ulcers and potentially
precursor lesions In some, ulcers were located amid treebark cormification, 1n
others, they were associated with stromal bullae In one case a classical punched-
out ulcer evolved from a cluster of bullae

Case 200v168 The left eye of a two-year-old gul contained a grayish-white,
cystic, bulging, necrotic lesion (Category 6) However, the right eve appeared,
on handlight examination, to contain a classically small (1 mm) circular, sharply
demarcated, hazy lesion with central staining, suggesting a punched-out ulcer
Slit lamp examination revealed that the lesion actually consisted of a rosette of
clear epithelial or subepithelial microcysts The central cyst had apparently bro-
ken, resulting 1n the staming Of perhaps greater significance was a clear cleft
parallel to the surface 1n the anterior stroma Although centered below the more
superficial bullae, and widest at that point, 1t extended beyond their area of
mvolvement Serum albumin was 33 g/dl and vitamin A 1 pg/dl The child
recewved 200 000 TU vitamin A 1n o1l orally and topical retinorc acid By day 4,
the bullous lesion had become a classical, one-fourth depth punched-out ulcer
By day 10, the ulcer had healed, leaving a small leukoma behind

Another case presented an extraordmary picture containing many of the
elements already discussed and suggesting the potential role of locahized desicca-
tion and dellen formation -7

Case 2004160 A nineteen-month-old boy had a serum vitamin A of 4 pg/dl,
albumm of 3 2 g/dl, and a weight-for-height greater than 90% of standard The
right eye was white and quiet, with conjunctival xerosis mvolving the inferior
180 degrees of bulbar conjunctiva and heavy punctate keratopathy, though the
cornea still appeared clear by handlight exammation The conjunctiva of the left
eve appeared injected but not xerotic Centrally, the corneal surface was irregular
(Plate 26), due to alternating mounds (clear epithelial or thin-walled superficial
stromal vesicles) and depressions, the latter looking as if there were stromal loss
or more hikely, desiccation, as in dellen I these were, 1n fact, dellen, they were
atypical areas of superfimal desiccation overlying stroma two te three times
normal thickness None of these irregularities stamned (Plate 27) Breakup time
(BUT) 1n the area was zero seconds Inferior to this irregular patch were two
ulcers of peculiar appearance Both were oval with saucer-shaped, gently sloping,
nonstaming walls of one-fourth corneal depth (Plate 26) Midway between the
outer im and center of each ulcer, the walls abruptly assumed a more typically
cylindrical-shaped, punched-out, mntensely staining configuration extending an
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additional one-fourth to one-half depth into the stroma (see smatler ulcer, Plate
27) It 15 tempting to speculate that a clear, central stromal vesicle had broken,
resuiting 1n a typically punched-out, staiming ulcer surrounded by a nonstamning,
epithehal covered, dellen-hike depression

As part of a therapeutic trial, the child received 200,000 IU oil-muscible
vitanun A intramuscularly, and topical retinoic acid to the left eye three times
daily The inferior ulcer proceeded to heal uneventfully at day 2, a sharply
demarcated area of whitish (presumably) infiltration appeared at the base, the
only area still staining By the next examination, on day 3, the entire area of the
ulcer had become a clear, nonstaming corneal depression At day 2, the area of
uregulanty supenor to this ulcer was unchanged (Plate 27) By day 5, however,
1t had an 1dentical appearance to the inferior ulcer the alternating bumps {clear,
mtrastromal cystic spaces) and depressions had been replaced by a clear, non-
staining, saucer-hke depression, and the generalized stromal edema m the arca
had disappeared

The temporal ulcer did not fare as well as the inferior one By day 2, the
complex saucer/cylindrical shape had been converted to a deeper “V*-shaped
putter, now staining edge-to-edge (Plate 27) Although topical antibiotic therapy
(garamycin/bacitracin five times daily) was mstituted at this point, the ulcer
continued to deteriorate By day 5 the arca was opaque, 1ts surface a fluorescein-
positive bulging mass, like an abscess more typical of cases in Category 6 The
patient was removed from the hospital on day 6 and when next seen at three
months, had two leukomas a dense one n the arca of the inittal temporal ulcer,
and a much paler one m the area of the mitial infenor ulcer. The depression
found 1n the area of oniginal irregularnity was barely discernible At least a partial
explanation for the poor response m this patient was the use of oil-miscible
vitamin A ntramuscularly the vitamm A level, imtially 4 pg/dl, peaked at 9 g/
dl at 4 h, and was back down to 4 ug/dl at 1 day, where 1t persisted His serum
albumin was a reasonable 3 2 g/dl

As already suggested, one of the earhest responses to therapy 1s formation
of a whitish, presumably infiltrated area, usually at the base or within the wall
of the ulcer In some nstances, especially where infiltration 1s prominent or the
ulcer large, deep, or adjacent to the hmbus, the ulcer “fills in” with marked
infiliration/edema m the base and surrounding area, and eventually scars over
Shallow, central uleers tend to reepithelialize uneventfully, usually within two
to three days, forming clear depressions easily mmssed on routine handhght
examination

Vanations 1n the appearance of localized stromal loss were distinguished by
the presence, 1n at least one eye, of a large, full-thickness, stromal ulcer (reaching
to or beyond Descemet’s membrane) (Category 5) These cases were also more
likely to have bilateral stromal defects The corneal defects were all localized
and sharp-margined They probably represent a modificatton or late stage of the
processes encountered in Categories 4 (surface ulcers) and 6 (necrotic stroma)
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Most cases provide interesting transitional changes between these two other
groups, often containing lesions typical of one or the other in the same or fellow
eye Two such cases are presented below, others elsewhere '

Case 200/091 A three-year-old boy with kwashiorkor an albumm of 2 8 g/dl,
and transferrm of 30 mg/dl presented with a right cornea that was three times
normal thickness and contained a sharp-margined ulcer that had perforated
centrally The walls around the perforation were more swollen and opaque than
charactenstic for Category 4 The anterior chamber was flat The left eye had
two distinct areas of treebark xerosis one inferiorly adjacent to the hmbus, and
another, a sickle-shaped swath 2 mm above the first, which terminated nasally
m a 1 mm ulcer of one-half depth and shightly edematous, shaggy appearance
Both corneas healed without consequence, the night as an infenor adherent
leukoma, the left as a small inferonasal leukoma

Case 2007158 A severely ill, three-year-old female with marasmic-kwashior-
kor died on the day of admission Serum vitamin A had been 4 pg/dl, albumn
19 g/dl, and transferrin 20 mg/dl The nght eye contained a classical punched-
out 2 mm shallow ulcer superotemporally of one-quarter corneal depth and two
pinpomnt ulcers superonasally (Plate 22) Although an anterior synechia had not
been noted 1mitially, sht lamp examination following dilation revealed densely
pigmented tissue caught up 1n the posterior aspect of the cornea deep to the
shallow ulcer, with clinically normatl stroma in between The left cornea displayed
a large (5 mm), central, perfectly round, punched-out, full-thickness defect,
through which Descemet’s membrane and ins behind were bulging (Plate 23)
The infertor margin of the defect was moderately hazy

The age distribution of Categories 4 and 5 were 1dentical But cases 1n the
latter group were clearly sicker and more malnounshed the prevalence of respira-
tory tract infection, fever, anorexia, pedal edema, and ““life threatening illness”
was at least twice as common as among cases 1n category 4, while their mean
serum levels of vitamin A (3 3 versus 7 6 pg/dl), albumin (2 7 versus 32 g/dl)
and transferrin (75 versus 134 mg/dl) were roughly half as high '

X3B Corneal Necrosis (Categories 6-8)

Except for the size of the area involved, the clinical appearance of these lesions
1s 1dentical and readdy distingmished from those of milder damage

Category 6 was characterized by the presence of localized, deep stromal
necrosis The lesions were opaque, grey to yellow n color, and ranged 1n size
from 2 mm to mvolvement of almost the entire cornea (by defimtion the cutoff
between Categones 6 and 7/8) (Fig 4-5, Plates 29, 31)

In general, greyish lesions were extremely edematous and cystic Although
their surface often appeared flush with (or even protruding above) surrounding,



122 Consequences of Vitamin A Deficiency
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Fig. 4=5. In the vast majority of cases of xerophthalmia with focal corneal necrosis

(Category 6), the lesions were located 1n the inferior and/or nasal quadrants (From
A Sommer")

generally edematous cornea, they lacked much 1f not most, of their stroma With
treatment, edema disappeared and the lesions collapsed Previously indistinct
borders contracted down to sharply demarcated, deep stromal defects, often
considerably smalter than was originally anticipated (compare Plates 29 with 30,
31 with 32), suggesting reversible changes surrounding an area of sharply focal,
irreversible cylindrical dissoluton Occasionally some of the edematous tissue
sloughed Deep stromal loss was attended by descemetoceles With mnadvertent
pressure these could rupture, resulting in perforation and inis prolapse There
was rarely any evidence of infiltration about the lesions

Other lesions were yellowish in color, suggesting heavy, focal inflammatory
cell infiltration rather than quiet dissolution Some of these cases represented
a different stage mn the same process In a number of instances these formed
protuberant, dome-shaped lesions (Plates 29, 31), sometimes with smooth, ghs-
tening surfaces Several failed to stamn with fluorescein at the fime of admission,
suggesting that necrosis might have proceeded below an intact epithelium On
the other hand, almost all began to stain within one to three days Whether
1mitial absence of staming was due to some unrecogmzed factor masking epithelial
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loss, or subsequent staining was secondary to changes induced by the reparative
process, 1s uncertain The necrotic tissue sloughed, revealing a descemetocele
below Purulent discharge was rarely present

Descemetoceles, especially large (= 3/4 corneal surface) perforated ones,
scarred extremely slowly Small ones (< 1/4 corneal surface) reepitheliahized
rapidly (two to five days) and scarred quickly {especially if some stroma remamed
to serve as scaffolding) The smaller, rapidly healing lestons became adherent
leukomas, while the larger, more recalcitrant ones became anterior staphylomas
(eventuating 1n shrunken, phthisical globes)

The mferior quadrant was most commonly affected (Fig 4-3), though the
lesions often extended beyond its borders The nasal quadrant was more com-
monly 1nvolved than the temporal

Serum levels of vitamin A and transferrin tended to be lower among patients
with larger lesions

In Categories 6-8, the cornea of the ‘ second” eye was more severely affected
than among cases m Category 4 44% suffered stromal loss (versus 18%) Fully
88% had some degree of frank xerophthalmic mvolvement Of the four corneas
seemingly clear on handlhight exammation, three had extensive SPK and the
other had bilateral conjunctival xerosis

Typical necrotic lesions were present bilaterally in mine cases 1n all, the size
and location of the lesions 1n the two eyes were virtually identical In the six
mstances 1 which the stromal lesion in the second eye was milder (Category
4, punched-out type) the location of the lesions n the two eyes was stll sym-
metrical

Generalized stromal edema was extremely commeon, and often severe Cor-
neal thickness was sometimes three to four times normal with marked shallowing
of the anterior chamber, even 1n the absence of corneal perforation Only rarely
was there evidence of corneal exposure

The following case illustrates the reversibility of some areas of apparent
Necrosis

Case 200/171 A three-year-old girl presented with comunctival xerosis and
two small, classically punched-out stamning ulcers in the nght eye, and a large,
greyish, opaque. nonstaintng bulging lesion involving three-fourths of her left
cornea Her protemn status was reasonably good (serum transferrin 102 mg/dl,
albumin 3 5 g/dl), but serum vitamin A was only 2 pg/dl She recerved 200,000
IU vitammn A orally on admission and agatn the following day By day 1, the
surface of the swollen. opaque lesion 1n the left eye had begun to stain By day
3, the last follow-up, 1t had already shrunk to one-third 1ts original size and
involved onily the inferior area Except for some mild, generalized edema (re-
duced from three times normal thickness on admission) the rest of the cornea
appeared normal This 1s an extreme example of the fact that areas of apparent
“necrosis” are sometimes largely (and rapidly) reversible
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In the following case of vitamin A and protemn deficiency, classical focal
necrosis was precipitated by measles, an all-too-common story (Chapter 7), the
rest of the globe was seemingly free of climcal disease, and the extent of irrevers-
1ble destruction turned out to be less extensive than 1t immtially appeared

Case 200/124 Measles rash and “conjunctivitis” appeared in this nineteen-
moenth-old boy ten days prior to presentation Three days later he closed both
eyes and had kept them closed since On admission he was noted to have a
“healing” measles rash, pneumonta, and marasmec-kwashiorkor Serum albumin
was 2 6 g/dl, transferrin, 115 mg/dl, vitamin A, 4 pg/dl, and holo-RBP 2 pg/ml
Both conjunctivae were mjected, without evidence of xerosis Nesther cornea
looked xerotic In the infersor half of the nght cornea was a honzontally oval,
sharply demarcated, shit-like, one-half thickness ulcer surrounded by an area of
moderately heavy haze, which itself was surrounded by less dense haze An
opaque, necrotic, “mushy” looking lesion with central descemetocele and proba-
ble s prolapse occupied the inferior one-half to two-thirds of the left cornea
The opaque area was greyish and edematous The transition between the lesions
and remaining cornea (superiorly) was dramatic, especially 1n the left eye, where
it was crystal clear and free of SPK On vitamim A therapy the two eyes healed
uneventfully, the night eye as a faint macula, the left as an adherent leukoma
mvolving only the inferior two-thirds of the extent of the ongmal lesion

In cases with the most severe damage, the necrotizing or melting process
mvolved the entire cornea In some 1mstances the cornea resembled a relatively
firm, yellowish-white abscess whose surface was seemingly ntact (Plate 28) In
others, what cornea was left resembled thick mush or gelatin (Plates 13, 15)
The final result was the same the corneal stroma sloughed, usually within one
to three days, resulting 1n an enormous descemetocele (occasionally retaing a
thin stromal or fibrinous covermg) (Plate 23) or (rarely) complete prolapse The
peripheral 1 mm corneal/hmbal zone was spared 1t was usually edematous and
opaque on admission but remained vital (Plates 13, 15, 23, 28) Unlike some
mstances 1 Category 6 where the surface of the localized “‘abscess™ did not
stain 1mutally, all lestons in Categones 7-8 did

Two forms of healing are seen, depending upon the amount of residual
stroma Where some stroma remains, a muxture of scarring and {often multiple)
descemetoceles develop, all of which eventually scar over Where all stromal
tissue has melted away, a pecuharly cross-banded star pattern of iris covered by
Descemet’s membrane bulges forward in the quadrants (Plate 23) This scars
slowly, and the person remains at risk of complete prolapse for weeks to months
Both situations commonly result 1n a large, protuberant staphyloma, which may
later shnink as the eye becomes phthisical

In some cases the “necrotic’ cornea 1s completely clear, white, and cystic
In one instance, a clear descemetocele was present centrally, as if there were
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msufficient stroma left to swell and produce the characteristically opaque appear-
ance In this instance the antenior chamber was formed and 1r1s was 1n 1ts normal
position, it healed as a flat, vasculanized scar

The chntcal course in several patients suggested that the imtial process 1s one
of stromal dissolution, followed by nfiltration of the devitalized tissue

Case 200/096 A two year-old girl with kwashiorkor and serum vitamin A of
3 pg/dl, holo-RBP of 2 ppg/ml, albumin of 2 9 g/dl, and transfernn of 20 mg/d}
presented with an almost pure descemetocele of the night cornea, and white,
opaque dissolution of the entire left cornea One to two days later the left cornea
was yellow, more opaque, and bulging

In only a single case in Category 7 was the opposite eye entirely normal on
handhight exammation, while 54% (7/13) of cases suffered bilateral stromal loss
By definition, all cases it Category 8 suffered complete, bilateral corneal destruc-
tion Otherwise the two groups of cases did not differ, chinically or biochemically

Clinical-Histopatholegic Correlations

Despite detailed descriptions of the ocular manifestations observed m vitamn
A deficiency and a good deal of amimal expenimentation, the pathogenesis
of corneal destruction remains unclear Chmnical-histopathelogic correlations,
though Iimited 1n number, help to illuminate what those precesses might be The
following largely represent Indonesian study participants who erther died or
underwent enucleation %

Corneal Xerosis (X2)

Two patients with corneal xerosis, both responding poorly to therapy, died while
their corneas were hazy In neither case was there chmcal evidence of residual
keratmization Histologic appearance was remarkable only for occasicnal areas
of epithehal thinning and facettes 1n one of the cases The superficial facettes
may represent healing of earlier, superficial ulceration

Stromal Loss {Ulceration/Necrosis) {X3)

Histologtc material was available from three study participants with active corneal
destruction of varying severity and duration 1%

Case 200/101, with relatively fresh disease, 1s among the most informative n
the literature One cornea contained small, classically punched-out ulcers The
other cornea was almost entirely a descemetocele Light and electron microscopy
confirmed the sharply focal nature of both sets of lesions, scarcity of inflammatory
cells m many areas of active necrosis, the absence of bactena, and what appeared
to be an intact (if keratimzed) epithehum
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Case 200/101 A severely marasmic (weight-for-height < 60% of standard)
one-year-old boy had a serum albumm of 2 2 g/dl, transferrin of 40 mg/dl, vitanun
A of 10 pg/dl, and holo-RBP of 2 pg/ml He had a history of mightblindness
The right cornea was largely replaced by a near limbal to limbal descemetocele
The left cornea contained two three-quarters depth, sharply punched-out, adja-
cent ulcers, each 1 mm 1n diameter, and a deep, intact, anterior chamber These
ulcers were surrounded by a moderate (1 mm}) rim of mfiltrate The child received
200,000 IU vitamin A orally on admission and agamn the following day, and
frequent topical antibiotics and systemic penicillin and streptomyein On day 1,
the ulcers were clearly filling m, a process which was more advanced by day 2
On the morming of day 3 the child died and both corneas were biopsied The
right cornea, which had received topical retinoic acid m addition to the other
agents, had remained unchanged throughout

Histopathologic exammation of the nght cornea revealed keratinized epithe-
lem overlymmg a thin layer of lush, young, fibrous tissue lined posteriorly by
ms (Fig 4-6a) The ins was mfiltrated with mononuclear cells No bacteria
were noted

The left cornea contained keratimzed epithehum that was markedly edema-
tous but lacking a granular cell layer The basal layer contamned large, plump
cells with prominent nucleoli There was an abrupt loss of Bowmen’s layer and
corneal stroma 1n a wedge-shaped configuration extending three-fourths of the
way through the stroma (Fig 4-6b) This area contained strands of necrotic

Fig. 4-6a. Right eye of case 200/101 There 1s total dissolution of corneal stroma Intact
keratmzed epithelium covers fibrinous matenal and s behind No bactena, and only
rare mflammatory cells, were present (penodic-acid Scluff, X 575) (From A Sommer
et al'™)
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Fig. 4-6b. Left eye of case 200/101 Peripheral area of lesion demonstrates sharp delinea-
tion and saucer-shaped configuration of stroma disintegration, which was covered by
mtact keratimized epithelium (hematoxylin-eosm, X 45) (From A Sommer et al %)

collagen, a greater number of plump, spindle-stellate-appearing fibroblasts than
normal, and marked stromal edema, all below an intact eprithehum Maost sigrufi-
cantly, there was lhittle inflammatory infiltrate and no bacteria mm the area of
collagen dissolution The keratocytes had been replaced by large fibroblastic-
type cells At exther side of this sharply demarcated area the stroma was normal
except for a paucity of keratocytes In some areas, Descemet’s membrane was
broached despite the absence of clinical evidence for perforation Such areas
were covered anteriorly by edematous, necrotic materal, and overlying epithe-
hum (Figs 4-6c, 4-6d)

In the second case, 200/(037, corneal matenal was oblained shortly after wide-
spread necrosis replaced small, sharply demarcated ulcers Although inflamma-
tory mfiltration was extensive, 1t was often most intense 1n otherwise normal
areas surrounding involved stroma

Case 200/037 Ten days prior to admission, an eight-year-old girl developed
high fever, five days later, a hemorrhagic rash on her face and extremuties, and
two days later, “white spots™ on both corneas On admission, she was considered
moderately 11l and only muldly (grade I) malnourished The conjunctiva of both
eyes was 1njected and the corneas hazy, especially inferiorly, 1 mm to 2 mm oval,
sharp-margined shallow ulcers were present 2 mm above the inferior himbus,
within the area of densest haze Serum transferrin was 58 mg/dl and albumin 2 2
g/dl, which was surprising given the absence of edema or other evidence of
kwashiorkor, suggesting acute decompensation of protein metabolism Gentami-
cin and mycitracin were administered five times a day to the night eye The hds
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were well opposed during the next two days and the eyes showed mimimal
mprovermnent On day 3 she became comatose and the lower half of both eyes
were noted to be exposed The comjunctivae were white and quet OU The
entire right cornea had a yellow, opaque, necrotic appearance The left cornea
was gelatinous centrally, with i11s seen through the center She died wathin a few
hours and the nasal quadrants of both corneas were biopsted

Histopathologic changes 1n the night cornea included necrosis and foct of
gram-negative rods Some areas of necrosis were acellular, but surrounded by
otherwise normal stroma infiltrated by neutrophils Gram-negative bacilh were
present

The specimen from the left eye was hined 1n places by keratimzed epithelium
There was an abrupt transition to stromal necrosis with fraying of collagen
Polymorphonuclear leukocytes were present throughout the stroma, sometimes
surrounding rather than within the arca of necrosis Actinomyces-like organisms
lined the exposed margin of necrotic stroma 1n the penpheral area of the des-
cemetocele

The last and most chronmic of the three cases, 200/006, documents the risk of
secondary bactenal infection and endophthalmitis in the xerophthalmic eye
It 1s also another example of xerophthalmic necrosis precipitated by measles
{Chapter 7)

Case 2000006 A four-year-old boy presented with a history of measles, fever,
and diarrhea one month prior to admission, and a red, tearing, photophobic eye
of two weeks’ duration He had recerved antibiotic eye drops, pills, and mnjections
Serum vitamun A was 6 pg/dl, and albumin 2 4 g/d] The conjunctiva and cornea
of the nght eye were mildly xerotic The conjunctrva of the left eye appeared
muldly injected but not xerotic The left cornea was yellow, soft, necrotic, and
bulging, with a gelatin-like central protrusion of vitreous or lens The peripheral
corneal/limbal ring was normal A small biopsy was taken of the centrally necrotic
and perforated cornea 100,000 IU water-miscible vitamun A was given intramus-
cularly and preparations made for enucleation of the left eye the following
day In the intermm, the left eye developed a purulent exudate The biopsy
spectmen resembled a fibrinous exudate containing a segment of Descemet’s
membrane and, 1n some areas, moderate numbers of diplococcr Examination
of the enucleation specimen revealed an abrupt transiion between penpheral
cornea, which was relatively ntact except for fraying of collagen bundles and
areas of acute inflammatory cell infiltrate and vasculanzation, and the central
fibrinopurulent full-thickness exudate The margmns of preserved stroma showed
a dense neutrophilic nfiltrate Epithellum covermg the hmbal cornea showed
mimmal keratimzation Large gram-positive coccl were noted in the vitreous
abscess
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Local Pathogenic Factors

A dry (xerotic) ocular surface can result from physical desiccation (a deficiency
m the quantity or quality of the tear film) or from primary keratimzing metaplasia
Mon'” thought xerosis accompanying vitamin A deficiency was secondary to
disturbed secretions of the lacrimal gland, 1n part because he noted that tears
were, as a rule, scanty or absent in children with xerophthalmia '™ Wolbach'™
correctly identified keratimizing metaplasia as the primary event, at least in
rats, the lacrimal glands were unaffected until late m the disease Since then,
lacrimation has rarely been mentioned tear production 1s said to remamn un-
changed 1 xerophthalmic rabts '®

Despite these negative reports and difficulties 1n assessing basal tear secre-
tion,! ® ¥ children with xerophthalma are more likely to suffer markedly reduced
tearmg than age-sex-neighborhood-matched controls (Table 4-5) '™ There 15 a
direct relationship between the seventy of xerophthalma (e g , degree of vitamun
A deficiency) and the proportion of children with reduced basal teaning

Corneal cases suffered a particularly severe reduction 1n tearing over 30%
of X2/X3, but only 5% of their controls, had < 5 mm wetting

At least some of this relationship seems to have been a direct result of vitamin
A status Among otherwise normally nounished children (serum albumin = 3 5
g/dl and weight-for-height = 80% of standard), the more severe the xerophthal-
mia, the gher the prevalence of deficient tearing Further, tearing responded
to vitamm A therapy In an analysis restricted to outpatients (whose therapy
consisted solely of high-dose vitamin A) followed for seven to ten days, the
proportion of eves i which tearing increased was significantly greater than the
proportion mn which 1t decreased (p < 001 for corneal cases, p < 01 for all
xerophthalmia) '™ In a recent report, half the fifteen adults with hepatic dysfunc-
tion studied for subchinical vitamin A deficiency had marked reductions in tearing
(though there was allegedly little correlation with mmdividual serum retinol
levels) *

Other factors besides vitamin A status may well play a role Tear production
1s also associated with protemn status the prevalence of deficient tear production
15 mversely related to serum transferrin '® Almost half the cases of X2 wath

Table 4-5 Tear Production 1n Xerophthalmia

Eyes with < 15mm Wetnng

Clinical Classification Eyes (N) (N) (Percent)
Controls? 60 4 67
X1 46 18 391
X2/X3 54 32 59 3

“Controls age sex-neghborhood matched to cases of X2/X3
Test for linear trend p < 001

From A Sommer et al '®
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transferrin levels < 50 mg/dl had < 5 mm of wetting, compared with a fifth of
cases with lugher transferrin levels (p < 01) ' This may, 1n part, be secondary
to functional dehydration, since many of these children appeared “dry” despite
pedal edema

The concomitant presence of dehydration, vitamin A deficiency, and protein
deficiency should have a marked effect on tear production, and probably explans
the seventy of corneal xerosis among cases 1n the severest category of X2

Kogbe et al '® observed that normal children “produced tears much more
readily” than chuldren with measles Whether this 1s associated 1n any way with
measles-related corneal destruction 18 uncertain, but they note that all but one
child sull available for study at three weeks were too 1l to provide tear samples,
they “had dry eyes as they just cried noisily without shedding any tears ™ It
seems most had secondary systemic infection and malnutrition, presumably they
may have been dehydrated as well

Considerably more attention has been given to the loss of mucous-producing
goblet cells, which virtually disappear from the bulbar conjunctiva by the time
conjunctival xerosis (X1) appears "% Goblet cell density 15 a sensitive indicator
of ocular surface disorders, including vitamin A deficiency *'# % Within two
weeks of systemic vitamin A treatment of corneal xerophthalmia, goblet cells
begin to repopulate the inferonasal quadrant, they reach normal densities within
one month '

Mucous stabihzes the tear film'™ by interfacing between its aqueous compo-
nent and the hydrophobic surface of the cornea ™ It seems reasonable to
suspect that 1ts loss results i rapid tear-film breakup and epithehal “‘exposure,”
with consequent drying and damage to the corneal epithelium, much like primary
mucous-deficient states " Goblet cells are not, however, the only source of
mucin-hke glycoprotems in the tear film, and goblet cell counts can be profoundly
depressed—out of all proportion to relatively modest reductions m tear film
mucim # This 15 consistent with observations that corneal healing i xerophthal-
mia proceeds more rapidly than does the repopulation of conjunctival goblet
cells

While alterations in the quantity and quality of the tear film might exacerbate
vitamin A-related xerosis, they do not immtiate 1t, most evidence suggests tear
film alterations occur par: passu with other changes Keratinizing metaplasia of
the corneal epithelium 1s almost certamly the direct consequence of altered
vitamin A metabolism, just as 1t 15 m the epithehum of the bladder and renal
pelvis™ ' despite their constant bathing by an aqueous medium Corneal kerati-
nization, m the rat at least, precedes alterations in the lacrimal gland, and
both the rat'™ ™ and gumea pig'¥’ occurs 1n the presence of abundant conjunctival
goblet cells Smce goblet cells have already disappeared m muld conjunctival
xerosis, 1t 18 difficult to imagine how their absence could account for more severe
disease, and corneal healing, of all degrees of severity, begins within one to three
days and 1s often completed within four to seven days,''” long before goblet
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cells return 1n any numbers (see Table 10-1) ## ¥ % Except for early punctate
epithelial erosions,'™ ocular changes in keratoconjunctivitis sicca and other dry-
eye states'™ """ generally do not resemble vitamin A-related xerophthalmia
even though dry eye states may be deficient 1n both tears and goblet cells 181921
Although 1t 15 possible that alterations i the amount of mucus produced by the
lacrimal gland®®*” could account for some of these differences, histopathologic
changes in rats whose lacrimal glands are surgically removed are far milder
than in those made vitamin A deficient *# Occasionally patients with Sjogren’s
syndrome associated with rheumatoid arthriis develop steep-margmed, non-
infiltrated ulcers sumilar to those of mild X3 2

Composition of skin surface hpids 1s altered 1n protein-energy malnutri-
tion * It 1s concervable that comparable changes 1n the hpid phase of the tear
film could contribute to the xerophthalmic process This, however, has received
Irittle attention

Evenif changes in tear film dynamics are not responsible for imtiating keratin-
1zing metaplasia, they may contribute to the predilection to mild corneal abnor-
malities (punctate keratopathy and early haze) for the nferior and nasal quad-
rants, the exaggerated accumulation of keratin debris 1n severe corneal xerosss,
and dellen formation, epithelial degeneration, and the like, especially in function-
ally dehydrated individuals

Although the vast majonty of cases studied mn Indonesia appeared to have
complete Iid closure and a normal Bell’s phenomenon, exposure may exaggerate
the effects of tear film 1nstability Patients with keratifis sicca who are presumed
to have incomplete lid closure durimg sleep™ develop punctate keratitis and
intraepithelial microcysts in the inferior cornea Some even develop sterile ulcers,
most commonly inferonasally, though not of the circular, punched-out vanety
typical of xerophthalmia

Accumulation of heavy plaques 1n the interpalpebral zone may be influenced
by the relative exposure and lack of lid action at this site

The potential role of tears as a normal and essential mechanism for delivering
physiologically active vitamin A to the ocular surface has only recently received
attention Topical retinoic acid can speed xerophthalmic corneal healing (Chapter
10) *®-1" Ubels has shown that in rabbats the lacrimal gland stores vitamin A as
fatty acyl esters™ and maintains a 2 pm retinol concentration 1n tears,”'? similar
to the mimimal concentration of topically applied retinoic acid needed to reverse
corneal epithehal keratinization 1n vitamin A-deficient rabbits ?* A single large
oral dose of vitamin A (110 mg retinyl palmrtate) produced a sigmficant increase
in tear fluud retinol levels in marginally nounished Thai children 2

The keratmized surface of xerophthalmic eyes presents a good culture me-
dium for a host of bacterna, particularly the xerosis bacillus, but also Staphylococ-
cus, Pneumococcus, Hemophilus and others, which are commonly encountered
1 large numbers *1%21%25 There 1s less evidence to support suggestions that
infection, as opposed to colomization, 1s more common or responsible for stromal
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ulceration and necrosis 2! 3135216217 The jarge numbers of bactena Pillat discov-
ered 1n smears from corneal cases disappeared following vitamin A therapy '

In advanced experumental xerophthalmia of rats, necrotic corneas frequently
contamn large numbers of bacteria 2° 2528 But these could be secondary infections
and need not reflect the situation in humans Ocular and periocular inflammation,
conspicuous 1n xerophthalmic rats, 1s often minimal or absent in the human
Condltlon 121 145163 166

Chinical reports generally describe 1solated mstances of positive cultures from
ulcerated eves ¥ But a culture does not distinguish primary from secondary
mfection, or either from mere colomzation Only a tiny proportion of eyes
harboring Pseudomonas™® or Staph aureus™ are ulcerated To be of pathogemc
sigmficance, positive cultures should be more prevalent in ulcerated than n
nonulcerated eyes Valenton et al ?? found that the frequency of recovery of
pathogenic orgamsms (Pseudomonas, Preumococci, Moraxelln, S pyogenes,
Klebsiella, E Coli, or Proteus) increased with the seventy of clinical xerophthal-
nmia But i another study™ that claimed to demonstrate the importance of
mfection, positive cultures in malnourished children were no more prevalent 1n
those with ulcerated corneas than in those without, even the spectrum of organ-
1sms was the same

One bacteriologic study included controls, as well as eyes with xerophthalma
of varying severity ! Conjunctival/corneal swabs (and scrapings in ulcerated/
necrotic corneas) grew a wide variety of organisms The most common and
potentially pathogenic were Pseudomonas, Staph awreus, and E colit Posiive
cultures were more prevalent among eyes of cases with active xerophthalmia
than among controls, though not to a statistically sigmficant degree (Table 4-6)

Table 46 Positive Bacterial Cultures in Controls and Cases of Corneal Xerophthalmia
(Study 1)

Percent of Eyes with Posutive Cultures

Total Eyes Micro Aur
Corneal Status (N) Pseudomas Coag + E coli Total Positive
Controls 50 24 24 4 46
X2 (1-3) 117 25 30 9 53
X3A (45 65 31 28 14 60
X3B (8) 44 36 23 1 57
X3B (7-8) 35 31 34 11 34

RELATIVE RATE OF POSITIVE CULTURES (COMPARISON BETWEEN EYES OF DIFFERENT
CORNEAL STATUS SHOWN IN FIRST COLUMN)

X2{control 104 125 225 115
X3A/X2 124 093 156 113
X3B (6)/X2 144 077 122 108
X3B (7-8)/X2 124 113 122 102

From A Sommer !
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The prevalence of positive cultures among ulcerated and nonuleerated eyes of
xerophthalmic patients was sumilar, even by pair-wise companson of ulcerated
and nonulcerated eyes 1n the same patient {n = 33) Other organisms, which
included strains of Hemophilus, Strep viridans, diptherods, and Aerobacter,
were common 1n all groups Proteus was cultured from a single eye (with cor-
neal xerosis)

Various fungi, which may have been contaminants, were recovered from
seventeen eyes { Perucillium [twelve eyes), Aspergulius [three eyes], and Candida
[two eyes]) There was no consistent difference 1n the frequency of positive
1solates among the various forms of corneal ulcer/necrosis Positive isolates were
more frequent from ulcerated/necrotic corneas (9%) than from purely xerotic
ones (34%) (p < 07)

The lack of etiologic significance of locally infectious agents was confirmed
by a formal diagnostic/therapeutic trial one eve of each patient was systematically
assigned to recerve frequent topical antibiotic omtment (at a minimum, gentami-
cin plus bacitracin five times a day) Twenty-seven consecutive hospitalized pa-
tients with bilateral corneal ulceration were studied before a single nonrecipient
eye was found to fare worse than its matched recipient Despite the fact that
similar, 1nitial deterioration was occasionally observed mm eyes receiving antibi-
otic, the trial was discontinued at this pont and all subsequent cases of nlceration
were treated with both topical and systemic antibiotics

Unfortunately, the formal trial was not conclusive most cases required and
recetved systemic antibiotic therapy for nonocular conditions (tuberculosis, respi-
ratory tract infection, gastroenteritis, etc ) By imncluding patients outside the
formal tnal (because they refused hospitahzation), observations were available
on twenty-two ulcerated (Category 4) or locally necrotic (Category 6) corneas
unexposed to either topical or systemic antibiotics All but two (9%) healed
rapidly and uneventfully on systemic vitamin A therapy alone One of the two
exceptions cultured only a coagulase-negative Staph albus, the other contamed
an ulcer (Category 4} that had enlarged by the next visit, at day 4, but began to
resolve spontaneously by day 6

The noninfected chmecal appearance of most ulcers, the frequent absence of
bactera and fung: from areas of stromal dissolution studied histopathologically,
and the rapid healing induced by vitamun A'*™ and retinoic acid (see Chapter
10),2% combined with the previous observations, suggest that local bacterial and
fungal “infections™ rarely initiate and only occasionally contribute to xerophthal-
muc ulceration or melting However, there 1s no reason why ulcerated or perforat-
ing lesions should not become secondarnly infected® and even lead, on occasion,
to panophthalmitis Sweet and K’ang® noted the same sequence observed m our
patients corneal edema, then necrosis, eventually followed by “ulceration and
secondary bactenal infection ”” But even Pseudomonas—which releases prote-
ases™ and exotoxin,” attracts collagenase and proteolytic enzyme-producing
leukocytes.” and can cause rapid corneal melting—has a different chimical appear-
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ance whereas keratomalacia (Categories 7-8) mvanably spares penipheral cor-
nea, Pseudomonas recogmzes no such himits > Even though Pseudomonas and
other pathogenic orgamsms are sometimes more frequently encountered 1n se-
verely xerophthalmic eyes of malnounshed children,?” this may merely represent
a potentially transient change 1n flora, such as observed among burn patients 2

Animal expenments suggest advanced corneal xerosis increases susceptibility
to ulceration from topically applied Pseudomonas™, the relevance of this obser-
vation to corneal melting in human xerophthalmia 1s uncertain

Because of the complexity and sigmficance of the relationship between mea-
sles, systemic vitamin A status, and ocular viral mvasion (by measles and herpes
simplex), these 1ssues are dealt with separately (Chapter 7)

Evolution of Corneal Lesions

Surface changes clearly predominate early in the disease (X2) Mimmimal punctate
keratopathy and inferior haze can occur 1n the absence of obvious histopathologic
alterations on light microscopy, though a presumably similar clinical appearance
in the rabbit corresponds to focal areas of squamous metaplasia ' In many
mstances, punctate erosions are preceded by, and probably anse from, nonstan-
mg mtra-epithehal microcysts These changes are earher than those generally
descnibed Even “prexerosis” ™ was more consistent with changes observed m
Category 2 xerosis ' Pillat'? described a case m which shit-lamp examnation
revealed “a remarkable number of vacuoles m the epithelal layer,” but 1t 1s
unclear whether this referred to Bitot’s spot-hke matenal, attached to or floating
on the corneal surface, intra-epithehal microcysts, or the peau d’orange effect

The haziness spreads and patches of cormfied epithehum begin to cover the
surface, imtially inferiorly, but eventually the entire cornea In particularly 1ll,
malnourished chldren, amorphous, locahzed plaques may cover the cornified
surface, especially in the mtrapalpebral zone Therr strong resemblance to Bitot’s
spots suggests aggregation of desquamated keratin and bacteria Histopathologic
observations at thus stage of the disease, 1n both humans and animals, indicate
frank keratinization of the corneal surface %% 174313218227

The muldest stromal change 1s generahized edema, which also begins inferiorly
Whether this 15 secondary to changes 1n the epithehum or endothehum, or a
primnary effect of vitarmin A deficiency on the stroma itself, 15 unclear In general,
the sevenity of edema parallels the severity of surface changes Butit also parallels
the severity of vitamin A deficiency quute mdependently of surface changes, as
evidenced by the fact that edema was more prominent 1n nonulcerated xerotic
“other™ eyes of cases in Category 6 (focal necrosis) than in Category 4 (punched-
out ulcers)} {There 158 no convincing histopathologic evidence of endothelal
alterations early in the course of corneal xerophthalmia, although vacuolated
endothelial cells™ and a reduction 1 mean endothehal cell counts™ have been
observed in the vitamin A-deficient rabbut )
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Stromal loss appears to occur through a multiplicity of mechanisms, some
primarily anterior {Categories 4-5), others posterior or at least simultaneously
full thickness i nature {Categories 6—8)

Traumatic baring, if not loss of anterior stroma, probably initiates the process
1n some heavily xerotic corneas As pieces of the cornified layer are sloughed,
they may take a full-thickness plug of epithehium (with or without deeper tissue)
with them In cone case, the ulcer was located adjacent to a large plaque, exactly
at the point where a large, inferior segment had recently broken off and sloughed
These ulcers might also represent a breakdown of dellen caused by their proximuty
to a steep-margined plague '™ ™

The other mechamsm of anterior stromal baring or loss does not require a
heavily keratinized surface, and, 1n fact, commonly occurs mn 1ts absence Deep
epithehal or superficial stromal bullae, observed 1n our cases as well as the
viyamin A-deficient rabbit,'® may rupture The mechanmsm of cyst formation 1s
unclear In several of our cases 1t appeared to result from dellen formation 1n a
central, depressed, nonstaining area of apparently superficial stromal desiccation
In at least one animal model, drying 15 most intense centrally, occasionally re-
sulting 1n epithehal loss followed by stromal dissolution '™

Posterior and rapid full-thickness stromal necrosis, 1 some instances appar-
ently deep to an intact epithehal layer, 15 not easily explaned by currently
accepted mechanisms of stromal dissolution It 1s appealing to thmk®# that
collagenases and other proteases known 1o be released by regenerating epithe-
lwm, "2 infiltrating leukocytes, ™ and even keratocytes,”™ and present n
the stroma of ulcerating eyes, ™ may be responsible for corneal melting 1n xeroph-
thalmia Apparently epithehal changes may even control polymorphonuclear cell
infiltration ¢ Whether this accounts for the cylindrical shape of anterior-posterior
ulcers and sharply demarcated appearance of (locahized) full-thickness necrosis
remains to be seen But it fails to explain deep stromal necrosis beneath a
seemmgly mtact epithelium, as suggested by several of our cases, those reported
previously,”™ '™ !% and occasionally seen 1n the wvitamin A-deficient rat ?” An n-
triguing report suggests the existence of a collagenase gene promoter that 1s
specifically repressed by retinoic acid, and that the retinoic acid-receptor (RAR)
may exert its effect through protemn-protein interaction that inactivates a protein
that normally enhances collagenase gene expression 024

Especially disturbing 1s the paucty of mflammatory cells in the recently
melted cornea Corneal “imnfiltration™ has been described as an early, prominent
component of the xerophthalmic process, before epithehal integrity 1s lost 1421%242
But it 1s unclear whether these observations refer to inflammatory cell infiliration,
which 1n our expenience and those of others® %1128 rarely gecurs until late
1n the course of human disease, or merely stromal edema Although inflammatory
cell mfiltration 1s promment histopathologically 1n corneas of vitamin A-deficient
animals, M 2328282 14 [has not been convincingly demonstrated in pre-ulcerated
or newly ulcerated xerophthalmic human corneas Most important, several cases,
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especially those in which histopathologic matenal was obtamed soon atter necro-
sis commenced, contamn large areas devold of keratocytes and suffering collagen
fragmentation and dissolution 1n the absence of significant aumbers of inflam-
matory cells. Smuth also commented on the paucity of inflammatory cells 1n his
relatively recent case of keratomalacia ' This suggests the possibility that suffi-
ciently impaired vitamuin A metabolism results m devitalization of corneal stroma,
with secondary nfiltration by inflammatory cells The intact keratinized rabbit
cornea displays autolysis of superficial epithelial cells and stromal keratocytes 1n
the absence of inflammatory cells and myeloperoxidase activity * The ulcerating
cornea 1s 1nvaded by wflammatory cells and protease levels nise only after the
epithelial layer 1s scraped off As in the few human specimens, dense infiltrations
are observed at the edge of the ulcer, with fewer cells 1n the central ulcerating
region ** The cornea of the vitanun A-deficient rat 1s more susceptible to melting
following trauma than is that of pair-fed controls,?%2* while epithehal wounds
heal more slowly 25246

Specific vitamin A receptors have been found in corneal eprthelium, stroma,
and endothelium,” among other tissues, while vitamin A appears to be requured
for normal glycoprotem biosynthesis mn the rat cornea > The manner mn which
protein deficiency may contribute to these changes, and the role of systemic
infection, will be dealt with later The beneficial effects of ascorbate therapy in
the burned rabbit cornea® > suggest an additional mechanism that may bear
on the problem, though corneal melting 1s not cbserved 1n classical scurvy Nor
were our cases clinwcally scorbutic

Punched-out ulcers (X3 A, Caiegory 4) can proceed to typical necrosis (kerato-
malacia) Whether this 1s the common course of events or merely incidental 1s
unknown The fact that all xerophthalnuc alterations can be seen m the same
case and occasionally 1n the same eye suggests that if one does not contribute
to the other, they at least represent staging posts along the course of a com-
mon disease

Corneal dissolution 15 sharply focal, both clinically and histopathologically
The area of ulimate stromal loss may be considerably smaller than initial clinical
observation suggests, particularly m focal necrotic cases (X3B, Category 6)
Perhaps the area of (seemngly) normal collagen devoid of keratocytes that
surrounds a focus of mfiltration and frank dissolution represents viable and
reversible corneal damage Alternatively, we may simply be witnessing resolu-
tion of opucally disruptive edema, or 1n some mstances, inflammatory infil-
tration
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Anemia and Iron Metabolism

Anemia has long been recognized as a potential consequence of vitamin A
deficiency Soon after the discovery of vitamin A, Bloch noted that Danish
orphans with xerophthalmia were “weak and thin, markedly anemic ' Wolbach
and Howe noticed loss of stem cells in the marrow of vitamin A-deficient rats,
with advanced deficiency they found an even more striking void of hematopometic
and lymphoid cells, accompanied by heavy hemosiderm deposits in the spleen ?
Hematopoietic disturbances characterized by a fall in hemoglobin (Hb) and
pallor of red blood cells preceded eye signs and inanition m vitamin A-deficient
rats * Koessler was convinced that “blood regeneration” could not take place
without vitamun A, and he prescribed a vitamun A and carotenoid-rich diet for
anemma * Berglund described a form of anemia in China that he thought was
secondary to vitamin A deficiency and that responded to cod hver o1l * Blackfan
and Wolbach observed sequestered ron deposits (as hemosiderin) n the hiver
or spleen of almost all malnourished infants who had died with histopathologic
evidence of vitamin A deficiency ®

Early investigators also recogmzed that the hematologic response to vitamin
A deficiency was biphasic, charactenized by an mitial fall in both Hb level and
erythrocyte count followed by their rise late m deficiency This pattern was
attributed to mutial interference with hemoglobin production, succeeded by he-
moconcentration secondary to dehydration from reduced water intake (and pos-
sibly diarrhea) as vitamm A deficiency became more severe ** These early obser-
vations have withstood the test of tume 716

Although as early as the 1930s anemia was viewed as one of several conse-
quences of vitamin A deficiency, 1t was not considered an important public health
factor until forty years later, following the classic study by Hodges and colleagues
n the mid-1970s Five of eight healthy, adult, male volunteers maintained on a
vitamin A-deficient/iron-sufficient diet for up to approximately two years became

150
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both vitamin A-deficient (evidenced by serum retinol <10 pg/dl or abnormal
dark adaptation) and moderately anemic (mean Hb dechned from 161 g/liter to
114 g/liter) The anemuia was refractive to medicinal wron, but responded to
mimmal amounts of vitamin A or beta-carotene (up to 150 pg retinol equivalents
[RE] per day, or ~25% of the FAO-recommended intake'”’) mtroduced nto
the diet

Effect of Vitamin A on Anemia

Controlled trials that followed the work of Hodges and associates confirmed
the hemoglobin response to improved vitamin A nutriture—whether achieved
through food fortification, daily supplementation, or single, large peniodic dosing
{Table 5-1) In Indonesia,” the mean Hb level of preschool-aged children rose
~10 g/liter over baseline and exceeded the levels in control children after vitamin

Table 5-1 Randomized, Controlled Trials of the Impact of Vitamin A Supplementation
on Hemoglobin Level

Hemoglobin (g/figer)

Follow-up
Country/ Baseline Follow-up  ptorval
Reference  Age (years) Treaiment Dosage n ¥ SD =z SD {(months)
Indonesia®® < 6 Control ORE 240 114 (16) 112 (15) 5
MSG-A ~024mg 205 113 (16) 123 (16)#*=*
RE/d
Guatemala? 1-8 Placebo 0 RE/} Fe 20 1¢ (7)) 107 (6) 2
VA =3mgRE/Md 25 103 (8) 112 (8)*
Fe 3 mg/kg/d 30 105 (6) 119 {(9)*=*
VA & FE Both 24 106 (6) 120 (T)**+
Indonesia®  17-35 Placebo 0 RE/0 Fe 62 103 (6} 105 {06) 2
(pregnant) VA 24mg RE/d 63 103 (4) 109 (5)**
Fe 60 mg/d 63 103  (5) 113 (§)*+*
VA & FE Both 63 103 (5) 118 (6)™**
Thailand®  3-9 Control O RE 58 115 (—) 115 (—) 05
VA 60 mg RE 54 115 (—) 118 (—)*
Thaland®  1-8 Control 0 71112 (—) 116 {(—) 2
VA 60 mg RE 61 112 (—) 116 (—)

*Fortification tnial was not randomized
5(—), 8D not reported

p =005

#p < 001

#Hrp <
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A-fortified monosodium glutamate (MSG-A) was consumed for five months
(providing ~810 pg RE/d, or about twice the FAO-recommended safe level'”)
(Chapter 15) Supplemented children still maintamed this Hb advantage (not
shown )} six months later, although it did not increase further, raising the possibility
that dietary wron may have been required to normalize hematologic status '
Hodge’s work suggests that the amount of vitamin A actually requred to evoke
this further improvement may have been less than was administered '® In another
field trial in Indonesia, brick salt was fortified with vitamin A at a level of intake
that provided preschool-age children with only ~135 pg RE/d (< 50% the FAO
level) After six months, the prevalence of anemma (hematocrit < 35%) among
recipients was reduced by one-third (26%, versus 38% among controls, p <0 02) *

Randomized climical tnals have clearly demonstrated the value of vitamun A
supplementation in reducing anemia and improving 1ron status in children® and
pregnant women?® (Table 5-1) Two months after approximately 100 anemic
children i Guatemala were assigned to receive 1500-3000 pg RE/d, Hb concen-
tration rose by 9 g/hter on average, compared with a 3 g/liter increment among
placebo recipients (A = +6 g/liter) This response was consistent with mmprove-
ments 1n 1ndices of 1ron status Serum tron 1n vitamin A reciplents increased
by 16 pg/dl (p = 001) and percent transferrin saturuation {% TS) rose by 4 5%
{p <0 07) over the mean changes observed in placebo controls Children recewving
1ron without vitamm A showed an even greater increase i Hb over controls (A
= +11 g/hter} Adding vitamun A to 1ron did not increase Hb further, though
serum 1ron and % TS mmproved further m children given both nutnents # This
suggests vitamin A deficiency impairs tron utiization, hence, vitamm A alone
can improve such utilization, usually by increasing Hb to the point that avaiiable
ron becomes the limiting factor Adequate wron supplementation by 1tself, how-
ever, seems capable of compensating for the reduced efficiency of tron utilization
mposed by vitarmn A deficiency 7%

An additive effect of vitamin A over iron supplementation alone was reported
among Indonesian women who were enrolled 1 a randomized trial between
thetr fourth and sixth months of pregnancy After two months of daily vitamun
A supplementation (2400 pg RE/d), Hb levels increased by 4 g/hter over that
seen m placebo controls? (Table 5-1) Although daily won supplementation
elevated Hb by 8 g/liter over controls, the greatest response was observed in
women taking both vitamn A and wron tablets, m whom Hb increased by 13
g/iiter over controls The response to vitamin A alone reduced the prevalence
of anemia (Hb < 110 g/liter) by 23% compared with controls, whereas iron alone
reduced anerma by 62% Double supplementation virtually ehminated nutritional
anemia (98% reduction) # The hematologic response to a vitarmn A-plus-iron
supplement was also superior to ron alone m a study among pregnant women
n India

There appears to be a hematologic response to a lgh-potency vitarmn A
supplement (e g, 200,000 IU), but the effect on Hb or hematocnit {Het) may be
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less sustained than when vitamin A intake 1s improved by increased daily intake
(Table 5-1) Inone of two randomized trials in Thailand, vitamin A supplementa-
tion increased mean Hb concentration by 3 g/liter two wecks after a single large
supplement,® but children were not followed further In a second trial, a single
high-potency dose of vitamim A failed to ehcit a positive Hb {(or Het) response
as long as two months to four months following supplementation # A third trial,
mn Indonesia, observed no change in mean Hb five weeks after a large-dose
supplement, although Hb levels had improved in children who were mmitially
anemic (Hb < 110 g/liter) at baseline * These findings suggest that Hb may be
elevated for only a short duration (possibly for a month or less) followng a
single, large dose of vitamin A, paralleling the rise and fall of serum vitamin
A2 However, 1 each of these trials one or more indicators of iron status
(serum ferritin, serum 1ron, or % TS) responded favorably,”* suggesting an
early and perhaps more sustained effect on 1ron mobilization than on Hb

Since the most sustained Hb response 1s associated with daily ingestion of
vitamin A n amounts that are close to recommended levels of intake,”" reduc-
ton 1n anerma following vitamin A supplementalon appeats to represent a nor-
mal, physiwologic response to the reduction 1n vitamin A deficiency rather than
a pharmocologic etfect

Sugar Fortfication with Vitamin A in Guatemala

As a case study, Guatemala’s experience with vitarmn A-fortified sugar (Chapter
15) offers uruque insights mto the impact produced by increasing dietary vitamin
A 1ntake over a prolonged period of time *** A cohort of some seventy-five
preschool-age children routinely consuming vitamin A-fortified sugar (~15 pg
RE/g) that increased their dietary intake threefold (~350 pg RE) were followed
for two years Changes 1 serum vitamin A and in multiple indices of iron status
(serum ferntin, serum iron, total wron-binding capacity {TIBC], and % TS) were
evaluated. although Hb measurements were not taken 3 At the end of six
months, serum retinol had increased, consistent with a positive effect on vitamin
A status (Table 5-2) Serum wron rose while serum ferntin dechned, reflecting
changes 1n 1ron status consistent with mobilization of existing wron from body
stores TIBC also increased imitially, suggesting that the iron-carrying capacity
of transferrin may have improved as part of a broader response of protein
synthesis to this imtial improvement 1n vitamin A nutriture ¥

At the next evaluation, at twelve months, serum 1ron and TIBC had both
dechined slightly Serum fernitin had begun to rise, while % TS was unchanged
relative to baseline * None of these increments was statistically significant, but
each appeared to foretell a shift in the longer-term response to improved vitamin
A putriture that became evident by eighteen and twenty-four months At these
visits serum 1ron, % TS, and serum ferritin were all significantly elevated over
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Table 52 Change 1n Serum Retinol and Iron Status in Preschool Children Following
Sugar Fortification with Vitamim A m Guatemala

Interval {months)

0-6 0-12 0-18 24
(N = 77) (N =75) (N = 46) (N = 51)

Retmol {pg/dl) ¥ 51% 52+ ¥ 36 + 23
Serum 1ron (ug/dl) + 4 5% -36 +13 1% + 91#

TIBC (pg/dh) +183% -88 - 78 ~136
% TS + 06 -10 + 38* + 22
Serum ferntin {ng/ml) - 33 +21 + 55*% + 49*

*p =005
From Mepa 1982 %

baseline while TIBC was lower, although not significantly so Dietary iron intake
remamed stable throughout the intervention period *

Meja et al concluded that the increase m vitamm A mtake achieved via
fortified sugar mitially enhanced iron mobihzation (and presumably its utilization
1n erythropoiesis), leading to an 1nitial dechne 1n 1ron stores They hypothesized
that lower stores triggered an increase 1n the efficiency of iron absorption 1n the
presence of a constant dietary wron intake The improved absorption gradually
restored and maintained 1ron reserves and stabilized the delivery of essential
wron for hematopoiesis at levels that were signficantly higher than before sugar
fortification with vitamin A had begun ** Although not controlled, the longitudi-
nal changes observed 1n this study are consistent with iron kinetics of animals
and humans, and suggest the hikelihood and magnitude of changes 1n hemoglobin
and 1ron status that may be expected from programs that control vitamm A
deficiency (1n commumtics of similar nutritional status, dietary intakes of vitamin
A and 1ron, and rates of disease)

Extent of Vitamin A Deficiency-Associated Anemia

Preadolescent children and women of reproductive age appear to be the principal
groups at nsk of anemia due to vitamun A deficiency Although the extent of
this form of anemia remains to be elucidated, the problem appears widespread
where vitamin A deficiency exists, regardless of dietary ron intake (which 1s
generally suboptimal)

Children

Cross-sectional studies generally show that chronically mild-to-moderately vita-
min A-deficient children are anemic relative to their non-deficient peers Lower
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Hb or Het levels have been observed among school-aged children with xeroph-
thalmia or serum retinol < 0 70 pmol/liter * In Central Amenca,® Africa,” and
South Asia,“* significant correlations of r = ~020 to 030 have regularly been
reported between serum retinol and Hb, suggesting that serum retinol explains
4% to 10% of the vanation in Hb level among preadolescent children A stronger
correlation among anemic® or vitamm A-deficient® children supports findings
that Hb 1s more responsive to vitamin A 1n the presense of anema %

In preschool children the assoaation between circulating retinol and Hb
levels 1s similar to that 1n older children, although usually not significant ** The
relationship 1s clearer with respect to clinical (more severe) vitamin A deficiency
Preschool-aged children with mild xerophthalmia exlubit Hb levels that are lower
than non-xerophthalmic children ** In the western Pactfic, where xerophthalmia
and subclinical vitanmn A deficiency are widespread n the relative absence of
wasting malnutrition,”-* distributions of Hb* and Het* were shifted to the left
among preschoolers with abnormal conjunctival impression cytology (CIC) This
suggests that children with physiologically impairing vitamin A deficiency (but
without severe clinically detectable vitamin A deficiency or wasting malnutrition)
are more prone to anemia than children with apparently normal vitamimn A-
related function and ° status™ (Fig 5-1)

That anemia of vitamin A deficiency is responsive to vitamin A repletion 1s
apparent from the findings of Mepa et al, which show that ~65% of the Hb
response 1n anemic children can be obtained by increasing the intake of vitamin
A alone
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Fig. 5-1. Relationship between hemoglobin level and prevalence of vitamin A deficiency
assessed by conjunctival impression cytology (CIC) in children 3-6 years of age 1n Truk,
Micronesia (From M A Lloyd-Puryear et al )
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Women of Reproductive Age

Following thewr mittal study m the 1970s," Hodges and his associates carrned out
an ecologic reanalysis of data on nonpregnant, nonlactating women who were
examined during the nutrition surveys conducted by the Interdepartmental Com-
miuttee on Nutrition for the National Defense (ICNND) n the 1960s In eight
developing countries, selected for low estimated dietary vitamin A intakes, there
was a linear relationship between mean plasma vitamin A and mean Hb levels
{r =077, p < (005) ¥% In Indonesia, hemoglobin and hematocrit, 1n addition to
serum 1ron levels, were significantly and positively associated with serum retinol
n pregnant women after adjustment for multiple confounders * An mtial esti-
mate of the extent of vitamin A deficiency-induced anemia can be derived from
the findings of Suharno and coworkers in Indonesia #? They observed that approx-
imately one-third of the Hb dechne 1n anemte, pregnant women (in a population
where 85% of all pregnant women were anemmie [Hb < 110 g/hter]) could be
attributed to vitamin A deficiency, and that improving vitamuin A intake through
daily, low-level supplementation could ehminate anemia m a quarter of these
women #

Potential Mechanisms

Anemia observed 1n vitamimn A-deficient children and women may be due to
impaired release or transport of 1ron from body stores, sequestration of 1ron 1n
tissue depols n response to fection, defective hematopoiesis within bone mar-
row, or any combination of these and other factors

Effects on Iron Storage

Vitarn A deficiency in experimental ammals restricts the release of depot iron,
as evidenced by a consistent rise 1n hepatic and splenic iron reserves 2101238474
The nise 11 1ron storage 1 the vitamin A-deficient rat occurs regardless of the
presence of mnfection,? 112344 gnppegting that these dynamics are not mediated
solely by concomutant, infection-induced sequestration of 1ron

The relationship between iron stores and vitarmmin A deficiency 1s not as clear
m humans as 1n animals, 1n part because human studies generally employ serum
ferritin as a proxy for ron reserves Although serum ferritin 1s widely considered
a sensitive inchcator of 1ron tissue storage,® it 18 also a positive acute phase
reactant™ affected by infection®* and acute malnutrnition * Where wasting
malnutrntion, vitamin A deficiency, and chronic infection coexist, serum ferntin
1s increased % This may reflect agher 1ron stores (as seen m vitamin A-deficient
amimals), the acute phase response of ferritin to infection.” %% or the chronic
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response seen 1n patients with long-term inflammatory, malignant or hepatic
disorders 3! %2

Serum ferritin 1s often found to be unassociated, % or only weakly s0,%
with hyporetinemia™ ** and muld xerophthalma, even where protem-cnergy
malnutnition (PEM) 1s less severe and infection 1s not obvious * Serum ferritin
can be unresponsive to vitammn A for as long as four months after supplementa-
tion,”' 2% during which time the risk of serious mfection should have been
reduced However, other studies have produced different results

In Indonesia, serum ferntin mereased (+11 4 pg/liter versus placebo, p < 0001)
within five weeks after vitamin A-deficient chuldren (half of whom had xeroph-
thalmia) were dosed with 209 pmol (200,000 IU) of vitamin A * Mechansms
underlying this response are unknown, but may involve a rapid increase 1n 1ron
absorption mn response to the rapid correction of vitamin A deficiency n severely
deficient children who had only marginally depleted 1ron stores (serum ferritin
= 27 pg/hter) *® In Guatemala, serum fermtin imtially decreased but then slowly
mcereased i children over the two years that followed sugar fortification with
vitamin A *-* Change 1n serum ferritin was inversely correlated with change 1n
serum retmo! (r = —029, p < 005) The gradual, positive response 1n serum
ferritin 1n these children was consistent with mmproved 1ron uptake and release
following prolonged increases m vitamun A mtake and improvement 1n vitamin
A status

Effects on Iron Transport

Vitamin A deficiency may impair the mobihization and transport of wron Cross-
sectional studies mn children and women 1ndicate serum tron varies dirgctly with
serum retinol, with correlations generally ranging from r = (17 to (1 42 73846596
Thai preschoolers with mightblindness had a mean serum wron concentrahion that
was ~70% the level among their non-xerophthalmic peers (p < 0 01) % A similar
but nonsignificant difference was observed m India among hyporetmnemic chul-
dren, some of whom had mild xerophthalmia * In the vitamin A-compromised
state the decline 1n plasma 1ron 1s often accompanied by a fall in % TS,57%%
reflecting impatred capacity to deliver ron to the bone marrow

Vitamin A supplementation appears to mobilize the dehvery of iron to the
erythron i poorly nourished populations Increases in both circulating (plasma)
iron and % TS have been observed in randomuzed, clinical tnals two weeks™ to
two months? 2% following known vitamin A administration to chuldren®*% and
pregnant women,? whether the vitamin A was dehvered as a daily supplement™ *
or a mgh-potency (209 pmol) capsule 2 Increases i both serum 1ron and %
TS among vitamin A-supplemented chuldren were 25% greater than the increase
1 controls ¥#% Relative icreases of these two indices 1 pregnant women have
been more modest than in children (= +5%) %
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Effects on Hematopoiesis

Vitamin A 1s required for normal hematopoiesis in the presence of apparently
adequate 1ron bioavalabiity Most of the advances 1n our understanding of the
mechanisms responsible, however, have emerged from 1n vitro studies of the
regulatory effects of retinoids on maturation of hematopoletic cell lines {e g,
the HL-60 human promyelocytic cell line) % Retinoids, but particularly all-
transretinoic acid induce differentiation and proliferation of pluripotent hemato-
potetic cells derived from bone marrow % The nature of the effects appears to
depend on the type of cell, stage of maturation, nature of stimulus, type of
retmoid being tested, and many other factors %

In ammals, experimentally controlled vitamin A depletion produces an un-
equivocal decrease 1n Hb and Het #471%-1247487 Thyg 15 accompanied by decreased
uptake of isotopically labeled ron by erythrocytes compared with controls,!
indicating a defect in heme formation Rats on a low-vitamin A diet develop
muld anema concurrent with their dechne n vitammn A status weeks before
showing other signs of impaired ron metaboltsm, including changes in 1ron
storage and absorption  This suggests that deranged erythropoesis may imitiate
anemia m vitamin A deficiency, which could, n turn, lead to impared wron
metabolism rather than vice versa 2%

Available data suggest that vitamin A deficiency 1s an important contributing
factor in nutrihional anema The responsiveness of Hb and indices of iron metabo-
lism following vitamin A supplementation, alone or in combination with supple-
mental 1ron, 1n diverse populations suggests that vitamin A-responsive anemia
1s widespread A number of mechamsms might be involved, mcluding disruptions
i the transport, absorption, and storage of iron, as well as a direct influence on
hematopoiesis The anemia of vitamin A deficiency may be expected to mitiate
or contribute to the same cascade of defects in oxygen transport and metabolism, %
reduced resistance to mnfecton,®® and impaired cogmtion and performance™"
attributed to primary 1ron deficiency anemia of similar severity The prevention
of vitamin A deficiency should be considered, along with 1iron supplementation,
as a potentially important approach to the control of nutritional anemia
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Growth

There 1s no low pltane of mtake of [vitarmn A] which can be said to mamtain
an animal without loss of vitality When the mummal amount necessary for
the prevention of loss of weight 15 approached the hfe of the ammal 15
jeopardhzed if the diet 1s persisted in

—McCollum and Simmonds, 1917

Mammahan growth requires vitammn A A mxed diet apparently satisfactory in
energy and all other nutrients will not sustain growth, vigor, or life 1n a young
ammal without a nummum amount of vitamin A This discovery, made eighty
years ago by McCollum and Davis™ and almost concurrently by Osborne and
Mendell * provoked an enduring mterest n the nature, timung and sequence,
mechamsms, conditioning factors, and consequences of vitamin A deficiency As
a result, the growth response to changes in vitamin A nutriture has been reliably
established in several ammal models Inevitably, this has proven difficult to study
i children due to the numerous influences on their growth that are difficult
to control

The basic growth response to vitamin A in well-controlled animal experiments
provides insight into this relationship 1n children More mmportant, it also estab-
lishes approximate thresholds at which vitamin A deficiency may restrict child
growth, other factors remaining stable

Animals

The effects of vitamin A deficiency on growth have clearly and consistently been
observed m animals The sensitive changes in weight gain of rats fed varied
amounts of an ether-soluble fraction of egg volk?? and butter* onginally led to

163
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the discovery of “fat-soluble factor A™, its deficiency led to growth cessation
(Fig 6-1) ' In the phase of vitamin A depletion leading up to growth failure,
however, ammals are not mildly deficient in vitamim A Rather, they are systemi-
cally depleted m vitamin A with attendant health comphcations, including a
rapid mise 1 mortahty *

Only after several weeks on a vitamin A-deficient diet do small animals begin
to grow poorly, characterized by deceleration in weight gain This 1s followed
by a stable weight “‘plateau” and, eventually, precipitous weight loss >° Liver
stores of vitamin A are generally depleted several weeks before an ammai reaches
the weight plateau "' During the pre-plateau phase, slowing weight gain com-
cides with dechning levels of circulating retinol *? Presumably, recyching of extra-
hepatic retinol helps to sustain peripheral availability of vitamin A and extends
the duration of near-normal tissue function, including those mechanisms mvolved
1n growth However, numerous other functional abnormalities appear before
hepatic vitamun A 1s depleted, or weight gain ceases These include an increase
in cerebral spmal flmd pressure,'*’S defects in cellular and humoral immune
response (Chapter 9), epithehal changes 1n the intestinal mucosa,''” and epider-
mo1d metaplasia of the respiratory,” 2 glandular and urninary® tracts Reductions
In weight gain velocity also correspond to losses in efficency of protein and
energy metabolism ** Rusk of infection and death increase prior to weight
platear, often long before xerophthalmic eye signs appear !#% Cessation of
weight gain heralds chnically apparent, severe vitanmin A deficiency, and signals
a collapse of normal metabolic adaptation
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Fig. 6~1. Growth curve of rat number 141, reported by E V McCollum 1n 1913, showing
(1) mmtial, shightly subnormal weight gain while consuming a purified ration lacking a
small amount of butterfat with “fat-soluble A, (2) growth faltering (slowed rate followed
by a “plateau” and weight loss) during advanced deficiency, and (3) a distinct and rapid
ponderal growth response following remntroduction of butterfat °
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Repletion of an experimentally deficient diet with small amounts of vitamin
A (mmadequate to return hepatic or circulating retinol levels to normal) can
enhance survival® halt weight loss and reestablish normal or even catch-up
ponderal growth 2751338302 Thyg weight gamn 1n the young ammal 1s not easily
disturbed by vitamin A deficiency,® it lags behind depletion and responds rapidly
to a diet contaiming a mimimum amount of vitamin A

In contrast to the well-defined vitanun A-related change 1n weight, the effects
of dietary vitamin A manipulation on linear growth, bone formation and body
composition 10 ammals are less clear Early studies reported continued growth
n tail and total body length during chronic vitamin A deficiency despite decelera-
tion and loss 1n body weight,’ raising questions about the utility of weight change
as a vahd, single index of permanent growth of ammals Subsequent studies 1n
calves' and ponmies* have shown little* to no" effect of vitamin A supplementa-
tion on (witheral) height This apparent absence of effect 1s surprising given data
demonstrating retarded endochondral growth 1n the epiphyses, and a consequent
shortening of long bones of vitamin A-deficient dogs,” chicks,* ducks,” and
rats ® Some have attnibuted these endochondral changes 1 vitanmn A deficiency
to mamtion that accompanies advanced vitamin A deficiency™ and not to a
specific effect of vitarmin A deficiency itself Others have demonstrated abnormal
sulfation of cartilaginous bone 1n the vitamin A-deficient rat,” as well as deficient
somatomedm production i vitamin A-deficient children “ These observations
support a regulatory role for vitamm A m osteogenesis that could, in part,
underlie linear growth stunting 1n vitamin A defictency

The need for body vitamin A stores to be exhausted, or nearly so, before
ponderal growth 15 affected in animals may be relevant to understanding ponderal
growth of vitamin A-deficient and supplemented children

Children

Few would doubt the importance of vitamn A in child growth However, the
ability to conclusively demonstrate 1ts precise impact 1s difficult given the different
environments 1 which children live, with vanations in their status of other
nutrients, nutritional demands (1 e, as posed by repeated infection), and study
designs Children are often deficient, to varying degrees, in other nutrients essen-
tial for growth Thus, vitanuin A deficiency may truly hmit growth when 1t 1s the
most deficient of the essential nutrients, or may be associated with poor growth
when 1t 18 correlated with another, growth-limting factor The association would
be evident by a lower attained growth or a deceleration 1n growth rate in children
who are vitamin A-deficient, especially those with severe deficiency (¢ g , xeroph-
thalmia} Children i whom vitarmin A deficiency s truly “growth-limiting” would
be expected to respond to vitamin A replemishment, at least to the point at which
other nutrients become hmiting Where vitamin A deficiency 1s not the most
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hmiting factor, replemshment may not result in a measurable growth response,
although 1t mught still induce other heaith benefits (such as a reduction m
mortahty)

Attained Growth during Vitamin A Deficiency

Cross-sectional studies reveal mnstances mn which vitamin A status and attamed
growth are associated Children with vitamm A deficiency are often stunted and
occasionally wasted compared with apparently normal children of similar age
Dufferences mevitably represent a mix of direct and indirect effects, the latter
often secondary to generalized malnutrition and infection that can accompany
vitamin A deficiency Indeed, vitamin A deficiency could increase the frequency,
severity, and duration of infections (Chapter 3}, which in turn affect vitammn A
and general nutritional status (the ‘“‘infection-malnutrition complex™) While
static assessment cannot establish temporality or cause-and-effect, the consis-
tency with which poor achieved growth and vitamin A deficiency comcide sug-
gests a causal role for the nutrient

Height-for-Age

Children with corneal xerophthalmia are almost always stunted in lhnear
growth,”* an association that 1s more strongly correlated with age (as a surrogate
for duration of deficiency) than degree of comeal involvement * Older preschool
children with active corneal disease tend to be more severely stunted than
vounger children, reflecting, in part, the cumulative impact of underlying malnu-
triion* % and repeated infection”* that occur with age and may precede blinding
xerophthalmia #*¥ The first Indonesian countrywide survey i 1978-1979 1denti-
fied a sufficient number of cases with which to examine this relationship (n =
20, 1-4 years, n = 1 at age 5)* Stunting was severe among all children with
active corneal disease (X2/X3), but was relatively more severe in chuldren three to
four years of age (Fig 6-2), suggesting a longer duration of preexisting deficiency

Growth stunting 15 also observed at less severe stages of vitamumn A deficiency
Frequently,**'-* though not always," % children with mild xerophthalmia (XN
or X1B) are stunted compared with non-xerophthalmic children Indonesian
children with X1B were shorter at every age, by an average of 26 cm, from 1
to 5 years compared with matched controls and the national random sample of
children* (Fig 6-2), suggesting that vitamin A deficiency and hnear growth
retardation coexist very early in life The constant difference tn stature with age
might indicate that children with xerophthalmia, possibly once recovered, tend
to reestablish a growth rate comparable to that of the non-xerophthalmic (but
still vitarmin A-deficient} population norm, but do not exhibit catch-up linear
growth. The absence of catch-up growth was documented n a longitudinal study
of vitamin A supplemented xerophthalmuc children ® Where a xerophthalmia-
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Fig. 6-2. Height-for-age and ocular status of Indonesian children assessed durmg the
countrywide survey of 1978-1979 Children with corneal disease (X2/X3) were shorter
than children who had Bitot’s spots (X1B) (p < 001} children with X1B were shorter
than their matched controls (p < 0 01) There were no significant differences 1n height
between randomly sampled chitdren without xerophthalmia (normal random sample) and
matched controls

stunting relationship has not been observed,” ™% 1t may be that other, more
widespread and severe nutritional deficiencies are limiting growth 1 the popula-
tion as a whole (with which the xerophthalmic children’s growth 1s compared) #

Stunting appears less consistently at subchnical stages of deficiency, at which
point competing determmants of poor hnear growth might dominate Excess
stunting has been observed among children with abnormal conjunctival 1m-
pression cytology (CIC), an index of functional vitami A deficiency (Chapter
11) #%% In Micronesia, the prevalence of vitamin A deficiency (abnormat CIC)
rose m a dose-responsive fashion with the seventy of low height-for-age (Fig
6-3) * Senegalese preschool children with abnormal CIC were 17 times (95%
CI 1 4-20) more hkely to be stunted (< —2 height-for-age Z-scores [HAZ]*)
than their normal peers © An nabihty to obtain CIC specimens from a large
proportion of subjects may have hased findings of a recent study that failed to
show this relationship ¢

Stunting 1s often associated with hyporetinemma among both preschoolers
and school-aged children,” although not, as expected, 1 all populations stud-
1ed "7 Age- and neighborhood-matched controls of xerophthalmic children m
Indonesia—who had a lower serum mean retinol and, therefore, were at hugher
risk of subclimcal vitamin A deficiency than children it other neighborhoods
due to 1ts tendency to cluster® -7 (Table 12-2)—also did not differ appreciably
1n height from the rest of the population (F1g 6-2) Few studies have attempted

54 67-69
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Fig 6-3 Prevalence of vitamun A deficiency (abnormal CIC) by height-for-age of pre-
school-age children 1n Truk, Micronesia The percentage who were vitammn A-deficient
rose with mncreased stunting relative to the National Center for Health Statistics (NCHS)
median '¥ (From M A Lloyd-Puryear et al *}

to relate attained growth to dietary mntake of vitamin A One such study in Peru
that mcorporated longitudinal dietary assessment for a number of years prior
to status assessment found that long-term beta-carotene intake was strongly
assoclated with attamned stature, mdependent of dietary protein, energy, and
other nutrient intakes, but only in male children ™ While not fully understood,
the gender effect 15 consistent with a propensity for boys to be more vitamin A-
deficient than girls 7 Sex-specific differences in growth responses to vitamin A
deficiency and repletion have been repeatedly observed m ammals ™

Seasonahty may confound the relationship between vitamun A status and
attained height-for-age, given the sharp seasonal vanation of the former¥7-8
and modulated or lagged seasonality that can attend the latter %

In aggregate, the above findings suggest that vitamin A deficiency needs to
be severe enough to impact on linear growth Prospective studies and intervention
trials tend to bear this out

Weight-for-Height

Children with corneal xerophthalmia are nearly always wasted,”? #°08& reflecting
their general state of frailty “®® This fact has been recognized for over half a
century “ Less obvious 1s that children with non-corneal xerophthalma (XN or
X1B) may also be thinner than normal, or more so than hospitalized, malnour-
ished peers matched on similar anthropometric categories® Occasionally,
food-sufficient populations, mildly xerophthalmic or subchmcally vitamin A-
deficient children are observed to be shghtly more wasted than their normal peers
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below two years of age ¥* Otherwise the association cannot be seen,* ™ 872919
perhaps because of higher rates of mortality among wasted children with xeroph-
thalmia * On the other hand, mild degrees of wasting, reflected by a lower weight-
for-height* or arm circumference,”* often accompany non-corneal xerophthal-
mua 1 populations that face chronic food shortage This relationship 15 especially
apparent during drought, when both wasting malnutrition and high rates of mild
xerophthalmia coexist %%

Weight-for-Age

Weight-for-age represents the combined effects of stunting and wasting malnutrn-
tion, corrected for age Because some studies have only reported anthropometric
status by weight-for-age,” '™ they shed little light on the wasting-stunting contin-
uum m relation to vitamin A status

Growth Velocity during Vitamin A Deficiency

The extent to which vitamin A deficiency may alter growth velocity of children can
best be gleaned from prospective, natural history studies such as that conducted
um West Java from 1978-79 # Growth measurements were repeated at regular
mtervals as children waxed and waned 1n their chimcal vitamun A status ¢ Height
and weight were measured and an ocular examination was conducted on ~4000
preschool children every three months over an eighteen-month period (Fig 2-2)
Growth increments were determined 1n temporal relation to xerophthalmia status
(XN or X1B), adjusted for age, sex, history of diarrhea, and clinically evident
respiratory illness at the outset of an interval The clinical examination of children
at the beginming and end of 15,816 ntervals permitted wnterval status to be
classified as (1) normal (N-N), (2} xerophthalmic (X-Xj, (3) detenorating m
vitamin A status as children went from normal status at one exam to having
xerophthalmia three months later (N-X), or (4) improving in vitamin A status
as children recovered from xerophthalmia during an interval (X-N)

Compared with children who remained normal (N-N} those who developed
xerophthalmia duning a 3-month mterval (N-X) showed a dechne 1n ponderal
and hnear growth velocities by 199 g and 028 cm respectuively (Table 6-1)
Chuldren who were mildly xerophthaimic on two consecutive occasions (X-X),
reflecting a state of chromic vitamun A deficiency, gained 120 g less in weight and
021 cm less 1n height than children who were chinically normal but subclimeally
deficient (with nearly half having a serum vitamin A < 0 70 wmol/hter) *” This
15 ¢quivalent to an annual deficit of ~560 g and ~0 9 cm for children who develop
xerophthalmia and do not inprove duning the year

In contrast, children who recovered from xerophthalma during an interval
(X-N) gained more weight (+124 g) than normal children, accounting for more
than half of the 200 g decrement 1n weight gam that occurred durning periods of
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Table 6-1 Differences in Three-Month Weight Gam and Linear Growth between
Xerophthalmic and Non-Xerophthalmic Preschool Indonesian Children

Change in Weght (g} Change wn Height (cm)
Interval Difference from Difference from
Clrical 3-Month N-N 3-Month N-N
Starus® Intervals (N) Interval Crude Adrusted® Interval Crude Adjusted
N-N 14,743 348 — — 177 — —
(6¥ ©02)

N-X 353 139 -209 -199 141 -036 —0 28

(43) 57 (0 08) (0 08)
X-X 252 211 —-137 =120 138 -039 -021

(43) (36) (009) (0 08)
X-N 368 459 +111 +124 168 -009 009

{41) (41) {009) (009}

*N-N Ciinically normal at the outset and end

N-X Chinically normal at the outset and xerophthalouc at the end
X-X Xerophthalmic at the outset and end

X-N Xeraphthalmic at the outset and climically normal at the end

"Adjusted by least squares hinear regression for age, sex presence of respratory nfection and history of diarrhea
at the start of each mterval

‘x 1 SEM
From Tarwolyo et al, 1992 ¢

dechnimg vitamm A status Thereafter, chnically recovered children continued
to gain weight (at least through the next interval) at a rate that was comparable to
normals as long as they remained free from xerophthalmia However, recovering
children only slowly caught up n linear growth relative to normals {who them-
selves had mean vitamin A levels below 20 pg/dl) 009 and 006 c¢m more,
respectively, during concurrent and subsequent three-month ntervals

Although cause and effect cannot be conclusively inferred, these findings
suggest that vitamin A deficiency, at a level that 1s consistent with rmld xeroph-
thalmia, can indeed modulate the tempo of weight gamn and hnear growth n
children The estimates may also be used to define the range of relative weight
gam (up to ~500 g/yr) and linear growth (up to ~1 cm/yr) velocity that could
be singly affected by vitamuin A deficiency and, therefore, responsive to vitamin
A mtervention, given that some of the total growth response during periods of
recovery might well be due to an overall improvement m health and diet

In this study, recovery from xerophthalmia favored catch-up weight gan
1n the short term but a slower response in linear growth, similar to that seen
m early ammal studies’® Presumably growth improved up to a nutritional
plane where other deficiencies became restrictive These growth dynamics could
underhe the frequently scen pattern of mmimal wasting with more apparent
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stunting***-%# of mildly xerophthalmic children, particularly where episodes
of xerophthalmma repeatediy occur throughout the preschool years. 6 ®

Given a tendency for stunting among subchmecally vitamin A-deficient chil-
dren **557%8 it may be expected that such children grow less than their peers
However, this was not the case 1n rural Nepal, where a cohort of non-xerophthal-
mic preschool-aged children participated m a control group of a randomized
community tnal ' They were classified as CIC-normal (n = 222) or CIC-abnor-
mal {n = 64) at baseline, and their growth was followed every four months CIC
status was not reclassified at each visit, as was done m the study in West Java
Nonctheiess, age- and baseline status-adjusted changes 1n hinear growth, weight,
arm circumterence and skinfold thickness of CIC-abnormal children were compa-
rable to children with normal CIC status throughout sixteen months of follow-
up (K P West et al, unpublished data, 1995) It appears that muld vitamun A
deficiency (abnormal CIC), consistent with early epithelial metaplasia, may not
be growth-limiting 1n a markedly stunted (mean = —2 5 HAZ%®Y2) and wasted
{mean = —1 00 weight-for-height Z-score [WHZ]*®'™) population potentially
suffering other factors more mfluential to growth

Growth Response fo Vitamin A

Vitamin A supplementation trials provide an opportumity to nvestigate the
specific contribution of vitamun A status, i and by itself, to growth Well-
designed, randomized, controlled trials conducted n different populations and
with varying constructs have yielded differing results These range from improve-
ment in ponderal™ % and linear'™ ' growth and apparent body composition'” '™
mn certain groups of children, to httle!™!® or no'™ '8 effect 1n others This 1s not
surprising given the complexity and apparent nonspecificity of growth to a host
of factors {diet, infection) under free-living conditions Variation 1n response to
vitanun A supplementation depends on the nutritional ecology of the population,
mcluding the comcident severity and seasonality of protem-energy malnutrition
(PEM), vitamin A and other micronutrient deficiencies, the age, health status,
breast-feeding, and other coexisting dietary habits of children, and perhaps the
frequency duration and dosage of vitamin A supplementation

Large-Dose Vitamin A Supplementation

Data from a randomized, double-masked commumty trial in Nepal™ (NNIPS)
permit a detailed mspection of the growth response to periodic vitamumn A supple-
mentation 1 a moderately stunted and chronically wasted population ' 1219110
A cohort of approximately 3500 children aged twelve months to sixty months
were dosed with 200,000 IU or 1000 IU (control group) of vitamin A at baseline
and every four months for sixteen months A smaller group of infants was also
followed after receiving 50,000 IU (less than one 1 month old) or 100,000 TU
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(ong month to eleven months old) versus placebo Linear and ponderal growth,
including changes in height or length, weight, and mid-upper arm circumference
(MUACQ), were evaluated at each visat Subscapular and tricipital skinfolds, per-
matting derivation of upper arm muscle (including humoral bone) and fat areas,'"
were also measured at the first and fifth visits

Non-Xerophthalmuc Children The basic question posed by this trial, as with
other intervention studies,' '%-'® was whether vitamin A supplementation alone
could improve overall child growth 1n an area of endemic vitamin A deficiency
The response was modest 1n clinically normal children (without xerophthalmia
at baseline) who were twelve months of age or older at the outset (Table 6-2)
All growth comparisons were adjusted by sex, age and indicator status at baseline
Vitammn A supplementation appeared to exert small, relative effects on weight
gain that were seasonally dependent During the first pertharvest four-month
interval, vitamin A-supplemented children gaimned 121 g less weight than controls
This represented less gain 1n soft tissue, reflected by a —0 11 relative change in
WHZ (p < 0001), wath sumilar rates of linear growth n both groups During the
next eight “leaner” months, throughout which rates of weight gain fell in both
groups and arm circumference remained relatively constant (K P West et al ,
unpubhished data, 1995), vitamun A-supplemented children gamned shghtly more
wetght than controls, leaving essentially no difference between groups after the
first year of mtervention {(differences in AWHZ = 002 and AHAZ = 001)
During the last (pertharvest) four-month interval observed 1n the tnal, weight
gamn was agawn smaller 1n the vitamm A group, causing the relative defict
welght gamn (—72 g} and WHZ (—0407) (p < 001) to reappear 1n the continued
absence of any effect on hnear growth

Changes 1n upper arm muscle and fat and truncal fat suggested that the
pentharvest deficit in weight gain relative to controls may have been due to
reduceu accumulation of fat Arm circumference mitially increased by 016 em
in the vitammn A group over unsupplemented controls, a modest advantage
that was generally mamntained throughout the trial After sixteen months, the
difference between groups was due entirely to a 25 mm? increase 1 muscle (plus
bone) area (p <0 001) (Table 6--2), similar to what was seen among boys receiving
vitamin A 1n the Indonesian Aceh Study "' While this difference accounted for
only 2% of the children’s mitial muscle area (= 1100 mm?), 1t represented a
30% relative increase over the muscle growth of controls ' However, since long-
term change n weight-for-height (WHZ) was more strongly correlated with
apparent change in fatness (r = 0 65 for skinfolds) than with change 1n muscula-
ture (r = 032 for MA), seasonal fluctuations that were observed m WHZ were
more likely to have been reflecting vanation in body fat than m lean body mass

Growth effects observed 1n {non-xerophthalmic) infants were far more per-
plexing and require constderable mvestigation In a baseline cohort of infants
under six months of age who were dosed and followed for sixteen months, vita-
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Table 62 Dufferences (A in Growth Increments between Non-Xerophthalmic Children m the Vitamm A (VA) and Control {Ct)
Supplement Groups, 12-60 Months of Age at Baseline, Sarlahi, Nepal

Number WT(g)® HT{cm) AC(cm) MA(mm?) FA(mm?) S8(mm)
Ct VA A SE A SE A SE A SE A SE A SE
4 mo 1450 1592 —121 19%* 0 01 016 0 02%* — — — — — —
12 mo 1405 1578 38 16 01 01 023 002+ —_ —_ —_ . — —
16 mo 1361 1481 -72 27* 01 01 013 0 (2% 25 4 0 4 0 01

“Infferences represent VA group munus CT group mcrements estimated by a regression coefficient (b) adjusted for sex, age and measurement status at basehne

"WT = weight, HT = length (12-23 mo} or height (= 24 mo), AC = left mid-upper arm circumference, MA = upper arm muscle area, FA = upper arm fat area, S8 = left
subscapular skinfold, A = VA mcrement munus CT mcrement, SE = standard error of b

*p =001
*p = 0 0001
From West et al , 1995 12
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min A supplementation was associated with decrements of 0 16 cm 1in MUAC
{p < 005) and 23 mm? 1n arm fat area (p < 0 05) relative to controls, that 1s by
the time these infants reached sixteen months to twenty months of age All other
indicators also showed slower growth but were not significant On the other
hand, when mitial four-month increments were examined for infants enrolled
across all visits and seasons of the trial, there were practically identical rates of
linear growth, weight gain, and MUAC for infants one month to 5 months of
age But nconates less than one month of age, who receved 50,000 IU, showed
improved weight (290 g, p < 003) and MUAC mcreases (+03 cm, p < 0 08)
over controls (K P West et al, unpublished data, 1995)

These data suggest scasonal, age, and cohort effects of vitamin A supplemen-
tation on the growth of children However, they also indicate the possibility that
50,000 IU or less may be preferred to 100000 IU when supplementing very
young nfants

Xerophthalmic Children Unlike the apparently modest impact of vitamin A
supplementation on the growth of non-xerophthalmic children, consistent and
positive cifferences 1n growth were evident among xerophthalmic children (with
XN and/or X1B) supplemented with vitamm A (Table 6-3) At basehne, they
weighed more and were taller than non-xerophthalmic children because they
tended to be older'® (after age-adjustment, the status of xeropthalmuia cases was
poorer than normals™) Four months after bemng treated with 400,000 TU and
referred at baseline because of their xerophthalmia, cases in the unsupplemented
control grotip (Who recerved no additional vitamin A from field teams after their
mitial treatment) gamned more weight (256 g) than non-xerophthalmic children,
vielding a AWHZ advantage of +0 16 (p = 0 05) n the absence of a discernable,
umtial effect on height (+0 1 ¢m), their relative gain 1n arm arcumference was
021 cm (p = 001) Steen months later, the treated xerophthalmic cases (in
the control group) exhibited greater gams in both ponderal (+280 g) and lnear
(+07 cm) growth This was reflected by a relative increase by cases 1n height-
for-age (+012 HAZ, p < 0 03), but no difference m weight-for-height (AWHZ
= 004) Although the early advantage in MUAC had largely disappeared, upper
arm muscle area of cases increased by 24 mm? over unsupplemented controls
but this was not statistically significant (p << 0 1) Thus, a single, large dose of
vitamin A given to Xxerophthalmc children may have increased the efficiency of
dietary protem and energy utilization 1n the short run, reflected by greater tissue
deposittion This appeared to translate imto a modest merease m hinear growth
(a cumulative, nonreversible effect) and, perhaps muscle mass discernable more
than a year following treatment

Xerophthalmic children i the vitamin A-supplemented group (Table 6-3)
recewved the same 400,000 I vitamin A treatment and referral (plus an additional
200,000 IU dose at home) and continued to be dosed with vitamn A every four
months along with their peers Their mitial (four-month) increment n soft tissue
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Table 6-3 Dufferences (A) in Growth Increments between Xerophthalmic Children Treated with Vitammn A and Non-Xerophthalmic

Children within Supplement Groups, 12-60 Months of Age at Baseline, Sariahi, Nepal

Number WT (g) AT (cm) AC {em) MA (mm?) FA (mm*) 58 (mm)

Nml® Xero A SE A SE A SE A SE A SE A SE
Control Group
4 mo A 1450 57 256 I sk 01 01 021 0 08#* — — — — — —
12 mo A 1405 535 284 ForE* 04 02 016 009 — — — — — —
16 mo A 1361 52 282 106** 07 0 2%* 008 010 24 12 -8 12 02 0 2%+
Vitamin A
4mo A 1592 47 160 79* 04 0 1%% 017 008% — — — — — —
12 mo A 1578 45 279 Q3= 07 0 2% 027 0 10%** — — — — — —
16 mo A 1481 44 413 109+# 09 () Jrs 038 0 10%** 52 15 26 15 06 02

Dnfferences represent xerophthalmie chuld minus non-xerophthalmic child increments, estimated by a regression coefficient b adjusted for sex, age, and measurement status

at baseline

*Nml = non-xcrophthalmic, chimeally sound children, xero = xerophthalmia cases See Table 6-2 for other abbreviations
*p =005

2 = 001

*htp = 0001

From West et al , 1995 '
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mass was sumiiar to that of xecrophthalmic children n the control group an
additional gain of 160 g in weight, 04 cm 1n height and 0 17 cm in MUAC (all
p < 0 05) over non-xerophthalmic children However, unhke cases in the control
group who were only treated at baseline, periodically supplemented cases contin-
ued to experience some relative gain thereafter by sixteen months those who
were imntially xerophthalmic had gained over 400 g more 1n weight, 0 9 cm more
in height (reflected by gaimns in both AHAZ [+0 19, p < 001] and AWAZ [+0 18,
p < 005]), 038 cm more mm arm circumference and 0 6 mm more 1n subscapular
skinfold over the growth rates of their non-xerophthalmic, supplemented peers
Upper arm muscle and fat areas increased by 52 mm? (p < 0001) and 26 mm?
(p < 01) respectively 1n mitially xerophthalmic cases over that of clinically
normal children

The longer-term growth advantage from periodic supplementation rematned
when mtially xerophthalmic children n the two supplemented groups were
compared Subjects who were treated and continued to be periodically dosed
showed shghtly more gain 1n weight (+103 g) and height (+02 cm), although
these differences were not statistically sigmficant More evident was the continued
relative increase i arm circumference (+034 cm, p < 01), arm muscle area
(+50 mm, p < 01) and subscapular skinfolds (+0 5 mm, p < 005), compared
with children with xerophthalmia in the assigned control group, who were treated
only at baseline 1

The poorer imnal status, sustained growth, and apparent change in body
composition of children who imtially had moderate-to-severe vitamin A defi-
ciency (1 ¢, xerophthalmia), after adjusting for baseline differences, suggest that
vitamun A deflciency was more hkely to have been growth-llmiting 1n these
children than in less deficient children Xerophthalmic subjects, however, were
also likely to have returned to a deficient state {given an inadequate diet that
continues long after treatment'”? and no change 1n their environment) durmg
the intervals between dosing, explaming why subsequent dosing had some cumu-
lative effect

The cffects observed in Nepal can be reconciled, at least partly, with growth
responses to a large dose of vitamin A 1n other settings One randomized, con-
trolled trial in a cohort of 312 preschool-aged children in West Bengal, India,®
showed that four-monthly vitamin A supplementation (200,000 IU) for a year
reduced inaident xerophthalmia' but had no effect on the meadence of diarrhea,
respiratory infection, or on growth by weight-for-age ® However, growth effects
were not analyzed longitudinally, partitioned into ponderal and linear compo-
nents, or stratified by imtial xerophthalmia status Secondary analysis by others
suggested that general nutritional status may have dechined among female vitarmin
A recpients late 1n the dry season, a peniod of dechmung food availlallity and
growth that may have affected the efficacy of the supplement "* A second, larger
randomized trial among children under three years of age (n = 592} 1n Vellore,
India, also found no sigmficant effects of vitamuin A on annual weight gam {+30
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g), increase m arm circumference (+0 04 cm), or hinear growth (+019 cm) &
Skinfolds were not measured to allow arm muscle and fat area changes to be
denved Children with xerophthalmia were also treated with vitamin A and,
unfortunately, excluded from further study Findings from Nepal suggest a growth
and body composition response might well have occurred among such children

A community-based, clinical trial in China among 168 children six months
to thirty months of age observed no sigmficant change in weight gamn (=300 g,
p = 017) or linear growth {(+06 cm, p = 022) following two doses (one, and
another stx months later) of vitamin A (200,000 IU) '%® Absence of xerophthalma
among all subjects suggests that vitamn A deficiency may not have been severe
enough to hmit growth

In the nonwasted population of Aceh, Indonesian children twelve months to
seventy-one months of age (n = 2012) were randomized by village to receive
two six-monthly rounds of vitamun A (200,000 TU} over a twelve-month period
Vitamin A enhanced ponderal growth over the year, reflected by age-specific
relative increases of 110 g to 263 g in weight gam (p < 005) and 02 cm 1 arm
circumference (p < 005), the latter mostly explamned by a 36 mm?® increase 1n
arm muscle area (p < 005) (Fig 6-4) While these changes were similar to those
seen 1n Nepal,' the effects were observed only beyond the breast-fed years (two
vears to five years of age}, only in males, and not restricted to xerophthalmic
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Fig. 6-4. Age-specific, annualized growth increments (A) (* 2 standard error of the
mean} of boys in vitamin A distribution (®) and cootrol (0) villages during the Aceh
{Indonesia) study A, length (< 2 years) or height (2-5 years) (HT), B, weight (WT), C,
left mid-upper-arm arcumference (AC), D, arm muscle area (MA) (From KP West
et al ™)
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children There were no consistent effects observed 1n females and no linear
growth response 1n either sex '©

Gender differences in the ponderal growth and body composition following
vitamin A dosing 1n Aceh may reflect a combination of phenotypic vanation,
based on animal evidence showing that male ammals respond more rapidly and
completely to both vitamin A depletion!! %! and repletion ¥ ' However,
these influences may also be dommated by environmental factors such as sex-
related differences in dietary intake of vitamin A ‘' While the sex- and growth-
spectfic findings from Aceh are difficult to reconcile with other studies, the growth
response 1 older males was mternally consistent with thewr higher prevalence
of (and more complete recovery from) xerophthahnia'” and the greater impact
of vitamun A on male mortality '¥

Significantly faster weight gamn, in association with more rapid recovery, has
also been observed 1n measles cases following large-dose vitamin A treatment '%
Children with moderate to severe measles who were randomized to recewve
400,000 IU on two consecutive days following hospital admission had ganed
1290 g versus 900 g among placebo recipients (+390 g, p < 0 05) by six weeks
after hospital discharge, at which time an additional 200,000 IU or placebo
supplement was admimstered Four and a half months later (six-month post-
admission follow-up), vitamin A-recipients had gained an additional 1600 g versus
1470 g among controls (no length or body composition measures were reported)
Although not statistically significant, the latter difference suggests that the early
ponderal response associated with vitamin A {reatment was sustained for at least
s1x months '™ These growth changes occurred in the presence of a significant
reduction 1n the incidence and severity of secondary mfections In a population-
based survey in Malawi, recent fever was associated with a sixfold increase n
risk of wasting (< -2 WHZ) among children under thirty months of age How-
ever, this risk was halved {and no longer statistically significant} among children
who had been dosed with vitamin A during the precedmg six months,'* suggesting
less severe febrile episodes and a nutritional “sparing” effect among vitamin A-
replete chuldren Itis, therefore, difficult to distinguish a primary effect of vitamin
A on growth from a secondary effect mediated through 1ts impact on nfection
and morbidity

Frequent Vitamin A Supplementation

Providing a physiologic supplement of vitamin A on a frequent, routine basis
may elicit a growth response different from that to large, penodic doses Small,
frequent supplements reverse depletion more slowly, but produce a more incre-
mental, sustaimed impact on survival In West Java, Indonesia, the routine con-
sumption over eleven months of commercially marketed monosodmum glutamate
fortified with ~810 IU of vitamin A (MSG-A), at usual levels of MSG 1intake
for age, reduced preschool-child mortality'® (Chapter 2), increased hemoglobin
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levels by ~10 g/liter (Chapter 5}, and produced a ~1 ¢m increase m hinear growth
at each year of age (p ~= 005) compared with controls However, there was
no apparent effect on weight gain ' The mmtial vitamun A status of growth
responders was not known, nor was 1t known whether short-term changes m
welght had occurred during the study

During the Guatemalan national vitamin A-sugar fortification program evalu-
ation, the seasonally adjusted prevalence of severe stunting (< 85% of the median
height-for-age) decreased from ~22% to ~16%.% consistent with the impact on
linear growth observed in Indonesia

In drought-prone Tamil Nadu, southern India, dehvery of a small, weekly
dose of vitamun A (8333 U or ~9 pmol) for a year to preschool children older
than six months (n = 15,419) had a much less obvious effect, increasing annual
linear growth by ~027 ¢cm only m nonwasted (= —2 WHZ) children {p < 0 05)
Supplementation had no effect on linear growth in wasted children nor, as 1
the Indonesian MSG trial, any impact on wetght gain 1n any subgroup ' The
population was clearly suffering from vitammn A deficiency, evidenced by a 38%
prevalence of hyporetinemia (< 0 70 pmol/liter) and an 11% xerophthalmia rate
at the outset of the tnal, and by a 54% reduction in mortality attributed to the
vitammn A mtervention * The population was also clearly wasted at the start of the
trial {42% < —2 WHZ), presumably due to drought This situation dramatically
mproved, along with diet, during the study,'™ which may have masked a potential
vitamin A effect on growth Unfortunately the growth responses of xerophthalmic
children were not analyzed separately

These three studies suggest that shght improvement 1n linear growth may
occur when adequate preformed vitamun A 1s consumed on a regular basis by
{presumably) subclinically vitamin A-deficient children (free of xerophthalmia)
The role of protem-erergy status i modifying vitamimn A effects on growth
remains unclear

Conclusions

1t 15 thus quite logical to assume that adequacies of chetary protein, energy
vitammns and munerals can mdividually or mn combination determine how
well an mdividual approaches his or her genetic potential

—George G Graham 19817%

Our understanding of the mechanisms and condiioning factors that determine
the role of vitarmin A m child growth remains incomplete Amimal experiments
identify specific and, at times, sequentially rehable tissue responses to changes
1n vitamin A nutriture " However, differences attributable to species and exper-
mental design abound, leaving most questions relevant to humans—other than
the basic essentiahity of vitamm A for mammahan growth—unanswered There
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may be a general nutnitional threshold, or series of tissue-specific thresholds,'?

that must be transgressed relative to other growth-determining nutrients 1n order
for vitamin A deficiency to retard hinear and ponderal growth, or affect body
composition The effect among children with ocular involvement (xerophthal-
ra), reflecting severe vitamin A deficiency, indicates that a hnear, ponderal, or
body compositional vitamin A-responsive deficit may exist Xerophthalma also
mndicates the need for sustamed dietary intervention beyond immediate treat-
ment 2% Unless the child’s diet or environment 1s changed, deficiency will likely
recur* 712 with 1ts attendant consequences for growth, health, and survival

Given the wide vanations in the prevalence and severity of other environmen-
tally critical factors, the effect of vitamun A supplementation on less deficient
children 1s varable In communities characterized by food insufficiency and
wasting malnutrition, there 1s evidence that routine supplementation can protect
or merease lean body mass despite seasonal effects on weight gamn,'” and may
produce a small increase in hinear growth among nonwasted children over the
course of a year ' In more food sufficient cultures, where less severe (non-
xerophthalmic) vitamin A deficiency iimits growth, supplementation may stimu-
late modest increases in weight gain'® or hnear growth %1% Ammal studies suggest
that the type and extent of the growth response probably depends on the qual-
1ty 1¥-1% and quantity of diet available to the child Indeed, there 1s also some
evidence 1 animals that vitamin A repletion increases appetite,” suggesting yet
another mtermediary mechamsm for a vitamin A influence on growth Simular
explanations may also apply to the effects of other micronutrients on growth ©

The varnability and nonspecificity of the observed growth response to vitarmn
A supplementation n children suggests that improved growth should not be a
criterion for assessing the efficacy or effectiveness of a vitamin A mtervention
program Studies that seek to measure growth effects of vitamin A supplementa-
tion need to enroll adequate numbers of potential responders (1 e , children with
significant vitamin A deficiency), include a battery of measurements to observe
changes 11 body composition 1n addition to linear growth and weight gam, con-
sider the child’s environment and other factors that may influence growth, and
reexamine children frequently and for a sufficient duration to charactenze the
complex growth response
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Contributory and Precipitating Events

Children with respiratory and/or diarrheal disease are more likely to become
vitamum A deficient This in turn reduces their reststance to infection, increas-
mg thewr susceptility to (severe) respiratory disease and diarrhea, with
further consequences for thewr vitamin A status sight and lives

—Sommer ¢t al  1987!

It 1s doubtful whether a deficiency disease ever occurs uncomplhcated 11 man
or animals
—E V McCollum et al 1925

Vitarmin A deficiency exists i a complex milieu of food availlability and dietary
preference, child rearing practices and educational background, hygiene stan-
dards and health services As a rule, severe, blinding deficiency thrives under
conditions of social deprivation and poverty But materially poorer populations
sometimes suffer less severe deficiency than richer ones by virtue of dietary
habits, hygiene practices or immunization coverage For example, income, cloth-
g, housing and other mdices of economic well-being were better in West Java
than in East Java, but the xerophthalmia rates were far higher as well * Further-
more, milder, nonblinding deficiency, widespread throughout the Third World
(and pockets of wealthier Western societies), may account for half of all vitamin
A deficiency-related deaths *7

Recent recognition of the public health sigmficance of milder deficiency makes
1t more important, but also more difficult, to document the many factors that
contribute to 1t Xerophthalmia 1s the only readily recogmzed, chnically distinet
manifestation of vitamin A deficiency, it 15 therefore the one for which we
have the most cause-related data The situation will certainly change as studies
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increasingly employ more sensitive tests capable of identifying non-xerophthal-
mic children who are nonetheless vitammn A deficient (Chapter 11) #° In almost
all instances, however, vitamun A deficiency will prove to be the product of
multiple, intersecting influences

Vitamuin A deficiency, particularly its severe, blinding form, 1s largely (but
not wholly) a disease of preschool-age children (Fig 12-2) This age group 1s
most vulnerable to dietary deprivation (dependent as 1t 1s on fetal stores, breast
feeding and weaning practices), diarrhea and other common infections related
to poor samutation, and to childhood exanthems It overlaps with the peak ages
of protemn-energy malnutrition (PEM) and the “‘malnutritionAinfection com-
plex 1112

A number of diseases have traditionally been associated with xerophthalmia
For some, hke cystic fibrosis™" and chronic small bowel disease, ™ vitamin A
malabsorption is clearly responsible For others, like hver disease, the relationship
1s more complex ¥~ It may be due to poor diet,2® impaired absorption,? #2243
decreased capacity for storing or transporting the vitamin,™*** urinary loss,” ¥
or the influence of concomitant disease

Seventy years ago, Bloch recogmzed that vitamin A deficiency arose from
three basic sources an madequate diet, malabsorption, and infections,*?* to
which he and others added a fourth, the “spring growth spurt” and other factors
that increase metabolic demand (Chapter 6)

The association with infectious diseases 1s the most prevalent and complex
of all, hardly surpnising given the ubiquaty of these discases i developing cultures
(turn-of-the-century Europe as much as today’s Third World) and therr mtimate
interaction with nutritional status, feeding practices, and one another Despite
the consistent, repeated assoclations between 1ndices of vitamm A deficiency
and evidence of infectious episodes (Table 3—1), 1t 1s not always clear from these
data ““‘which was the chucken and which the egg *’ In some nstances, vitamin A
deficiency clearly increases the nisk of infectious morbidity, 1n other instances,
it seems that the assoctation 1s better explamned (im part or in whole) by the
impact infection has on vitamun A status These differences depend on factors
such as how a study was conducted, the particular infection, and the mamifestation
of vitamin A deficiency with which it was “associated  For example, chronic
diarrhea probably leads to progressive vitammun A deficiency, which may in part
explain the frequent, strong correlation between a past history of diarrhea and
the presence of Bitot’s spots Measles, on the other hand, 1s more consistently
associated with acute corneal dissolution (X3) and systenuc infectious complica-
tions m the absence of preexisting chinical xerosis, suggesting acute decompensa-
tion of previously marginal vitarmin A status The evidence that vitarmn A defi-
clency increases the risk of severe mfectious episodes was described in Chapters
2 and 3 Here we examine the other side of this potentially vicious cycle infections
and other systemic conditions, notably PEM, that contribute to the development
of vitamin A deficiency and its climical expression
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Systemic Infections

As already noted, vitamin A-deprived weanling rats raised 1n conventional sur-
roundings grow for only a short period of tume, with cessation of growth soon
tollowed by death When equally deprived rats are maintained 1n a germ-free
environment, growth continues, albert at a reduced rate, and the ammals survive
longer #-* It seems likely that the germ-free environment reduces vitamun A
demand and otherwise prolongs vitamin A stores

Serum retmol levels decline 1n a vanety of infections,”##* sometimes by
as much as 20 pg/dl to 30 pg/dl ® In some instances, the degree of decline 1s
related to the severity and duration of the infection # In part this represents a
nonspecific response to fever, which may persist for days after the temperature
has returned to normal #* In children with rheumatic fever, serum levels dropped
by 50% when their temperature exceeded 100°F ' Elevation mn acute phase
proteins, evidence of sigmficant (if subclimcal} infection, 1s associated with re-
duced serum retino! Following nonspecific msults like myocardial infarction and
surgery, C-reactive protemn levels nise and the concentration of serum retinol
binding protein (RBP) declines, the latter returning to baseline value after three
to seven days * Rosales et al suggest RBP production may be reduced under
these circumstances, acting like alburnm as a “negative acute-phase reactant *
In some regions malara probably constitutes a sigmificant proportion of such
morbidity ** The magnitude and rapidity of the fall and subsequent recovery
of serum retmol n children with some acute infections and/or fever suggests
direct interference with vitarmn A release and transport, in addition to the
potential depleting effects of impaired absorption and increased utilization and
excretion The degree to which an infection diverts vitamun A to other sites,
reduces 1ts release from the liver, or actually increases metabolism and excretion
and thereby reduces stores probably vanies with the specific pathogen and the
state of the child As we shall see, measles seems to do some or all of the above,
causing a marked but transient decrease 1n serum retinol that may or may not
return to normal following the acute insult

An unforeseen outbreak of chickenpox vividly demonstrates the devastating
impact that common childhood exanthems can have on vitamm A reserves®
Serum vitamm A and RDR values were obtained on “deprnived” children at-
tending day care centers in Recife, Brazil, at baseline (before adminstering a
dose of 200,000 IU vitamun A) and agamn at one, four, and six months An
outbreak of chickenpox, at about three months, affected thirty-six of the ninety-
three oniginal subjects The vitanun A status of the infected children began to
diverge from the others at the next evaluation, one month later By the six-
month exam (three months after the epidemic), 74% of infected children, but
only 10% of noninfected children, had an abnormal RDR (Table 7-1)

These results are particularly dramatic because the children seem to have
begun with serum vitamin A levels traditionally considered well within the normal
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Table 7-1 Effect of Varicella Infection on Vitamimn A Status
Number of

Infected Retno!l (pg/dl) RDR Posuve
Days after Children® Infection Infection
Supplementation + - + - + —
] 36 57 37+ 14 38 = 14 42% 38%
42 30 42 49+ 9 47 > 9 0% 0%
120 31 31 8x+7 41 = 6 10% 0%
180 3 29 26 + O 41 = 14 T4% 10%

“¥aricella mfection at approximately three months
*p < Q01 for difference between nfected and control groups
From FA CS Campos et al *

range (mean = 38 pg/dl) Further, the relative dose-response (RDR), as a surro-
gate for hver stores, was abnormal 1n a greater proportion of children after the
large dose of vitamin A and subsequent infection than 1t had been at baseline,
before the large dose was given As expected, the opposite was true for the
cohort of uninfected children

Baseline status nonetheless affected the outcome Among the nfected chil-
dren, over 90% (10/11) who had been RDR positive at baselme were again RDR
positive at six months, compared with only 63% (12/19) who had been RDR
negative at baseline, The former group, with poorer vitamun A status to begin
with continued to exist m a more vitamin A deprived environment and/or the
large dose did not adequately compensate for their oniginal degree of vitamin
A depletion, particularly given the stress of the mterveming exanthematous
infection

Infection-related reduction 1n vitamin A reserves may be sufficient to result
in xerophthalmia (moderate to severe vitamin A deficiency} In Bangladesh, a
history of recent chickenpox was associated with subsequent xerophthalmia
{Odds Ratio [OR] = 148)¥

As already described (Chapter 2), over 3000 rural preschool Indonesian
children were reexamined every three months for eighteen months '* The sk
of a child developing xerophthalmia (XN/X1B) by the end of each interval was
calculated for children with and without respiratory disease and with and without
diarrhea at the start of each interval

Children with respiratory disease were more than twice as likely to develop
mild xerophthalmia (XN, X1B) than were their peers (p < 05) (Table 7-2) The
excess cases occurred among children three years and older, n whom the rate
was increased threefold to sixfold The magmitude of the mcreased nisk of xeroph-
thalma associated wrth pnior respiratory disease was relatively constant across
strata of different degrees of wasting malnutrition

The relationship between a lustory of diarrhea duning the month preceding

the start of an interval and the presence of xerophthalma three months later
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Table 7-2  Age-Specific Incidence of Xerophthalmia for Children wath and without
Respiratory Disease®

Developed Xerophthalmia Relanve Risk of
Chuld Intervals Xerophthalra® Rate (per 1000) Xerophthalmua
Respiratory Respiratory Respiratory Respiratory

Age Disease Disease Disease Disease
{years} - a - + - + - +
=1 3533 595 o 11 0 1 —
2 3001 417 1 27 24 1 09
3 3061 257 10 3 33 117 1 36
4 3042 170 11 2 36 118 1 33
=35 3657 137 13 3 36 219 1 62
Total 18,294 1576 48 9 26 57 1 22*

“Presence or absence of respiratory disease al eXammnation iitiating the three month nterval
*Xeraphthalmia absent at baseline but present three menths later
*n < {15 2-talled

From A Sommer et al!

was even more pronounced (Table 7-3) A positive assoclation was present at
every age, with an average relative risk (RR) of 25 (p < 05) Once agam, the
relative nisk associated with diarrhea was comparatively constant across strata
of wasting malonutrition 2 0 and 2 8 for wasted (< 90% weight-for-height) and
better nourished children respectively !

Results are particularly striking because the children at greatest risk of xe-
rophthalmia (e g those with the most severe respiratory disease and diarrhea)

Table 7-3 Age-Specific Incidence of Xerophthalmia for Children with and without
Diarrhea’

Developed Xerophthalmia Relative Risk of
Chald Intervals Xerophthalma® Rate (per 1000) Xerophthalnua
Age Diarrhea Diarrhea Drarrhea Dvarrhea
{vears) — + - + — + - +
=1 4990 465 2 08 43 1 54
2 3038 289 1 26 35 1 13
3 3045 172 11 1 36 38 1 16
4 2979 151 11 2 37 132 1 36
=5 3644 93 14 2 38 218 1 57
Total 17,696 1170 48 8 27 68 1 2 5%

“Presence or absence of a history of four or more loose stools cne or more davs within the month preceding the
examnation mitiating the three-month interval

"Xerophthalmia absent at basehne but present three months ater
“p < 05 2aled

From A Sommer et al'
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were provided symptomatic treatment and referred to local health centers 1n
the interim

It 15 evident that infechious episodes can matenally affect vitamin A status If,
as seems likely, vitamin A deficiency increases the nisk of diarrhea and respiratory
discase, while respiratory discase and diarrhea impair vitamin A status, children
get trapped m a particularly lethal cycle that induces and perpetuates ocular and
systemic morbidity '

Diarrhea and Gastroenteritis

Aside from the incidence data noted above,! most evidence linking diarrhea to
vitamin A status stems from cross-sectional prevalence surveys (Table 3-1), with
their mnherent difficulties in disinguishing cause from effect

Data relating the seventy of vitamin A deficiency with diarrheal illness also
comes from hospital and chinic-based studies * Differences m vitamin A status
were more pronounced for children presenting to the Cicendo Eye Hospital with
a history of diarrhea (= 4 loose stools in a single day durmg the preceding
month) than for children with chrically detectable gastroenteritis, presumably
because of the cumulative impact of past diarrhea on vitamin A status Sixty-
six percent of cases of X1B and 75% of X2/X3 had a positive history, versus
23% of the controls of corneal cases {RR > 3 (1, p < 001} By case-control analysis,
children with a history of diarrhea during the previous month were at thirteen
times the risk of active corneal disease than were chuldren with a negative history
Interestingly, a majority of the diarrheal episodes were said to have occurred
within the previous week-—it’s unclear whether this was an acute, precipitating
event or merely a surrogate for frequent diarrhea 1n the past, confounded by
the historical nature of the data

The Indonesian countrywide survey yielded comparable results, supporting
the ability to generahze findings to the population of Indonesian children at
large A history of diarrhea n the past two months was present in 61% of cases
of X1B (close to the 66% 1n the clinic study), and a recent history (during the
past week) was three tumes as common as among controls (10 1% versus 3 5%,
p < 001) Among children presenting to the Dhaka Hospital of ICDDR,B
Bangladesh, Indonesia, those with xerophthalmia (XN) had lower serum retinol
levels, were more undernourished, and were significantly more hikely to have
suffered a prolonged illness with dysentery attributed to Shigella and E Histolyt-
1ca*® A commumty-based survey in the same city demonstrated that protracted
diarrhea was significantly associated with the presence of XN (OR = 4 1) 7 In
a population-based study 1n southern Nepal, the nisk of xerophthalmia increased
with the reported duration of dysentery during the previous week (OR = 21 1f
1-6 days, 58 1f = 7 days) ™

In contrast with the high frequency of diarrhea among patients admatted to
the Cicendo Hospital, gastroenteritis was present n only 2% (1/50) of children
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presenting with responsive Batot’s spots (X1B), and i 7% (11/156) with active
corneal disease (X2/X3) The prevalence of gastroenterifis was twice as common
in cases of corneal involvement than 1t was in their matched controls Whether
the gastroententis was a result of severe vitamin A deficiency, the significant
PEM that frequently accompanies corneal mvolvement,” and/or a precipitating
cause of acute, severe vitamin A deficiency 1s uncertain It’s likely that one or
all three factors were at work, to different degrees n different children

Feachem® has pomnted to the mevitable difficulties 1n sorting out cause and
effect, and of isolating direct relationships from the confounding 1ssues of nutri-
tional and soci0-educational status Two approaches help The strongest epidenu-
ologic evidence 15 the consistency and strength of the relationship across multiple
studies The other 1s the existence of biologicai mechamsms to explain the rela-
tionship These mclude anorexia, reduced absorption of ingested vitamin A that
accompames diarrhea, and cultural practices such as the proscription of food
during diarrhea Absorption is sertously impaired 1n steatorrhea,” in gastroenteri-
tis not accompanied by fat malabsorption,® in mild to moderate undifferentiated
diarrhea,® 1n chromc salmonellosis,” and even 1n asymptomatic infection with
parvovirus and strans of E coli %

A recent study of Peruvian children suggests acute diarrhea, particularly from
rotavirus, increases urnary excretion of vitamin A tenfold Much of the increase
appears to have beenrelated to accompanying fever ¥ Diarrhea may be associated
with Guardia and Ascaris, both of which reduce vitatmin A absorption, 1n some
instances by as much as 70% ¢~ Parasitic infestation may therefore exaggerate
the effects of borderling dietary intake, though the mechamisms are not entirely
clear a recent report failed to identify increased absorption of vitamin A by
Ascaris or increased excretion of orally admimstered vitamin A n the stools of
infected children ™

Vitamin A deficiency and parasitic infections are commonly linked 1n the
popular mind Indonesian willagers refer to Bitot's spots as “worm feces™ and
blame roundworm infestation for their presence Although roundworms are
found 1 a large proportion of xerophthalmic patients,” " worm mnfestation 18 so
prevalent in depressed commumties that 1t 15 difficult to assess the significance
of this observation in the absence of suitable controls In a cross-sectional survey
in the Philippines, roundworms were no more common 1n cases of (mild) xeroph-
thaimuia than n the rest of the population,” although 1n Jordan they were™—at
least 43% of normals and 60% of abnormals harbored the parasites

In the representative Indonesian countrywide survey, a history of shedding
worms during the preceding month was present m 22% of chuldren with Bitot’s
spots, 14% of ther matched controls, and 9% of other chuldren (p « 01 for
linear trend) * Although the beneficial effect of deworming on vitamn A absorp-
tion lasts at least two months,® reinfestation 1s extremely common ¥ Deworming
in combination with a large oral dose of vitamin A (200,000 TU) every six months
was not superior to vitarmn A alone in boosting and maintaining serum retinol
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among urban slum-dwelling Inchan children ® But 1n Brazil, where T frichuris,
A lumbricoides and G lambha are common, treatment with mebendazole and
metromdazole prior to relatively small daily doses of vitamin A (500 mg retmyl
acetate) was essential for increasing serum retinol ¥

Since Third World children generally obtain a significant proportion of their
vitamun A from beta carotene, and the absorption and conversion of dietary
sources of carotene to vitamin A 1s even more susceptible to intestinal alter-
ations,” ® the true health impact of intestinal infections on vitamin A status 18
probably greater than 1solated studies on preformed vitamin A {or even carotene)
might suggest

Milder degrees of vitamun A deficiency are only beginning to be studied,
primarily through tests of physiologic function like conjunctival impression cytol-
ogy (CIC) and measures of body stores such as RDR Indian children with
mild, chronic diarrhea and entirely normal eyes were much more likely to have
abnormal CIC and RDR than their ape-sex-neighborhood matched controls %%

Diarrhea affects a vanety of intestinal functions, which lead not only to
vitamin A deficiency but also to PEM,* another vicious cycle with which disadvan-
taged cluldren must contend The impact of PEM on multiple facets of vitamin
A metabolism 1s discussed below

Respiratory Disease

Respiratory disease, hike diarrhea, 1s strongiy associated with mild xerophthalmia
(Chapter 3) The ewvidence 1s about equal that respiratory disease influences
vitamin A status and that vitammn A status influences the risk of respiratory
disease

Active respiratory disease (fever plus coughfrales) was the most common
condition accompanying xerophthalmia n children presenting to the Cicendo
Eye Hospital in Bandung, Indonesia¥ The prevalence of respiratory disease
mcreased dramatically with the severnity of vitamin A deficiency (xerophthalma)
(Fig 3-5) This 15 made all the more stnking by the fact that the children
presented for their eye problems, not for their systemic disease As with diarrhea,
a recent history of respiratory disease suggests i1t 1s contributory to, rather than
merely a consequence of, vitamin A deficiency A history of significant cough
was more common 1n severe deficiency (X3B) than in milder xerophthalmia (X2,
X3A), 27% versus 16% respectively (p < 01) It was also more common among
corneal cases (X2/X3) than among therr matched controls (30% versus 9%, p
< 05)3

A number of factors may explain the particularly migh frequency of respiratory
disease among cases of corneal necrosis (X3B) These children were generally
more malnourished and debilitated than children with milder disease, conditions
generally associated with a high prevalence of respiratory infection ¥ As already
discussed (Chapter 3), vitamm A deficiency may ncrease the nisk (or severity)
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of subsequent respiratory tract infection, while severe or repeated respiratory
disease can have a profound influence on vitamin A status (which in turn contri-
butes to the severity of vitamuin A deficiency and xerophthalmia)

Serum vitamin A levels are routinely depressed in respiratory disease 2248493
Ordmarily, vitamin A does not appear n the urnine, but during respiratory infec-
tions, enormous amounts (1n excess of 3000 IU/d) may be lost by this route *¥%
Recent studies n patients with severe pneumoma and sepsis suggest retinol
excretion results from impaired retention of retinol binding proten (RBP) *
Respiratory infections also interfere with absorption of beta carotene and vitamin
A Beta carotene absorption may fall by as much as 50%-80%, remaimng at
this level for as long as two weeks after the last day of fever # Dietary mtake
ordinarily capable of raising serum vitamin A may fail to maintain preexisting
levels ® Absorption of vitamin A admmistered in moderate amounts, usually
90% or higher, may fail to as low as 30% (mean of 74%) % The average rise 1n
serum vitamin A levels following a massive oral dose 1n persons with tuberculosis
15 only half that 1n normals *'

A history of recent respiratory disease, like a history of recent diarrhea, ts
also more common among children with mild (*‘pre-xerophthalmia™) vitarmm A
deficiency detected by CIC Micronesian children with abnormal CIC were 2 6,
2 3, and 1 7 times more hikely, respectively, to have reported charrhea (= 4 loose
stools), respiratory illness (frequent cough with rapid breathmng, p < 05), and
high fever, during the prnior two weeks than were their CIC normal controls
Results were comparable for an earlier, clinic-based study using simular tech-
niques ¥ In the United States, serum vitamm A levels dropped over the first
months of life 1 very-low-birth-weight (VLBW) infants with repeated episodes
of arrway infection when compared with controls ®

Measles

One of the most mtriguing aspects of the vitamuin A “story” to unfold m the
past two decades has been our increased understanding of the interrelationship
between measles infection and vitamin A status, and 1ts implications for sight
and hfe

As already discussed (Chapters 3, 4), vitamin A status plays a major role n
determining the incidence and severnity of measles complications and associated
blindness and mortahty By the same token, measles umpacts on vitamin A status

During the acute phase of measles, vitamin A levels are markedly depressed
n companson to the predisease state™ or a noninfected reference population %1%
As many as a quarter or more of children studied have had deficient levels
(< 10pg/dl), even in New York Serum retinol often rises spontancously and
dramatically once the acute phase of measles has passed 97810

The genesis of the decline m vitamun A levels accompanying active measles
18 uncertain but probably multifactonial Given 1its acute and often transient
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nature, 1t 1s unlikely to reflect reduced intake and absorption More hkely, there
15 a disturbance 1n the release and transport of vitarmin A stores coupled with a
dramatic increase 1n metabolic demand secondary to an mmtensely catabolic state
The latter results from meastes invasion, epithelial desquamation, fever, and
secondary infection Measles induces a protein-loosing enteropathy'® that exacer-
bates underlying PEM,*121% providing an additional mechamsm to explam re-
duced RBP syntheses and release’™ 1n the face of potentially adequate hepatic
reserves ' A number of issues remain puzzling the near-universal depression
in circulating retinol and spontaneous recovery despite a persistent ability to
mount a holo-RBP response to exogenous sources of vitamin A", and the low
incidence of vitamun A deficiency-related clinical complications in children who
are otherwise well nounshed and have good vitamin A reserves—as if serum
retinol does not necessarily reflect the physiologic adequacy of vitamin A at the
level of target tissues Nonetheless, sudden, dramatic, and severe depression 1n
circulating retinol can and does occur during the acute phase of measles Levels
are most depressed 1n children with severe disease, complications, pneumonia,
hugh and persistent fever, and PEM %%

In addition to 1ts acute impact on vitamin A status, measles can mnitiate events
leading to increasingly severe, chronically progressive vitamun A deficiency and
PEM., the latter exacerbating the former Voorhoeve'” described the typical
course 1 a Nigernan child 1mtial acute measles-associated ocular discomfort
resolved spontaneously, but measles-induced diarrhea persisted for four weeks
when the child presented as a “marasmic skeleton’ with perforations of both
eves By itself, fever accompanymng measles increases protemn breakdown in
excess of synthesis, resulting 1n negative protemn balance '® This 1s quite apart
from measles-induced protem-loosing enteropathy'™, dietary intake that 1s re-
duced by anorexia, stomatitis, and common cultural practices that dictate with-
holding food and fluid from children with measles'™-'2, and recurrent diarrhea
and pneumoma,'™ "2 which occur as long as six months or more after the
original measles attack 118

It 1s hardly surprising that 1n some nstances a quarter of affected children
lose 10% of their body weight,'? or that measles 1s frequently cited as an important
precipitating event in severe PEM ¥%12153 They are dragged downward into the
spiral of the “malnutntion/infection complex,”! which may have a sigmficant,
negative impact on growth that persists for years ' Vitamin A supplementation
during the acute attack can reduce the risk of growth faltering and malnutrition,
at least 1n part, by reducing post-measles 1nfections %1%

Measles has long been associated with corneal ulceratton and melting resem-
bling severe xerophthalma Given the impact of measles on vitamin A status,
1t 1s not surprising Duddell makes reference to 1t i his treatise on the cornea
of 1729 ¥ Measles was included by Spicer, in 1892, as one of several systemic
diseases precipitating ““large perforating ulcers "' Bloch described a Danish
case of keratomalacia that “‘appeared simultaneously with measles " Sice then,
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a number of authors have called attention to the potential relationship Corneal
ulceration resembling xerophthalmia has been observed to follow measles 1n
Europe’ZS 2742119121 122 the Mlddle EaSt,]w 123 ASla74124-127 and Afnca 107111 128134 F]fty-
seven percent of El Salvadonian'™ and 16% of Haitian* chldren with corneal
scarring typical of xerophthalmua claimed that thewr active disease had been
accompanied by measles

Malnounshed, hospitalized children 1n El Salvador with typical corneal ulcer-
ation and necrosis were more likely to have had a recent history of measles than
were malnourished children with normal eves ¥ In the Indonesian nationwide
survey, 36% of cases of X2/X3 claimed to have had measles during the preceding
month, a rate ten times that of the rest of the population, 79% of X3 and 51%
of XS claimed the onset of ocular disease had been preceded, by one to four
weeks, by measles * This 1s 1n sharp contrast with cases of X1B, which were as
likely to have suffered measles during the past month as their non-xerophthalmic
peers (4 8%),5* a finding consistent with that of the Phalippines and Nepal 7 ¥

Among xerophthalmia patients with X2/X3 presenting to the Cicendo Eye
Hospital in Bandung, almost 10% had evidence of active or recent measles,
usually within the preceding month * They were likely to have the severest forms
of corneal necrosis, and all were markedly vitamin A-deficient One case 1s
particularly illustrative He was first seen twelve days after onset of measles
The cornea contammed three inferocentral, saucer-shaped, mfiltrated ulcers 1n a
perfectly straight horizontal line in the left eye, and a linear central ulcer resem-
bling a traumatic lesion m the nght eyve He had been successfully treated for
nightblindness with low-dose vitammn A pills at a local chruc three months pre-
viously A week prior to admussion he developed fever, cough, diarrhea, and
measles rash concident with the return of mghtblindness Imtial serum retinol
was extremely low {5 pg/dl) but protein status was reasonable (serum albumen
35 g/dl and transfernn 244 mg/dl) He was given high-dose vitamin A, and the
ulcerations disappeared within three days

As n the nationwide survey, none of the patients presenting to Cicendo Eye
Hospital with Bitot’s spots (and normal corneas) had a recent history of measles *

Classical xerophthalmia, with conjunctival and corneal mvolvement, has been
long recognized following post-measles deterioration of vitamin A status 11
B2 Sudden corneal ulceration and necrosis accompanying the acute phase
of measles, often without coexisting conjunctival xerophthalmia and occasionally
in populations m which xerophthalmia 1s not commonly recogmzed, have ob-
scured the central role vitamim A plays 1in a sigmificant number of cases This
has been especially true in Africa, where measles-assoclated corneal destruction
18 commonly cited as the major cause of acquired pediatric blindness 11018143153
The situation has been further clouded by the common African practice of placing
herbal medicines in the eyes of children with active measles 2% An area of
Zambia 1n which the problem was once particularly common, the Luapula Valley,
achieved notonety as “the valley of the blind ~™ “Luapuia blindness” came to
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be attributed to the “three Ms” muti (local medicines), malnutrition, and mea-
sles Most chuldren with corneal comphcations suffered particularly virulent mea-
sles' %1% and significant malnutrnition 17111 1# 0618 The yirulence of their
measles may have been related to concomitant mainutrition,' ' 1¥% gyvercrowd-
ing,'® vitamin A deficiency,®* ™" and other factors "' Indeed, blindness
was noted to be much less prevalent in Luapula Valley communities 1n which
red palm o1} (an excellent source of pro-vitamin A carotenoids) was consumed
than 1n those m which it was not ¥

In 1978, Whittle and colleagues called attention to the potential role of herpes
simplex 1n measles complications, particularly those affecting the eye '8 They
identified herpes virus by cuiture or immunofluorescence 1n a significant propor-
tion of ulcerating eyes Most of the subjects were malnourished, those with the
worst corneal necrosis, severely so The researchers concluded that the combmned
immunosuppressant effects of measles and PEM predisposed to secondary (pre-
sumably recrudescent) herpes ' Vitamun A deficency was considered less im-
portant, because a significant proportion of cases had serum RBP levels constd-
ered by the authors to be in the “normal range " The latter concluston s arguable
half the cases of chnical corneal xerophthalmia urassociated with measles re-
ported from India'® and Indonesia® had similar levels, above 15 pg/dl

Typical herpetic corneal lesions have been observed i chnldren with concomi-
tant measles and malnutnition 1 Africa' and elsewhere ** Children with mea-
sles™ 1" and malnutrition’-" are particularly immuno-compromsed and suscep-
tible to secondary herpes ' Indeed, fatal herpes 1in neonatal African children 1s
frequently preceded by measles '™ This does not necessanily mean vitamun A
deficiency plays no role concurrent measles and malnuintion cause greater
depresston of vitanun A than either condition alone'”, and vitamin A deficiency
reduces immune-competence (Chapter 9)—combined with measles and PEM,
the suppression should be even greater Vitamin A-deficient rats infected with
herpes simplex virus {HSV-1) (placed on nuldly abraded emithelium) 1n the early
stages of vitarmin A deficiency (prior to or at the start of the weight plateau)
develop more rapid and severe epithelial ulceration and corneal necrosis than
do thewr pair-fed controls ' They are also more hkely to develop disserminated
disease Interestingly, topical application of herpes virus to nonabraded, keratin-
1zed corneas of rabbits with more severe, prolonged vitamin A deficiency pro-
duced less extensive epithehal infection,'®' a difference ascribed to an increased
barrier to infection provided by the heavily keratimized corneal surface

McLaren, long a pioneer i this area,'® ™ drew attention to Foster’s contribu-
tion'® to sorting out the pathogenesis of measles-associated corneal ulceration
Foster studied 130 Tanzaman children with active corneal ulceration from all
causes by clinical examination, response to therapy, and biochemical parameters
Herpes sumplex was responsible for one-third of the ulcers, vitamin A deficiency,
for one-quarter, and traditional medicines, for one-seventh (Fig 7-1) Vitamin
A deficiency was assoctated with more severe disease and a less favorable out-
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Fig. 7-1. The presumptive etiology of corneal ulcers among 130 children presenting to
the Mvumi Hospital in Central Tanzamia Measles was responsible for less than 4%,
vitamin A deficiency, for more than 25% (From A Foster et al '®)

come In over one-third of the children, both eyes were ulcerated Vitamin A
deficiency was responsible for over half such cases, herpes, for less than a quarter

A hustory of measles within the preceding month was present i one-third of
all cases of corneal ulceration and 1n 57% of those with bilateral ulcers Vitamin
A deficiency was responsible for half the measles-associated corneal uleers, her-
pes, for one-fifth, and traditional medicines, for nearly 17% (Fig 7-2)

In this same study, three-quarters of all corneal ulcers due to vitamin A
deficiency, but only one-fifth of those caused by herpes simplex, had a recent
history of measles The longer the duration between measles and onset of ulcer-
ation, the more hikely that the ulcer was secondary to vitamun A deficiency,
suggesting late sequelae of chromic, post-measles deterioration of vitamin A
status

The chnical diagnosis was almost always supported by the brochemical data
(Fig 7-3) Occasional discrepancies between chimical diagnoses and serum retinol
values pomt up the complexity and multifactonal nature of corneal ulceration
in rura] African children In retrospect, two cases diagnosed as xerophthalnma that
appeared to have normal vitamin A levels may have been caused by traditional
medicines One case of measles-associated ulceration with extremely low vita-
min A and RBP levels had mitially been diagnosed as xerophthalmia, but the
diagnosis was changed to “traditional medicines’” when the child failed to re-
spond to vitamm A therapy There 1s no reason the child could not have suf-
fered from both

Eleven percent of measles-associated ulcers were round, epithehal, and cen-
tral, occurring within ten days of onset of rash These healed quickly on antibiotics
and patching and probably represented confluent measles keratitis accentuated
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Fig. 7-2. Over one-third of the children presenting to the Mvumi Hospital with corneal
ulcers had a history of measles within one month of onset of their corneal lesions In half
these measles-associated cases, the underlying etiology was vitanun A deficiency (n = 48
children) (From A Foster et ai '*)
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Fig. 7-3. Serum vitamun A levels from forty Tanzaman children with corneal ulcers
studied consecutively at the Mvurm Hospital The enologie diagnosis was established on
chimcal grounds, before serum vitamin A levels were known (From A Foster et al )
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by desiccation of the cornea from exposure Herpetic ulcers were usually urilat-
eral, mild, and hmited to the epithellum

Foster and Yorston™ comgared childhood corneal ulcers at one hospital
for the periods 1982-1984 and 1986-1988, durmg an interval when measles
mmumzation rates rose from 30% to 80% Measles admissions fell 78%., ulcers
“associated with measles” (through whatever mechanism) fell 87%, and ulcers
due to vitamin A deficiency (frequently precipitated by measles) fell more than
75%

In conclusion, measles can precipitate severe vitamun A deficiency, resulting
not only 1n increased systermc morbidity and mortality, but corneal ulceration
and blindness The exact mixture of contributory causes of measles-associated
blindness are likely to vary from one population to another, but the constituents
seem clear Measles directly invades the conjunctiva and cornea,'’” '™ giving rise
to punciate keratitis of varymng severity The lesions, however, are superficial
and generally resolve spontancously In a number of children, herpes simplex
ulceration occurs Exactly how or why 1s uncertain Given the common recurrence
of herpes lesions elsewhere, principally the skin and mouth, 1t 1s hkely these
reflect reactivation secondary to reduced immune competence from measles,
PEM, vitamin A deficiency, and quite possibly other factors, such as malaria, " 18
alone or in combination Herpes lesions are generally unilateral and superficial,
rarely leaving the child blind

At the same time, vitarmin A deficiency appears to account for the majority
of cases of measles-associated bilateral, severe, blinding corneal ulceration

Two factors that seem to have most confused mvestigations 1n the past are
the frequent absence of other evidence of xerophthalmia (X1B/X2) m measles
cases, and the seeming ranty of mild xerophthalmia 1n the population at large
The latter may simply reflect faillure to adequately assess the status of poor,
often rural, remote populations (personal communication, Erika Sutter, 1979) '#
On a first consultation to Tanzama (by A $) m 1981, the existng “lore™ con-
cluded xerophthalmia was a ranty, despite claims by Sauter'® that vitamin A
prophylaxis would prevent serious measles-associated corneal ulceration in that
country Active surveillance subsequently 1dentified large numbers of cases,™
later confirmed by formal surveys **!

Typical xerophthalmua, 1n the absence of precipitatmg measles, has been
observed in most areas of Africa in which measles-associated blindness occurs
and m which 1t has been sought out 17 07810 2190-142,144 149134 192196 Fetymates that
one-fourth to one-half the cases of corneal involvement are associated with
measles!?172 WIS B 5197198 gre congistent with observations 1 Indonesia®'™* and
reports from El Salvador,'™ Vietnam,' Japan,'” and Jordan '*

It 1s also hkely that most chuldren 1in Africa, as elsewhere, have muld vitamin
A deficiency {e g, are “pre-xerophthalmic””) Where measles leads to chronic,
repeated reinfections, diarrhea, and PEM, vitamun A status may detenorate
slowly, providing ample opportumty for mghtblindness and keratinizing metapla-
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sia (X1/X2) to become apparent But where meastes 18 severe and vitamim A
status precarious, precipitous deterioration of “borderhine” deficiency (“marginal
status’’) results m rapad stromal melting (ulceration and keratomalacia, X3)
before climcally detectable xerosis develops In some instances, corneal ulcer-
ation and 1ts attendant ocular mflammation may reverse or otherwise mask
preexisting conjunctival xerosts (Chapter 4) %

Measles may also work through local ocular factors to potentiate the xeroph-
thalmic process Measles keratitis no doubt increases corneal requirements for
vitamin A and may contribute to those still-obscure processes responstble for
xerophthalmic melting of the corneal stroma Measles 1s also associated with
reduced tearing® ™ and alterations 1n tear composition While the importance
of tears for the delivery of vitanun A to ocular tissues 18 uncertain, tears do con-
tain vitamun A 1n a concentration that varies with vitamm A status 2

The mutual interaction between measles and vitamun A nutriture, and their
effect, 1n turn, on systemic morbidity, mortahty, and blindness, provide a powerful
and urgent mcentive for further enhancing measles immumzation The facts are
that immumzation coverage falls well betow 100% , immunization does not protect
a substantial proportion of those reached, and children too young to be success-
fully immumzed (less than six months to mine months) are at nisk of bhinding
and deadly measles These arc cogent reasons for ensuring that all children with
measles receve large-dose vitamin A treatment®-**—ag should all children who
have less than adequate vitamin A stores

Interestingly, five cases of post-measles corneal melting were observed 1n
Leipzig, Germany, 1n a three-month period in 1955 The authors could not
explam 1ts genesis Although the children were generally very 1ll, the authors
ruled out vitamin A deficiency by the absence of any significant clinical response
to vitarmn A therapy But the vitamn A was admimstered as an oily imjection
(which 1s relatively meffective) late 1n the course of corneal disease (when little
viable corneal tissue may still have been present) One of the earhest reports of
classical vitamin A deficiency (by dietary history) and xerophthalmia had been
published from this same clinic forty years carher

Protein Energy Malnutrition

The association between PEM and the presence or risk of vitammn A deficiency,
particularly severe, bhinding xerophthalmia® #*-27 and measles-related corneal
destruction,!” ! 131016 156138218 hag heen repeatedly noted In Indonesia, the sever-
ity of xerophthalmia, especially corneal xerophthalmia, was hnked with the sever-
ity of PEM as measured by a variety of indices, including anthropometrnic status,
pedal edema, and serum levels of albumen and transferrin > Seventy percent
of cases of corneal xerophthalmia, but only 30% of vitamun A-responsive Bitot’s
spots (and none of the matched controls), had serum albumin levels below 3 5
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gm/dl Children with mghtblindness (XN) admitted to ICDDR,B’s Dhaka facility
were more hkely to be malnourished than were their non-xerophthalmic peers ¥

The pervasive relationship between malnutnition, particularly protein defi-
ciency, and vitamin A status can arise from at least two sources The first 15
common ongins dietary habits, hygiene standards, and their interplay (the “infec-
tion/malnutrition complex™) 2! In general, children deficient in protein are likely
to be deficient in other nutnents as well > This noncausal relationship helps
explain individual vanations in the assocation between protemn and vitamin
A status 2

The presence of PEM increases the subsequent risk of xerophthalmia (by
roughly the same order of magnitude as does the presence of respiratory disease
or diarrhea) ! This suggests a second source of association, artsing from a direct,
causal interaction between protein status and vitamin A metabolism As discussed
in Chapter &, protein plays an important role 1n transporting vitamin A from
hver stores to target cells RBP synthesis, hence retinol transport from the liver
(as holo-RBP), depends on an adequate supply of both vitamin A and protemn
Rats deprived of vitamin A suffer a fall in serum and liver vitamin A concentra-
tion, but a fourfold rise 1n liver apo-RBP *? Admunistratton of a large dose of
vitamun A results in a rapid outpourmg of holo-RBP Rats deprived of both
vitamin A and protemn suffer a much more muted holo-RBP response ™

Children react in much the same way Serum retinol levels of protein deficient
children are depressed, even in the presence of adequate vitamin A liver stores,
and rise m response to a high protein diet'®'®*27 (serum retinol and RBP
doubling within eight days™) By the same token, the rapidity and extent of the
holo-RBP response followmng a large {oral or parenteral) dose of vitamn A 15
directly related to a child’s baseline protein status (Table 10-3),>%% just as in
the RDR assay of vitamun A reserves (Chapter 11) ¥

These biochermucal differences have their clinical counterparts While most
cases of xerophthalmia will respond to a massive dose of vitamin A (even 1n the
presence of severe protemn deficiency) (Chapter 10), proten status affects the
speed and duration of that response Corneal xerophthalmia healed uneventfully
m 74% of Indonesian children with PEM given standard, large-dose vitamn A,
the response, however, was slower than that of better-nourished children *° Fully
90% of cases that suffered chimcal relapse had significant PEM (serum albumin
< 30 g/dl or transfernn < 50 mg/dl, weight for height < 70%, or pedal edema) 3%
The transient nature of the climical and holo-RBP response to large-dose vitamin
A therapy suggests impaired vitamm A transport and storage In rats, at least,
protemn deficiency can interfere with hiver storage of vitamm A -2

While the complexity and nuances of vitamun A and protein interaction are
only beginning to be understood, even crude attempts to quantify their relation-
ship are revealng * Despite the multiple factors that can transiently alter serum
retinol levels (rendering 1t a relatively coarse index of vitamin A status), the
cross correlation between serum retinol and albumin (a surrogate for protein



208 Mechanisms

“status’) provides a reasonably sensitive and specific biochermical index for
differentiating xerophthalmia patients of varying clinical severity—an index supe-
r1or to either of 1ts components alone ® These relationships are mternally consis-
tent For example, 1in non-xerophthalmic children, one expects and finds a positive
correlation between serum albumin and retinol This contrasts with xerophthal-
muic corneal dissolution, where vitamin A metabolism has presumably collapsed
In this extreme circumstance, patients whose protein status 1s relatively normal
would need to be severely retinol depleted, those only modestly vitamn A
deficient would need to be severely protein deficient As a result, the slope of
serum vitamin A on albumin would be negative, which indeed can be the case **
This would explain why serum carotene levels are sometimes higher 1in xeroph-
thalmic children with kwashiorkor than in those without’ with their better
protein status, children without kwashiorkor must be more severely deprived of
vitamin A to develop xerophthalmia Further, this observation is consistent with
the frequent finding that the severest forms of xerophthalma are commonly
accompanied by protemn deficiency, and that i the absence of severe (primary)
vitamin A deficiency serious xerophthalmia 1s largely hmited to severely malnour-
ished 1ndividuals

It remains uncertain whether defects 1n vitamin A transport secondary to
protemn deficiency or other factors can result in climcal xerophthalma 1n the
absence of at least some degree of primary vitamun A deficiency Hussey has
rased this possibility to explain measles-related, vitamin A-responsive complica-
tions among children thought to have been otherwise vitamn A sufficient * As
umportant as protemn status may be to vitarmin A metabolism, 1t clearly does not
domnate the climcal manifestation of vitamun A status How else to desenbe
the wide vanation 1n the frequency and severty of ocular involvement reported
m kwashiorkor,”™ or the ability of large-dose vitamin A to produce a modulated
but effective therapeutic response in the majority of severely malnounshed
patients?

It 1s likely that protem deficiency acts at multiple loc of vitammn A-dependent
function In addition to affecting apo-RBP production, cellular RBP may be
depressed 1n protemn deficiency 2 Protein status would also be expected to influ-
ence vitamn A regulation of gene expression—whose primary outcome, after
all, 1s the production of highly specific proteins

Chrome protein deficiency can have a paradoxical effect on vitamin A status
by inhibiting growth and reducing metabolic demands,” 1t may conserve existing
vitamin A stores 2% Protein deficient rats utiize RBP at only half to two-thirds
the normai rate *** Hence, anything that increases vitamun A demands, including
a protein-mduced growth spurt,* can precipitate deficiency and 1ts consequences
among indrviduals with marginal vitarmin A stores Gopalan®™ observed malnour-
ished children fed protem-rich diets develop xerophthalmia Bloch* attributed
the seasonality of xerophthalmia in Denmark to demands placed on limited
vitamin A reserves by the spring growth spurt
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Our understanding of the molecular mechanisms by which protein status

affects vitamin A-dependent functions remains extremely limited, particularly
as 1t relates to the myriad of subtle, non-ocular consequences of “vitamin A
deficiency * In the meantime, 1t 1s clear that successful prevention and treatment
of vitamm A defictency and its consequences require careful attention to the
population’s protein status
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Biochemistry of Vitamin A
and Carotenoids

JAMES A OLSON

Our understanding of the biochemistry of vision developed much more rapidly
than that of cellular differentiabhon Since the 1dentification 1n 1987 of nuclear
receptors for retinoic acid that induce gene expression, however, we have been
rapidly gaining msight into the nature of the latter process Our past and present
knowledge about vitamin A and carotenods has been summanzed elsewhere '

Nature, msofar as possible, protects us from the il effects of both inadequate
and excessive mtakes of the vitamin The physiological and biochermical processes
underlying this protection are described 1n this chapter

Chemistry and Nomenclature

Chemical Aspects

Vitamin A and more than 600 carotenoids have been crystallized and fully
characterized by a variety of chermcal and physical methods Furthermore, vita-
min A and many of 1its analogs, as well as selected carotenoids, have been
synthesized chemically from simple, readily available precursors Mainly because
of the structure of conjugated double bonds that are charactenstic of both vitamin
A and carotenoids, these substances are sensitive to oxidation ??

Vitamin A 1s now considered chemically as a subgroup of the retinoids, which
are defined as a class of compounds consisting of four 1soprenoid umits jomned
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i a head-to-tail manner and customanly contaming five conjugated double
bonds ** The term “‘vitamin A" 1s used as a generic descriptor for retinoids
exhibiting qualitatively the biologic activity of retinol The numbering system
for all-trans retinol 1s depicted in Figure 8-1 (pomt A} Other naturally occurring
retinoids of biologic interest, shown m thes figure, are B through J Retmowds K
and L are synthetic compounds with high biological activity

The nomenclature of carotenoids primarily 1s based on B-carotene or, more
formally, on B,B-carotene *¢ The formulas and numbering system for -carotene
and w-carotene are given 1n Figure 8-1 (pomts M and N) The term provitarmn
A carotenoids 1s used as a generic descriptor for all carotenoids exhibiting qualita-
tively the biologic activity of vitarmn A *°

A large number of geometric isomers both of retinol (n = 16) and of B-
carotene (n = 272) can exist All sixteen of the vitamin A 1somers and several
of the B-carotene 1somers have been synthesized Interestingly. the all-trans and
three of the four mono-cis 1somers of vitamin A—the 9-cis, 11-cis and 13-cis
forms—are known (o play speafic physiologic roles m nature

1 19
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Fig. 8-1. Formulas and numbermg systems for retinoids and carotenmds A, all-trans
retinol, B, all-trans retinal, C, all-trans retinoie acid, D, 3-dehydroretinol (vitamin A,),
E, 11-cts retinal, F, 4-oxoretmoic acid, G, retinyl palmutate, H, retinyl phosphate, I, retinoyl
B-glucuronide, J, retinotaunne, K, trimethylmethoxyphenyl analogue of ethyl retinoate,
L, tetrahydro, tetramethylnaphthylisopropenylbenzoic acid, M, all-frans B-carotene, N,
a-carotene (From J A Olson %)
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Vitamin A and carotenoids are soluble 1n most orgame solvents, but not n
water In thewr extraction from plasma and tissues, therefore, the cell structure
must be disrupted, the proteins denatured, and the Iipid fraction dissolved in
some solvent, such as hexane or dichloromethane, which is immuscible with water
In crystalline form or when dissolved 1n o1l containing an antioxidant, vitammn
A 1s stable for long periods, providing 1t 1s kept mn the dark n a sealed container
under a dry mtrogen or argon atmosphere Carotenoids, although less stable
than retinol, are also preserved well under simlar conditions >

Vitamin A and the carotenoids are sensiiive to oxidation, 1somernzation, and
polymenization when dissolved 1n dilute solution under light 1n the presence of
oxygen, particularly at elevated temperatures The destruction of these com-
pounds 1s particularly rapid when they are adsorbed as a thin surface film 1 the
presence of light and oxygen *

Vitamin A 1s stable when stored 1n frozen liver tissue 1n the dark at a tempera-
ture below —20°C, and in frozen serum stored at —70°C in sealed vials under
1deal conditions Carotenoids present in stored frozen serum or tissues tend to
be more sensitive than vitarmin A to destruction, but are stable at —70°C 1n the
dark under argon?

Vitamin A and carotenoids are usually separated by high-pressure liquid
chromatography and detected by UV-visible absorption spectrophotometry.’®
although other physical and chemical procedures for detection exist Vitamin A
shows a charactenstic ultraviolet (UV) absorption spectrum with an absorption
maximum (Amax) of 325 nm and a molecular extinction coefficient of 53,000
cm’M ! (E'%,, of 1850) mn hexane

Carotenmds also show characleristic absorption spectra, B-carotene, for ex-
ample, has a Amax of 450 = rm mn hexane with a molecular extinction coefficient
of 136,900 cm®M ! (E'* ., of 2550)

Biologic Aspects

Whenever appropnate, vitamin A and individual retinoids and carotencids are
preferentially expressed in molar terms 1n accord with the Systeme International
(SI) Thus, serum concentrations of retinol are given i micromolar terms (wmol/
Iiter) rather than m mucrograms per deciliter (ug/dl), and liver concentrations
are given as micromoles per gram, not as micrograms per gram In this expression,
1 pg retinol 1s equal to 0003491 pmol or, conversely, 1 umol of retinol equals
286 46 pg of retnol * ST units are less applicable to food sources

In nutrition, the primary unit of biologic activity for vitamin A 1s 1 pg of all-
trans retinol, whether present as the free alcohol or as one of scveral natural or
synthetic fatty acyl esters

To express both preformed vitamin A and provitamin A carotenods m foods
as a single nutntive value, the retinol equivalent (RE} was created One pg RE
15 equal to 1 pg of all-trans retinol, to 6 ug of all-trans B-carotene, or to 12 pg
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of other provitamin A carotenoids in foods The bioavailability of carotenoids
varies greatly, however, depending on their physical state 1n foods Thus, carot-
enowds m ol are well uthzed, but those i uncooked whole vegetables are
poorly absorbed

A unit of historical value, which 1s still extensively used 1n food composition
tables and 1n labeling of vitamin A supplements, 15 the International Unit, or
IU One IU equals 0 300 g of all-trans retinol, or a corresponding amount of
retinol in ester linkage Thus, whether the vitamin A 1n a given solution is present
as free retinol, retinyl acetate, or retinyl palmitate, the number of IUs will be
the same * One IU of all-trans B-carotene was defined at 0 6 pg The nutritional
equivalency of B-carotene relative to vitamm A 1s three times higher when this
nomenclature 15 used than when RE 15 employed Thus, 1t 1s useful to distingmsh
IU as IU, for vitamin A, and as IU, for B-carotene The RE system, which 1s
better based physiologically, 1s less confusing and, consequently, 15 preferred

The all-trans 1somers of both vitamin A and provitamim A carotenods are the
most nutritionally active forms, cis-1somers usually show 50% or lower activities
relative to the all-trrans forms

Physiologic Processes

Digestion and Absorption

Preformed vitamin A and carotenoids in the diet are largely released from
protein during proteolysis in the stomach Vitamin A and carotenods tend to
aggregate with hipids mto globules, which then pass mnto the small intestine The
upper intestine 1s the major site of hipid hydrolysis Dietary fat, protein, and their
hydrolytic products stimulate, through cholecystokinin, the secretion of bile,
which first emulsifies lipids and then forms micelles Baile salts also stimulate
pancreative lipase, which hydrolyzes triglycerides and other esterases that hy-
drolyze retinyl esters and cholesteryl esters Retinyl esters are hydrolyzed primar-
ily by an enzyme located in the brush border of mtestinal mucosat cells Hydrolysis
of retinyl esters greatly enhances the bwoavaillability of vitamm A The product,
retinol, 1n a bile salt-containing micelle 1s well absorbed (70% to 90% ) by mucosal
cells of the small intestine Vitamin A seems to be absorbed by a carrier-mediated
process at low concentrations, but mainly by diffusion from the micellar phase
at high doses **"

Hydrocarbon carotenoids are not as well absorbed as retinol, possibly because
of thesrr awkward length and their spectfic requirement for bile salts In the
presence of fat, 30%-50% of moderate amounts (< 15 mg) of carotenoids are
absorbed by humans As the amount increases however, the absorption efficiency
declines Highly polar carotenoids are poorly absorbed
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Plasma Transport
Chylomicra

Within intestinal cells, newly formed chylomicra contain retinyl ester, cholesteryl
ester, some retinol, phospholipids, much triglycende, and apolipoprotems A-1,
A-4, B, and several others In the complex conversion of the secreted chylomicra
mnto chylomicron remnants m the plasma, the tnglycende content 1s markedly
reduced by the hydrolytic action of lipoprotein hipase, the predominant apohpo-
proteins on the chylomicron remnant become B and E, and the relative concentra-
tions of retinyl ester increase per remnant particle **"!

Retincl-Binding Protein (RBP)

Human RBP, a single polypeptide chamn with 182 amino acids 1n a known se-
quence, has a molecular weight of 21,230 The protein contains an eight-stranded
anti-parallel 3-barrel at 1ts core, within which all-frans retinol 1s bound 2 Thus,
Iittle 1f any bound retinol 1s exposed at the surface of the protein The 1 1 molar
complex of all-trans retinol and RBP 15 called “holo-RBP ” Within the plasma,
holo-RBP 1s found 1n large part as a 1 1 complex with transthyretin (prealbumin),
which specifically binds one thyroxine molecule per tetramer

In well-nourished adults, the total RBP concentration n plasma 1s 1 9 pmol/
Iiter to 24 pmol/liter (40 pg/ml to 50 pg/ml}, 80% to 90% of which exists as
holo-RBP In children up to the age of puberty, the total RBP concentration 1s
approxmnately 60% of the adult level *® Protein-energy malnutrition, infections,
and parasitic infestations all lower steady state concentrations of holo-RBP
Thus, the vitamn A status of an individual often 1s not predictable on the basis
of holo-RBP concentrations alone (Chapter 11)

Serum Retnoids and Carotenoids

Mean values and ranges of retinoids 1n serum as a function of age and sex are
presented in Table 8—1 " These values, drawn from the first U § National Health
and Nutrition Examination Survey m 1971-1974 (NHANES I}, clearty show that
mean plasma retinol concentrations 1n young children are approximately 60%
of adult values until puberty, when they increase Male and female children show
the same serum retinol values, whereas adult males have values 20% higher than
adult females

The concentrations of specific and total carotenoids in the plasma are ughly
dependent on diet Of the six major carotenoids in the plasma of American
residents, lycopene 15 the most common, followed by lutein plus zeaxanthin and
then by B-carotene Of the total plasma carotenoids, the percentage of provitamin
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Table 8-1 Serum Retinol Concentrations (umol/liter) as a Function of Age and Sex in
American Residents, 1971-1974*

Age Total Males Females
3-5yr 128 (073-20) 129(070-21) 126 (077-20)
n 1414 725 689
6-11 yr 131 (D84-19) 130 (084-19) 132 (084-19)
n 1857 930 927
12-17 yr 158 (10-23) 162{(11-23) 153(10-22)
n 2035 1026 1009
1844 yr 194 (12-29) 208 (14-30) 180(11-28)
n 7035 2164 4871
45-74 yr 220(13-33) 229(14-35) 211 (13-32)
n 6111 2911 3200

“The 5th and 95th percentile values are given 1n parentheses
Denved fram SM Pilch #

A carotenoids mn adults 15 nsually 40% -50% The plasma carotenoid patterns
m adults have been fairly well studied,'”’ but as yet few studies have been
conducted 1n children "'® Serum carotenoid patterns from these studies are sum-
marnzed m Table 8-2 In malnourished children 1n Senegal, serum concentrations
of both retinol and total carotenoids were approximately half those n well-
nourished Amencan children,” ' although provitamin A carotenoid concentra-
trons were similar (Table 8-2)

In addimion to retinel and the cited carotenomds, lower steady-state concentra-
tons (< 01 pmol/liter) of retinyl esters, retinowc acid, retinyt B-glucuromde,
retinoyl p-glucuronide, and at least twelve other carotenoids have been identified
mn fasting plasma **! Besides retinoic acid, some of these minor components
may also play sigmificant roles 1in nutrition and function

Tissue Uptake and Storage
Uptake of Chylomicron Remnants

By interaction with cell surface receptors on hver parenchymal cells for apolipo-
protein E, and possibly for apolipoprotein B, chylomicron remnants are internal-
1zed by receptor-mediated endocytosis Retinyl esters are hydrolyzed, combined
with cellular retinol-inding protein (CRBP) n the cytosol of the hepatocyte,
and then subjected to several possible metabolic routes *°'! Lipid-nich chylomicra
are cleared more slowly from plasma than are lipid-poor chylomicra ' Chylomi-
cron remnants are also taken up well, presumably by a similar mechanism, by
bone marrow, and to a lesser degree by other peripheral tissues



Table 8-2 Mean Serum Carotenowd Values (umolihter) as a Function of Nutntional Status and Age®

Nutrional Carotenouds®
Years Place Sex  Number Stuate ROL* Total B-Car a-Car B-Cryptox  Lur! Lyc Ref
2-4 Senegal MF 27 Poor 061 074 0lie 003 002 G 46 07 17
022 *+061 *014 *006 =002 +028 =011
2-14 Michigan MF 10 Good 142 141 020 003 — 038 080 18
+0 45 +012 +002 +020 +039
18-45+ Boston, MA M 137 Good 22 105 034 008 — — 063 15
(13-33) (013-11) (6 01-020) (023-12)
1845+ Boston, MA F 193 Good 185 139 059 014 — — 066 15
(11-28) (011-14)  (002-040) (023-12)
5910  Washington, DC M 55 Good 26 122 031 005 a15 032 0139 16
*064 *020 004 +010 *015 +023
59+7 Washington, DC F 55 Good 23 139 044 007 018 035 035 16
+{ 66 +027 +004 +0 10 *(16 *004

‘Under the mean values, values in parentheses are Sth and 95th percentile values whereas £ values are standard deviations

"Abbreviations ROL retinol, B Car, B-carotene w-Car, a-carotene, A-Cryptox, B-cryptoxanthmm Lut Eutein, Lyc Lycopene

“Total rarotenords are estimated as the sum of measured components

*Lutemn values include a mmor portion (ca 20%) of zeaxanthm

£2T
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Uptake from Holo-RBP

Holo-RBP, denived largely from the liver but also from other tissues, 1s taken
up from plasma by all tissues of the body Two mechamsms have been postulated
(1) mteraction of holo-RBP with a specific cell-surface receptor, followed by
internalization of the complex®, and (2) dissociation of holo-RBP 1n the plasma
mnto apo-RBP and retinol, followed by mcorporation of retinol into the plasma
membrane "' Thereafter, CRBP may draw retinol out of the membrane mnto
the cytosol 1'%

Although the retinal pigment epithelial cells apparently possess cell-surface
receptors for holo-RBP on their external surfaces,” their presence on other cells
18 much less clear !'* Whatever the mechamsm of uptake, however, retinol and
its esters are found 1n significant amounts 1n adipose tissue, kidney, testis, lung,
bone marrow, and the eye, 1n addition to the liver, and m smaller amounts 1n
other tissues

Storage

Retinyl esters i chylomicron remnants are hydrolyzed within hepatocytes to
retinol, which then can be esterified with long-chain fatty acid esters and stored
1n speciahzed lipid globules

Alternatively, retinol may be transferred to stellate cells, also termed lipo-
cytes, Tto cells, and fat-storing cells, where retinol 15 also esterified and stored
1n vitamin A-contaimning globules Under normal physiologic conditions, stellate
cells contam 80% to 90% of the stored vitamm A, hepatocytes 10% to 20%, and
other liver cells only a few percent The retinyl ester stored in stellate cells and
hepatocytes can be readily and completely mobilized and used by the organ-
15m n

The major ester of stored retinyl esters 1s the palmitate, with smaller amounts
of the stearate, hnmoleate, oleate, and others The major synthetic route 1s by
transacylation from the a-position of phosphohpids, although direct acylation
via coenzyme A derivatives can also occur !

Although the liver clearly 1s the major storage site, most other tissues also
possess stellate cells and store retinyl esters Retinol may be transferred from
parenchymal cells to stellate cells as ntact holo-RBP,? as free retinol," or by
yet unidentified carriers or processes !

Release from Tissues

Within the hepatocyte, a precursor of RBP—preapo-RBP—is first formed It 1s
then proteolytically cleaved, with the loss of a peptide, to apo-RBP All-trans
retnol combines with apo-RBP 1 a specific 1 1 molecular complex to form holo-
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RBP The latter 1s transported through the Golgl apparatus and then 1s secreted
into the plasma, probably as a complex with transthyretin **

Retinol mught be released into plasma from liver stellate cells by three routes
(1) by its transfer back to parenchymal cells, followed by holo-RBP release, (2)
by 1its direct release into the plasma as an endogenously formed RBP complex,
or (3) by 1its transfer to extracellular apo-RBP at the cell membrane Whether
all of these routes are active and, if so, which route predomnates under given
physiological conditions 1s uncertam '

Although vitamin A 1s primanly stored m the liver, all tissues contain some
vitamin A Because messenger ribonucleic acd (MRNA) for RBP has been
identified n the kidney, lacrimal gland, adipose tissue, and bone marrow as well
as 1n the liver, nonhepatic tissues may well synthesize and secrete RBP RBP 1n
plasma from hepatic and extrahepatic tissues, however, seems to be 1dentical
Thus, 1t has not yet been possible to ascertain the relative amount derived from
each tissue

Recycling and Excretion

Retmol released as holo-RBP from the liver 1s taken up by peripheral tissues
Much of this retinol 15 later released from peripheral tissues as holo-RBP, as
lipoprotemn-bound retinyl esters, or as water-soluble retinyl B-glucuronides All
of these forms are then transported back to the liver This recycling 1s extensive
and efficient, as shown by in vivo kinetic analysis #* When vitamin A mtakes
are very low, the efficiency of recychng increases

The glucuronides of vitamin A, which are secreted 1n the bile, are also reab-
sorbed from the intestinal lumen and transported back to the liver**! This
enterohepatic circulation also helps to maintain the vitamin A status of an indi-
vidual during penods of low intakes

Approximately 5% to 20% of mgested vitamin A and a larger percentage
of carotenoids, depending on therr nature, bioavailability, and amount, are not
absorbed from the intestinal tract and consequently are excreted in the feces A
sigmficant portion (10% to 40%) of absorbed vitamin A 1s oxidized or conjugated
in the hiver and then 1s secreted into the bile Although, as already mentioned,
some of these biliary metabolites, such as retinoyl B-glucuromde, are reabsorbed
m the intestine and transported back to the liver, most of the biltary metabolites
are excreted in the feces

Vitamin A that 1s oxidized and cham-shortened 1n various tissues ultimately
18 excreted tn the unne Fmally, carbon dioxide that 1s released by the oxidation
and cleavage of the side cham of vitamm A 15 excreted 1n the expired air In
quantitative terms, an average of 10% of dietary vitamin A 1s not absorbed, 20%
appears 1n the feces through the bile, 17% 1s excreted 1n the urine, 3% 15 released
as CO,, and 50% 1s stored, primarily 1n the hver *!!
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Metabolic Processes

Binding Proteins

In addition to plasma RBP, a set of specific binding protemns for retinol, retinal,
and retinoic acid has been 1dentified wiathin cells, as well as 1n the intercellular
matrix between the retinal pigment epithelium and the rod outer segments *
Major specific binding proteins of mammals are hsted in Table 8-3

Other retmod-binding proteins that are at least partly characterized have
been 1dentified 1n the epididymus, uterus, fetal liver, and Sertoli cells Some other
proteins, such as several fatty acid-binding protens, serum albumin, and B-
lactoglobulin also bind retinowds and, m particular, retinoic acid Several of these
proteins are closely related structurally ¥

Thus, the retinoids clearly are chaperoned by a set of highly specific proteins
i vivo and can bind as well to other structurally related proteins Specific binding
proteins seem to function as transport agenis, as sequestering entities, as cohigands
1n enzymatic transformations, and as cohgands in genetic expression? The
physiologic role played by nonspecific binding proteins 1s still unclear

Vitamin A

The major reactions of vitamin A metabolism are estenfication, oxidation at
C-15, oxidation at C-4, conjugation, 1somerization, other miscellaneous oxida-
tive reactions, and chain cleavage Retmol and retinal, as well as other metabo-
lites reversibly converted to them, all possess sigmificant biologic activity Ret-
moic acid and 1ts glucuromide are active 1n growth but not in wision or, in most
species, in reproduction Except for 14-hydroxy-retro retinol, more oxidized
products—such as 4-hydroxyretinoic acid, 5,6-epoxyretinoic acid, and C-19 me-
tabolites—are largely devoid of biologic activity

Retoyl B-giucuromde, retinyl B-glucuromde, and retinoic acid, as already
mentioned, are normally present in small amounts (3 nmol/liter to 11 nmol/liter,
or 1 pg/liter to 5 pg/hter) in human plasma Retinoyl B-givcuronide 1s not hydro-
lyzed in some cells and only slowly in vivo Retinoic acid, besides being physically
bound by serum albumn and by cytosolic and nuclear binding proteins, can also
be covalently bound to proteins, possibly by means of a coenzyme A intermediate
The cellular retmord-bindmg proteins play a major role in the oxidation/reduction
and transestenfication of retinol Intestinal CRBP-II, CRBP, and CRABP have
been particularly well studied in this regard 1132

Stored retinyl esters are hydrolyzed to free retinol by a group of intracellular
retmyl ester hydrolases ! Some of these hydrolases depend on the presence of
bile salts or other detergents, and some do not Apo-CRBP stimulates hydrolase
activity, presumably by serving as an acceptor of released retinol !
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Table 8-3 Major Retinoid-Binding Proteins

Molecular
Weight
Name Abbrevianon Location (KDa) Major Ligands
Retinol-binding protein RBP Plasma 212 all-trans retinol
Interphotoreceptor retinol- IRBP Extracellular matnx 135 N-cis &
binding protem of the eye all-trans retinol
Cellular retinol-binding CRBP-1 Cytosol 157 all-trans retinol
protein, type 1 all-trans retinal
Cellular retinol-binding CRBP-11 Cytosol small 156 all-trgns retinol
protein, type II ntesting all-trans retmal
Cellular retinowc acid CRABP-1 Cytosol 155 all-trans
binding-protein, type [ retinoic acid
Cellular retinoic acad CRABP-II  Cytosol fetal tissues 150 all-trans
binding-protein, type II retinoic acid
Cellular retinaldehyde- CRALBP Cytosol eye 360 11-cis retinol,
binding protetn t1-cts retinal
Retinoic acid receptor-o RAR, Nucleus 50 all-trans
retmoic acid
Retmoic acid receptor-p RAR; Nucleus 30 all-trans
retinorc acid
Retinoic acid receptor-y RAR, Nucleus manly skin 50 all-tzrans
retinoic acrd
Retinoid X receptor-a RXR, Nucleus 51 9-cts retinoic
acid
Retinoid X receptor-f3 RXRq Nucleus 51 9-c1s retinowc
acid
Retinoid X receptor-y RXR, Nucleus 51 9-c15 retinoic
acid

Carotenoids

Most provitamin A carotenoids can be cleaved by a carotenoid 15,15-dioxygen-
ase 1n the cytosol of the intestinal mucosa, of hepatoeytes, and of some other
tissue cells B-carotene yields two molecules of retinal, wihnch are m large part
reduced and esterified to retinyl ester The cleavage enzyme requires melecular
oxygen and apparently contains a metal, possibly 1ron, at 1ts catalytic site f3-
carotene and some other carotenoids can also be cleaved asymmetnically to yield
B-apocarotenals that, in turn, are converted to retinal, or possibly directly to
retinoic acid At the level of retinal, therefore, that 15 reversibly reduced to
retinol by alcchol dehydrogenases in many tissues, the metabolism of carotenoids
and that of preformed vitamun A usually coincide B-carotene can also be oxidized
to ologically inactive products by lipoxygenase and other exidative enzymes
Much less 1s known about the metabolism and excretion of carotenoids other
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than carctene Each carotenoid, however, seems to show a specific pattern of
absorption, metabolism, and transport **
The overall metabohsm of carotenods has recently been reviewed %

Functiens of Vitamin A and Carotenoids

Vitamin A

Vitamin A 1s important for vision, cellular differentiation, morphogenesis, and
transmembrane transport (in bacteria) Many other complex physiologic pro-
cesses 1n animals, such as growth, reproduction, and the immune response (Chap-
ter 9), seem to be affected by these central functions

Vision

The role of vitamn A in vision 1s well defined (Chapter 4) * In the outer segment
of rod cells in the retina, 11-cis retinal forms a protonated Schiff base with a
speaific lysime residue of the membrane-bound protein, opsin, to yield rhodop-
sin, with an absorption maximum of 498 nm Simular complexes exist in human
cone cells to give three specific 1odopsins that absorb maximally at 420 nm (blue
cones), 534 nm (green cones), and 563 nm (red cones)

When a photon of hght strikes the dark-adapted retina, the 11-cs bond of
retinal in rhodopsin 1s 1Isomernized to the all-frans form Thisi1somerization destabi-
hzes rhodopsin, which passes through a series of different conformational states
The hght-activated transformation of rhodopsin ultimately results in a reduction
1n the sodium 10n current mto the rod outer segment, which induces hyperpolar-
1zation of the membrane In the probabie sequence of steps in this amphfication
cascade, hght converts rhodopsin to the active mtermediate, metarhodopsm I1
The latter induces the exchange of guanosme diphosphate (GDP} for guanosime
triphosphate (GTP) on a disk protemn termed “transducin > Transducin contains
three subunits, and the complex of GTP with transducin activates phosphodicster-
ase, which 1n turn hydrolyzes cychic gunanosine monophosphate (¢cGMP) to GMP
As the concentration of cGMP falls, the sodium channel closes, leading to mem-
brane hyperpolarnzation *

The cascade 1s turned off by the time-dependent decay of metarhodopsin 1T
to opsin and all-trans retinal, by the conversion of metarhodopsm I to an inactive
phosphorylated form, and by the hydrolysis of bound GTP by the inherent
GTPase activity of transducin

A number of protems are mvolved 1n this complex cascade besides those
already cited rod cell spectrin, the 63-KDa protemn and the Na+-Ca++ 220
KDa exchange protem, the Na+ channel, peripherin and the rim protewn of the
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chsc membrane, recovering, phosducin, arrestin, and many others ¥ Specific roles
m the cascade have been defined for many, but not for all, of the twenty or more
characterized protein components mvolved m the visual cycle ®

All-trans retinal may be 1somenzed back to the 11-czs form n the rod outer
segment by hght 1n the presence of certain phosphohipids In the dark, however,
11 cs-retinol 1s formed by the action of all-trans 11-cis retinyl ester 1somerase,
a membrane-bound enzyme n retinal pigment epithehal cells* This enzyme
might better be called an 1somerchydrolase, in that the energy released 1n the
hydrolysis of the retinyl ester bond 1s directly coupled to the formation of the
energy-rich 11-cis retinol The 11-czs forms of retinol and retinal are then trans-
ported on IRBP to the rod outer segment, whereas all-trans retinol 15 shuttled
back on IRBP *%

Both all-trans and 11-cis retinyl esters are also stored 1n the retinyl pigment
epithehal cells, often 1n hpid-nich globules Retinyl esters are formed 1n the eye
by a trans-acylation reaction from phospholipids, whereas retinyl ester hydro-
lases, both 1n the eye and elsewhere, act preferentially on the cis-isomers ¥

Cellular Differentiation

In vitamin A deficiency, mucus-secreting cells are replaced by keratm-producing
cells in many tissues of the body Conversely, the addition of vitamin A to vitamin
A-deficient keratimzing cells mn tissue culture induces a shift to mucus-producing
cells Retinoids also rapidly induce F-9 teratocarcinoma cells, as well as many
other cell hines, to differentiate In this process, a number of new proteins appear
1n the newly differentiated cells Thus, vitamin A and 1ts analogues, both 1n vivo
and 1n vitro, markedly influence the way m which cells differentiate **

The mechanism by which retinoids mduce cellular differentiation 1s becoming
clear (Fig 8-2) Within tissue cells, all-frans retinol, 1n association with CRBP,
can be oxidized to all-trans retinoic acid and presumably can also be 1somernized
to 9-cts retinol, which 1n turn can be oxidized to 9-cis retinoic acid Another
likely route for the synthesis of 9-czs retinal 15 by oxidative cleavage of 9-cis B-
carotene All-rrans or 9-cis retinoic acid 1s transported on CRABP or on other
retinoid-binding proterns to the nucleus, where 1t 1s tightly bound to one or more
of the three {a, B, y) retmoic acid receptors (RAR) or to one or more of the
three (o, B, v) retinoid X receptors (RXR) respectively ¥* In the activation of
retinoic acid-responsive genes, a heterodimer of RAR and RXR, or 1n some
cases a homodimer of RXR, binds to the response element of the gene to iniiate
transcription RXR also serves as a coregulator for the expression of genes
responsive to truodothyronine, to calatriol, and perhaps to other hormones,
but not to estrogen *¥* In this latter role, RXR forms a heterodimer wath the
approprate nuclear receptor for other hormones, thereby enhancing its atfinity
for the response element of the gene The quantitative balance among RAR,
RXR, and other nuclear proteins may also contribute to gene regulation 1n vivo
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PLASMA CYTOSOL NUCLEUS
TTR PROTEIN «—— MRNA
I ey DNA
ROL-RBP = RDL*—-FiAL o0 oA OV
/ \
RA —> /n.q—» RA RXNX TR
RAG —*| AAG 9cRA— 9cRA-RXR VDR
X

Fig. 8-2. Roles of rettnods in the differentiation of target cells All retinoids are consid-
ered to be all-trans 1somers unless otherwise specified Abbreviations are ROL, retinol,
RAL, retinal, RA, retinoic acid, 9%cR A, 9-cis retinowe acid, RAG, retinoyl p-glucuromde,
RBP plasma retinol-binding protemn, TTR, transthyretin, RAR, retinoic acid receptor,
RXR, retinoic acid receptor that speaifically binds 9cRA, VDR, vitamin I receptor, TR,
thyroxme receptor, DNA, deoxynucleic acid, mRNA, messenger nbonucleic acid, X,
unknown precursors (possibly carotenoids) of 9%¢RA, © O, OA, and OV, heterodimers of
various nuclear receptors

The RAR and RXR receptors, like other nuclear hormone receptors, possess
six protein domains with specific functions At the N-termmal end, domains A
and B serve as physiologic activators of the receptor, domain C, which 1s highly
conserved, contams zinc-sulfhydryl mteractions (“zinc fingers™) that bind to
DNA, domain D 1s a hinge region that provides the necessary conformation of
the receptor, domain E binds the ligand, and domain F, at the C-terminal end,
enhances dimenzation All nuclear retinoid receptors contamn approximately 460
amino acids and have molecular weights of approximately 50 kDa 7%

Retmoic acid directly activates the genes for CRBP-1, CRBP-1I, RARRB, Hox-
16, laminin Bl, and transglutaminase in diverse types of cells The sequence by
which other genes are subsequently activated 1s not clear Various 1soforms of
transforming growth factor B (TGFB) can be induced or suppressed by retimoic
acid, dependimg on conditions Although attention has centered on the activation
of gene expression, retinoids can also suppress transcription 237

Some retinords may stimulate differentiation by a different pathway, for
example, retinoyl B-glucuromide does not bind to CRBP, CRABP, or nuclear
RAR, but nonetheless 1s highly active biologically *# Similarly, B lymphocyte