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Childhood malnutrition is known to be associated with visible lightening of hair colour (hypochromotrichia). Nevertheless, no systematic inves-

tigations have been carried out to determine the biochemical basis of this change. We used an HPLC method to measure melanins in the scalp hair

of thirteen Jamaican children, diagnosed as having primary malnutrition, during various stages of their treatment and after recovery. During treat-

ment for malnutrition, a progressive decrease in total melanin content along the hair shaft from tip to root (root:tip ratio: 0·62 (SD 0·31)) was

observed. This ratio was significantly different (P¼0·003) from the ratio observed among children sampled several months after discharge

from hospital (0·93 (SD 0·23)) and among normal control children (0·97 (SD 0·12)). Thus, it appears that a decrease in melanin content is associated

with periods of malnutrition. The low root:tip ratio during malnutrition presumably arises because the tips reflect prior hair growth during ‘normal’

nutrition and the roots reflect hair growth during malnutrition; a return of the root:tip ratio to that seen among controls reflects ‘recovery’ from

malnutrition. It is possible that reduced intake or availability of tyrosine, a key substrate in melanin synthesis, may play a role in the reduction of

hair melanin content during periods of malnutrition. The precise mechanisms by which melanin content is reduced, and the role of aromatic amino

acid availability in hair colour change and other features of childhood malnutrition remain to be explored.

Eumelanin: Phaeomelanin: Hair: Childhood malnutrition

Severe childhood malnutrition is known to be associated with
hypopigmentation of scalp hair (Bradfield & Jelliffe, 1974;
McLaren, 1987; Miller, 1989) and occasionally with the flag
sign which consists of alternating areas of lighter and darker
scalp hair so that there appear to be stripes of lightened hair
running parallel to the scalp (Cline, 1988; Albers et al.
1993). The lighter-coloured bands of hair are thought to rep-
resent hair growth during periods of malnutrition (Golden,
1996) but the details of the cause of this sign and also of gen-
eralised hypopigmentation in malnutrition are unknown.

Two types of melanin pigment are produced in follicular
melanocytes: eumelanin, a dark brown to black pigment, and
phaeomelanin, a reddish-brown pigment (Ito, 2003). The pro-
duction of melanin pigment proceeds from the conversion of
L-tyrosine to dopaquinone, catalysed by tyrosinase, through
a series of decarboxylation and oxidation steps which ulti-
mately result in either eu- or phaeomelanin; melanin present
in pigmented tissues consists of a mixture of these pigments
(Hearing, 1998; Ito, 2003). The level of pigmentation in mam-
malian hair is under strong genetic control (Rees, 2003). In
mice more than 130 genes are known to be involved in pig-
mentation (Bennett & Lamoreux, 2003) and in man, there
are many genetic disorders, including various types of oculo-
cutaneous albinism, which cause hypopigmentation of scalp

hair (Oetting et al. 2003). Hypopigmentation may also be a
by-product of primary abnormalities in other metabolic path-
ways. For example, accumulation of alternative products of
phenylalanine metabolism in phenylketonuria (Farishian &
Whittaker, 1980), and reduced availability of Cu in Menkes’
syndrome (Tomita et al. 1992) may both result in hypopig-
mentation through secondary effects on melanin synthesis.

In the present paper we report on analyses of the total mel-
anin content of scalp hair obtained from thirteen Jamaican
children at different stages of their treatment for malnutrition.
We examine the amount of melanin found at different points
along the hair shaft, and compare the patterns among malnour-
ished children with the patterns observed in samples from six
normally nourished control children.

Materials and methods

Participants

Cases. Cases were children who had been admitted to the
metabolic research ward or had been referred to the Out-
patients’ Clinic of the Tropical Metabolism Research Unit
(Jamaica), with a diagnosis of either marasmus (,60 %
weight-for-age (W/A), no oedema), marasmic-kwashiorkor
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(,60 % W/A with oedema), underweight (60–80 % W/A, no
oedema), or kwashiorkor (60–80 % W/A with oedema)
according to the Wellcome Classification (Anonymous, 1970).

The research ward of the Tropical Metabolism Research
Unit, Faculty of Medical Sciences, University of the West
Indies is located at the University Hospital of the West
Indies in the parish of St Andrew in the south-eastern end
of Jamaica and serves as a tertiary referral centre for children
with severe malnutrition from the entire island. Nutritional
rehabilitation at the Tropical Metabolism Research Unit has
been described in detail previously (Golden, 1993, 1996;
McKenzie et al. 1998; Marshall et al. 2006). Briefly, on
admission, acute problems are treated and children are started
on a regimen which includes broad-spectrum antibiotics,
multivitamin supplements, and milk-based ‘maintenance’
feeds (418 kJ (100 kcal)/kg per d). Rapid catch-up growth
follows and is achieved by offering high-energy feeds in an
ad libitum fashion. The end of rapid catch-up growth is
usually marked by a normal appetite and the attainment of
the median weight-for-height. At this point, children are
given a mixed diet appropriate for age and when established
on the mixed diet, they are discharged from the ward and
are usually seen as out-patients for 2 years post-discharge.

For this project, children with malnutrition were enrolled at
different stages of their treatment. Patients recruited soon after
admission to hospital or after referral to the out-patients’ clinic
contributed ‘acute’ samples. Patients recruited just before dis-
charge from hospital contributed ‘discharge’ samples. Patients
recruited several months after discharge from hospital contrib-
uted ‘delayed’ samples. At each stage that samples were
obtained, W/A, weight-for-height and height-for-age were
computed using the 1978 Centers for Disease Control and Pre-
vention/WHO charts option in Epi Infoe (v. 3.3.2; Centers for
Disease Control and Prevention, Atlanta, GA, USA) and are
expressed as a percentage of the expected value.
Controls. We obtained hair samples from six healthy chil-

dren (aged 14·0 (SD 5·0) months). These participants were
recruited from among participants followed from birth in an
ongoing longitudinal study that includes health surveillance
at regular intervals (Thame et al. 2000).

The present study was approved by the University Hospital
of the West Indies and University of the West Indies Faculty
of Medical Sciences Ethics Committee, and written informed
consent was given by a parent or adult guardian for each child
before recruitment.

Collection of hair samples

First, a small tuft of hair (approximately 10 mm in diameter)
was raised from the scalp of each participant (usually close
to the occiput or bregma). This was removed by cutting the
hair as close to the scalp as possible using a clean pair of scis-
sors. The lower third of this sample was then taken as the
‘root’, the upper third taken as the ‘tip’, and the remainder
was taken as the ‘middle’. Where the length of hair allowed
for it (children numbered 1, 2, 3 and 4), the hair sample
was divided into equal 10 mm parts; the sample closest to
the scalp was then taken as the root and the sample furthest
from the scalp taken as the tip (the remainder was collectively
deemed ‘middle’). If the hair was very short, the hair was cut
into two equal parts – root and tip.

Determination of melanin content of hair samples

Scalp hair samples from the participants were analysed for
eumelanin and phaeomelanin content using methods which
have previously been described in detail (Ito & Fujita, 1985;
Ito & Wakamatsu, 1994; Ozeki et al. 1995, 1996; Wakamatsu
& Ito, 2002; Wakamatsu et al. 2002). Briefly, hair samples
were homogenised in 0·5 ml water with a Ten-Brocke glass
homogeniser, and the resulting suspensions were then soni-
cated with an ultrasonic cell disrupter. Samples of 100ml
were then treated with KMnO4 and HI. These treatments
result in the degradation of eumelanin and phaeomelanin to
pyrrole-2,3,5-tricarboxylic acid and 4-amino-3-hydroxypheny-
lalanine respectively; these specific degradation products are
analysed by HPLC. The assay for KMnO4 oxidation was per-
formed in duplicate, and the mean of the duplicate readings is
reported. The amount of eumelanin is obtained by multiplying
the amount of pyrrole-2,3,5-tricarboxylic acid by 160 (Ozeki
et al. 1996). The amount of phaeomelanin is obtained by mul-
tiplying the amount of 4-amino-3-hydroxyphenylalanine by 9
(Wakamatsu et al. 2002). All of the hair samples obtained in
the present study were black to grey in appearance and con-
tained predominantly (.99 %) eumelanin. Thus, in the present
paper we report the combined amount of eumelanin and
phaeomelanin as total melanin.

Statistical methods

Our principal objective was to determine whether there were
significant between-group (acute, discharge, delayed, control)
differences in total melanin content. Hair colour (melanin con-
tent), however, varies between individuals. In the present
paper we use the root:tip ratio for between-group comparisons
since this, effectively, controls for this variation. Unpaired
t tests were used in exploratory analyses to test for differences
between acute and control samples and also to test for differ-
ences between delayed and control samples. An overall test of
between-group differences was performed by fitting a robust
linear regression model to the data. The robust model accounts
for the fact that some participants contributed samples at two
time points. All tests were carried out using Stata8 (StataCorp,
College Station, TX, USA).

Results

Participants

Fourteen children with malnutrition were enrolled in the pre-
sent study originally. A diagnosis of Bartter’s syndrome was
subsequently made in the case of one patient, however, and
all the data from this patient were excluded from our analyses.
Nine children (nos. 1, 2, 3, 4, 6, 7, 9, 11 and 13) contributed
acute samples; six of these children had oedematous malnu-
trition whereas the others were underweight. The median dur-
ation of treatment at the time these samples were obtained was
3 (interquartile range 1–3) weeks. Two children (nos. 5 and 7)
contributed discharge samples at 2·9 and 8 weeks post-admis-
sion respectively. Finally, seven children (nos. 1, 2, 3, 4, 12,
16 and 17) contributed delayed samples; the median elapsed
time since either admission to hospital or first out-patient
visit was 15·2 (interquartile range 9–17) months. Paired
samples were thus available for five children (acute plus
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discharge samples for one child, and acute plus delayed
samples for four children). Only unpaired samples were avail-
able for the remaining children.

Descriptive characteristics of participants at the times that
samples were collected are given in Table 1. There were
obvious differences in anthropometric values between the
stages of treatment for malnutrition and the controls. For
instance, as expected, children at the acute stage had the
lowest W/A and weight-for-height values while the controls
had the highest W/A and weight-for-height values.

Total melanin content of scalp hair

Hair samples were categorised as being from the ‘tip’, ‘root’
or the ‘middle’ of the hair shaft (see Materials and methods).
The total melanin content of these hair samples is reported as
the mean values and standard deviations. In hair samples from
the six control children the total melanin content was 16·0 (SD

3·7) mg/mg hair in the tips, 15·1 (SD 4·0) mg/mg hair in the
middle, and 15·3 (SD 3·0) mg/mg hair in the roots. The root:tip
ratio of melanin content was 0·97 (SD 0·12). Among the cases,
in contrast, the total melanin content along the hair shaft
varied with the stage of treatment. In the acute samples,
obtained before children had undergone nutritional rehabilita-
tion, nearly all patients showed a similar pattern of decreasing
melanin content going from tip to middle to root (Fig. 1); there
did not appear to be a marked difference between children
(nos. 3, 4, 6 and 7) who had hair with dark tips and light-
coloured roots (i.e. a variant of the classical flag sign) and
those children without any visible difference between
tips and roots. The average melanin content in the tips was
30·1 (SD 16·4) mg/mg hair and in the roots was 15·6 (SD

6·7) mg/mg hair with a root:tip ratio of 0·62 (SD 0·31),
which is significantly different (t 2·37; P¼0·021) from the
root:tip ratio observed among samples from the controls.

Among patients who contributed either discharge or delayed
samples, there was less uniformity of the melanin content
along the hair shaft (Fig. 2). The majority of the children
showed either an increase in total melanin going from tip to
root (i.e. a reversal of the pattern seen in the acute samples)
or showed a reduction in the tip to root gradient (i.e. root:tip
ratios approaching 1) compared with the gradients seen
among the acute samples. There were, however, several chil-
dren (nos. 3, 4 and 7) who showed a marked decrease in mel-
anin content going from tip to root which was similar to that
seen among the acute samples. In the delayed samples the

total melanin content in the tips was 19·2 (SD 5·1) mg/mg
hair and in the roots was 17·5 (SD 5·0) mg/mg hair. The root:
tip ratio was 0·93 (SD 0·23), which is not significantly different
(t 0·38; P¼0·709) from the root:tip ratio observed among the
six control children.

Inspection of the root:tip ratios of samples collected at
different stages (Fig. 3) suggests that in moving from
‘acute’ to discharge to ‘delayed’ time points, the root:tip
ratios increase from relatively low values to values very simi-
lar to those of normal controls. A linear regression model,
accounting for the fact that some of the cases contributed
paired samples, was fitted to the data and confirmed that
there was a significant difference (P¼0·013) between the root:
tip ratio observed for the acute samples and the root:tip ratio
observed among the delayed samples. There was also a signifi-
cant difference (P¼0·008) between the root:tip ratio observed
among the acute samples and the root:tip ratio observed
among the controls. There was no significant difference in
root:tip ratio between the acute and discharge samples
(P¼0·46); this latter observation is unsurprising given that
there were only two children sampled at discharge. Defining
the point at which a child becomes undernourished is more
difficult than for more severe forms of childhood undernutri-
tion (where admission to hospital is a useful proxy for the
onset of serious illness). We thus fitted the same linear
model as above after excluding undernourished children. We
found that the significance of the differences in root:tip
ratios between acute and delayed samples (P¼0·0001),
between acute and control samples (P¼0·002), between
acute and discharge samples (P¼0·13) and between control
and delayed samples (P¼0·23) were not materially different
from analyses which included undernourished patients. It
appears, therefore, that a decrease in melanin content in the
roots compared with the tips (i.e. a low root:tip ratio) is associ-
ated with malnutrition whereas higher root:tip ratios are
associated with the recovered state.

Discussion

It is well recognised that malnutrition is associated with both
generalised hypopigmentation of scalp hair as well as the less
common flag sign. Nevertheless, the biochemical basis of
these changes in appearance has not been described pre-
viously. In the present study we have shown that there is a
substantial negative gradient in total melanin content from
the tips to the roots of hair shafts (root:tip ratio 0·62) at the

Table 1. Descriptive characteristics of participants by status at the time hair samples were obtained

(Median values and interquartile ranges (IQR))

Acute Discharge Delayed Control

Median IQR Median IQR Median IQR Median IQR

Subjects (n) 9 2 7 6
Male (n) 4 2 2 3
Age (months) 11·7 8·7, 16·5 10·7 9·5, 11·9 24·4 17·5, 31·6 16·0 10·9, 19·7
W/A* 64·4 45·1, 69·4 71·2 61·9, 80·5 70·5 63, 95·4 96·6 88·1, 102·8
H/A* 89·4 77·6, 89·8 90·4 88·5, 92·2 85·7 81·1, 100·7 99·5 96·0, 101·9
W/H* 82·5 79·0, 89·7 89·2 82·9, 95·4 91·0 86·2, 100·5 95·3 89·6, 110·4

W/A, weight-for-age; H/A, height-for-age; W/H, weight-for-height.
* Expressed as a percentage of the median value.
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time of initiation of treatment for malnutrition. This ratio is
significantly different from the root:tip ratio observed in chil-
dren sampled several months after discharge from hospital and
also from control children (P¼0·013 and 0·008 respectively).
In the present study we have also shown that there is no sig-
nificant difference between the root:tip ratio several months
after discharge and the root:tip ratio among control children.
For samples taken during the acute period, the melanin content
of the tips probably reflects hair growth during the period
before some critical change occurs in nutrient availability or
enzyme activity, and the melanin content of the roots reflects
hair growth after the change. Taken all together, the present
data suggest that reduction in the total melanin content of
scalp hair is a feature of malnutrition and is likely to account
for the visual appearances of hair in malnourished children.

The precise sequence which leads to reduced melanin in the
hair of malnourished children is, at present, unknown. Rela-
tively poor availability of tyrosine may be a contributor. Tyro-
sine is essential for the production of melanin pigments, and
levels of pigmentation in cultured melanocytes depend on
tyrosine concentration (Hirobe et al. 2002, 2003). Tyrosine,
a non-essential amino acid, can be derived from the essential
amino acid phenylalanine, which is usually readily hydroxyl-
ated to form tyrosine by phenylalanine hydroxylase (Sandler
& Ruthven, 1969). In childhood malnutrition the combination
of marginal or deficient intake and infection is common and
might create an increased requirement for aromatic amino
acids. The consequent increased rates of synthesis of positive
acute-phase proteins, which contain relatively high pro-
portions of aromatic amino acids, might explain why there
is reduced or limiting availability of these amino acids
(Reeds et al. 1994). It is possible that measurement of tyrosine

concentrations (in serum, for example) at different times
during the treatment of patients with malnutrition might be
helpful in this regard; tyrosine concentrations were not
measured in the present study.

Reduced tyrosinase activity might contribute to reduced
melanin content of hair in malnutrition. When tyrosinase
activity is low, cysteinyldopas are produced but pigment is
not formed; at successively higher levels of tyrosinase activity,
eumelanin production ultimately dominates (Ito, 2003). In
Menkes’ syndrome (Tomita et al. 1992) and in phenylketo-
nuria (Farishian & Whittaker, 1980), hypopigmentation is
thought to be due to low or inhibited tyrosinase activity.
Reduced availability of Cu, although a possible cause of
reduced tyrosinase activity (Petris et al. 2000), seems an unli-
kely contributor due to its estimated low prevalence among
malnourished children in Jamaica (Golden et al. 1985).
Reduced activity of phenylalanine hydroxylase is another
possible contributor to reduced melanin content; reduced
availability and/or utilisation of Fe in childhood malnutrition
has been described (Golden et al. 1985; Waterlow, 1992)
and it is known that Fe-deficiency anaemia is associated
with impaired phenylalanine to tyrosine conversion (Lehmann
& Heinrich, 1986). It is thus possible that acquired phenyl-
alanine hydroxylase deficiency may play a role in hair
colour change in childhood malnutrition.

If a reduced root:tip ratio is due only to a change in the
availability of nutrients during continuous hair growth, then
hair samples obtained after recovery (either just before dis-
charge or many months after discharge) would be expected
to have root:tip ratios close to 1 since hair growth would
have occurred under conditions of relatively constant nutrient
availability. In this preliminary study, however, we found that
there were several children who, many months after discharge
from hospital, have tip to root gradients which resemble the
acute pattern (albeit often of smaller magnitude). This finding
might be explained by the persistence of the increased pro-
portion of hairs in telogen which is known to occur in malnu-
trition (Bradfield, 1972; Bradfield & Jelliffe, 1974), or by
recurrent (unrecognised) bouts of malnutrition. Our clinical
experience, however, is that after discharge from the ward
the prevalence of serious nutritional problems is low (Barker
et al. 2004) and that there is substantial hair growth indicating

Fig. 1. Total melanin content of scalp hair obtained from malnourished chil-

dren: acute samples. (B), Tip; ( ), middle; (A), root.

Fig. 2. Total melanin content of scalp hair obtained from children either at

discharge from the ward or several months after discharge (‘delayed’

samples). (B), Tip; ( ), middle; (A), root.

Fig. 3. Root:tip ratios of melanin among cases at different stages of treat-

ment and among controls. Values are means, with 95 % CI indicated by verti-

cal bars. Mean value was significantly different from that of ‘acute’ samples:

*P,0·05, **P,0·01 (two-sided).
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a return to normal anagen:telogen proportions. A more likely
possibility is that the children in the present study returned to
marginal rather than ideal nutritional intakes after discharge
from hospital. Although there have been no reports on the
effects of variation in the availability of tyrosine (and/or
phenylalanine) on the colour of human hair, it has been
demonstrated recently (Anderson et al. 2002) that in order
for cats to maintain black fur colour they require dietary
intakes of phenylalanine and tyrosine which are considerably
in excess of the requirements for normal growth.

In a situation of stable but marginal intake there may be a
gap between the rates of nutrient supply and those of utilis-
ation for melanin deposition. Initiation of melanin deposition
might be normal but subsequent rounds of deposition might
exhaust the pool and a tip to root gradient might arise. In
the present study, although we are unable to formally dis-
tinguish between the different possibilities, the fact that a sub-
stantial negative tip to root gradient persisted in one patient
(no. 7) sampled just before discharge from the ward (i.e.
after a period of closely supervised intake) provides some sup-
port for this notion. During treatment this child demonstrated a
period of rapid catch-up growth which suggests that nutrient
availability was sufficient to achieve weight gain but not suf-
ficient for deposition of substantial amounts of hair melanin.
Overall then, the present data are consistent with the idea
that negative tip to root gradients might arise not only with
changes (reductions) in intake but might also arise with
stable, but marginal nutrient availabilities which are not low
enough to be associated with severe weight loss.

It seems a reasonable proposition that reduced intake or
availability of tyrosine and/or phenylalanine may play a role
in the observed reduction of hair melanin content in malnu-
trition and we have proposed a model to explain the occur-
rence of tip to root gradients in situations of stable but
marginal intakes. Despite the plausibility of the proposed
model, the number of participants examined in the present
study is small and the observed differences between acute
and delayed samples may be due to random or systematic
errors. For instance, no record was made of whether partici-
pants had hair cuts before sampling at the delayed stage; a
hair cut just before sampling might be expected to result in
a root:tip ratio of 1. Only one child, however, had very
short hair and this child still had a marked tip to root gradient;
hair cuts would thus seem to be an unlikely explanation of the
present findings. Nevertheless, the impact of sources of bias
and the play of chance will need to be assessed by replicating
our findings in larger datasets. If the hair shaft does capture a
record of biochemical processes which have occurred before
the onset of serious illness, our approach of making measure-
ments at different points along the hair shaft might shed some
light not only on hypopigmentation but might even give some
insights into additional roles that determinants of melanin bio-
synthesis may have in childhood malnutrition.
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