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The requirement for aromatic amino acids during the rapid catch-up in weight phase of recovery from severe childhood undernutrition (SCU) is not

clearly established. As a first step, the present study aimed to estimate the tyrosine requirement of children with SCU during the catch-up growth

phase of nutritional rehabilitation using a diet enriched in energy and proteins. Tyrosine requirement was calculated from the rate of excretion of
13CO2 (F 13CO2) during [13C]phenylalanine infusion in thirteen children with SCU, five females and eight males, at about 19 d after admission

when the subjects were considered to have entered their rapid catch-up growth phase and were consuming 627·3 kJ and about 3·5 g protein/kg

per d. Measurements of F 13CO2 during [13C]phenylalanine infusion were made on two separate days with a 1 d interval. Three measurements

at tyrosine intakes of 48, 71 and 95 mg/kg per d were performed on experimental day 1 and measurements at tyrosine intakes of 148, 195

and 241 mg/kg per d were performed on experimental day 2. An estimate of the mean requirement was derived by breakpoint analysis with a

two-phase linear regression cross-over model. The breakpoint, which represents an estimate of the mean tyrosine requirement, is a value of

99 mg/kg per d when the children were growing at about 15 g/kg per d. The result indicates that the mean requirement for tyrosine during the

catch-up growth phase of SCU is about 99 mg/kg per d under similar conditions to the present study.

Tyrosine requirement: Catch-up-growth: Childhood undernutrition

In severe childhood undernutrition (SCU) amino acids
available for metabolic purposes may be in short supply
because of the reduced protein intake associated with chronic
food deprivation. In addition, because breakdown of body
proteins is the major contributor to the overall flux of amino
acids(1), our finding that whole-body protein breakdown rate
is slower in children with SCU compared with the rate at
recovery(2) suggests a severe combined shortage in the avail-
ability of amino acids in children with SCU. Whereas such
a reduction in availability will be especially true for the indis-
pensable amino acids, supply of the dispensable amino acids
also will be compromised unless there is an up-regulation of
de novo synthesis. This may not be possible for a dispensable
amino acid such as tyrosine whose precursor is the indispensa-
ble amino acid phenylalanine. Because tyrosine is the precur-
sor of the neurotransmitters dopamine, noradrenaline and
adrenaline and of the thyroid hormones and melanin, a short-
age of tyrosine (or its precursor, phenylalanine) may be
involved in the pathogenesis of the neurological and metabolic
abnormalities and skin changes associated with SCU.

Once the acute problems of SCU have been treated, the
goal is to hasten catch-up growth of the children to enable
quick return to normal weight-for-height. Usually this is

achieved using energy-dense diets, also enriched with proteins
and other nutrients. Estimated requirements for proteins and
amino acids during the rapid catch-up growth phase have
been based on assumptions about the composition of tissue
gain, the magnitude of the maintenance values for protein
and energy, the efficiency of utilisation of dietary protein
and energy and the efficiency of net protein and fat
deposition(3 – 5). This factorial approach based only on tissue
protein content does not account for restoration of other
depleted proteins, such as plasma proteins, which happen to
have a high content of the aromatic amino acids(6). Hence, it
is not known if the amount of aromatic amino acids supplied
in the standard catch-up growth diet is sufficient to meet the
demands of increased lean tissue and nutrient transport
proteins syntheses and the synthesis of other aromatic amino
acid-derived compounds during a period when growth rates
may be ten times greater than normal(4). At present, require-
ment for phenylalanine during the rapid catch-up growth
phase is not known with certainty. A determination of phenyl-
alanine requirement can only be made, however, during an
adequate dietary intake of tyrosine. As a first step, the present
study aimed to estimate the tyrosine requirement during the
rapid catch-up growth phase of children admitted to hospital

*Corresponding author: Dr Asha Badaloo, fax þ1 876 977 0632, email asha.badaloo@uwimona.edu.jm

Abbreviations: F 13CO2, rate of excretion of 13CO2; SCU, severe childhood undernutrition; TMRU, Tropical Metabolism Research Unit.

British Journal of Nutrition (2010), 104, 1174–1180 doi:10.1017/S000711451000200X
q The Authors 2010

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S000711451000200X  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S000711451000200X


for treatment of severe undernutrition, using the indicator
amino acid oxidation method described by Roberts et al.(7).

Subjects and methods

Subjects

The participants in the study were thirteen children (five
females and eight males), who were admitted for treatment
of SCU to the metabolic ward of the Tropical Metabolism
Research Unit (TMRU) of the University of the West
Indies. During hospitalisation, the children were managed
according to a standard treatment protocol as previously
described by us (for example, Jahoor et al.(2)). As shown in
Table 1, the children were aged about 9 months and had a def-
icit in body weight-for-age of more than 20 %. The diagnosis
of type of SCU, that is marasmus, kwashiorkor or marasmic
kwashiorkor, was based on the Wellcome classification(8).
Of the children, nine were diagnosed with marasmus, two
with kwashiorkor and two with marasmic kwashiorkor. At
admission, all of the children had evidence of one or more
infections, all were anaemic and six were hypoalbuminaemic.

The present study was conducted according to the guide-
lines laid down by the Declaration of Helsinki and all pro-
cedures involving subjects/patients were approved by the
Medical Ethics Committee of the University Hospital of the
West Indies and the Baylor Affiliates Review Board for
Human Subject Research of Baylor College of Medicine.
Written informed consent was obtained from at least one
parent of each child enrolled.

Study design

Tyrosine requirement was measured at about 19 d after admis-
sion when the subjects were considered to be at the mid-point
of their rapid catch-up growth phase and they were consuming
627·3 kJ and about 3·5 g protein/kg per d. At this time the sub-
jects had lost all signs and symptoms of infection, those with
kwashiorkor and marasmic kwashiorkor had lost their oedema
and the children’s weights were increasing rapidly (Table 1).

A constant infusion of [1-13C]phenylalanine was used to
determine tyrosine requirement.

During the catch-up growth phase of our treatment protocol
a diet high in energy and other nutrients is usually fed every
3–4 h as dictated by the child’s appetite and documented
intakes are usually in the range 627·3–752·8 kJ and approxi-
mately 2·3–4·2 g protein/kg per d. The rate of excretion of
13CO2 (F 13CO2) from [13C]phenylalanine oxidation was
measured during a constant intragastric infusion of this high-
energy feed at a rate that provided 627·3 kJ and 3·5 g pro-
tein/kg per d. On attaining this rate of intake, the rate of
feeding was maintained for 2 d before taking the measure-
ments. The feed was made from a commercial milk powder
(Bionan; Nestlé SA, Vevey, Switzerland), glucose and a veg-
etable oil, so that 1 g protein/kg per d was provided as milk
protein and 2·5 g/kg per d as a mixture of nineteen amino
acids prepared to reflect the amino acid composition of
Bionan milk protein. This allowed us to vary the tyrosine
intakes during the [13C]phenylalanine infusion period. The
dietary phenylalanine intake was fixed at 140 mg/kg per d
(amount contained in 3·5 g Bionan milk protein) during the
experimental period. We aimed to make measurements at
tyrosine intakes of 47·3 (amount supplied by the 1 g Bionan
milk protein), 71·6, 96·7, 148, 195 and 242 mg/kg per d.
These are the amounts of tyrosine that would have been sup-
plied by Bionan milk protein intakes of 1·0, 1·5, 2·0, 3·0, 4·5
and 5 g/kg per d. However, the mean intakes were 48, 71,
95, 148, 195 and 241 mg/kg per d.

The measurements of F 13CO2 from [13C]phenylalanine oxi-
dation were made on two separate days with a 1 d interval.
Three measurements at tyrosine intakes of 48, 71 and
95 mg/kg per d were performed on the first experimental day
and, after a 1 d interval, measurements at tyrosine intakes of
148, 195 and 241 mg/kg per d were performed on the
second experimental day. Each measurement was made
during a 4 h period as shown in Fig. 1.

Experimental diet

Individual feeds were prepared for each subject and adminis-
tered at the rate of 4·3 ml/kg per h during the isotope infusion
protocol. At this rate it provided 627 kJ and 3·5 g protein/kg
per d, with protein contributing 9·3 % of total energy. The
feed was prepared from Bionan milk powder (Nestlé SA,
Vevey, Switzerland) and purified amino acids. Table 2
shows the composition of 1 litre of the experimental feed
used to provide the lowest level of tyrosine (47·6 mg/kg
per d). Additional tyrosine was added in graded amounts
(0·185, 0·37, 0·74, 1·11, 1·48 g) to provide the other five test
levels of tyrosine. The N content of the feed was kept constant
when the tyrosine intake was varied by adjusting the amount
of glutamic acid (respectively, 4·36, 4·21, 3·91, 3·61, 3·31 g)
added to the feed.

Choline, calcium lactate, glucose and maize oil were added
to match the amount of these nutrients in an equivalent
amount of Bionan. A stock solution (32·13 mg amino acids/g
solution) of fourteen soluble amino acids (isoleucine, leucine,
lysine, methionine, phenylalanine, threonine, tryptophan,
valine, histidine, alanine, glycine, proline, serine and taurine)
was prepared in water in the same proportions as present in
Bionan milk and used to prepare the feed. The less soluble

Table 1. Characteristics of thirteen children with severe childhood
undernutrition at admission and at the time of their study†

(Mean values with their standard errors)

Admission (n 13) Study (n 13)

Parameter Mean SE‡ Mean SE‡

Age (months) 9·2 1·1 10·2 1·1
Weight (kg) 4·7 0·3 5·2* 0·35
Length (cm) 61 1·4 61·6* 1·5
Weight-for-age (%) 55·5 3·0 57·25* 2·3
Weight-for-length (%) 77·8 1·9 84·7* 2·4
Temperature (8C) 37·3 0·2 36·7* 0·1
Hb (g/l) 86·5 3·2 86 2·2
Albumin (g/l) 34·7 2·3 41·1* 1·45
Weight gain (g/kg per d) – – 15 1·5

* Mean value was significantly different from that at admission (P,0·05; two-sided
paired t test).

† Of the subjects, nine had marasmus, two kwashiorkor and two marasmic
kwashiorkor according to the Wellcome classification(8).

‡ df ¼ 12.
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amino acids were added as individual solids. All ingredients
were blended thoroughly. The amino acid composition of
the 3·5 g protein/kg per d administered to each child is
shown in Table 3. The protein content was determined as
the sum of the elemental amino acids and the protein content
of the Bionan milk formula as stated on the label. The percent-
age of the total metabolisable dietary energy derived from
protein, fat and carbohydrate was 9·5, 40·1 and 50·2, respect-
ively. The diets were supplemented with vitamins (Tropivite;
Federated Pharmaceuticals, Kingston, Jamaica), a mineral mix
of K, Mg and Zn salts (37·28 g KCl þ 50·84 g MgCl2·6H2O
þ 3·36 g Zn(CH3COO)2·2H2O per litre water; Sigma, Atlanta,
GA, USA) and iron sulfate (60 mg/d).

Infusion protocol

A diagram of the experimental protocol is shown in Fig. 1. An
intravenous access site was established in an arm for infusion

of the [13C]phenylalanine by insertion of a 24G catheter after
preparation of the access site with a topical anaesthetic
(EMLA cream; Astra Pharmaceuticals Ltd, Kings Langley,
Herts, UK). A small bore, soft nasogastric tube was inserted
into the child’s stomach and a Flexiflo Magna-Port Y-Port
connector (Ross Products Division, Abbott Laboratories,
Columbus, OH, USA) was attached to the proximal end.
The experimental feed was then given over the next 14 h by
continuous intragastric infusion at 4·32 ml/kg per h to deliver
58·3 % of the child’s estimated daily dietary intake of 627·3 kJ
and 3·5 g protein/kg per d.

Sterile solutions of [13C]phenylalanine and [13C]sodium
bicarbonate (Cambridge Isotope Laboratories, Woburn, MA,
USA) were prepared in NaCl (9 g/l). After 2 h of intragastric
feeding, two breath samples were taken, a prime of
[13C]sodium bicarbonate (6mmol/kg) was given followed by
a primed-constant infusion of [13C]phenylalanine (prime ¼ 7
mmol/kg, infusion ¼ 7mmol/kg per h) for the next 12 h via
the intragastric route. After every 4 h, the feed was changed
to increase the tyrosine intakes first to 71·1 and then to
95·1 mg/kg per d as shown in Fig. 1. Breath samples were col-
lected at 20 min intervals from 3 to 4, 7 to 8 and 11 to 12 h
after the isotope infusion started. CO2 excretion rate was
measured for 0·5 h in each of the three periods using a venti-
lated canopy system (Deltatrac 11 metabolic monitor; Sensor-
medics, Yorba Linda, CA, USA) while lying awake on a
hospital bed. At the start of the project, an attempt was
made to make more CO2 excretion rate measurements, but
this was not tolerated well by the children. After a 1 d interval,
the protocol was repeated at tyrosine intakes of 148, 195 and
242 mg/kg per d.

Sample analyses

The breath samples were analysed in duplicate for 13C abun-
dance in CO2 by gas-isotope-ratio MS (Europa Scientific,
Crewe, Cheshire, UK), monitoring ions at m/z ratios 44 and 45.
Plasma amino acids were isolated by ion exchange (Dowex
200x; Dow Chemical Co., Midland, MI, USA) chromato-
graphy, converted to the n-propyl ester, heptafluorobutyramide
derivative and the isotopic enrichments of tyrosine measured
by negative chemical ionisation GC-MS, selectively monitor-
ing ions at m/z ratios 595 to 596.

47·6 mg/kg per h 71·1 mg/kg per h 95·1 mg/kg per h

Intragastric feed

Tyrosine

[13C]phenylalanine

Indirect calorimetry

Breath samples

12108642–2 0
Time (h)

Fig. 1. Experimental protocol on day 1.

Table 2. Composition of 1 litre of experimental feed

Item Content (per litre)

Amino acid stock solution (g)* 408·7
Aspartic acid (g) 1·7
Arginine (g) 0·6
Cystine (g) 0·3
Tyrosine (g) 0
Glutamic acid (g) 4·5
Choline (g) 0·1
Calcium lactate (g) 3·9
Glucose (g) 111
Bionan milk powder (g)† 62·5
Maize oil (g) 37·6
Water (g) 369·4
Metabolisable energy (kJ) 4935
Protein (g) 28·1
Fat (g) 52·7
Carbohydrate (g) 148·1

* Contains 32·13 mg amino acids/g solution; 3·01 isoleucine, 4·56
leucine, 4·08 lysine, 1·18 methionine, 1·92 phenylalanine, 2·74
threonine, 0·80 tryptophan, 3·07 valine, 1·07 histidine, 1·94
alanine, 0·85 glycine, 3·9 proline, 2·86 serine, 0·15 taurine.

† Contains 1306·9 kJ, 7·8 g protein, 15·0 g fat and 36·8 g carbohydrate
determined as stated by the manufacturer (Nestlé SA, Vevey,
Switzerland) on the label.
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Calculations

Tyrosine requirement was calculated from the relationship
between its intake and F 13CO2 during the [13C]phenylalanine
infusion using the method described by Roberts et al.(7). This
method is based on the thesis that when dietary intake of
phenylalanine is adequate but tyrosine intake is insufficient
to meet metabolic demands and to maintain its pool, tyrosine
derived from phenylalanine will be utilised primarily for
anabolic purposes. In this situation tyrosine oxidation will
be minimal, reflecting its obligatory oxidation. Hence F
13CO2 from infused [13C]phenylalanine will be constant.
When dietary tyrosine intakes are increased beyond require-
ment, however, the excess tyrosine will be oxidised to CO2.
This will include both labelled and unlabelled tyrosine derived
from phenylalanine. Hence, [13C]phenylalanine oxidation
(via [13C]tyrosine) will increase proportionally and this will
be reflected in a progressive increase in F 13CO2. This was
confirmed by Roberts et al.(7) who showed that both F
13CO2 and phenylalanine oxidation were constant at lower
intakes of tyrosine then increased linearly as tyrosine
intakes increased beyond 66 and 82 mg/kg per d, respectively,
in infants.

The F 13CO2 data from two subjects were excluded from the
analysis due to technical difficulties during the experiments.
Tyrosine intakes and corresponding F 13CO2 values for each
subject are reported in Table 4. An estimate of the mean
requirement was derived by breakpoint analysis with a two-
phase linear regression cross-over model using the mixed pro-
cedure of SAS software (version 9.2; SAS Institute Inc., Cary,
NC, USA) with subject as a random effect(7,9). This model
allows the data points to be partitioned between two separate
regression lines that minimise the residual error. The F 13CO2

(dependent variable) values of each subject were partitioned
to the tyrosine intakes of each subject with data points

fitting either a flat line (zero slope) representing obligatory
phenylalanine oxidation when tyrosine intakes are inadequate
or an upward sloping line representing increased phenyl-
alanine oxidation when tyrosine intakes are above require-
ment(7,9). The breakpoint of the two linear regression lines
was considered representative of the group mean tyrosine
requirement.

F 13CO2 was calculated from: V CO2 £ 44·6 £ E CO2,
where E CO2 is the enrichment of CO2 excreted in breath
and the factor 44·6 converts V CO2 from ml/kg per min to
mmol/kg per min.

Statistics

Data are expressed as mean values with their standard errors.
The paired t test was used to compare clinical and physical

Table 3. Amino acid composition of the feed which provided 3·5 g protein/kg per d and 47·3 mg tyrosine/kg per d during
experimental period 1

Milk protein (1 g/kg per d) Amino acid mixture (2·5 g/kg per d) Total amino acids (mg/kg per d)

Soluble amino acids
Isoleucine 63·0 157·5 220·5
Leucine 95·5 238·75 334·2
Lysine 85·4 213·5 298·9
Methionine 24·7 61·75 86·4
Phenylalanine 40·1 100·25 140·3
Threonine 57·4 143·5 200·9
Tryptophan 16·8 42·0 58·8
Valine 64·2 160·5 224·7
Histidine 22·4 56·0 78·4
Alanine 40·6 101·5 142·1
Glycine 17·8 44·5 62·3
Proline 81·7 204·25 286·0
Serine 59·9 149·75 209·7
Taurine 3·2 8·0 11·2

Insoluble amino acids
Cystine 15·7 39·25 54·9
Arginine 29 72·5 101·5
Aspartic acid 86·9 217·25 304·1
Tyrosine* 47·3 0 47·3
Glutamic acid* 192·5 577·35 769·9

* In experimental periods 2 to 6, the amount of tyrosine in the amino acid mixture was increased from 0 to 23·7, 47·3, 94·6, 141·9 and
189·2 mg/kg per d (for total intakes of 71·6, 96·7, 148·0, 195·0 and 242·0 mg/kg per d) and the glutamic acid was reduced to 558·1, 538·9,
500·5, 462·0 and 423·6 mg/kg per d.

Table 4. Tyrosine intakes and corresponding 13C-labelled carbon diox-
ide excretion rates (F 13CO2) in individual subjects during experimental
periods 1–6

Subject
Tyrosine intakes

(mg/kg per d)
F 13CO2

(mmol/kg per min)

1 47, 70, 93, 162, 216, 270 2·98, 3·08, 2·86, 3·31, 3·94, 4·11
2 48, 71, 95, 142, 189, 237 2·61, 2·62, 2·83, 3·04, 3·11, 3·43
3 47, 71, 95, 142, 189, 236 4·96, 5·20, 4·98, 5·07, 5·20, 6·00
4 47, 71, 95, 171, 211, 237 4·26, 4·49, 4·29, 4·33, 5·19, 5·21
5 47, 71, 94, 142, 189, 237 3·94, 3·72, 3·82, 3·41, 3·56, 4·32
6 47, 71, 95, 142, 189, 237 3·96, 4·30, 4·60, 4·62, 4·71, 5·15
7 48, 76, 101, 152, 203, 253 4·51, 4·97, 5·46, 5·74, 5·97, 5·67
8 47, 71, 95, 142, 190, 237 2·87, 2·20, 2·86, 3·11, 3·28, 3·22
9 47, 71, 94, 142, 190, 237 3·66, 3·59, 3·90, 4·21, 4·32, 4·29
10 50, 68, 95, 143, 186, 243 3·39, 3·20, 3·65, 4·09, 4·09, 4·09
11 47, 71, 95, 151, 188, 235 1·47, 1·45, 1·87, 2·12, 1·94, 2·23

Tyrosine requirement during catch-up growth 1177

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S000711451000200X  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S000711451000200X


characteristics of the subjects at admission and at the time of
their study. ANOVA was used to determine differences in
F 13CO2 at different tyrosine intakes. Tests were considered
statistically significant if P,0·05. Data analysis was per-
formed with SAS software (version 9.2; SAS Institute, Inc.).

Results

At the time that they participated in the study at about 19 d
post-admission, the subjects were considered to be at about
the mid-point of their rapid catch-up growth phase, as they
were consuming about 627·3 kJ and about 3·5 g protein/kg
per d and gaining weight at 15 g/kg per d (Table 1). At this
time the subjects had lost all signs and symptoms of infection

and those with kwashiorkor and marasmic kwashiorkor had
lost their oedema. Compared with values at admission, the
children’s weights, weight-for-age, weight-for-length, Hb
and albumin were significantly higher (P,0·05), while body
temperature was significantly lower (P,0·05) (Table 1).

The mean tyrosine intakes of the eleven subjects used in the
analysis were 48, 71, 95, 148, 194 and 241 mg/kg per d.
Enrichment measurement during the last 1 h in each 4 h
period of [13C]phenylalanine infusion indicated that steady
state was achieved for the 13CO2 on breath. This was assessed
by the absence of a significant slope. Fig. 2 shows the
tracer:trace ratio of CO2 during the last 1 h of infusion. F
13CO2 from phenylalanine oxidation remained unchanged
between tyrosine intakes of 48 to 95 mg/kg per d and
increased significantly from tyrosine intakes of 95 to
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Fig. 2. Tracer:tracee ratio of breath CO2 (atoms percent excess; APE) showing steady-state enrichment during the fourth hour of [13C]phenylalanine infusion

in the children on the six test levels of tyrosine intake: (a) 47·6 mg/kg per d; (b) 71·1 mg/kg per d; (c) 95·1 mg/kg per d; (d) 148 mg/kg per d; (e) 195 mg/kg per d;

(f) 241 mg/kg per d. Values are means, with their standard errors represented by vertical bars.
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241 mg/kg per d (P,0·01). Based on our model, three F 13CO2

data points corresponding to tyrosine intakes of 48, 71 and
95 mg/kg per d fitted a flat line with a zero slope and the
other three fitted an upward-sloping line (r 2 0·99). The break-
point, i.e. the point of intersection of the two lines, occurred
between tyrosine intakes of 95 and 148 mg/kg per d at a
value of 99 mg/kg per d (Fig. 3). This value represents an esti-
mate of the mean tyrosine requirement of children with SCU
during their rapid catch-up growth phase.

Discussion

In the present study we aimed to determine the tyrosine
requirement of severely undernourished children during the
rapid catch-up growth phase of treatment. In our current reha-
bilitation feeding protocol, the amount of food, hence energy
and protein, consumed by the children during the rapid
catch-up growth phase is based on their appetite. Usual intakes
range from 418·2 to 752·8 kJ and 2·3 to 4·2 g protein/kg per d.
Tyrosine requirement was measured when the children’s daily
intakes had reached about 627·3 kJ and 3·5 g protein/kg per d,
i.e. about the mid-point of their catch-up growth period. Based
on the amino acid composition of Bionan milk protein
(1 whey:1 casein), the children were consuming 165·5 mg
tyrosine/kg per d at this time. The two-phase linear regression
cross-over model used to analyse our data gives an estimate of
mean tyrosine requirement of about 99 mg/kg per d, which is
about 40 % less than the amount that was being consumed
by the children at this phase of their recovery from SCU.
Hence, the energy-dense rehabilitation diet traditionally used
in the TMRU ward during the rapid catch-up growth
phase of treatment seems to provide a more than adequate
amount of tyrosine to the children.

It is possible that there is a difference in tyrosine require-
ment between the male and female children because sex
might contribute to variation in the demand for protein and
amino acids(10). However, further studies are required to
assess such an effect which is, also, not quantified in normal
healthy children(10). One advantage of the method that we
used over the traditional N balance technique is the finding

of Zello et al.(11) that prior adaptation to the test amino
acids is not needed. On this basis, we assume that there is
no significant carry-over effect from one level of tyrosine to
another. For at least 2 d before the isotopic measurements,
the children were fed protein and energy at the same rate
as for the study period to allow for adaptation to the level
of protein intake as recommended by Thorpe et al.(12).
However, a limitation of the method is that the feeds with
different levels of tyrosine were not given in random order.
It is, also, assumed that the measurement of CO2 excretion
rates for only 0·5 h is representative of the 4 h duration
for each level of tyrosine tested. At the start of the investi-
gation, an attempt was made to make more measurements
during the test periods, but the children became fussy and
uncomfortable.

It is important to point out that the rate and extent of catch-
up growth will vary depending on the degree of wasting and
stunting as well as according to the density of energy and
nutrients of the food provided or available(10). For these
reasons, our estimate of tyrosine requirement cannot be gener-
alised to all conditions of catch-up growth. In the present
study, the estimation of tyrosine requirement is mainly associ-
ated with restoring weight-for-height because peak velocity
for catch-up in height growth commences after restoration of
weight-for-height(13). Also, because the requirement of an
amino acid is predominantly for maintenance of protein syn-
thesis and other metabolic pathways, and for new lean tissue
deposition, the need for tyrosine during catch-up growth will
be different with variation in rate of growth and extent of
lean tissue deposition. There is evidence for variation in the
rate and composition of weight gained depending to a large
extent on differences in dietary energy and protein con-
tent(14 – 16). Moreover, when Spady et al.(17) used a single
high-energy diet for catch-up growth, they reported that
weight gain measured between days 7 and 14 varied from
3·2 to 21·5 g/kg per d. Therefore, although we used a typical
catch-up growth diet enriched in energy and nutrients, the esti-
mated value for tyrosine requirement derived in the present
study is conditional on the composition of the treatment diet
used, rate of weight gain and amount of lean tissue deposited
in the children. Lean tissue deposition, which was not
measured in the present study, can be limited by the protein:
energy ratio of the diet(10,15,16). It has been estimated that at
high rates of catch-up growth (10–20 g/kg per d), a high
rate of fat deposition is expected with a protein:energy ratio
up to 0·07, and normal composition of weight gain is expected
with a ratio up to 0·15(16). In the present study, protein
contributed 9·3 % of dietary energy and the children were
growing at a fast rate of about 15 g/kg per d.

Although we did not measure lean tissue deposition, based
on our previous measurement of body composition measure-
ment during catch-up growth in children using the same
rehabilitation diet, if we assume that 80 % of the new tissue
is fat-free mass(18) of which about 20 % is protein, then it
can be estimated that the children were depositing about
2·4 g protein/kg per d. With a protein intake of 3·5 g/kg per
d, this translates to an efficiency of utilisation of 69 %,
which is in close agreement with the value of about 66 %
calculated from the N balance data reported by us in a
previous study of severely undernourished children during
the catch-up growth phase(14). Assuming that tyrosine is
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2·55 % of human whole-body protein(13), then it can be
calculated that 61·2 mg tyrosine/kg per d, i.e. 62 % of estima-
ted requirement, was being utilised to synthesise new body
proteins for the net accumulation of lean tissue. If we were
to assume that the phenylalanine intake, which was fixed at
140 mg/kg per d, was a fair estimate of the children’s require-
ment at this time, then the ratio of phenylalanine to tyrosine
requirements of SCU children during catch-up growth will
be 59:41, which is similar to the 55:45 ratio of these two
amino acids in body tissue(19). Also, this is close to the phenyl-
alanine to tyrosine requirements ratios reported by Roberts
et al.(7,20) for neonates (56:44) and adult males (60:40).

Although tyrosine is considered a nutritionally dispensable
amino acid, because it can be synthesised de novo, there is a
high demand for this amino acid as a precursor molecule for
the synthesis of numerous proteins, peptides and metabolites,
more so during the accelerated protein deposition of the catch-
up growth phase. Our finding suggests that the children were
consuming a more than adequate amount of protein to satisfy
their tyrosine requirements at this phase of treatment. We now
plan to conduct a similar study to estimate the phenylalanine
requirement of children with SCU during the catch-up
growth phase of recovery using a diet that will provide tyro-
sine based on its requirement as estimated in the present study.
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