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INTRODUCTION

Lysine is an essential amino acid that is primarily used for
protein synthesis (1). In addition, lysine, together with methionine, is required for the biosynthesis of carnitine, which is essential for fatty acid metabolism (2). Lysine is the first limiting
amino acid in the all cereal–based diet consumed by a large
proportion of the world’s population (3). A deficiency in the
intake of lysine limits protein synthesis and causes weight loss in
infants (4). In contrast, excess lysine intake also reduces the
growth rate of animals caused by an imbalanced diet (5, 6). Thus,
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the dietary intake of amino acids is important for the rate of
protein synthesis and growth.
Only a few studies have been performed in infants to determine
enteral lysine requirements (4, 7). The criteria for the adequacy of
a diet were the nitrogen balance and growth rates, which may not
be the most sensitive methods. Thereby, the number of infants
(n = 6–13) studied was relatively small. Because breast milk is
considered to be the optimal nutrition for infants 6 mo of age,
the joint WHO/FAO/United Nations University expert consultation (8) recommended a lysine intake of 119 mg  kg21  d21
on the basis of the average intake of exclusively breastfed infants rather than on the available experimental evidence. Recently, the IAAO4 method has been developed to estimate
essential amino acid requirements (9).
Our aim was to determine the lysine requirement of enterally
fed neonates by using the IAAO method. Furthermore, we aimed
to test whether requirement estimates on the basis of F13CO2
yielded similar results compared with the phenylalanine oxidation
rates measured in urine and plasma. In addition, to shorten our
study protocol, we compared the lysine requirement derived from
F13CO2 data from a short-term (420-min) tracer infusion protocol
with the results derived from a 900-min infusion protocol.
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ABSTRACT
Background: Infant nutrition has a major impact on child growth
and functional development. Low and high intakes of protein or
amino acids could have a detrimental effect.
Objective: The objective of the study was to determine the lysine
requirement of enterally fed term neonates by using the indicator
amino acid oxidation (IAAO) method. L-[1-13C]phenylalanine was
used as an indicator amino acid.
Design: Twenty-one neonates were randomly assigned to lysine intakes that ranged from 15 to 240 mg  kg21  d21. Breath, urine, and
blood samples were collected at baseline and during the plateau. The
mean lysine requirement was determined by using biphasic linear
regression crossover analysis on the fraction of 13CO2 recovery from
13
13
L-[1- C]phenylalanine oxidation (F CO2) and phenylalanine oxida13
tion rates calculated from the L-[1- C]phenylalanine enrichment of
urine and plasma.
Results: The mean (6SD) phenylalanine flux calculated from urine
and plasma L-[1-13C]phenylalanine enrichment data were 88.3 6
6.9 and 84.5 6 7.4 lmol  kg21  h21, respectively. Graded intakes
of lysine had no effect on phenylalanine fluxes. The mean lysine
requirement determined by F13CO2 was 130 mg  kg21  d21 (upper
and lower CIs: 183.7 and 76.3 mg  kg21  d21, respectively). The
mean requirement was identical to the requirement determined by
using phenylalanine oxidation rates in urine and plasma.
Conclusions: The mean lysine requirement of enterally fed term
neonates was determined by using F13CO2 and phenylalanine oxidation rates calculated from the L-[1-13C]phenylalanine enrichment of urine and plasma. These methods yielded a similar
result of 130 mg lysine  kg21  d21. This study demonstrates that
sampling of 13CO2 in expired air is sufficient to estimate the lysine
requirement by using the IAAO method in infants. This trial was
registered at www.trialregister.nl as NTR1610.
Am J Clin Nutr
2011;94:1496–503.

LYSINE REQUIREMENT IN TERM NEONATES
SUBJECTS AND METHODS

Subjects
Twenty-one neonates admitted to the Neonatal Ward in the
Children’s Hospital of Fudan University participated in the study.
Each subject was selected for study by using the following
criteria: fully enterally fed infants with a gestational age of 37
wk, birth weight 2500 g, and clinically stable with a weightgain rate 5 g  kg21  d21 in the preceding 3 d. Subjects were
excluded if they had congenital anomalies, gastro-intestinal
pathology, or sepsis.
The study was approved by the Institutional Review Boards of
the Children’s Hospital of Fudan University, and a statement of
no objection was obtained from the Erasmus Medical Centre–
Sophia Children’s Hospital. Written consent was obtained from at
least one of the parents of each subject by a Chinese-speaking
researcher.
Study formula

Experimental design
The study was designed to determine the lysine requirement of
term neonates by using the minimally invasive IAAO method (9).
The IAAO method is based on the concept that, when the test
amino acid intake is insufficient to meet the requirement, protein
synthesis will be limited and all of the amino acid will be oxidized, including the indicator amino acid, which is labeled with
a stable isotope. As the dietary intake of the test amino acid
increases, the oxidation rate of the indicator amino acid will
decrease until the requirement of the test amino acid is met. Once
the requirement of the test amino acid is met, an additional increase in its intake will have no further influence on the oxidation
rate of the indicator amino acid. The oxidation of the indicator
amino acid can be measured in expired air as 13CO2. To use the
IAAO method in infants and children, the study protocol must
be noninvasive. Initially, the IAAO method was used in adults to

determine amino acid requirements by measuring the amino
acid kinetics in plasma and the rate of release of 13CO2 from the
oxidation of the indicator amino acid in expired air (11–13).
Because a good correlation between [1-13C]phenylalanine enrichment in urine and plasma has been shown in adults (14, 15)
and in neonates (16), the IAAO method has been used in vulnerable populations, such as parenterally fed neonates (17–19).
The method has been additionally adapted to make it minimally
invasive by using enteral instead of intravenous isotope administration (20, 21) and additionally simplified by using the direct
nasopharyngeal sampling method of the expired air (22).
During the study, all infants received a fluid intake of ;150
mL  kg21  d21, a caloric intake of 108 kcal  kg21  d21, and an
amino acid intake equal to the protein intake of ;2.96 g  kg21 
d21. Infants were randomly assigned to one of the graded test
intakes of lysine, which ranged from 15 to 240 mg  kg21  d21.
Each study took place over a 39-h period whereby the study
formula was fed to neonates. After 24 h of study-formula consumption, tracers were administered on day 2 for 15 h. Infants
were bottle fed every 3 h during the adaptation period. Subsequently, the feeding regimen changed to an hourly bottle
feeding during the tracer infusion until the end of the study. On
the tracer day, a nasogastric tube was placed for tracer infusion.
Infants received a primed (14 lmol/kg) continuous (9 lmol
 kg21  h21) enteral infusion of [13C]bicarbonate (sterile, pyrogen free, 99% 13C APE; Cambridge Isotopes) for 3 h to
quantify individual CO2 production rates. Phenylalanine was
used as the indicator amino acid. After the [13C]bicarbonate
infusion was stopped, a primed (34 lmol/kg) continuous (27
lmol  kg21  h21) enteral infusion of L-[1-13C]phenylalanine
(99% 13C APE; Cambridge Isotopes) was started and lasted for
12 h The duration of [1-13C]phenylalanine infusion was 12 h to
ensure achievement of the steady state in urine and to ensure
adequate urine-sample collection during the steady state. Syringes were weighted before and after the study to determine the
exact amount of tracers that were given to the infants. The tracer
infusion day is depicted in Figure 1.
Breath samples were obtained by using the direct nasopharyngeal sampling method described by van der Schoor et al (22).
Briefly, a 6F gastric tube (6 CH Argyle; Sherwood Medical) was
placed 1–1.5 cm into the nasopharynx, and the end-tidal breath
was taken slowly with a syringe. Collected air was transferred
into 12-mL sterile, nonsilicon-coated evacuated glass tubes (Van
Loenen Instruments) and was stored at room temperature until
analysis. Baseline breath samples were collected before the start
of tracer infusion. Duplicated breath samples were obtained at

FIGURE 1. Schematic overview of tracer infusion day. Arrows indicate
times that breath, urine, and plasma samples were taken.
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The study formula used was an elemental formula that was
based on free amino acids. The composition was the same as
Neocate (SHS International) except for the lysine and phenylalanine content. Lysine, which was completely withdrawn from
the study formula, was separately added in the form of L-lysine
to obtain different amounts of intake. The phenylalanine
intake was kept constant during the study by separately adding
L-phenylalanine during the 24-h adaptation period to obtain the
same amount as in the Neocate (SHS International), and this
amount of phenylalanine was given as stable isotope L-[1-13C]
phenylalanine on the tracer infusion day. The phenylalanine
intake during the study was 166 mg  kg21  d21, which was
above the recommended amount of 72 mg  kg21  d21 (8). A
generous amount of tyrosine (166 mg  kg21  d21) was provided
to ensure that the newly formed [1-13C]tyrosine hydroxylated
from [1-13C]phenylalanine would be directly channeled to oxidation into 13CO2, which can be measured in expired air (10).
This amount of tyrosine was almost twice the amount ingested
by exclusively breastfed infants (8). The nitrogen intake was
kept constant for all subjects by the substitution of L-alanine for
the lysine that was withdrawn. The caloric intake was kept
constant during the study period in all infants.
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Analytic procedures
13

CO2 isotopic enrichment in breath samples was analyzed by
an infrared isotope analysis technique (Helifan; Analytic Fischer
Instruments). The 13C enrichment was expressed as the APE
above baseline.
Urine and plasma enrichment of L-[1-13C]phenylalanine were
measured by gas chromatography–mass spectrometry (MSD
5975C Agilent GCMS; Agilent Technologies) as their ethyl
chloroformate ester derivatives. Briefly, amino acid fractions in
50 lL urine and 30 lL plasma were isolated by a Dowex cationexchange resin column (AG 50W-X8, hydrogen form; Bio-Rad
Laboratories) and were eluted with 0.7 mL 6 M NH4OH. The
eluate was evaporated under vacuum at room temperature in
a speedvac (GeneVac miVac; GeneVac Ltd). Ethyl chloroformate derivatization of the samples was performed according
to a modified procedure of Hušek (23). A CP-Chirasil L-Val GC
column (25 m · 0.25 mm id, 0.12 lm film thickness; Varian)
was used for the separation of D-[1-13C]phenylalanine and
13
L-[1- C]phenylalanine. An enrichment calibration curve was
made for the measurement of L-[1-13C]phenylalanine in urine
and plasma. Samples were measured by using a selected ionmonitoring mode method by using the mass fragments with an
m/z of 176 for the unenriched (M) and an m/z 177 for the enriched (M + 1) L-phenylalanine. Each sample was analyzed in
triplicate by using gas chromatography–mass spectrometry.
Enrichments were calculated from the mean of the 3 analyses.
Isotopic enrichment was calculated at the isotopic steady state
and was expressed as the MPE.
Calculations
The isotopic steady state was represented by plateaus in
CO2 and L-[1-13C]phenylalanine enrichments in urine. The
last plasma sample was considered to be at an isotopic plateau.
Plateaus were determined by visual inspection and were con-

13

firmed by regression analysis as a slope not significantly different from zero.
Phenylalanine flux (Q) was measured from the dilution of the
administered L-[1-13C]phenylalanine into the amino acid pool by
using enrichments of L-[1-13C]phenylalanine in urine or plasma
once the isotopic steady state was reached by using the following equation:
Qurine or plasma ¼ iPHE 3 ½ðIEi 4 IEurine or plasma Þ 2 1

ð1Þ

where iPHE is the infusion rate of [1-13C]phenylalanine in lmol 
kg21  h21, and IEi is the isotopic enrichment of L-[1-13C]phenylalanine in the infusate in MPE. IEurine or plasma is the isotopic
enrichment of L -[1- 13 C]phenylalanine of urine or plasma,
respectively.
The estimated body CO2 production rate (mmol  kg21  h21)
was calculated as follows (20):
Body CO2 production ¼ ½ðIEi 4IEB 2 1Þ 3 iB 41000

ð2Þ

where IEi is the 13C enrichment of [13C]bicarbonate in the infusate (APE), IEB is the 13C isotopic enrichment in expired air
during [13C]bicarbonate infusion (APE), iB is the infusion rate of
[13C]bicarbonate (lmol  kg21  h21). This equation does not
correct for the retention of labeled carbon within the body bicarbonate pool and will overestimate the CO2 production rate.
However, the same correction factor has to be applied to quantify the phenylalanine oxidation rate with the assumption of
a constant CO2 production rate during the [13C]bicarbonate infusion and during the L-[1-13C]phenylalanine infusion (24).
Consequently, this correction factor can be diminished in the
following equation, and there is no need to measure the exact
CO2 production rate.
The fraction of 13CO2 recovery from L-[1-13C]phenylalanine
oxidation in percentage (F13CO2) was calculated by using the
following equation (24):
F13 CO2 ¼ ðIEPHE 3 iB Þ4ðiPHE 3 IEB Þ 3 100

ð3Þ

where IEPHE is the 13C isotopic enrichment in expired air during
[1-13C]phenylalanine infusion (APE), iB is the infusion rate of
[13C]bicarbonate (lmol  kg21  h21), iPHE is the infusion rate of
13
21
L-[1- C]phenylalanine (lmol  kg
 h21), and IEB is the 13C
isotopic enrichment in expired air during [13 C]bicarbonate
infusion.
Whole-body phenylalanine oxidation by using urinary
13
13
L-[1- C]phenylalanine enrichment or plasma L-[1- C]phenylalanine enrichment was calculated as follows:
Whole-body phenylalanine oxidation ¼
ðF13 CO2 4100Þ 3 Qurine or plasma

ð4Þ

Statistical analysis
Descriptive data are expressed as means 6 SDs. The effect of
lysine intake on phenylalanine was tested with Pearson’s correlation coefficient analysis. The difference in L-[1-13C]phenylalanine enrichment of urine during the isotopic plateau and
plasma at 900 min was evaluated by a paired t test. Bland and
Altman analysis (25) was used to assess the agreement of
13
L-[1- C]phenylalanine enrichment of urine during the isotopic
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15-min intervals during the period of 105–180 min after the tracer
infusion, and duplicated samples were obtained at 10-min
intervals during the period of 360–420 min (the first plateau
period). Another set of duplicated samples were obtained at
10-min intervals during the last hour of L-[1-13C]phenylalanine
infusion (the second plateau period). To validate the short-term
study protocol, the requirement estimated during the first 13CO2
enrichment plateau was compared with the requirement estimated during the second plateau. The period of 360–420 min
was chosen because the isotopic steady state of L-[1-13C]phenylalanine in expired air was obtained after 360 min of tracer
infusion in our pilot study, which was 180 min after L-[1-13C]
phenylalanine infusion.
Urine samples were collected by using urine bags. One urine
sample (1 mL per sample) was collected at baseline, and 4–10
samples were collected depending on the void frequencies of the
infants from 360 min onward until the end of the study. Urine
samples were kept at 280°C until analysis.
Blood samples (0.5 mL per sample) were collected by venipuncture. One blood sample was taken at the baseline, and one
blood sample was taken at the end of the study. Blood samples
were collected in anticoagulant tubes and were immediately
centrifuged; the plasma was stored at 280°C until analysis.

LYSINE REQUIREMENT IN TERM NEONATES
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plateau and plasma at 900 min. The determination of the mean
lysine requirement (ie, the breakpoint) was performed by using
a biphasic linear regression crossover model (26). With the biphasic linear regression analysis, the regression equation was
split into 2 parts. For the first part, an intercept and slope were
estimated, whereas for the second part, the slope was restricted
to zero. Therefore, the estimated intercept of the second line was
equal to the breakpoint. The model with the best fit on the basis
of the highest r2 was selected. The 95% CIs were calculated.
The analyses were performed in STATA (version 11; StataCorp
LP). P , 0.05 was considered significant.
FIGURE 2. Mean 6 SEM 13C enrichments in APE in expired air during
the first (period: 360–420 min) and second (period: 840–900 min) isotopic
plateaus of the [1-13C]phenylalanine infusion (n = 21). APE, atom percent
excess.

RESULTS

Subject characteristics

Phenylalanine kinetics
Complete data sets of breath and urine samples were obtained
from all but one subject. We could not obtain the last blood
sample from the one infant.
The mean (6SD) phenylalanine flux calculated from urinary
enrichment and plasma enrichment was 88.3 6 6.9 and 84.5 6
7.4 lmol  kg21  h21, respectively. There were no significant
correlations between urinary phenyllanine flux and lysine intake
(P = 0.73) or plasma phenylalanine flux and lysine intake (P =
0.53).
The 13C enrichments in expired air of the first and second
plateaus during L-[1-13C]phenylalanine infusion are shown in
Figure 2. The breakpoints in F13CO2 data as analyzed by biphasic linear regression crossover analysis from 13CO2 isotopic
enrichment of the first plateau (the period from 360 to 420 min)
TABLE 1
Subject characteristics of infants who participated in the study (n = 21)

and the second plateau (the period from 840 to 900 min), are
shown in Figure 3, A and B, respectively. For the first and
second F13CO2-plateau data, a negative correlation was shown
between lysine intake (if the intake increased to 130 mg  kg21 
d21) and F13CO2; additional increases in lysine intake did not
affect F13CO2. The breakpoint represented the mean lysine requirement, which was 130 mg  kg21  d21, with 95% upper and
lower CIs of 188.4 and 71.6 mg  kg21  d21, respectively, for
the first plateau (P , 0.0001, r2 = 0.46). The breakpoint of the
second plateau was also 130 mg  kg21  d21, with 95% upper
and lower CIs of 183.7 and 76.3 mg  kg21  d21, respectively
(P , 0.0001, r2 = 0.51).
As illustrated in Figure 4, the urinary L-[1-13C]phenylalanine
enrichment was significantly different from the plasma L-[1-13C]
phenylalanine enrichment (P = 0.04, 2-tailed). From the Bland
and Altman analysis (25), the mean (upper and lower 95% CIs)
difference between urine and plasma enrichments was 20.72
(2.06, 23.51) MPE. There was a 5% probability that the measured enrichment by using urine and plasma differed more than
this amount (Figure 5). Phenylalanine oxidation calculated from
the urine and plasma enrichment data also decreased with increasing lysine intake to 130 mg  kg21  d21; an additional
increase of lysine intake .130 mg  kg21  d21 did not result in
an additional decrease of phenylalanine oxidation. The breakpoints in the urinary and plasma phenylalanine oxidation data
are shown in Figure 6, A and B, respectively. Identical to the
breakpoint determined by using F13CO2, the breakpoint determined by using phenylalanine oxidation rates in urine and
plasma was 130 mg  kg21  d21 (P , 0.0001, r2 = 0.5; and P ,
0.0001, r2 = 0.49, respectively). The 95% upper and lower CIs
for urine were 183.2 and 76.8 mg  kg21  d21, respectively. The
upper CI for plasma was 185.6 mg  kg21  d21, and the lower CI
was 74.4 mg  kg21  d21.

Values
Birth weight (kg)
Gestational age (wk)
Age on study day (d)
Weight on study day (kg)
Weight gain before study (g  kg21  d21)
Sex (F:M)
1

Mean 6 SD (all such values).

3.3
39
12
3.5
9

6 0.31
61
66
6 0.4
64
9:12

DISCUSSION

To our knowledge, this was the first study of the lysine requirement of fully enterally fed term neonates that used the IAAO
method. The mean lysine requirement of enterally fed term
neonates was estimated to be 130 mg  kg21  d21.
The experimental evidence for the lysine requirements of
infants is very scarce. With the use of nitrogen balance and
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Twenty-one term neonates participated in the study. The
neonates were studied at a lysine intake that ranged between 15
and 240 mg  kg21  d21. Subject characteristics are summarized
in Table 1. All subjects were growing well before entering the
study. The mean (6SD) weight-gain rate 3 d before the study
was 9 6 4 g  kg21  d21. The mean (6SD) energy intake was
109.1 6 0.8 kcal  kg21  d21. The nitrogen intake was equivalent to a protein intake of 2.99 6 0.02 g  kg21  d21. The
infants were clinically stable and considered healthy because
they were discharged on the study day or the day after. The
primary reasons for admissions were unconjugated hyperbilirubinemia (n = 15), pneumonia (n = 3), infection suspicion
(n = 2), and skin infection (n = 1). Intravenous antibiotics
(penicillins and/or cephalosporins) were given to 15 of the 21
neonates.
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FIGURE 4. Mean 6 SEM L-[1-13C]phenylalanine enrichments in MPE in
urine during isotopic plateau and the L-[1-13C]phenylalanine enrichments in
plasma at 900 min. MPE, mole percent excess.

weight gain, Holt and Snyderman (27) estimated lysine
requirements of 6 infants of postnatal ages between 1 and 5 mo to
be 90–105 mg  kg21  d21. The difference in estimated requirements with our study might have been due to the ages of
the infants studied, the small number of infants studied, and the
use of the nitrogen-balance method, which may have underestimated the requirement. Fomon et al (7) observed adequate
growth in 13 normal full-term female infants during the ages of
8 to 41 d with an average lysine intake of 114 mg  kg21  d21,
which was in the same range as our estimates. The infants in the
study of Fomon et al (7) were fed ad libitum, which meant that
the infants could regulate their own intakes, which resulted in
a wide range of observed intakes.
Recently, Chapman et al (17) estimated the lysine requirement
of parenterally fed postsurgical neonates by using the IAAO
method to be 104.9 mg  kg21  d21. Because the use of dietary
essential amino acids by the intestine results in a lower systemic

FIGURE 5. Bland and Altman (25) analysis of mean (upper and lower
95% CIs) differences between L-[1-13C]phenylalanine enrichments in urine
during the isotopic plateau and L-[1-13C]phenylalanine enrichments in
plasma at 900 min in 20 infants. The difference between urine and plasma
enrichments was 20.72 (2.06, 23.51) mole percent excess. There was a 5%
probability that the measured enrichment in urine differed from the
measured enrichment in plasma.
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FIGURE 3. A: F13CO2 during the first isotopic plateau (period: 360–420
min) at different lysine intakes (n = 21). With the use of a biphasic linear
regression crossover model, the breakpoint was estimated to be 130 mg 
kg21  d21 (P , 0.0001, r2 = 0.46). Upper and lower 95% CIs of the
breakpoint estimate were 188.4 and 71.6 mg  kg21  d21, respectively. B:
F13CO2 during the second isotopic plateau (period: 840–900 min) at
different lysine intakes (n = 21). With the use of a biphasic linear
regression crossover model, the breakpoint was estimated to be 130 mg 
kg21  d21 (P , 0.0001, r2 = 0.51). Upper and lower 95% CIs of the
breakpoint estimate were 183.7 and 76.3 mg  kg21  d21, respectively.
F13CO2, fraction of 13CO2 recovery from L-[1-13C]phenylalanine oxidation.

availability of these essential amino acids (28, 29), a higher
amino acid requirement can be expected in fully enterally fed
neonates. The first-pass lysine uptake in preterm infants with full
enteral feeding was 18% (29). In our results, a requirement of
130 mg  kg21  d21 fit perfectly in the parenteral requirement
determined by Chapman et al (17) at a first-pass use of 20%.
The current recommended lysine intake is based on the humanmilk composition (8). Human milk has huge variations in protein
concentrations; the protein content declines from 23 g/L on the
postpartum day to 3–14 g/L on day 28 (30, 31). This decline in
protein content is accompanied by changes in the whey:casein
ratio (32); consequently, the amino acid composition changes
during the lactation period. However, the average lysine intake
estimated in exclusively breastfed infants in the first month of life
is 119 mg  kg21  d21 (8), which is comparable with our estimated requirement. The gross amino acid composition of human
milk may not necessarily reflect the requirement profile of infants who consume infant formula because protein and amino
acid digestibility and bioavailability are different in human milk
from that in formula. Our study provided scientific knowledge of
the amino acid need of infants fed an infant formula.

LYSINE REQUIREMENT IN TERM NEONATES

Raffii et al (33) showed that the change in phenylalanine
hydroxylation, which is the first step in phenylalanine oxidation,
was better represented by apolipoprotein B-100 instead of plasma
phenylalanine. However, the requirement derived from F13CO2
data in our study was identical to the requirement estimated
from the urine and plasma L-[1-13C]phenylalanine enrichment
data. The reason for the same estimates might have been due to
the relative small range of distribution of phenylalanine flux in
our study caused by the strict control of amino acid intake and
the continuous tracer infusion. Because phenylalanine oxidation
was calculated by multiplying F13CO2 with the flux, and the flux
was constant, the phenylalanine oxidation rate consequently
depended on the F13CO2. Moreover, by using the [13C]bicarbonate method, which thereby determined the changes in
13
CO2 of each individual infant during both the [13C]bicarbonate
and L-[1-13C]phenylalanine infusions (which corrected the bicarbonate retention individually), the F13CO2 can be measured
more accurately.
Our second aim was to compare the lysine requirement from
a short-period tracer-infusion protocol with a 900-min infusion

protocol. Both protocols yielded identical requirement estimates.
Therefore, we concluded that a short (and, thus, less invasive)
IAAO protocol is valid for enterally fed infants.
We showed a small but significant difference of L-[1-13C]
phenylalanine enrichment in urine compared with in plasma.
Amino acid enrichment in urine is assumed to reflect the enrichment in arterialized blood. The difference might be because
urine samples represent average enrichment values during the
collection period, whereas plasma samples represent enrichment
at a specific time and site of sampling. In our study, urine samples
were collected in the period before the collection of the venous
blood sample from the hand or foot. Another explanation might
be that isotopic steady state had not yet been reached in the urine
of neonates who had relative long voiding intervals, which resulted in few urine samples at steady state. The lower urinary
13
L-[1- C]phenylalanine enrichment compared with in plasma was
also shown in the studies by Zello et al (15) and Bross et al (14) in
adults. A possible explanation is the short tracer-infusion time
(4 h), which resulted in nonsteady states. The lack of significance
in the study by Bross et al (14) was possibly the consequence of
a small number of subjects (n = 4). Wykes et al (16) observed
a higher enrichment in urine compared with in plasma. This
observation might have been due to the contamination of
13
D-[1- C]phenylalanine in the tracer. A recent study showed
a significant confounding effect of D-phenylalanine in urine even
when [1-13C]phenylalanine was used with an optical purity of
0.1% in neonates (34). We used a chiral column for the separation of the D- and L-phenylalanine to overcome this problem.
There were some limitations in our study design. The study
was performed by using an amino acid formula. Metges et al
(35) have shown that leucine oxidation is higher and nonoxidative leucine disposal is lower when an amino acid diet is
used compared with when a casein diet is used. These results
suggest that leucine derived from an amino acid diet has a lower
rate of use. Their findings were supported by the study of
Dangin et al (36), which demonstrated that the protein digestion
rate is an independent factor of protein retention. The effect of
the decreased rate of use of amino acids by consuming an amino
acid diet could result in higher requirement estimates compared
with consumption of a protein diet. Therefore, our determined
lysine requirement could have been an overestimation. Future
studies with an intrinsically labeled protein that is the closest
simulation to a normal dietary amino acid intake are required to
evaluate this issue.
Another limitation of our study was the antibiotic used in our
study population. Antibiotics are extensively prescribed to
children who are admitted to children’s hospitals in China (37).
As a result of this practice, 15 of 21 infants in our study received
intravenous antibiotics. Antibiotic treatment has a major impact
on the bacterial flora in the gastrointestinal tract (38), and it has
been shown that microbial lysine can be made available to
a human host (39, 40). Previous studies did not clarify the issue of
whether microbial lysine contributes to the dietary amino acid–
requirement estimates (41). To our knowledge, there are no data
in the literature on antibiotic use and its effect on essential amino
acid requirements.
In conclusion, this study was the first in a series of studies
designed to determine the essential amino acid requirements of
enterally fed neonates by using the adapted minimal invasive
IAAO method. Under the conditions of this study, the lysine
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FIGURE 6. A: Phe oxidation calculated from urinary enrichment data at
different lysine intakes (n = 21). With the use of a biphasic linear regression
crossover model, the breakpoint was estimated to be 130 mg  kg21  d21
(P , 0.0001, r2 = 0.51). Upper and lower 95% CIs of the breakpoint
estimate were 183.2 and 76.8 mg  kg21  d21, respectively. B: Phe
oxidation calculated from the plasma enrichment data at different lysine
intakes (n = 20). With the use of a biphasic linear regression crossover
model, the breakpoint was estimated to be 130 mg  kg21  d21 (P ,
0.0001, r2 = 0.49). Upper and lower 95% CIs of the breakpoint estimate
were 185.6 and 74.4 mg  kg21  d21, respectively.

1501

1502

HUANG ET AL

requirement of enterally fed term neonates was 130 mg  kg21 
d21. Current term formulas provide an excess of lysine
(172–256 mg  kg21  d21) according to our estimated mean
requirement (42, 43). The lack of knowledge with regard to the
optimal amino acid pattern in formula feeding is a reason to
perform additional studies on the amino acid requirements of
enterally fed infants to optimize the nutrition for (preterm)
infants.
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23. Hušek P. Rapid derivatization and gas chromatographic determination
of amino acids. J Chromatogr 1991;552:289–99.
24. van Goudoever JB, Sulkers EJ, Chapman TE, Carnielli VP,
Efstatopoulos T, Degenhart HJ, Sauer PJ. Glucose kinetics and glucoregulatory hormone levels in ventilated preterm infants on the first
day of life. Pediatr Res 1993;33:583–9.
25. Bland JM, Altman DG. Statistical methods for assessing agreement
between two methods of clinical measurement. Lancet 1986;1:
307–10.
26. Seber GAF. Linear regression analysis. New York, NY: Wiley, 1977.
27. Holt LE Jr, Snyderman SE. Protein and amino acid requirements of
infants and children. Nutr Abstr Rev 1965;35:1–13.
28. van Goudoever JB, Stoll B, Henry JF, Burrin DG, Reeds PJ. Adaptive
regulation of intestinal lysine metabolism. Proc Natl Acad Sci USA
2000;97:11620–5.
29. van der Schoor SR, Reeds PJ, Stellaard F, Wattimena JD, Sauer PJ,
Buller HA, van Goudoever JB. Lysine kinetics in preterm infants: the
importance of enteral feeding. Gut 2004;53:38–43.
30. Gross SJ, David RJ, Bauman L, Tomarelli RM. Nutritional composition of milk produced by mothers delivering preterm. J Pediatr 1980;
96:641–4.
31. LönnerdalB, Forsum E, Hambraeus L. A longitudinal study of the
protein, nitrogen, and lactose contents of human milk from Swedish
well-nourished mothers. Am J Clin Nutr 1976;29:1127–33.
32. Kunz C, Lonnerdal B. Re-evaluation of the whey protein/casein ratio of
human milk. Acta Paediatr 1992;81:107–12.
33. Rafii M, McKenzie JM, Roberts SA, Steiner G, Ball RO, Pencharz PB.
In vivo regulation of phenylalanine hydroxylation to tyrosine, studied
using enrichment in apoB-100. Am J Physiol Endocrinol Metab 2008;
294:E475–9.
34. Tomlinson C, Rafii M, Ball RO, Pencharz P. The significance of
d-isomers in stable isotope studies in humans is dependent on the
age of the subject and the amino acid tracer. Metabolism 2010;59:
14–9.
35. Metges CC, El-Khoury AE, Selvaraj AB, Tsay RH, Atkinson A, Regan
MM, Bequette BJ, Young VR. Kinetics of L-[1-(13)C]leucine when
ingested with free amino acids, unlabeled or intrinsically labeled casein. Am J Physiol Endocrinol Metab 2000;278:E1000–9.
36. Dangin M, Boirie Y, Garcia-Rodenas C, Gachon P, Fauquant J, Callier
P, Ballevre O, Beaufrere B. The digestion rate of protein is an independent regulating factor of postprandial protein retention. Am J
Physiol Endocrinol Metab 2001;280:E340–8.
37. Zhang W, Shen X, Wang Y, Chen Y, Huang M, Zeng Q, Wei J, Lu Q,
Wang G, Deng L, et al. Antibiotic use in five children’s hospitals
during 2002-2006: the impact of antibiotic guidelines issued by the
Chinese Ministry of Health. Pharmacoepidemiol Drug Saf 2008;17:
306–11.
38. Gewolb IH, Schwalbe RS, Taciak VL, Harrison TS, Panigrahi P. Stool
microflora in extremely low birthweight infants. Arch Dis Child Fetal
Neonatal Ed 1999;80:F167–73.
39. Metges CC, El-Khoury AE, Henneman L, Petzke KJ, Grant I, Bedri S,
Pereira PP, Ajami AM, Fuller MF, Young VR. Availability of intestinal

LYSINE REQUIREMENT IN TERM NEONATES
microbial lysine for whole body lysine homeostasis in human subjects.
Am J Physiol 1999;277:E597–607.
40. Millward DJ, Forrester T, Ah-Sing E, Yeboah N, Gibson N, Badaloo A,
Boyne M, Reade M, Persaud C, Jackson A. The transfer of 15N from
urea to lysine in the human infant. Br J Nutr 2000;83:505–12.
41. Metges CC, Eberhard M, Petzke KJ. Synthesis and absorption of intestinal microbial lysine in humans and non-ruminant animals and

1503

impact on human estimated average requirement of dietary lysine. Curr
Opin Clin Nutr Metab Care 2006;9:37–41.
42. Viadel B, Alegria A, Farre R, Abellan P, Romero F. Amino acid profile
of milk-based infant formulas. Int J Food Sci Nutr 2000;51:367–72.
43. Hernell O, Lonnerdal B. Nutritional evaluation of protein hydrolysate
formulas in healthy term infants: plasma amino acids, hematology, and
trace elements. Am J Clin Nutr 2003;78:296–301.

Downloaded from ajcn.nutrition.org by guest on October 1, 2017

