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ABSTRACT: Human fetal metabolism is largely unexplored. Un-
derstanding how a healthy fetus achieves its fast growth rates could
eventually play a pivotal role in improving future nutritional strate-
gies for premature infants. To quantify specific fetal amino acid
kinetics, eight healthy pregnant women received before elective
cesarean section at term, continuous stable isotope infusions of the
essential amino acids [1-13C,15N]leucine, [U-13C5]valine, and [1-
13C]methionine. Umbilical blood was collected after birth and ana-
lyzed for enrichments and concentrations using mass spectrometry
techniques. Fetuses showed considerable leucine, valine, and methi-
onine uptake and high turnover rates. �-Ketoisocaproate, but not
�-ketoisovalerate (the leucine and valine ketoacids, respectively),
was transported at net rate from the fetus to the placenta. Especially,
leucine and valine data suggested high oxidation rates, up to half of
net uptake. This was supported by relatively low �-ketoisocaproate
reamination rates to leucine. Our data suggest high protein break-
down and synthesis rates, comparable with, or even slightly higher than
in premature infants. The relatively large uptakes of total leucine and
valine carbon also suggest high fetal oxidation rates of these essential
branched chain amino acids. (Pediatr Res 70: 566–571, 2011)

Historical wise, the fact that the design of current nutrition for
premature neonates is merely step-by-step alterations of

the original composition of breast milk (1) is not surprising.
Years ago, gestational viability was closer to term than it is
currently, and the analysis of normal neonatal nutrition was easier
than the study of fetal nutrition. But with increased survival of
less mature infants, metabolic demands of these young individ-
uals probably deviate much more from those who receive breast
milk or regular formula after term birth. Besides, we know from
several decades of animal fetal research that intrauterine nutrient
supply delivers more amino acids and less fat than is supplied
during breast feeding (2). Today, however, the exact composition
of human fetal nutrient supply still remains unknown.
With the availability of harmless tracer studies, human fetal

metabolism can be unraveled (3–7). To add to the very scarce
knowledge bank, our aim was to investigate several aspects of

human fetal essential amino acid metabolism. In this study, we
were interested in fetal kinetics of the branched chain amino
acids (leucine and valine) and of another essential amino acid,
methionine. Previously, fetal kinetics of phenylalanine and
tyrosine were described. These two amino acids together with
those studied here were chosen both scientifically as well as
practically. First, they are often subject of debate when it comes
to (parenteral) neonatal nutrition. Second, their stable isotopom-
ers are affordable, and our laboratory has much experience
analyzing them accurately. Metabolism was determined after the
infusion of stable isotopically labeled amino acids into pregnant
women undergoing elective cesarean section at term and by
analyzing umbilical cord blood. These studies provide explor-
ative and normative data against which amino acid metabolism in
the premature fetus or neonate after, for example, fetal growth
restriction or prematurity can be judged.

METHODS

Patients. The study was performed at the Mother and Child Center of the
Erasmus MC–Sophia Children’s Hospital after approval by both the institu-
tional medical ethical review board (Erasmus MC, Rotterdam, The Nether-
lands) and the Dutch central committee on research involving human subjects.
Pregnant women undergoing elective cesarean section (repeat or breech
presentation) at term were eligible. Exclusion criteria were obesity (precon-
ceptional BMI �30), preeclampsia, diabetes, known fetal anomalies, or
severe IUGR (��2 SD). Participating women gave written consent after
having been fully informed about all study details.

Experimental design. To determine the umbilical blood flow, blood flow
velocity and vessel diameters were measured in the umbilical vein using an
ultrasound machine (iU22; Philips Medical Systems, Eindhoven, The Neth-
erlands) as previously described (8). Ultrasound measurements were made in
the late afternoon on the day preceding surgery; cesarean sections were
scheduled at �0800 h after an overnight fast.

At least 4 h before planned surgery, the women received a primed
continuous infusion of L-[1-13C,15N]leucine [8 �mol/(kg · h)] through a
forearm vein. Two hours later, primed continuous infusions of L-[U-
13C5]valine and L-[1-13C]methionine [5 and 2 �mol/(kg · h), respectively]
were started along. All priming doses were half the hourly doses. Isotopes (all
�98% enriched and tested for sterility and pyrogenicity) were obtained from
Buchem BV, Apeldoorn, The Netherlands (local distributor of Cambridge
Isotope Laboratories, Andover, MA). Our hospital pharmacy dissolved the
isotopes in 0.9% saline, and the solutions were filtered (0.2 �m) and steril-

Received November 29, 2010; accepted June 23, 2011.
Correspondence: Johannes B. van Goudoever, M.D., Ph.D., Emma Children’s Hospi-

tal, Room H7-292, Academic Medical Center, University of Amsterdam, P.O. Box
22660, 1100 DD Amsterdam, The Netherlands; e-mail: h.vangoudoever@amc.uva.nl
Supported by the Sophia Children’s Hospital Fund (SSWO, institutional grant no. 459)

and the Nutricia Research Foundation (independent charity, grant no. 2006-10).
The authors report no conflicts of interest.

Abbreviations: �KIC, �-ketoisocaproate; �KIV, �-ketoisovalerate;GCMS,
gas chromatography mass spectrometer; MPE, mole percent excess;
MTBSTFA, N-methyl-N-(tert-butyldimethylsilyl)trifluoroacetamide; PCF,
propylchloroformate; QC, carbon leucine flux; QN, nitrogen leucine flux;
TLC, total leucine carbon; TVC, total valine carbon

0031-3998/11/7006-0566
PEDIATRIC RESEARCH

Vol. 70, No. 6, 2011

Copyright © 2011 International Pediatric Research Foundation, Inc.
Printed in U.S.A.

566



ized. Tests were performed to ensure the correct identity, concentration, and
a sterile and pyrogen-free product. Tracers were given using Perfusor fm
(B Braun Medical B.V., Oss, The Netherlands) infusion pumps. Maternal
blood was sampled before the tracer infusions started (baseline), once imme-
diately before anesthesia (spinal) and, if possible (n � 4), about 20 min later
just before surgery started. Fetal blood was sampled after birth from both the
vein and arteries of a doubly clamped segment of the umbilical cord. After
collection in heparin tubes, blood was centrifuged and plasma was frozen at
�80°C until analysis.

Analysis. As calculations in a venoarterial balance model (as on the
umbilical cord in the fetus, see later) largely depend on the small differences
in concentration and enrichment between the vein and arteries, rather than on
the absolute values, measurements must be extremely precise. To minimize
the effects of potential analytical measurement errors, samples were prepared
for analysis twice using two different derivatization methods [propylchloro-
formate (PCF) and N-methyl-N-(tert-butyldimethylsilyl)trifluoroacetamide
(MTBSTFA), see later]. Each derivatized sample was analyzed in triplicate on
two different gas chromatography mass spectrometers (GCMS, see later).
Enrichments of valine and methionine were calculated from the mean of all 12
analyses; enrichments of leucine isotopomers [m � 0, m � 1: [1-13C]leucine
(without 15N) and m � 2: [1-13C,15N]leucine] were calculated from the
MTBSTFA samples only (due to the fragmentation pattern after PCF analy-
sis); and amino acid concentrations were calculated from the mean of the six
analyses using the MTBSTFA derivative.

PCF derivatization on samples was performed using commercial kits
(EZ:Faast for hydrolysates; Phenomenex, Bester BV, Amstelveen, the Neth-
erlands) according to the enclosed protocol. Samples to be derivatized with
MTBSTFA were added with [D10]leucine, [D8]valine, and [U-13C5,

15N]
methionine as internal standards for concentration determinations. Concentration
calibration curves were prepared using MTBSTFA as well. Two different enrich-
ment calibration curves were derivatized with PCF and MTBSTFA for analysis.
Samples and calibration curves were analyzed with a MSD 5975C Agilent
GCMS (Agilent Technologies, Amstelveen, The Netherlands) on a VF-17 ms,
30 m � 0.25 mm ID capillary column (Varian Inc., Middelburg, The Nether-
lands) and a Thermo DSQ GCMS (Thermo Fisher, Breda, The Netherlands) on
a VF-1701 ms, 30 m � 0.25 mm ID capillary column (Varian Inc.).

Samples intended to be analyzed for the enrichments and concentrations of the
ketoacids �-ketoisocaproate (�KIC) and �-ketoisovalerate (�KIV) were added
with [methyl-D3]�KIC and [dimethyl-13C2]�KIV as internal standards. Enrich-
ment and concentration calibration curves were also prepared. Samples were
derivatized with quinoxanol-silyl, phenylenediamine, and MTBSTFA and mea-
sured in triplicate on the same Thermo DSQ GCMS as described earlier.

Calculations. Maternal leucine fluxes were calculated from the tracer
dilution resulting from the rate of leucine appearance (9,10). In short, carbon
leucine flux (QC) is made up of leucine appearing from proteolysis only,
whereas nitrogen leucine flux (QN) is made up of both proteolysis and �KIC
reamination. Thus, the difference between QN and QC yields the rate of �KIC
reamination to leucine. Fluxes were calculated as I � [(Ei/Ep) � 1], where I
is the [1-13C,15N]leucine infusion rate and Ei and Ep represent the enrichments
in mole percent excess (MPE) of the infusate and of plasma [1-
13C,15N]leucine, or [1-13C]�KIC yielding QN or QC, respectively. Because
[1-13C,15N]leucine enrichment in plasma is no more than the site of infusion
and not the site where the majority of metabolism will take place, the plasma
enrichment will be slightly overestimated leading to an underestimated QN.
The [1-13C]�KIC enrichment is the resultant from intracellular metabolism
and thus gives a good reflection of intracellular metabolism because of rapid
exchange. Maternal valine and methionine kinetics were studied regarding
their carbon skeletons only; QC was calculated analogous to leucine using the
[U-13C6]�KIV enrichment.

We quantified fetal whole body kinetics by using the concept of an
umbilical venoarterial balance model (Fick principle). To do so, we rewrote
the leucine arteriovenous balance model by Tessari et al. (11) to suit fetal
studies. The model is outlined in Figure 1 and its determinants are calculated
using the following equations:

Rate of leucine (leu) delivery from umbilical vein to the fetus:

leu delivery � �leu	ven � blood flow (1)

where [leu] is the total (labeled � unlabeled) leucine concentration (�mol/L)
and blood flow is expressed in L/(kg · h), where kg denotes fetal weight (�
birth weight). Subscripts indicate whether blood was sampled from the
umbilical vein or arteries (as below). All rates are expressed in �mol/(kg · h).

Rate of leucine release from fetus to umbilical artery:

leu release � �leu	art � blood flow (2)

Net fetal leucine uptake:

net leu uptake � Eq �1	 � Eq �2	 � Eq �10	 � Eq �11	 (3)

Rate of �KIC delivery from umbilical vein to the fetus:

�KIC delivery � �KIC	ven � blood flow (4)

where [KIC] is the total (labeled � unlabeled) �KIC concentration (�mol/L).
Rate of �KIC release from fetus to umbilical artery:

�KIC release � �KIC	art � blood flow (5)

Net fetal �-ketoisocaproate uptake:

net �KIC uptake � Eq �4	 � Eq �5	 (6)

Net total leucine carbon (TLC) uptake:

net TLC uptake � Eq �3	 � Eq �6	 (7)

Fraction of leucine that is metabolized intracellularly:

leu metabolized fraction � 1�
�13C,15N � leu	art
�13C,15N � leu	ven

(8)

where [13C,15N � leu] is the labeled [1-13C,15N]leucine concentration (�mol/L).
Fraction of [1-13C]leucine that is metabolized intracellularly:

�13C	leu metabolized fraction � 1 �
�13C � leu	art
�13C � leu	ven

(9)

where [13C�leu] is the total labeled [1-13C]leucine concentration (�mol/L).
The total [1-13C]leucine enrichment was calculated as the sum of the [1-
13C]leucine (without 15N) enrichment and the [1-13C,15N]leucine enrichment.

Rate of leucine inflow from umbilical vein to intracellular compartment:

metabolic uptake � Eq �1	 � Eq �8	 (10)

Rate of leucine outflow from intracellular compartment to umbilical artery:

metabolic release � Eq �10	 � Eq �3	 (11)

Rate of leucine directly released from umbilical vein to artery without
being metabolized:

non-metabolic release � Eq �1	 � Eq �10	 (12)

Rate of intracellular �-ketoisocaproate reamination to leucine:

reamination �

blood flow � �13C � leu	art � (Eq �8	 � Eq �9	)
13C�KIC � Eart (13)

where 13C � KIC � E is the [1-13C]�KIC enrichment (MPE).

Figure 1. Schematic model of fetal leucine metabolism. Numbers in brack-
ets correspond to the equations in the methods section and the fluxes outlined
in Table 4. Dashed lines indicate fluxes that could not be quantified. Fluxes
14 and 15 are the sums of protein synthesis and either deamination or
oxidation, respectively.
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In our model, we could not discriminate between leucine being incorpo-
rated into protein and leucine being deaminated to �KIC. Thus, we calculated
the sum of the latter two rates:

synthesis � deamination

�

blood flow � 
�13C � leu	ven � �13C � leu	art�
13C � KIC � Eart � Eq �13�(14)

In our model, we could not discriminate between leucine being incorpo-
rated into protein and �KIC being oxidized to CO2. Thus, we calculated the
sum of the latter two rates:

synthesis � oxidation �

blood flow � (�13C � leu	ven � �13C � leu	art)
13C � KIC � Eart � Eq �6�(15)

Rate of leucine release from proteolysis into the intracellular space:

breakdown � Eq �15	 � Eq �6	 � Eq �3	 (16)

The above outlined model can also be used for calculations on valine
kinetics by replacing leucine, TLC, and �KIC with valine, TVC (total valine
carbon), and �KIV, respectively. Equations 8 and 10–14, however, cannot be
solved due to the lack of a nitrogen label on our valine tracer. Methionine
kinetics were solved by replacing leucine with methionine in eqs 1–3, 9, 15,
and 16; other equations were not applicable. The denominator in eq 15 (�KIC
enrichment) was also replaced by methionine enrichment, thereby possibly
slightly underestimating proteolysis fluxes. The term oxidation in eq 15
should be read as transsulphuration.

Proteolysis rates of these three amino acids can be converted from molar
rates into grams of protein under the assumption that 1 g of fetal protein
contains on average 562 �mol leucine, 395 �mol valine, and 130 �mol
methionine (12).

Statistics. Calculations were made using Microsoft Office—Excel software
(version 2007; Microsoft Corp, Redmond, WA). Statistical analysis was
performed using GraphPad Prism software (version 4.0; San Diego, CA).
Because the number of included subjects was small (n � 8), normality of data
could not be assumed. All results were therefore expressed as median
(25th–75th percentile). Where informative, nonparametric testing (Mann-
Whitney) was used to detect significant differences (p � 0.05).

RESULTS

We included eight feto-maternal dyads. These patients are
the same as those described in an earlier study by our group on
fetal phenylalanine and tyrosine kinetics (4). Maternal age,
preconceptional and actual BMI, and parity together with fetal
characteristics in terms of gestational age, birth weight, birth
weight z-score (13), sex, umbilical blood flow, umbilical
pulsatility index, and Apgar score are shown in Table 1.
From four women, we obtained two blood samples before

surgery had started with an interval of �20 min. Enrichments
did not differ during this time interval, despite spinal anesthe-
sia being applied in between. Therefore, steady state was
assumed. The other four women had only one blood sample
taken, which was before anesthetics were initiated. Achieving
steady state is important in whole body modeling; however,
calculating kinetics in a balance model like we did on the fetus
does not depend on steady state (14). The maternal and
umbilical leucine, �KIC, valine, �KIV, and methionine con-
centrations, enrichments, and feto-maternal ratios are shown
in Table 2. The feto-maternal enrichment ratios provide qual-
itative information on transplacental amino acid transport in
relation to proteolysis rates in the placenta or fetus (and
endogenous synthesis with nonessential amino acids). For
example, [1-13C,15N]leucine and total [1-13C]leucine feto-
maternal enrichment ratios were significantly different from

each other (p � 0.012), indicating considerable placental
reamination rates.
Table 3 shows maternal leucine, valine, and methionine

kinetics. As the women were fasting, amino acids released
from protein breakdown equaled the total rate of appearance.
Table 4 displays fetal leucine, valine, and methionine ki-

netics. Because we presented our data as medians, flux rates in
the table do not add up correctly as outlined in our model (Fig.
1). Nonetheless, the fluxes of each individual subject do.
Leucine and valine data from one patient were excluded from
Table 4 as the findings deviated greatly from the other seven
subjects. Results from this particular patient are outlined in the
discussion.

DISCUSSION

This report is the third in a series exploring fetal amino acid
and protein metabolism by our group (4,5). In this study,
several metabolic pathways of the essential amino acids leu-
cine, valine, and methionine were quantified. Previously, we
found that the median fetal net protein accretion rate in the
same subjects as here was 1.70 g/(kg · d) (4). This can be
converted to a net accretion rate of 40 �mol leucine/(kg · h),
28 �mol valine/(kg · h), and 9.2 �mol methionine/(kg · h)
(12). However, the net TLC, TVC, and methionine uptakes
(Table 4) are much higher than the net accretion rates. This
would therefore seem to suggest that a large proportion of
these amino acids is being oxidized or, in the case of methi-
onine, follows the transsulphuration pathway. This is espe-
cially true for valine, where 60% of the net TVC uptake would
be oxidized. Leucine oxidation would contribute for �40% of
total TLC uptake. This is close to Chien et al. (3) who
estimated fetal leucine oxidation rate to be one third of TLC
uptake. In the ovine fetus around term, valine has the highest
net fetal uptake of all essential amino acids (15–18) but only
a relatively small part is necessary for protein deposition (16).
These findings, in combination with the fact that especially
valine plasma concentrations are much higher during fetal life
(19,20) than postnatally in healthy term breast-fed infants

Table 1. Maternal, fetal/neonatal, and placental characteristics
(n � 8)

Characteristic Value

Age (y) 33.0 (28.8–38.0)
Preconceptional BMI (kg/m2) 21.9 (20.3–24.5)
Actual BMI (kg/m2) 30.5 (23.3–31.6)
Parity (0:1:2:3) (n) 4:1:2:1
Gestational age (wk) 38.5 (37.6–38.9)
Birth weight (kg) 3.3 (2.7–3.4)
Birth weight z-score (SD) �0.11 (�0.86–0.52)
Sex (male:female) (n) 4:4
Umbilical blood flow �mL/(kg � min)	 101 (90–110)
Pulsatility index 0.89 (0.78–0.96)
Placental weight (kg) 0.590 (0.558–0.649)
Apgar score at 5 min 10 (10–10)

Birth weight z-scores are corrected for gestational ages (13). The pulsatility
index is a Doppler ultrasound derived index on the blood stream velocity
profile through the umbilical arteries and is a marker of fetal well-being. The
Apgar score is a postnatal scoring scale from 0 to 10. All results are expressed
as median (25th–75th percentile), except for parity (n) and sex (n).
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(21), could confirm that valine is largely oxidized during
intrauterine life. However, one must note that calculations of
molar ratios of amino acids in tissues can be fraught with large
errors because plasma data reflect only relatively short-term
half-life proteins.
We as well as Chien et al. (3) showed that human fetuses

have a net output of �KIC toward the placenta. Ovine fetuses
on the contrary demonstrated a net uptake of �KIC (22).
However, the ketoacid of valine, i.e. �KIV, did not show any
significant net uptake or output. To our knowledge, studies on
ovine fetal metabolism have not described �KIV concentra-
tions. As addressed in the results section, one fetus showed
different results, especially reflected by a very high positive
net uptake of �KIC [92 �mol/(kg · h)]. The uptake of �KIV
was also higher [30 �mol/(kg · h)] than in the other seven
fetuses. Given the surprising result in this infant, measure-
ments on �KIC and �KIV concentrations were repeated but
did not change. Interestingly enough, this fetus also had a very
high reamination rate [307 �mol/(kg · h)], probably to dispose
the high �KIC uptake into leucine. All other fetal leucine and
valine kinetic parameters were comparable to the other fe-
tuses. We do not have any explanation for this finding. The
postnatal and later course of the infant was normal. The
maternal reamination rate was comparable to the other
women. As can be seen in eq 13 under methods, the quanti-
fication of the fetal reamination rate occurs mathematically
independent of fetal �KIC uptake or concentrations. Besides,
the fact that a high fetal �KIC uptake was counterbalanced by
a mathematically independent high reamination rate gives us
confidence in our methods, analyses, and thus overall results
in all other subjects. As shown in Table 2, the enrichment of
[1-13C]leucine (without 15N) was very similar to the enrich-

ment of [1-13C]�KIC. This also confirms the model as a
[1-13C]leucine molecule (without the 15N label) can only be
formed through the reamination of a [1-13C]�KIC molecule.

Ovine premature fetuses showed reamination rates approx-
imately twice the rate of leucine appearance from protein
breakdown (23,24). This is in contrast with our results, where
reamination rates are only one third of the proteolysis rates.
Apart from species differences, a higher growth rate in pre-
mature fetal sheep could demand fast transamination rates to
shuttle nitrogen between various tissues. Reamination rates in
enterally fed growing premature neonates at 35 wk corrected
GA were with �250 �mol/(kg · h) (25) much higher than the
rates we observed in fetuses at term. In term-born healthy
neonates on postnatal d 2, however, reamination rates amount-
ing �140 �mol/(kg · h) were closer to our values, although
still higher (26).
Taken together, it seems that our observed fetal reamination

rates are lower than the postnatal values in human neonates. A
reason, partially explaining the higher postnatal values, is that
the placenta cannot take up substrates anymore. Thus, to avoid
irreversible �KIC oxidation, neonates reaminate at high rates.
Another reason for a lower reamination rate in human fetuses
compared with fetal sheep could be that �KIC is being
transported toward the placenta, whereas in ovine fetuses the
opposite is true, which necessitates a higher reamination rate.
The activity of BCAA aminotransferases (deamination) was
reported to be very high in in vitro studies in human first
trimester placentas (27) and ovine placentas at term (28,29).
The fact that the feto-maternal enrichment ratio of [1-
13C,15N]leucine was much lower than the total [1-13C]leucine
enrichment ratio (p � 0.012) indicates that in this in vivo
study, the placenta indeed reaminates at a high rate.
It is clear that there are many physicochemical differences

between pre- and postnatal life, such as differences in energy
requirements or redox state. This for sure influences whole
body metabolism and implies that one cannot directly translate
fetal rates into postnatal rates. Nor would fetal rates that were
theoretically mimicked postnatally result in comparable in
utero accretion rates. Nevertheless, for example, high fetal
synthesis rates of protein would provide good insight in the

Table 2. Plasma leucine, �KIC, valine, �KIV, and methionine concentrations and enrichments measured in the maternal vein, umbilical
vein, and umbilical artery (n � 8)

Maternal vein Umbilical vein Umbilical artery F/M ratio

Concentrations (�mol/L)
Leucine 108 (99.7–119) 145 (134–148) 125 (111–133) 1.3 (1.3–1.4)
�KIC 28.1 (25.5–31.2) 36.5 (35.0–41.2) 39.3 (36.4–40.9) 1.4 (1.2–1.5)
Valine 149 (138–157) 191 (179–221) 179 (167–186) 1.4 (1.3–1.5)
�KIV 11.0 (10.4–11.9) 13.0 (12.1–14.7) 12.6 (11.6–14.0) 1.2 (1.1–1.3)
Methionine 28.3 (24.7–30.5) 36.7 (34.3–39.0) 34.8 (32.0–36.7) 1.3 (1.2–1.5)

Enrichments (MPE)
�1-13C,15N	leucine 4.1 (3.2–4.5) 2.6 (2.6–2.8) 2.0 (1.8–2.1) 0.70 (0.60–0.81)
�1-13C	leucine (without 15N) 5.5 (5.0–5.8) 5.5 (5.0–6.1) 5.0 (4.5–5.6) Not informative
�1-13C	leucine (total) 9.4 (8.7–9.8) 8.1 (7.4–8.8) 7.0 (6.3–7.8) 0.92 (0.81–0.95)
�1-13C	�KIC 6.0 (5.8–6.2) 5.7 (5.2–5.9) 4.8 (4.3–5.2) 0.92 (0.90–0.95)
�U-13C5	valine 6.6 (6.2–7.0) 5.0 (4.7–5.1) 4.4 (4.2–4.7) 0.79 (0.70–0.82)
�U-13C5	�KIV 4.5 (4.0–4.8) 3.9 (3.7–4.3) 3.6 (3.2–3.8) 0.87 (0.84–0.92)
�1-13C	methionine 9.8 (9.5–10.2) 6.9 (6.6–7.5) 5.9 (5.5–6.2) 0.74 (0.69–0.83)

Feto-maternal (F/M) ratios across the umbilical vein and maternal vein are also depicted. Results are expressed as median (25th–75th percentile).

Table 3. Maternal leucine, valine, and methionine kinetics (n � 8)

Flux Value

Leucine released from proteolysis 125 (119–129)
Valine released from proteolysis 104 (98–118)
Methionine released from proteolysis 19 (18–20)
�KIC reamination to leucine 63 (49–107)

Results are expressed in �mol/(kg · h) as median (25th–75th percentile).
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ontogenetic capabilities of the metabolic system also during
postnatal life.
All our concentration and enrichment measurements were

done in the plasma compartment, rather than in whole blood
because of analytical precision. Many studies, however, re-
ported rapid equilibrium between erythrocyte and plasma
concentrations of various amino acids, including those studied
here (30–32). The role of erythrocytes in organ amino acid
delivery is thus as important as the role of the plasma com-
partment. Compared with normal organ balance studies, the
circulation time of blood in fetal balance studies is relatively
long because blood from the umbilical vein can flow multiple
times through the whole fetus before returning to the umbilical
arteries. By then, complete mixing can be expected. Even in
single organ balance studies, many groups chose to use plasma
sampling in combination with whole blood flows rather than
plasma flows (33–36). The latter would reduce all kinetic rates
by �40% (hematocrit) and yield improbably low kinetic rates.
Whether maternal anesthesia and surgery would have any

consequences on fetal metabolism remains speculative. Spinal
anesthesia might result in maternal hypotension and blood
flow redistribution, but these effects can be prevented by using
a lateral wedge. Furthermore, blood pressure monitoring al-
lows for prompt correction if necessary. Besides, the pulsatil-
ity index of the umbilical artery does not seem to be influ-
enced by spinal anesthesia (37). Konje et al. (38) measured
flow using a transonic time flowmetry technique on a exteri-
orized loop of the umbilical cord during cesarean surgery.
Their flow values halfway during surgery correspond well to
our flow measurements. Besides, umbilical blood flow after
vaginal delivery has been reported to be stable for the first 100
postnatal seconds (39). We thus assume that umbilical blood
flow is fairly constant during surgery. The fetal metabolic
response to maternal surgery remains speculative. A maternal
noradrenaline surge after an invasive procedure did not seem
to reach the human fetus (40). In mice, however, noradrena-
line was suggested to have reached the placenta (41).

To conclude, we have described an explorative study on
several metabolic pathways of three essential amino acids in
human fetuses at term. Our data suggest high protein break-
down and synthesis rates, comparable with or even slightly
higher than in premature infants. The relatively large uptakes
of total leucine and valine carbon also suggest high fetal
oxidation rates of these branched chain amino acids. Although
the transamination rates seem to be large in the placenta, rates
are much lower in the term fetus when compared with preterm
neonates.
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