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ABSTRACT
Background: Phenylalanine and tyrosine (referred to as total aromatic amino acids; TAAs) are essential for

protein synthesis, and are precursors for important catecholamines. Current estimated average requirement (EAR)

recommendations for TAA during pregnancy are 36 mg·kg−1·d−1, and has not been experimentally determined.

Objectives: The aim was to determine TAA requirements (dietary phenylalanine in the absence of tyrosine) during

early and late gestation using the indicator amino acid oxidation (IAAO, with L-[1-13C]leucine) technique.

Methods: Nineteen healthy pregnant women (age 22–38 y) were studied at a range of phenylalanine intakes

(5 to 100 mg·kg−1·d−1) in early (13–19 wk) and/or late (33–39 wk) pregnancy for a total of 51 study days. Graded test

intakes were provided as 8 hourly isonitrogenous and isocaloric meals. Breath samples were collected for 13C enrichment

analysis on an isotope ratio mass spectrometer. A plasma sample was collected and analyzed for phenylalanine and

tyrosine concentrations on an amino acid analyzer. The TAA requirement in early and late pregnancy was calculated

using 2-phase linear regression crossover analysis that identified breakpoints in 13CO2 production (the requirement) in

response to phenylalanine intakes.

Results: TAA requirement during early pregnancy was 44 mg·kg−1·d−1 (95% CI: 28.3, 58.8) and during late pregnancy

was 50 mg·kg−1·d−1 (95% CI: 36.1, 63.1). In early and late pregnancy, plasma phenylalanine and tyrosine concentrations

rose linearly in response to graded phenylalanine intakes.

Conclusions: Our results suggest that the current EAR of 36 mg·kg−1·d−1 for TAAs is underestimated. When

compared with results previously determined in nonpregnant adults, early pregnancy requirements were similar

(43 compared with 44 mg·kg−1·d−1, respectively). During late pregnancy, a 14% higher TAA requirement was observed

when compared with early pregnancy. The results from this study have potential implications for creating gestation

stage-specific TAA recommendations. J Nutr 2020;150:3224–3230.
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oxidation

Introduction

Pregnancy is associated with changes in dietary energy and
nutrient requirements as a result of changes in maternal
metabolism and increased tissue accretion (1, 2). This dynamic
period in life is accompanied by an increase in blood and
extracellular volume, development of the placenta, changes in
breast and uterine tissues, and fetal growth. Previously, using
the indicator amino acid oxidation (IAAO) and direct amino
acid oxidation (DAAO) techniques, we have estimated protein,

lysine, and phenylalanine (in the presence of excess tyrosine)
requirements during early and late pregnancy (3–5).

Phenylalanine and tyrosine, are required for protein syn-
thesis and are the precursors for neurotransmitters dopamine,
norepinephrine, and epinephrine. Phenylalanine is an indispens-
able amino acid and is converted intracellularily to tyrosine,
a conditionally indispensable amino acid, via the enzyme
phenylalanine hydroxylase (6). Phenylalanine and tyrosine
are referred to as aromatic amino acids (7). Since dietary
phenylalanine can provide tyrosine in vivo, phenyalanine
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requirement estimates derived in the absence of dietary
tyrosine is regarded as the total aromatic amino acid (TAA)
requirement. We previously estimated the dietary phenylalanine
requirement in the presence of excess tyrosine (minimum
phenylalanine requirement) (5). However, the TAA require-
ments have not been experimentally determined in human
pregnancies.

Currently, the dietary reference intakes (DRIs) provide an
estimated average requirement (EAR) for TAA (phenylala-
nine + tyrosine) at 36 mg·kg−1·d−1 for pregnant women,
compared with an EAR of 27 mg·kg−1·d−1 for nonpregnant
adults (7). The techniques used to determine protein and amino
acid requirements in humans prior to stable isotope-based
methods were considered too invasive for routine application in
pregnant women. Therefore, the values for protein and amino
acid recommendations that the DRIs provide for pregnant
women are factorially calculated and based on total potassium
accretion during pregnancy and nitrogen balance studies done
in nonpregnant adults (8). These DRI recommendations are
static throughout pregnancy and do not account for potential
changes in requirements. This is problematic as there are
dynamic differences in metabolism and development through-
out pregnancy. Our laboratory has determined that there are
significant differences in requirements between early and late
gestation for protein (25% increase), lysine (37% increase), and
minimum phenylalanine (40% increase), indicating that current
recommendations should be re-evaluated, and the remaining in-
dispensable amino acid requirements should be experimentally
determined in early (13–19 wk) and late (33–39 wk) pregnancy
(3–5).

The objective of the current study was to determine the
dietary requirement for TAA (phenylalanine in the absence of
tyrosine) in early (13–19 wk) and late (33–39 wk) gestation.
This was done using the minimally invasive IAAO technique
(with L-[1-13C]leucine). We hypothesized that the requirement
for TAA in late pregnancy would differ from the requirement
in early pregnancy, and that stage-specific requirements would
differ from current recommendations.

Methods
Participants
Healthy women who were pregnant with a single child participated in
this study at Britsh Columbia Children’s Hospital Research Institute
within our Clinical Research and Evaluation Unit. All women were
aged between 20 and 40 y, with self-reported prepregnancy BMIs
between 19 and 28 kg/m2. The participants had no significant nausea or
vomiting, gestational diabetes, pre-eclampsia, or other chronic health or
pregnancy-induced conditions, and reported all prescription medication
and supplement use. All women were taking prenatal vitamins.
Written and informed consent was gathered from all participants. An
honorarium was provided to participants at the end of each completed
study day. This study was approved by British Columbia Children’s
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and Women’s Hospital’s Research Ethics Board (H17-02924) and was
registered at clinicaltrials.gov as NCT03409939. A flow chart with
the details of the screening and enrollment process is outlined in
Supplemental Figure 1.

Experimental design
The study design was modeled after previous IAAO studies (5, 9). The
IAAO technique indirectly measures oxidation of an indicator amino
acid (leucine in this study) to determine the dietary requirement of
the test amino acids (TAA). The underlying principle of this method
is that when an indispensable amino acid intake is deficient for protein
synthesis to occur, the remaining amino acids (including the indicator
amino acid), will be oxidized since amino acids are not stored in the
body for later use (10). With increasing intakes of the test amino acid(s)
IAAO will decrease, as amino acids will be incorporated for protein
synthesis until the requirement is reached, after which the IAAO will
achieve a plateau. The point at which this change occurs represents the
breakpoint or mean requirement of the test amino acid(s).

In early (13–19 wk) and late (33–39 wk) gestation, 8 phenylalanine
intakes (in the absence of dietary tyrosine; 5, 25, 40, 50, 60, 70, 85,
100 mg·kg−1·d−1) were repeated multiple times by different partici-
pants. Since phenylalanine is the precursor to tyrosine, and we aimed
to measure the TAA requirement and not the minimum phenylalanine
requirement, no tyrosine was provided in the diet.

Each participant completed ≤6 study days within a gestational
stage, with ≥5 d between study days. This study is similar to previous
pregnancy studies performed by our laboratory determining protein,
lysine, and minimum phenylalanine (in the presence of excess tyrosine)
requirements (3–5).

Preliminary assessment of participants
The eligibility of each participant was evaluated during a preliminary
assessment. Participants were weighed using a digital scale to the
nearest 0.1 kg, height was determined to the nearest 0.1 cm using
a stadiometer, and body composition was determined using skinfold
analysis. Fat mass was assessed using pregnancy-specific equations that
account for: sex, age, gestational stage, and 3 skinfold thickness sites
(triceps, biceps, and subscapular) measured using Harpenden Skinfold
Calipers (Baty International) (5, 11). Fasted (10–12 h) blood glucose
was assessed by a finger prick blood glucose monitor (One Touch®

Ultra® 2 LifeScan), and a blood glucose cut-off of 6.0 mmol/L was
used to screen for gestational diabetes. Resting energy expenditure
(REE, kcal/d) was assessed by an open circuit indirect calorimeter
with a ventilated hood (Vmax Encore, VIASYS). Glucose and protein
in urine were determined by Chemstrip®7 Urinalysis Strips (Roche
Diagnostics) to rule out gestational diabetes and risk of pre-eclampsia.
With the assistance of food models, detailed 2-d diet records were
obtained to create a personalized diet recommendation that prescribed
protein intake at 1.5 g·kg−1·d−1. Participants were instructed on how to
maintain a 2-d standardized diet prior to each study day, and instructed
to take prenatal vitamins to ensure adequacy of micronutrient intake.
Analysis of the diet records to measure adherence was carried out using
the Food Processor Nutrition Analysis Software.

Study day diets
Participants arrived at the Clinical Research and Evaluation Unit at BC
Children’s Hospital Research Institute after an overnight fast. Weight,
height, urine test strip, and fasted blood glucose were repeated at the
beginning of each study day. A randomized phenylalanine intake, by
pulling from an envelope, was provided on each study day (5, 25, 40, 50,
60, 70, 85, 100 mg·kg−1·d−1) as 8 hourly meals consisting of flavored
liquid formula and protein-free cookies. Each study day protocol is
outlined in Supplemental Figure 2. Study test intakes were chosen based
on the requirement for TAAs previously determined in adult males,
43 mg·kg−1·d−1, and our earlier reported normal intakes of phenylala-
nine and tyrosine in pregnant women living in Vancouver (12, 13). Each
of these meals provided 1/12th of the participant’s daily requirement
for energy and nutrients. The short study day, paired with instructions
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to each participant to consume/resume a normal meal upon finishing
the study, were implemented to create a study as minimally invasive
and ethical as possible. The range of test intakes that we tested are
also within a fairly normal consumption amount, as explained above
(12, 13), although we realize restriction of amino acids is not ideal in
pregnancy, and the short-term nature of our study (8 h) was to minimize
the impact. In addition, we informally collected information about the
birth of the infant and outcome of pregnancy, and women have not
reported any adverse events. Thus, every attempt was made to ensure
the safety of the participants in our studies (3–5). Protein was provided
at 1.5 g·kg−1·d−1 and energy was provided at 1.7× the participants’
measured REE from the preliminary assessment. The macronutrient
distribution on study days was ∼53% carbohydrates, 37% fat, and
10% protein. The formula contained protein-free powder (PFD1: Mead
Johnson Nutrition), orange flavored drink powder (Tang and Kool-
Aid: Kraft Canada), corn oil (Mazola: ACH Food Companies), and
protein as a crystalline L-amino acid mixture (Ajinomoto) modeled
after egg-protein composition with the exception of phenylalanine,
tyrosine, leucine, serine, and glutamine. Serine and glutamine content
were altered depending on the phenylalanine intake to ensure all
meals were isonitrogenous. Tyrosine was not provided in the diet. The
diets were prepared at BC Children’s Hospital Research Institute. On
study days, only the experimental diets and water were consumed by
participants.

Isotope protocols
Isotope consumption started at meal 5 with priming doses of
NaH13CO3 [0.176 mg/kg; 99 atom % excess (APE) Cambridge
Isotope Laboratories] and L-[1-13C]leucine (1.727 mg/kg; 99 APE
Cambridge Isotope Laboratories). Hourly doses of L-[1-13C]leucine
(1.727 mg·kg−1·h−1) was provided in meals 5–8. The mass of
nonlabeled L-leucine equivalent to the L-[1-13C]leucine was removed
from the diet to provide a constant leucine intake across all 8 meals.
Total leucine intake was 65 mg·kg−1·d−1—which is above the DRI’s
EAR and RDA of 45 and 56 mg·kg−1·d−1, respectively, to ensure leucine
intake was sufficient and constant (7). This quantity of the indicator
amino acid was chosen to both ensure the dietary requirement was met
and to ensure its sensitivity to changes in phenylalanine intake (5, 14).

Sample collection and analysis
Breath samples were collected and analyzed for baseline and isotopic
plateau enrichment measurements. Breath bags (single-use collection
bags, Easy Sampler System, QuinTron, Terumo Medical) that removed
any dead space air were used to collect breath samples in exetainer
tubes (Labco). Three baseline samples were collected 45, 30, and
15 min before isotope administration (meal 5). Breath samples were
then collected at 150, 180, 195, 210, 225, and 240 min after isotope
administration began, during isotopic steady state. Samples were stored
at room temperature. The samples were then analyzed for 13C-
enrichment in expired breath using a continuous flow isotope ratio mass
spectrometer (CF-IRMS IsoPrime100). 13CO2 was quantified in APE
over a reference CO2 standard.

One venous blood sample was obtained during each study by a
certified phlebotomist in EDTA tubes at the 6th hour of the study
day. Samples were taken at this time point to allow for plasma amino
acid concentration stabilization. Plasma was isolated via centrifugation
(10 min, 2000 × g, 4◦C; Sorvall® Biofuge Stratos, Mandel Scientific Co.
Ltd) and stored at –80◦C until analysis. Ion exchange chromatography
with postcolumn ninydrin derivatization was performed using an
amino acid analyzer (Hitachi L8900) to determine plasma amino acid
concentrations, as previously described (15).

Isotope kinetics
The F13CO2 (rate of 13CO2 released from L-[1-13C]leucine during
oxidation) was expressed in μmol 13CO2/kg/h and calculated using the
following equation:

F13CO2 = (FCO2) (ECO2) (44.6) (60) / (W) (0.82) (100) (1)

TABLE 1 Participant characteristics1

Characteristic Early gestation Late gestation

Participants, n (n = 10) (n = 10)
Age, y 32.3 ± 3.0 30.0 ± 5.0
Gestational age, wk 17.2 ± 2.4 34.1 ± 2.5
Prepregnancy BMI,2 kg/m2 25.0 ± 3.0 23.5 ± 3.8
Fasting blood glucose, mmol/L 4.8 ± 0.4 5.0 ± 0.4
Fat mass,3 % 30.3 ± 4.6 30.2 ± 5.8
Resting energy expenditure,4 kcal/d 1422 ± 203 1387 ± 252

1Values are mean ± SD.
2Based on participant reported prepregnancy weight.
3Determined by Skinfold Measurements (Harpenden Skinfold Caliper).
4Determined by Open-circuit Indirect-calorimetry (Vmax Encore, VIASYS).

where FCO2 is the CO2 rate of production (mL/minute), ECO2 is
13CO2 enrichment (APE) in exhaled breath at isotopic steady state, W is
the participant’s weight (kg), the constants 44.6 μmol/mL and 60 min/h
convert F13CO2 to μmol/h, and the factor of 100 converts the APE to
a fraction. The 0.82 factors in bicarbonate fixation of 13CO2 in the fed
state (16).

Statistical analysis
Subject characteristics and study day assessment results are presented
as mean ± SD. The mean requirements for TAA in both early and late
pregnancy were estimated from breakpoint analysis of F13CO2 data
using a biphase linear regression crossover analysis in SAS (SAS/STAT
Ver 9.4), with subject as a random variable, because not all women
participated in multiple study days (17–20). This analysis selects
the model with the minimum residual SE in a stepwise partitioning
of phenylalanine intakes between 2 regression lines. These lines are
assessed for a candidate breakpoint with mixed models in order to
account for repeated measures within a participant. Using I as the
indicator variable, it is equal to 0 for x values left of the breakpoint
and 1 for x values to the right of the breakpoint. The model is
Y = β0+β1x+β2I+β3Ix, where Y = leucine oxidation or F13CO2,
x = phenylalanine intake, β0 = left line intercept, β0+β2 = right line
intercept, β1 = left line slope, β1+β3 = right line slope. Therefore,
Y = β0+β1x for the left line and Y = (β0+β2) + (β1+β3)x for the
right. Equating these, β0+β1x = (β0+β2) + (β1+β3)x and solving
for x yields the breakpoint at x = –(β2/β3). We used regression with
mixed models by selecting parameter estimates for multiple breakpoint
candidates. The model that minimized the Akaike information criteria
(AIC), with the highest adjusted R2 and lowest CV was used to select
the final breakpoint model.

Using Fiellers Theorem, the 95% CI was determined: 95%
CI = breakpoint ± tdf, α/2 × SE, where SE is the SE of the combined
regression lines, df is the degrees of freedom associated with the residual
mean square of the best fit model, and α is the 95% CI level (3, 4).
The statistical difference between the early and late stage breakpoints
was assessed using a pooled 2-sample t-test as described previously
(5, 21, 22). Linear regression analysis (Graphpad Prism 6, Graphpad
Software) was used to analyze the effect of graded phenylalanine intakes
on plasma concentrations of phenylalanine and tyrosine. Significance
was set at P ≤ 0.05.

Results
Participants

Nineteen women participated in early and/or late gestation
(nearly = 10 and nlate = 10), with 1 participant studied at both
stages. A total of 51 study days were completed (Table 1 and
2). In early pregnancy, 1 participant completed 6 study days,
1 completed 5 study days, 1 completed 3 study days, 3
completed 2 study days, and 4 completed 1 study day. In late
pregnancy, 2 participants completed 5 study days, 3 completed

3226 Ennis et al.



TABLE 2 Study day assessments of healthy pregnant women during early and late gestation1

Early gestation Late gestation
Variable (n2 = 24) (n2 = 27)

Weight, kg 72.4 ± 10.0 71.5 ± 12.7
Fasting blood glucose, mmol/L 4.9 ± 0.3 4.9 ± 0.3
Energy intake, kcal/d 2417 ± 345 2358 ± 430
Phenylalanine intake prior to study day,3 mg · kg−1 · d−1 52 ± 15 54 ± 23
Tyrosine intake prior to study day,3 mg · kg−1 · d−1 43 ± 13 43 ± 20
Protein intake prior to study day,3 g · kg−1 · d−1 1.22 ± 0.33 1.22 ± 0.49

1Values are mean ± SD.
2n refers to number of individual observations from 10 women in each gestation period.
3Amount of protein and phenylalanine consumed by participants in the 2 d prior to study day as indicated by dietary records.

3 study days, 3 completed 2 study days, and 2 completed 1 study
day. No participants reported pregnancies in the 6 mo prior to
their current pregnancy, and self-reported prepregnancy BMIs
were between 17 and 29 (mean = 24.3 ± 3.5). Women were
aged between 22 and 38 y and had appropriate gestational
weight gain when compared with current recommendations
(23). For the protein standardization diet, our dietary record
analysis indicated that participants ate 1.22 ± 0.34 and
1.22 ± 0.49 g·kg−1·d−1 in early and late pregnancy, respectively
(Table 2). None of the participants reported use of alcohol, illicit
drugs, or cigarettes during their current pregnancy. Two women
reported recent use of pyridoxine/doxylamine, 1 reported use
of levothyroxine, and 1 reported use of fluoxitine, though no
prescription medications were consumed during study days. All
women had normal fasted blood glucose concentrations both
during preliminary assessments (Table 1) and on study days
(Table 2), and no abnormal glucose or protein concentrations
in urine were observed.

Tracer oxidation

In early pregnancy, L-[1-13C]leucine oxidation decreased
with increasing phenylalanine intake to a F13CO2 of
2.1 μmol·kg−1·h−1, and then plateaued with phenylalanine
intakes above 40 mg·kg−1·d−1 (Figure 1). In late pregnancy,
L-[1-13C]leucine oxidation decreased to a F13CO2 of 2.0
μmol·kg−1·h−1, and then plateaued with phenylalanine intakes
above 50 mg·kg−1·d−1 (Figure 2).

Biphase linear regression crossover analysis of the early
pregnancy data provided a breakpoint (mean requirement) or
43.57 mg·kg−1·d−1 (rounded to 44 for the dietary require-
ment; R2 = 0.56, 95% CI: 28.3, 58.8 mg·kg−1·d−1). The
mean requirement in late pregnancy was determined to be
49.56 mg·kg−1·d−1 (rounded to 50 for the dietary requirement;
R2 = 0.67, 95% CI: 36.1, 63.1 mg·kg−1·d−1). Comparison of
the early and late stage mean requirements showed a significant
difference (P < 0.01).

Plasma amino acids

In early pregnancy, plasma phenylalanine concentrations rose
linearly (R2 = 0.81, P < 0.01) in response to graded
phenylalanine intakes (Figure 3). A similar increasing trend
(R2 = 0.71, P < 0.01) was seen in late pregnancy (Figure 4).
Plasma concentrations for tyrosine rose linearly (R2 = 0.71, P <

0.01) in early pregnancy (Figure 3) but the late pregnancy rise
(R2 = 0.31, P < 0.01) was more variable (Figure 4).

Discussion

This was the first study, to the best of our knowledge, to
experimentally determine TAA (phenylalanine in the absence
of dietary tyrosine) requirements in healthy pregnant women.
In early pregnancy (13–19 weeks of gestation), the mean
requirement was determined to be 44 mg·kg−1·d−1. In late
pregnancy (33–39 weeks of gestation), the mean requirement

FIGURE 1 Estimated average requirement of TAA in early gestation using the indicator amino acid oxidation method in healthy pregnant
women. Biphase linear regression crossover analysis of L-[1-13C]leucine tracer oxidation (F13CO2, μmol·kg−1·h−1) was used to determine the
TAA requirement using the mixed and regression procedure in SAS (SAS/STAT Ver 9.4). TAA requirements were determined to be 44 mg·kg−1·d−1

(R2 = 0.56, 95% CI: 28.3, 58.8 mg·kg−1·d−1; n = 10 women, individual study days = 24). Dashed line indicates the mean requirement. TAA,
total aromatic amino acids.
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FIGURE 2 Estimated average requirement of TAA in late gestation using the indicator amino acid oxidation method in healthy pregnant
women. Biphase linear regression crossover analysis of L-[1-13C]leucine tracer oxidation (F13CO2, μmol·kg−1·h−1) was used to determine the
phenylalanine requirement using the mixed and regression procedure in SAS (SAS/STAT Ver 9.4). Phenylalanine requirements were determined
to be 50 mg·kg−1·d−1 (R2 = 0.67, 95% CI: 36.1, 63.1 mg·kg−1·d−1; n = 10 women, individual study days = 27). Dashed line indicates the mean
requirement. TAA, total aromatic amino acids.

was determined to be 50 mg·kg−1·d−1. Both of these findings
are higher than the current DRI and EAR for TAA intake during
pregnancy of 36 mg·kg−1·d−1.

In healthy nonpregnant adults using stable isotope-based
techniques there are 4 studies that have been conducted
previously to determine TAA requirements. The first, pub-
lished in 1998, employed a 24-h tyrosine balance method
as a physiological endpoint for the TAA requirement using
3 phenylalanine intakes (18.5, 35.6, and 96.6 mg·kg−1·d−1)
(24). They estimated a tentative requirement of 39 mg·kg−1·d−1,
which was higher than the recommendation at the time of
35.6 mg·kg−1·d−1. In 2006, 3 studies were published addressing
TAA requirements in healthy adults. The first, using the IAAO
technique with L-[1-13C]lysine, used a similar approach as
the current study by providing no dietary tyrosine on study
days (25). A requirement of 48 mg·kg−1·d−1 was found.
Secondly, the IAAO technique was employed while providing
L-[1-13C]leucine, to determine the TAA requirement (with
an absence of dietary tyrosine) (14). A requirement of 42
mg·kg−1·d−1 was determined. Lastly, Kurpad et al., using a
cohort of healthy Indian men and the 24-h indicator amino acid
balance method, found a TAA requirement of 38 mg·kg−1·d−1

(26). Following a thorough review of these data, an average
requirement was deduced from the available data of 43
mg·kg−1·d−1 for nonpregnant adults (12). Thus, our early
pregnancy TAA requirement (44 mg·kg−1·d−1) was similar
to requirements previously determined in nonpregnant adults,
whereas late pregnancy requirement (50 mg·kg−1·d−1) increased
by ∼16%.

In human pregnancies, 3 studies have been done previously
in our laboratory to determine protein and amino acids require-
ments. Using the IAAO technique (with L-[13C]phenylalanine),
we determined the mean protein requirements during early
(13–19 wk) and late (33–39 wk) pregnancy as 1.22 and
1.52 g·kg−1·d−1, respectively (3). This was the first experimental
study in pregnant humans to suggest that the current DRI
recommendations (0.88 g·kg−1·d−1) were underestimated, and
that the single recommendation throughout the duration of
pregnancy was not appropriate (there was a 25% difference
in requirement between stages). Next, lysine requirements
during early and late pregnancy were determined to be 37
and 50 mg·kg−1·d−1, respectively (4). They were different
from the current DRI recommendation of 41 mg·kg−1·d−1,
and the late pregnancy requirement was 37% higher than

FIGURE 3 Plasma concentrations of phenylalanine and tyrosine in early pregnancy in response to graded phenylalanine intakes in healthy
pregnant women. Linear regression analysis of phenylalanine concentrations (R2 = 0.81, panel A) and tyrosine concentrations (R2 = 0.71, panel
B) (n = 10 women, individual study days = 24). TAA, total aromatic amino acids.
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FIGURE 4 Plasma concentrations of phenylalanine and tyrosine in late pregnancy in response to graded phenylalanine intakes in healthy
pregnant women. Linear regression analysis of phenylalanine concentrations (R2 = 0.71, panel A) and tyrosine concentrations (R2 = 0.31, panel
B) (n = 10 women, individual study days = 27). TAA, total aromatic amino acids.

early pregnancy requirement. Most recently, we determined
the phenylalanine (in the presence of excess tyrosine at
65 mg·kg−1·d−1) requirements during early and late gestation
in healthy pregnant women (5) to be 15 and 21 mg·kg−1·d−1,
respectively. The current study suggests that recommendations
for TAA at 36 mg·kg−1·d−1 are underestimated (by 22% in early
pregnancy and 39% in late pregnancy).

Previously, both the protein and minimum phenylalanine
requirements were higher for pregnant women compared with
nonpregnant adults (3, 5). This corresponds well to the fact that
whole-body protein turnover has been reported to increase in
early pregnancy with ∼15% increase in protein synthesis by
the end of the first trimester (27–30). Conversely, lysine and
TAA (the current study) requirements were similar between
early pregnancy and nonpregnant adults. On the one hand,
these findings suggest that whereas protein needs increase
from early stages of pregnancy, this is not true for all amino
acids. It is not entirely clear why phenylalanine requirements
increase early in pregnancy, but TAA requirements do not. It
is potentially due to phenylalanine requirements increasing in
early pregnancy as well as late pregnancy, whereas tyrosine
requirements are held more constant throughout the pregnancy.
Furthermore as pregnancy progresses, the rate of tissue
synthesis and the amino acid composition of newly deposited
tissues is variable, potentially accounting for the increase
in requirement (as a percent). Both minimum phenylalanine
and TAA requirements increased by ∼6 mg·kg−1·d−1 between
early and late pregnancy, providing some evidence for this
justification.

Since tyrosine is synthesized from phenylalanine in vivo,
it has been suggested that dietary tyrosine can spare pheny-
lalanine requirements. The minimum phenylalanine (in the
presence of excess tyrosine) requirement in healthy adult
males was reported as 9.1 mg·kg−1·d−1 (31). Paired with
the data from the TAA requirement study estimates (43
mg·kg−1·d−1), it was reasoned earlier that the TAA requirement
that can be met by tyrosine in nonpregnant adults is 78%,
and phenylalanine must provide ≥22% of the requirement
(12). When comparing our recent pregnancy studies (5) on
phenylalanine (15 and 21 mg·kg−1·d−1 in early and late
pregnancy, respectively) with the current study, tyrosine spares
66% of the TAA requirement in early pregnancy, and 58%
in late pregnancy. This adds to the idea that phenylalanine-
specific requirements are increasing more than tyrosine during

pregnancy. Additionally, a study by Roberts et al. showed that
tyrosine requirement in healthy adults using L-[13C]lysine is 7
mg·kg−1·d−1, and that protein synthesis was optimized when
the dietary ratio of phenylalanine:tyrosine was 60:40, which
is comparable to human tissue TAA composition (32). Going
forward, it would be interesting to investigate the effect of
different dietary phenylalanine:tyrosine ratios during human
pregnancies.

We are aware of a few limitations with this study, including
the small number of subjects, which is similar to our previous
pregnancy studies (3–5). Each pregnant woman could not
participate in all test intakes due to the dynamic nature of
pregnancy. In addition, the determined requirements have a
wide and overlapping 95% CI. However, the relatively high
R2 values and low AIC and root mean square error indicate
robust data, providing the first experimentally determined TAA
requirement at different stages of human pregnancy. Lastly,
studies like these may use diets that are not like most natural
foods. Natural foods do not contain phenylalanine without ty-
rosine, and do not contain protein that is as highly digestible as
crystalline amino acids. However, our results provide a basis for
future studies investigating metabolic availability and protein
quality for formulas to treat patients with phenylketonuria, who
require life-long dietary management involving phenylalanine
restriction and tyrosine supplementation, including during
pregnancy—maternal phenylketonuria.

In conclusion, TAA requirements (phenylalanine in the
absence of dietary tyrosine) determined in healthy preg-
nant women during early and late gestation were 44 and
50 mg·kg−1·d−1, respectively. The TAA requirements found in
early pregnancy are similar to those found previously in adult
males (12, 25, 26, 32). Furthermore, the mean late gestation
requirement was higher compared with the early gestation
requirement by 14%. This has the potential to improve future
dietary recommendation guidelines during pregnancy.
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