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Abstract
Background: The phenylalanine requirement of the elderly is not known. Current recommendations are based on

studies in young adults and are derived from a combined estimate of the total aromatic amino acids, phenylalanine, and

tyrosine.

Objectives: The purpose of this study was to determine the dietary phenylalanine requirement of adults aged >65 y,

using the direct amino acid oxidation method, by measuring the oxidation of L-[1-13C]phenylalanine to 13CO2 in response

to graded phenylalanine intakes in the presence of excess tyrosine.

Methods: Twelve subjects (6 men, 6 women), aged 73.8 ± 6.7 y (mean ± SD) and with a BMI (in kg/m2) of 26.4 ± 4.8

and 25.2 ± 4.4 for men and women, respectively, were randomized to phenylalanine intakes ranging from 7.20 to 40.0

mg . kg−1 . d−1 for a total of 66 studies. Study diets were isocaloric and isonitrogenous, providing protein and energy at

1.0 g . kg−1 . d−1 and 1.5 × resting energy expenditure (REE), respectively. Protein was provided as an amino acid mixture

patterned after egg protein, with an excess of tyrosine and alanine to balance the nitrogen as phenylalanine intakes were

varied. Two days prior to the study day, subjects were adapted to a milkshake diet providing protein at 1.0 g . kg−1 . d−1

and energy at 1.7 × REE. The mean phenylalanine requirement was determined using biphase linear regression analysis,

which identified a breakpoint in the F13CO2 in response to graded phenylalanine intakes.

Results: The mean and upper 95% CIs (approximating the recommended dietary allowance) of phenylalanine

requirements were estimated to be 9.03 and 15.9 mg . kg−1 . d−1, respectively.

Conclusion: These results are similar to previously derived estimates of 9.1 and 13.6 mg . kg−1 . d−1 in young adult

men and suggest that higher protein needs of the elderly to stimulate similar muscle protein synthesis rates as young

adults are not driven by an increased requirement for phenylalanine. This trial was registered at clinicaltrials.gov as

NCT02971059. J Nutr 2019;149:1776–1784.

Keywords: phenylalanine requirement, amino acid requirement, older adults, direct amino acid oxidation, aromatic

amino acids

Introduction

The current DRI recommendation for total aromatic amino
acids (AAAs; phenylalanine and tyrosine) for adults aged 19
y or older is 27 mg . kg−1 . d−1 (1). This recommendation is
based on estimates derived from 3 studies in young adults (2–
4). Phenylalanine is an indispensable amino acid (IAA), whereas
tyrosine can be synthesized from phenylalanine via the process
of hydroxylation (5, 6). For healthy individuals without defects
in the hydroxylation pathway, the total AAA requirement

can be met by phenylalanine alone; this is termed maximal
phenylalanine requirement (7). If, however, the requirement for
phenylalanine is determined in the presence of excess tyrosine,
the phenylalanine requirement so derived is the minimum
obligatory phenylalanine requirement, which is the portion
of the phenylalanine requirement that cannot be replaced
by tyrosine (7). The minimum phenylalanine requirement,
estimated in the presence of excess tyrosine, provides a robust
and sensitive estimate of the phenylalanine requirement, which
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can then be applied as an indicator in the derivation of the
requirement for other IAAs.

Using the direct amino acid oxidation (DAAO) method,
we previously estimated the minimum requirement for pheny-
lalanine in the presence of excess tyrosine (40 mg . kg−1 . d−1)
in young men (2). We subsequently applied this estimate of
phenylalanine requirement with excess tyrosine to successfully
determine all IAA requirements in young adults. Those
estimates, along with those of other researchers in the field,
formed the basis of the current DRI recommendation for amino
acids (AAs) in adults (1). Because there are no data on AA
requirements in adults aged >65 y, the DRI committee used the
same data derived in young adults to set recommendations for
older adults (1).

Aging is associated with structural and functional changes,
including loss of lean body mass and changes in protein and
AA metabolism (8–10), that are not fully understood. Aging
cells are less sensitive to IAAs for muscle protein synthesis
(11), and current evidence suggests that increased availability
of AAs (12–14), particularly IAAs (15), is required to stimulate
muscle protein synthesis in the elderly. On the other hand,
aging is associated with increased splanchnic uptake of IAAs
(16, 17), which could decrease IAA supply to peripheral tissue,
thus providing a potential mechanism for sarcopenia in the
elderly. Evidence from physiological studies suggests a higher
AA requirement for muscle protein synthesis in older compared
with younger adults (18), but reports are conflicting (16,
19). Despite their importance, physiological studies do not
quantify the dietary requirement for the IAAs. Clearly there
is an urgent need to determine the requirement for all IAAs
in the elderly. Because phenylalanine is the main indicator AA
used by our group to determine IAA requirements with the
indicator amino acid oxidation (IAAO) method, we need to
begin with phenylalanine. Therefore, the purpose of this study
was to determine the dietary requirement for phenylalanine
in the presence of excess tyrosine (the minimum phenylala-
nine requirement) in adults aged >65 y using the DAAO
method.

Methods
Subjects
Adults aged >65 y were invited to participate in the study via postings
in specified areas at the Hospital for Sick Children and through
“word of mouth” from staff members at the hospital to their family
members. Subjects were considered eligible if on initial screening they
were community dwelling, with no physical disabilities (did not use
any assistive device for walking) and able to participate in at least
2 experiments. Subjects were excluded if they had a recent history
of weight loss, diabetes, kidney disease, or other illness known to
affect protein and AA metabolism (e.g., HIV and inflammatory disease
such as Crohn’s and colitis), or were on medications known to affect
protein and AA metabolism (e.g., steroids). Subjects with hypertension
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were not excluded if their blood pressure was well controlled and
their antihypertensive medications were taken as prescribed by their
physician. The Research Ethics Board at The Hospital for Sick Children
approved all procedures. Informed written consent was obtained from
all participating subjects. Subjects received financial compensation for
their participation. The study was conducted at the Clinical Research
Center (CRC), The Hospital for Sick Children, Toronto, Canada, from
August 2016 to June 2018 (Figure 1).

Experimental design
The study design was adapted from the DAAO protocol (2). The
DAAO method is a stable isotope method developed by Basile-Filho et
al. (4) and previously used by our group to determine phenylalanine
requirement in young adult men (2). The technique is based on the
concept that AAs in excess of the amounts needed for protein synthesis
are oxidized. When the intake of an IAA is deficient in the diet, oxidation
is low and constant because most of the AA is used for protein synthesis.
As the supply increases above the requirement for protein synthesis,
catabolism increases (20). This increased catabolism can be measured
with the use of a stable isotope, usually 13C, which can then be measured
in breath (2, 21).

Each subject was initially invited to the CRC for a prestudy
assessment on the morning following a 12-h overnight fast. The
prestudy assessment consisted of a 10-mL blood sample taken for
measurements of glucose, creatinine, and urea to assess for diabetes
and renal function. Resting energy expenditure (REE) was measured by
continuous, open-circuit indirect calorimetry (Vmax Encore Metabolic
Cart; VIASYS), and body composition was measured by 4 skinfold
thicknesses (triceps, biceps, subscapular, and super iliac) which were
measured to the nearest 1 mm with a Harpenden caliper (Habdirect) to
obtain estimates of fat mass (22). Bioelectrical impedance analysis (23)
was performed using a fixed frequency analyzer (50 kHz) (BIA model
101A; RJL Systems). Resistance (R) and reactance (Xc) measurements
were taken using a 4-terminal bioelectrical impedance analyzer. Three
readings for both R and Xc (in �) were taken for each subject, and
equations (24) were used to determine lean body mass as previously
described (25, 26).

Each level of phenylalanine intake was studied over 3 d (2 adapta-
tion days followed by a DAAO study day) (2, 27) (Figure 2). During the
adaptation days, subjects received a lactose-free milkshake maintenance
diet (Scandishake: Scandipharm) supplying 1.0 g protein . kg−1 . d−1

and 1.7 × REE (25, 26). On the third study day, after a 12-h overnight
fast, subjects were randomized to receive test phenylalanine intakes
ranging from 7.2 to 40.0 mg . kg−1 . d−1 (25, 26). Each level of
phenylalanine intake was different, and no subject received the same
levels of phenylalanine intake. The design of the study was for each
subject to receive 7 levels of phenylalanine intake; however, because of
dropouts, only 7 subjects received all 7 intakes, 1 subject received 5
intakes, 1 received 4 intakes, and 3 received 3 intakes each (Figure 1).
For the 9 levels of intakes from 3 subjects, 4 were below and 5 above
the breakpoint. The lowest phenylalanine intake consisted of the tracer
only. Each 3-d study period was separated by 1–2 wk.

Study diets
All study diets were prepared in our Metabolic Kitchen at The Hospital
for Sick Children. The adaptation diet was prepared as 4 equal meals
daily for each subject as previously described (26). Briefly, lactase-
treated homogenized milk was supplemented with additional protein
(Beneprotein; Nestle Clinical Nutrition) and carbohydrate (Polycose;
Abbott Nutrition) to provide individualized calorie requirement (1.7
× REE). During the 2 adaptation days, meals were consumed at home
and subjects were instructed to consume all 4 meals 3 h apart. Subjects
consumed a daily multivitamin supplement (Centrum Cardio; Wyeth
Consumer Health Care) for the duration of all studies. The diet provided
all the subjects’ micro nutrient needs based on the current DRI. On the
adaptation days, subjects were not allowed to consume anything but
water, in addition to 1 cup of clear tea or coffee.

On day 3 of each study period (DAAO study day), subjects presented
to the CRC on the morning following a 12-h overnight fast (Figure 2).
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Assessed for eligibility n = 14 (7 men, 7 women)

Excluded (  = 2)n 
Did not meet inclusion criteria (1 man, 1 woman)

Enrolled n = 12 (6 men, 6 women)

n = 12 : 67 DAAO studies
1 subject competed 5 studies
1 subject completed 4 studies
3 subjects each completed 3 studies 
7 subjects each completed 7 studies
Data from 1 study not used because all meals were not completed during  that study. 

Data analyzed and used for n = 12 participants, 66 DAAO studies

FIGURE 1 CONSORT flowchart of the study determining phenylalanine requirement in adults aged >65 y. CONSORT, Consolidated Standards
of Reporting Trials; DAAO; direct amino acid oxidation.

Subjects consumed 8 hourly isocaloric, isonitrogenous meals, with
each meal representing 1/10th of the daily energy requirement and
protein needs of each subject (28). Because phenylalanine was the AA
being studied as well as the isotope used in this study, the isotope
dose represented the lowest possible level of phenylalanine intake that
can be studied. The consumption of 1/10th compared with 1/12th of
daily energy and protein needs allowed us to study lower amounts
of phenylalanine intake below the predicted breakpoint, allowing a
more balanced design. The experimental diet consisted of a protein-
free liquid formula made with protein-free powder (PFD1; Mead
Johnson), flavored drink crystals (Tang and Kool-Aid; Kraft Foods),
grape seed oil, and protein-free cookies. A crystalline AA mixture
patterned after egg protein provided the protein component of the diet
except for phenylalanine, which was the test AA being varied in the
study; tyrosine (40 mg . kg−1 . d−1), which was maintained constant
across phenylalanine intakes; and alanine, which was used to balance
the nitrogen as phenylalanine intake was varied in the diet. On the
DAAO study day, energy was provided at 1.5 × REE (25, 26). The
macronutrient composition of the diet averaged 51% carbohydrate,
36% fat, and 13% protein. The factors 1.7 and 1.5 × REE (measured
by indirect calorimetry) used to calculate total energy requirement
for adaptation and study days, respectively, were based on FAO
recommendation for moderate and sedentary levels of physical activity
(29). The FAO expert committee on energy requirements reported
that both young and old adults burn similar amounts of calories
when subjected to standardized activities in a controlled environment

(29). Because subjects in the current study were independently living
and moderately active (based on self-report), we used similar activity
factors for moderate (adaptation days) and sedentary lifestyle (study
days) as proposed by the FAO report (29). On the study days,
subjects were sedentary—sitting on a chair and watching television
for most of the study’s duration except when samples were being
collected.

Isotope protocol
The oral tracer protocol started on day 3 of each study period (DAAO
study day) at the fifth meal by administering a prime of 2.07 μmol . kg−1

of NaH13CO3 and 3.99 μmol . kg−1 of l-[1–13C]phenylalanine (99
atom percent excess; Cambridge Isotope Laboratories) and an hourly
dose of 7.22 μmol . kg−1 . h−1 of l-[1-13C]phenylalanine given until
the eighth meal (Figure 2). The quantity of phenylalanine supplied as
l-[1-13C]phenylalanine during the last 4 h of the study was subtracted
from the test phenylalanine intake so that phenylalanine intake for each
study was based on the level of intake being tested for each study.
Tyrosine was provided at 40 mg . kg−1 . d−1 divided equally across all
meals to provide an excess of tyrosine, ensuring that the tracer not
be delayed in the tyrosine pool (30) and to allow an estimation of
the minimum requirement for phenylalanine as was previously done in
young adults (2), which must be accomplished in the presence of excess
tyrosine (7).
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FIGURE 2 Typical study day protocol for each DAAO study in which graded intakes of phenylalanine were provided in random order. The
experimental diet was given as 8 isocaloric, isonitrogenous meals representing 1/10th of each subject’s daily requirement. Priming doses of the
isotopes NaH13CO3 and L-[1–13C]phenylalanine were given at the fifth meal; an hourly dose of L-[1–13C]phenylalanine was given simultaneously
and continued throughout the remaining 4 h. Three baseline breath samples and 3 baseline urine samples were collected 45, 30, and 15 min
before the tracer protocol began. Four plateau urines and 6 plateau breath samples were collected at isotopic steady state beginning 2.5 h after
the tracer protocol began. The carbon dioxide production rate (VCO2) was measured by indirect calorimetry after the fifth hourly meal. DAAO;
direct amino acid oxidation.

Sample collection and analysis
On each DAAO study day, breath and urine samples were collected
based on our minimally invasive protocol (28) (Figure 2). Three baseline
breath and urine samples were collected 45, 30, and 15 min before
the tracer protocol began. Six plateau breath and 4 urine samples
were collected at isotopic steady state every 30 min beginning at 2.5
h after the start of the tracer protocol. Breath samples were collected
in disposable Exetainer tubes (Labco) with a collection mechanism
(Easy-Sampler; Quintron) that permitted the removal of dead-space air.
Breath samples were stored at room temperature, and urine samples
were stored at −20◦C until analysis. During each study day, the rate
of carbon dioxide production (VCO2) was measured immediately after
the fifth meal for a period of 20 min with an indirect calorimeter (Vmax
Encore Metabolic Cart).

Expired 13CO2 enrichment was measured with a continuous-flow
isotope ratio mass spectrometer (CF-IRMS 20/20 isotope analyzer;
PDZ Europa). Enrichments were expressed as atom percent excess
compared with a reference standard of compressed CO2 gas. Urinary
l-[1-13C] phenylalanine enrichment was analyzed by an API 4000 triple
quadrupole mass spectrometer (Applied Biosystems-MDS Sciex) in
positive electrospray ionization mode as previously described. Isotopic
enrichment was expressed as mole percent excess and calculated from
peak area ratios at isotopic steady state at baseline and plateau.

Blood samples were sent to Clinical Chemistry at The Hospital
for Sick Children for analysis of serum glucose, urea, and creatinine.
Samples were analyzed on an automated analyzer (Roche Cobas 6000).
Precision and accuracy of the instrument are both <5%.

Estimation of isotope kinetics
The whole-body phenylalanine flux was calculated according to the
stochastic model of Matthews et al. and as previously described (31–33).
Isotopic steady state in the tracer enrichment at baseline and plateau was
represented as unchanging values of l-[1-13C]phenylalanine in urine
(28) and 13CO2 in breath.

Phenylalanine flux (μmol . kg−1 . h−1) was calculated from the dilu-
tion of orally administered l-[1-13C]phenylalanine into the metabolic
pool (at steady state) using enrichment of l-[1-13C]phenylalanine
in urine (28, 32). The rate of appearance of 13CO2 in breath
(F13CO2, μmol . kg−1 . h−1) after the oxidation of ingested l-[1-
13C]phenylalanine was calculated according to the model of Matthews
et al. (32) using a factor of 0.82 to account for CO2 retained in
the body’s bicarbonate pool (34). The rate of phenylalanine oxidation
(μmol . kg−1 . h−1) was calculated from F13CO2 and urinary l-[1-
13C]phenylalanine enrichment (25, 26).

Statistical analysis
Statistical analysis was performed on primary and derived variables.
Data are expressed as means ± SDs. Differences in subject charac-
teristics between men and women were assessed using 2-sample t
test. Linear regression was used to assess the effect of phenylalanine
intake on flux. The mean phenylalanine requirement was estimated
by breakpoint analysis of the F13CO2 using a mixed model 2-phase
linear regression crossover analysis (35). A stepwise partitioning of
F13CO2 data between 2 separate regression lines allowed the creation
of multiple breakpoint estimates. The model with the lowest standard
error and highest coefficient of determination (R2) was chosen as the
mean requirement (2). The 95% CI of the requirement estimate was
determined using Fieller’s theorem (2, 35). The requirement estimate
was performed separately for men and women but was not different,
so data were pooled for estimation of 1 group requirement. Once
phenylalanine requirement was estimated per kilogram body weight,
the derived estimate was converted to a total daily requirement by
multiplying by each subject’s weight and then dividing by fat-free mass
to obtain the estimated requirement per kilogram of fat-free mass. A 2-
sample t test was used to assess for differences between men and women.
All statistical analyses were performed with SAS (SAS/STAT version 9.4;
SAS Institute) for Windows. Statistical significance was established at
P ≤ 0.05.

Phenylalanine requirement of older adults 1779



Estimated glomerular filtration rate (eGFR; a marker of kidney
function) was calculated using the standard equation eGFR = 141 ×
min(SCr/κ, 1)α × max(SCr/κ, 1)−1.209 × 0.993age × 1.018 [if woman] ×
1.159 [if black] from the National Kidney Association website (https:
//www.kidney.org/professionals/KDOQI/gfr_calculator) (36).

Results
Subjects

Fourteen adults aged >65 y were recruited; 12 met the inclusion
criteria, participated in the study (Figure 1, Table 1), and
completed a total of 66 DAAO studies. All subjects had normal
kidney function and fasting blood glucose concentrations
(Table 1). Two subjects were on anti-hypertensive medications;
2 were on cholesterol-lowering medications; and 1 was taking a
blood thinner, a medication to help with smoking cessation and
hypothyroidism. One was taking strontium for improvement
of bone density, and 2 women were on low-dose Premarin for
management of postmenopausal symptoms. Eight subjects were
on daily multivitamin and/or vitamin D, 3 were taking fish oil,
and 2 were taking calcium and magnesium supplements. Each
subject participated in at least 3 and at most 7 studies for a total
of 31 DAAO studies in men, 35 in women, and a combined total
of 66 DAAO studies (Figure 1). Subjects remained weight-stable
during the course of the study, with no significant gain or loss
of weight (P = 0.3; data not shown).

Phenylalanine flux

Phenylalanine flux (Table 2) for all subjects was 80.0 ± 49.9
μmol . kg−1 . h−1 (mean ± SD) and ranged from 21 to 221 μmol
. kg−1 . h−1. There was no effect of phenylalanine intake on
phenylalanine flux (P = 0.38). Men had higher flux compared
with women (P = 0.02), and the effect of subject on flux was
significant (P < 0.01) (Table 2).

l-[1-13C]Phenylalanine oxidation

The rate of 13CO2 released from the oxidation of l-[1-
13C]phenylalanine (F13CO2), which provided an estimate of
the phenylalanine requirement, was analyzed separately for
men and women. Breakpoints of 9.3 and 8.4 mg . kg−1 . d−1,
which did not differ (P = 0.98), were calculated for men and
women, respectively. Therefore, all data were combined for

TABLE 1 Characteristics of the older men and women who
participated in the phenylalanine requirement study1

Characteristics Men Women P value

Participants, n 6 6
Age, y 70.8 ± 5.4 76.7 ± 7.0 0.14
Weight, kg 82.9 ± 17.4 63.6 ± 14.5 0.06
Height, cm 176.6 ± 5.9 158.3 ± 6.4 <0.01
BMI, kg/m2 26.4 ± 4.9 25.3 ± 4.4 0.67
Fat-free mass, kg 62.8 ± 9.9 44.8 ± 8.8 <0.01
Fat mass, kg 20.1 ± 9.0 18.8 ± 6.8 0.78
Fat mass, % 23.5 ± 5.96 29.1 ± 5.8 0.13
Fasting serum glucose, mmol/L 5.2 ± 0.7 4.9 ± 0.3 0.18
Serum creatinine, μmol/L 72.5 ± 12.0 66.2 ± 7.7 0.15
Serum urea, mmol/L 5.4 ± 1.3 7.9 ± 2.4 0.02
Estimated glomerular filtration rate,

mL/min/1.732

91.2 ± 10.4 74.8 ± 12.8 0.08

Resting energy expenditure, kcal/d 1482 ± 137 1223 ± 285 0.08

1Values are means ± SDs unless otherwise noted.

TABLE 2 Phenylalanine intake used in individual subjects and
the effect of phenylalanine intake on phenylalanine flux in men
and women aged >65 y1

Subjects Test phenylalanine intakes, mg . kg−1 . d−1

Phenylalanine flux,
μmol . kg−1 . h−1

Men
1 7.2, 8.5, 10, 25, 40 39.6 ± 14.6a

2 9, 15.5, 8 23.4 ± 5.22a

3 16, 37, 7.3 66.0 ± 27.2a

4 7.3, 30, 12, 13, 9.3, 24 67.4 ± 40.18a

5 38, 7.4, 25, 18.5, 15.4, 14, 32 138 ± 21.4b

6 17, 8, 22, 36, 26, 15.2, 10.5 156 ± 32.4b

All — 94.5 ± 56.5
Women

7 39, 7.5, 15.6 N/A
8 9.4, 11.4, 25.4, 8.4, 7.4, 10.4, 38.4 43.2 ± 10.0a

9 27, 19, 16, 7.6, 9.9, 36, 37.5 50.3 ± 14.5a

10 7.2, 40, 17, 16.2 56.3 ± 13.1a

11 7.5, 11, 9.5, 20, 37, 15.9, 28 44.7 ± 15.5a

12 8.2, 18, 14.5, 13.5, 22, 21, 12 132 ± 21.7b

All — 66.1 ± 38.5∗

Combined — 80.0 ± 49.9

1Values are means ± SDs unless otherwise noted. Subjects participated in a range of
phenylalanine intakes (7.2–40 mg . kg−1 . d−1); each subject participated in a minimum
of 3 test intakes for a total of n = 66 studies. ∗Different from men, P = 0.02.
Values with different superscript letters within each sex group were significantly
different, P < 0.05; a < b. Post hoc analysis was performed using Bonferroni multiple
comparison tests. N/A, not available—urine for participant 7 was not able to be
collected because the subject had difficulty providing samples.

estimation of the phenylalanine requirement (Figure 3). The rate
of 13CO2 released from the oxidation of l-[1-13C]phenylalanine
(F13CO2) remained unchanged in response to phenylalanine
intake up to 9.03 mg.kg−1.d−1 (Figure 3). Thereafter, additional
increases in phenylalanine intakes resulted in a linear increase in
F13CO2 values. This indicates that once the requirement of 9.03
mg . kg−1 . d−1 was met, additional increase in phenylalanine
intake did not produce a further increase in phenylalanine
uptake for protein synthesis. Biphase linear regression crossover
analysis of the F13CO2 data resulted in the identification of
a breakpoint for the mean phenylalanine requirement of 9.03
mg . kg−1 . d−1 (R2 = 0.79). The safe population intake estimated
by determining the upper 95% CIs of the breakpoint was at 15.9
mg . kg−1 . d−1.

Given that 3 subjects only completed 3 levels of intake,
we also analyzed the data with the removal of each subject
in a stepwise manner. There were 3 possible combinations for
analysis. The 3 breakpoints generated were 9.6, 9.2, and 8.9
mg . kg−1 . d−1. When all 3 subjects were removed, the break-
point was 10.3 mg . kg−1 . d−1. Given that all possible combina-
tions fell within the 95% CI of the estimate when all data were
included, the data were all used in the final analysis in Figure 3.

When phenylalanine requirement was calculated on the
basis of fat-free mass, the mean requirement estimate was
11.9 ± 0.94 and 12.8 ± 0.94 mg . kg fat-free mass−1 . d−1 for
men and women, respectively, but the results were not different
(P = 0.11).

Discussion
The results of this study provide estimates of the mean and 95%
CI (approximating the RDA) of phenylalanine requirement in
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FIGURE 3 Effect of phenylalanine intake on production of 13CO2 from phenylalanine oxidation (F13CO2) by DAAO in adults aged >65 y;
n = 12 subjects, 66 DAAO studies. Biphase linear regression analysis of the F13CO2 data identified a breakpoint of 9.03 mg . kg−1 . d−1, which
represents the estimated mean phenylalanine requirement (R2 = 0.79). The safe population intake estimated by determining the upper 95%
CIs of the breakpoint was 15.9 mg . kg−1 . d−1. DAAO, direct amino acid oxidation.

adults aged >65 y of 9.03 and 15.9 mg . kg−1 . d−1, respectively.
These estimates are very similar to the mean and 95% CI of 9.1
and 13.6 mg . kg−1 . d−1 previously derived in young adult men
using the DAAO method (2). This is the first study to directly
determine the requirement for an IAA in the elderly. Data on AA
requirements of adults aged >65 y are lacking; hence, current
recommendations (1, 37) are based on data obtained from stud-
ies conducted in young adults. These recommendations are pre-
dominantly based on studies conducted by our group and others
using the IAAO and DAAO methods (1, 37). Differences exists
in AA metabolism between older and young adults (16, 17), and
higher splanchnic uptake of phenylalanine in elderly compared
with young adults (16) has been taken as evidence of a
potential higher requirement. The results from the current study
demonstrate that at least for phenylalanine, this is not the case.

Results from physiological studies demonstrate that more
protein is required by older adults to stimulate similar rates
of muscle protein synthesis as those of young adults (18, 38).
Because only dietary IAAs stimulate muscle protein synthesis
(15), this observation provides evidence for potentially higher
IAA requirements in elderly compared with young adults. In-
deed, evidence from physiological studies points to a potentially
higher requirement for leucine in the elderly compared with
young adults (39, 40). In addition, evidence from Volpi et al.
(16) of a higher splanchnic uptake of phenylalanine in the
elderly begs the question as to whether the dietary requirement
for this AA is increased. The results from the current study
provide evidence that the dietary requirement for phenylalanine
is not different between young and elderly humans.

An important observation from the current study is the large
variation in the flux data and the lack of associations between
phenylalanine intake and flux. This is in contrast to a previous
study of phenylalanine requirement in young men by Zello et al.
(2), in which the variation in phenylalanine flux was lower and

phenylalanine intake had a significant effect on flux. There are
several differences between the study by Zello et al. (2) and the
current study. First, in the study by Zello et al. (2), each subject
was studied at each of the same 7 levels of phenylalanine intake,
whereas in the current study each subject received a different
level of phenylalanine intake and no 2 subjects received the same
level of phenylalanine intake. Second, Zello et al. (2) infused the
isotope intravenously, whereas it was given orally in the current
study. Oral administration of isotope produces more variation
in the flux data (28) but does not affect the requirement estimate
(31). Finally, Zello et al. (2) measured isotopic enrichment in
plasma, whereas urine was used in the current study. Urinary
enrichments are more variable than plasma enrichments (28). In
addition, subjects in the current study had difficulty providing
urine samples on demand. This might be 1 of the disadvantages
of using urinary enrichments to calculate flux in elderly subjects
and might suggest a need to take blood samples for plasma
phenylalanine enrichments. The variability in flux, however, had
no effect on the estimation of phenylalanine requirement, which
was derived from the F13CO2 data (Figure 3), calculated from
13C breath enrichments and VCO2 (32).

The IAA phenylalanine (41, 42) is predominantly metab-
olized in the liver, and its main function is protein synthesis.
Through its irreversible conversion to tyrosine (43), phenylala-
nine can provide the dietary needs for tyrosine and hence the
total AAA requirement can be supplied as phenylalanine only,
termed “maximum phenylalanine requirement” (7). Tyrosine
in turn can spare a portion of the dietary phenylalanine
requirement (2, 6, 44); therefore, providing an excess of
tyrosine in studies of phenylalanine requirement (as was done
in the current study) will provide the “minimum obligatory
requirement” for phenylalanine (2). In the presence of excess
tyrosine, phenylalanine intake in excess of that required for
protein synthesis is preferentially oxidized without significant
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equilibration within the body’s tyrosine pool (2, 30, 45).
Thus, phenylalanine is a well-regulated AA with a relatively
small pool size, which makes it an ideal AA for use as an
indicator in studies of amino requirements using the IAAO
method (46). An important criterion of the IAAO method is
that the indicator should be fed close to its requirement, at
which point it is most sensitive (46). Because no data exist on
phenylalanine requirement in older adults, use of phenylalanine
as an indicator AA in studies of AA requirements in older
adults is limited. Given its significance as a sensitive indicator
AA, knowledge of its requirement in older adults is a crucial
starting point toward the understanding of IAA requirements
in this population. Furthermore, the total AAA requirements
(maximal phenylalanine requirement) in older adults will need
to be determined as we have earlier reported in young adults
(47, 48). These studies were conducted by IAAO using either
a lysine tracer (49) or a leucine tracer (48), and similar results
were obtained.

Aging is associated with a decrease is skeletal muscle mass
(50) along with a decrease in its contribution to whole-body
protein metabolism (10, 51, 52). At the same time, this is
accompanied by an increased contribution of nonmuscle lean
tissue to whole-body protein turnover (10, 52). In addition,
older adults demonstrate anabolic resistance to IAAs (11),
which potentially decreases the efficiency of utilization and
hence increases the obligatory requirement. However, anabolic
resistance and increased splanchnic uptake observed by Volpi
et al. (16) do not translate into a higher requirement for
phenylalanine in older (current study) compared with young
adults (2). It is possible that the decrease in the contribution
of skeletal muscle to whole-body AA metabolism (10) and
the relative increase in the contribution of visceral tissue
result in a different partitioning of AAs between those various
tissues. Despite higher splanchnic extraction of phenylalanine
in the study by Volpi et al. (16), muscle protein synthesis
was not different between the young and the elderly. The
AA dose ingested by subjects in the Volpi et al. (16) study
was similar to doses used to stimulate maximal rates of
muscle protein synthesis in the elderly (18). Therefore, another
possibility should be considered—that a different AA rather
than phenylalanine could be driving protein synthesis. Indeed, it
is well documented that leucine is the most important stimulator
of muscle protein synthesis (40, 53, 54). Because studies on AA
requirements in older adults are lacking, there is currently no
point of comparison, but the results of the current study open an
important door for the use of phenylalanine for determination
of the requirement of all other IAAs in the elderly.

The current recommendation for phenylalanine provides
an estimate of total AAAs (phenylalanine and tyrosine) (1,
37). Because phenylalanine is the dietary IAA of the 2 AAAs
and tyrosine is also provided in mixed diets, knowledge of
the minimal phenylalanine requirement is arguably of greater
nutritional importance in individuals with a functional pathway
for tyrosine synthesis. In addition, because current evidence
suggests that the IAAs (rather than the dispensable AAs) are the
primary stimulus of muscle protein synthesis (15), knowledge
of the phenylalanine requirement in the presence of preformed
tyrosine is of greater physiological relevance.

Two of the women in the current study were on hormone
replacement therapy (Premarin). Hormone replacement therapy
is associated with decreased skeletal muscle protein breakdown
and a more positive muscle protein balance (55), as well as
increased bone density (56). However, it is not clear whether
it affects AA requirements. The low dose (0.3–0.625 mg . d−1)

taken by these women was to help alleviate rather than remove
all menopausal symptoms. When both women were removed
from the statistical analysis, the phenylalanine requirement
remained exactly the same whether for women only or for men
and women combined. Therefore, they were included in all
further analysis. Further work is needed to assess the impact of
hormone replacement therapy on protein and AA requirements
in the elderly.

In conclusion, based on the results of the current study,
the dietary requirements for phenylalanine (in the presence
of excess tyrosine) of adults aged >65 y are 9.03 and 15.9
mg . kg−1 . d−1 (mean and RDA). These estimates are similar
to previously derived estimates of 9.1 and 13.6 mg . kg−1 . d−1

in young adult men (2). The similarity in the whole-body
phenylalanine requirement between the elderly in the current
study and young men in the previous study (2) suggests that
previously observed higher AA and/or protein (18, 57) needs of
the elderly to stimulate similar rates of muscle protein synthesis
as young adults are not driven by an increased requirement for
phenylalanine.
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