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A B S T R A C T

Skeletal muscle tissue is in a constant state of turnover, with muscle tissue protein synthesis and breakdown rates ranging between 1% and
2% across the day in vivo in humans. Muscle tissue remodeling is largely controlled by the up- and down-regulation of muscle tissue protein
synthesis rates. Research studies generally apply stable isotope-labeled amino acids to assess muscle protein synthesis rates in vivo in
humans. Following labeled amino acid administration in a laboratory setting, muscle tissue samples are collected over several hours to
assess the incorporation rate of these labeled amino acids in muscle tissue protein. To allow quantification of bulk muscle protein synthesis
rates over more prolonged periods, the use of deuterated water methodology has regained much interest. Ingestion of daily boluses of
deuterium oxide results in 2H enrichment of the body water pool. The available 2H-atoms become incorporated into endogenously syn-
thesized alanine primarily through transamination of pyruvate in the liver. With 2H-alanine widely available to all tissues, it becomes
incorporated into de novo synthesized tissue proteins. Assessing the increase in tissue protein-bound 2H-alanine enrichment in muscle
biopsy samples over time allows for the calculation of muscle protein synthesis rates over several days or even weeks. As the deuterated
water method allows for the assessment of muscle tissue protein synthesis rates under free-living conditions in nonlaboratory settings, there
is an increasing interest in its application. This manuscript describes the theoretical background of the deuterated water method and offers a
comprehensive tutorial to correctly apply the method to determine bulk muscle protein synthesis rates in vivo in humans.
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Introduction

Skeletal muscle tissue is in a constant state of turnover, with
muscle protein synthesis and breakdown rates ranging between
1% and 2% per day in vivo in humans [1,2]. Muscle tissue
remodeling is largely controlled by the up- and down-regulation
of muscle tissue protein synthesis rates. Research studies
generally apply stable isotope-labeled amino acids to assess the
impact of various anabolic or catabolic stimuli on muscle protein
synthesis rates in vivo in humans. The most applied approach is
the primed, continuous intravenous infusion of a stable isotope
labeled amino acid [e.g., L-(ring-13C6)-phenylalanine] for several
hours, during which blood and muscle tissue samples are
Abbreviations: FSR, fractional synthetic rate; GC-P-IRMS, gas chromatograph isoto
mass spectrometer; MPE, mole percent excess; 2H2O, deuterium oxide.
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collected. Mass spectrometry analysis is subsequently applied to
measure labeled amino acid enrichments in blood samples and
protein-bound labeled amino acid enrichment levels in hydro-
lyzed protein extracted from the muscle tissue samples. From
these data, the muscle protein synthesis rate during the infusion
period can be calculated (Figure 1). Over the last 3 decades, the
use of primed, continuous, stable isotope-labeled amino acids
has advanced our understanding of skeletal muscle protein
metabolism, with factors such as physical (in)activity, food
ingestion, aging, and disease strongly affecting muscle protein
synthesis rates [3–8].

Though primed, continuous stable isotope infusion experi-
ments can help to understand the impact of a single stimulus
pe ratio mass spectrometer equipped with a pyrolysis oven; IRMS, isotope ratio
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FIGURE 1. Graphical comparison between the experimental parameters of a stable isotope labeled amino acid infusion experiment compared
with a deuterium oxide experiment. For an infusion experiment, participants undergo a primed constant intravenous infusion of 1 or more stable
isotope-labeled amino acid tracers throughout a test day lasting between 4 and 12 h. Blood samples and muscle biopsies are collected throughout
the test day and used to assess fractional muscle protein synthesis rates. Stable isotope infusion experiments require specialized and dedicated
laboratory space. The highly controlled nature of stable isotope infusion experiments results in high sensitivity to assess the anabolic properties of
a single stimulus. For deuterium oxide experiments, test participants drink small amounts of deuterium oxide throughout the experimental test
period, which can last several days to weeks. Instead of blood sampling, participants may carry out home-based saliva sample collection. Dedicated
laboratory space is only required for muscle biopsy collection. Overall, deuterium oxide experiments allow participants to remain in their habitual
or clinical setting(s) while partaking in the experimental intervention. Although less controlled relative to intravenous stable isotope infusion
experiments, the “free-living” conditions that are available in study designs applying deuterium oxide allow the integration of all anabolic and
catabolic factors into the assessment of daily muscle protein synthesis rates.
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within a short timeframe (~2–12 h) under controlled labora-
tory conditions; they do not provide insight into more real-life
settings where 1 or more stimuli are modulating fluctuations in
muscle protein synthesis rates over a more prolonged period
(days or weeks). Furthermore, more holistic evaluations are
required to assess the impact of changes in lifestyle or the
development and progression of disease on skeletal muscle
tissue remodeling. Assessing the impact of one or more factors
on muscle protein synthesis rates during more prolonged pe-
riods under free-living conditions requires a different approach.
Over the last few decades, the application of deuterium oxide
(2H2O, deuterated water, heavy water) ingestion has re-
emerged as a means to assess changes in muscle protein syn-
thesis rates in vivo in humans over several days to weeks under
nonlaboratory, free-living conditions [9–11]. The application
of 2H2O to measure in vivo muscle protein synthesis rates re-
quires the ingestion of relatively small amounts of 2H2O
throughout an assessment period where study participants or
patients are subjected to pharmaceutical, nutritional, and/or
physical (in)activity interventions [1,9,12–14]. The ingestion
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of 2H2O increases the 2H-enrichment of the body water pool,
allowing 2H-atoms to become incorporated into numerous
metabolic substrates, including different amino acids. For the
measurement of bulk muscle protein synthesis rates, alanine is
the preferred amino acid. Alanine becomes rapidly labeled with
2H through its endogenous synthesis by way of transamination
of pyruvate in the liver [11]. With 2H-alanine rapidly becoming
available to all tissues, it is utilized as a precursor amino acid
for protein synthesis and thus becomes incorporated into all
newly synthesized tissue proteins [1, 6–8]. Prior to and after an
assessment period, skeletal muscle biopsy samples can be
collected to measure the amount of 2H-alanine that has been
incorporated into muscle protein. With this approach, the
impact of the experimental intervention on bulk muscle protein
synthesis rates can be assessed under nonlaboratory, real-life
conditions over an extended period. Consequently, the impact
of the experimental intervention can be determined through
integration with various concurrent factors that are generally
not controlled for in laboratory-based studies. Therefore, this
approach allows us to better integrate real-life conditions and
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extends our capacity to assess the impact of intervention stra-
tegies to modulate bulk muscle protein synthesis rates beyond
the basic insights gained from acute tracer infusion protocols
(~2–12 h). Given this advantage, it is not surprising that the
2H2O method is now rapidly becoming established as a key
methodology for evaluating muscle protein synthesis rates over
more prolonged experimental periods. In fact, within the last 10
y, nearly 50 studies have applied 2H2O to measure bulk muscle
protein synthesis rates in vivo in humans (Supplemental
Table 1). Without the need for procedures or facilities required
to perform primed, continuous intravenous infusions with
pharmaceutical-grade labeled amino acids prepared under
sterile conditions, the use of deuterated water is a method that
is more readily available to numerous research groups. Conse-
quently, we receive many questions regarding the 2H2O method
and the preferred study design and research protocol to eval-
uate the anabolic properties of various interventions over
several days or even weeks. To assist researchers in applying
the 2H2O approach to accurately assess daily protein synthesis
rates of bulk muscle protein fractions (i.e., mixed muscle pro-
tein, myofibrillar, collagen, etc.), we herein describe the theo-
retical background of the deuterated water methodology and
offer a practical, comprehensive tutorial for researchers to
correctly apply this method to determine muscle protein syn-
thesis rates in vivo in humans.

Theoretical aspects involved in conducting
deuterated water experiments
The use of stable isotopes to measure protein synthesis rates

To measure muscle protein synthesis rates, stable isotope
administration is combined with skeletal muscle biopsy sam-
pling. With this experimental approach, the precursor-product
method can be applied to calculate fractional muscle tissue
protein synthesis rates. The basic principle is that free amino
acids residing in the plasma are transported into the muscle
fibers, where they mix with the intracellular free amino acid
pool. Within the intracellular space, free amino acids become
acylated to aminoacyl-tRNA (the true precursor pool for protein
synthesis) before being incorporated into proteins (i.e., protein
synthesis). Free amino acids and aminoacyl-tRNAs are referred
to as the precursors, and muscle protein is referred to as the
product. Administering a stable isotope such as 2H2O introduces
a heavy label to the precursor amino acids, allowing researchers
to track the amount of free amino acids that have been incor-
porated into synthesized proteins. The degree of stable isotope
presence in the free amino acid and tissue protein pools is
termed enrichment, which is expressed as an isotope ratio (i.e.,
the ratio between the heavy amino acid isotope and the lighter,
more abundant amino acid isotope). For 2H2O, the heavy
isotope is 2H, and the lighter (more abundant) isotope is 1H.
Enrichment values can be expressed in several ways, but most
commonly as a tracer-to-tracee ratio, mole percent excess
(MPE), or atom percent (AP) excess. Briefly, AP excess repre-
sents the enrichment of a labeled isotope at the atomic level
(used to express deuterium enrichment in body water), whereas
MPE represents the enrichment at the molecular level (used to
express deuterium-labeled amino acid enrichment). After
determining both precursor and product enrichments, the
muscle protein fractional synthetic rate (FSR) can be calculated
(described below). An FSR is the fraction of the entire protein
3179
pool (i.e., muscle protein) that is synthesized over a set time-
frame and is generally expressed as a percentage per hour or per
day (i.e., %/h or %/d). The precursor enrichment defines the
maximum label incorporation that can theoretically be reached
in the protein pool. Theoretically, equivalent enrichments of
the precursor and muscle protein pools would occur once
complete renewal (i.e., 100% synthesis) of the entire protein
pool is reached. With an FSR of 1%–2%/d [1], a large portion of
the muscle tissue protein pool will undergo complete renewal
over a 2–3 mo period. Overall, the precursor-product method
allows the key advantage of assessing protein synthesis rates
directly in muscle tissue in vivo in humans.
Amino acid deuterium labeling properties
The application of 2H2O to measure in vivo muscle protein

synthesis rates requires the ingestion of relatively small
amounts of 2H2O throughout an assessment period. The sub-
sequent increase in 2H-enrichment of the body water pool al-
lows 2H-atoms to become incorporated into endogenously de
novo synthesized alanine primarily through transamination of
pyruvate in the liver, with minor contributions from synthesis
in the kidney and muscle tissues [15] (Figure 2). Although
several nonessential amino acids become labeled with 2H,
alanine is the preferred amino acid target for measuring muscle
protein synthesis rates because of its rapid, high, and predict-
able labeling pattern relative to body water 2H enrichment.
Deuterium can be incorporated into alanine in place of the
hydrogens on either the central carbon position (i.e., α-carbon)
or side-chain carbon (i.e., β-carbon) position [11] (Figure 2).
The mixture of 2H incorporation at these 4 positions results in
single labeling of alanine (i.e., alanine massþ1, or “Mþ1”) that
is ~3.7-fold greater than body water deuterium enrichment in
humans [1,11,12]. More than 1 deuterium atom may be
incorporated into a single alanine molecule. However, in
humans undergoing daily deuterium dosing, single deuterium
labeling constitutes 97% of the sum of all deuterium labeling of
alanine (i.e., the sum of Mþ1, Mþ2, Mþ3, and Mþ4) and re-
mains constant over several days of labeling (Supplemental
Table 2). Therefore, when applying deuterated water to mea-
sure muscle protein synthesis rates in vivo in humans, single
deuterium labeling of alanine (i.e., Mþ1) has become the
preferred analytical target.

Importantly, free 2H-alanine enrichment rapidly equilibrates
(within 1 h) with body water 2H enrichments following deuter-
ated water administration [16]. The rapid and continuous rate of
endogenous alanine labeling contributes to the stability of free
2H-alanine labeling over time under various settings of altered
metabolism, including during exercise, during postexercise re-
covery, and following meal ingestion (Table 1) [16]. Lastly, the
turnover of body water is relatively slow, which contributes to a
long half-life of deuterium in the body (10–14 d) and sustained
endogenous labeling of 2H-alanine [12]. The constant relation-
ship of 2H-labeled body water and alanine is important for the
accuracy of muscle protein synthesis measurements and for
incorporating fluctuating habitual factors or interventions (i.e.,
diet, exercise, and physical activity) into the measurement. In
summary, the rapid, stable, and high degree of deuterium la-
beling combined with the slow elimination rate of deuterium
from the body water pool allows plasma-free 2H-alanine en-
richments to remain elevated and in near steady-state conditions



FIGURE 2. Graphical representation of the experimental model of deuterium oxide (2H2O) ingestion (A) and endogenous alanine labeling in vivo
in humans (B, C). Study participants ingest 2H2O (70%), thereby increasing 2H enrichment levels in the body water pool (step 1). The available 2H
atoms are incorporated into endogenously synthesized alanine through transamination of pyruvate in the liver (step 2, B). Deuterium is incor-
porated into alanine (C) either on the central α-carbon at a 1:1 (or 100%) ratio relative to body water 2H enrichment or on 1 of the 3 β-carbons at a
0.9:1 (or 90%) ratio relative to body water 2H enrichment. Labeling at these 4 positions occurs in parallel and culminates as a single-labeled 2H-
alanine (Mþ1) enrichment that is 3.7-fold greater than body water 2H deuterium enrichments. 2H-alanine is transported along with unlabeled
alanine in the circulation and reaches all tissues (step 3). Once free 2H-alanine is available in the tissue, it becomes incorporated into tissue
proteins through protein synthesis. Throughout a 2H2O experiment, the amount (or enrichment) of 2H-alanine increases in muscle (and other
tissue) proteins.
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following daily dosing over experimental protocols that last for
days to weeks [1,9].

Practical aspects when applying deuterated water to
assess bulk protein synthesis
Required materials

The materials required to apply deuterated water in study
participants include 70 or 99 AP 2H2O (e.g., for 70% 2H2O: DLM-
2259-70-1L; Cambridge Isotopes Laboratories, Inc), sealable 100
mL dosing bottles (e.g., 414004-123; VWR), blood sample
collection tubes (e.g., vacutainer EDTA tubes, 367863; BD),
blood collection needles (e.g., eclipse venipuncture needle with
vacutainer holder, 368650; BD), other blood collection materials
(i.e., tourniquet, gauze, and disinfectant), cotton dental rolls for
saliva collection [e.g., celluron nr. 2 (40 x 10 mm), 431302;
Hartmann], dental roll storage tubes (e.g., eppendorf tubes 5.0
mL with snap cap, 0030119401; Eppendorf), syringes for saliva
extraction (e.g., 5 mL BD Emerald syringes, 63132; BD), muscle
biopsy collection materials (e.g., Bergstr€om biopsy needles or
conchotome, vacuum syringe, scalpels, disinfectant, lidocaine,
and sterile gauze), sample tubes for –80�C freezer storage (i.e.,
muscle, blood, and saliva). Study participants should also be
provided with a deuterated water dosing and saliva collection
schedule that indicates dates and times of dosing and collection.

Dosing protocols
There have been 2 main variations of deuterated water dosing

protocols that have been applied to measure daily muscle protein
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synthesis rates over the last 10 y. The “single dose” protocol
constitutes the ingestion of a single 100–150 mL dose at the start
of the protocol, and the “dose-maintenance” protocol constitutes
deuterated water dosing over a single “loading” day followed by
maintenance dosing during the subsequent experimental period
(Supplemental Table 1). The “dose-maintenance” protocol is the
currently preferred approach since steady-state 2H enrichment
can be better maintained in the precursor pools [1,17,18],
resulting in greater stability of free alanine labeling in the pre-
cursor pools to assess muscle protein synthesis rates over several
days in vivo in human participants (Figure 3).

After screening and including a study participant, the exper-
imental period must begin with a baseline saliva and/or blood
sample to establish the background deuterium enrichment in
body water and/or free alanine pools, respectively. Following
sample collection, participants begin with 2H2O loading. The
loading days involve the ingestion of 200 mL of 70% deuterated
water. The deuterated water can be ingested over a shorter time
span in healthy individuals (e.g., 2 x 100 mL, consumed 2 h
apart), whereas dosing should be spread out over a longer period
(e.g., 4 x 50 mL, consumed 1 h apart) in more compromised
populations (e.g., frail older or clinically compromised pop-
ulations). Depending on the experimental setting, a muscle
sample can be collected after the loading dose and before starting
the intervention (described in detail below). During the experi-
mental intervention, several smaller deuterated water doses are
ingested to maintain a steady state of precursor enrichment.
Ideally, the maintenance doses on subsequent days are 20 mL of



TABLE 1
An overview of the associated assumptions of the application of stable isotope tracers to assess muscle protein synthesis rates and considerations and
advice when applying deuterated water over several days.

Description of assumption Consideration(s) for measurement periods over
several days

Advice for 2H2O applications

1 The rate of incorporation of unlabeled
(tracee) amino acids is constant over the
period of incorporation of tracer.

Measurement using 2H2O over several days is
intended to capture fluctuations in the rate of tracer
incorporation over the experimental period to
represent an “integrated” protein synthetic response
to the intervention. Therefore, the duration of the
measurement should be selected to incorporate
expected fluctuations in incorporation to reflect
“real-life” conditions and/or more prolonged
interventions.

A period of 2–28 d should suffice for most
purposes as diurnal fluctuations in hormones,
habitual physical activity, and dietary intake are
captured along with the acute responses to
repeated bouts of physical activity (and recovery)
and short-term muscle disuse.

2 None of the tracer incorporated into the
protein reappears because of protein
breakdown during the time course of tracer
administration.

Re-appearance of 2H-alanine from breakdown will
be at a very low enrichment and will not disturb
precursor enrichment as 2H-alanine is held at
equilibrium with body water 2H enrichment.

No major consequence of re-appearing 2H-alanine
on FSR calculation over shorter measurements
(<28 d).

3 The unlabeled pool size of the bound protein
is constant throughout the experiment.

The protein pool size changes during resistance
exercise training or muscle disuse. FSR
measurements for a prolonged period during these
interventions may result in inaccuracy. In humans,
disuse atrophy occurs at ~0.5%/d, whichmay cause
FSR to be overestimated by ~3% when measured
over a 7-d period.

Inaccuracies can be avoided with shorter
experimental protocols (3–7 d). This is more
relevant for disuse studies since disuse atrophy
occurs much more rapidly than training-induced
muscle hypertrophy.

4 There is no significant time delay in the
incorporation of amino acids into protein.

Equilibration of precursor pools occurs within 2 h of
initial dosing, which does not impact accuracy over
prolonged measurement periods (i.e., >1 d).

The collection of a muscle biopsy 1 d after dosing
is appropriate. In place of a muscle biopsy, a
baseline (unlabeled) plasma sample may be used
to establish baseline protein enrichment.

5 The measured precursor pool enrichments
reflect the true precursor pool.

Precursors may include body water 2H enrichments,
plasma 2H-alanine enrichments, and intracellular
2H-alanine enrichments.

Plasma and saliva (with 3.7-fold correction) are
preferred to best characterize the precursor pool
enrichment as opposed to measuring muscle acyl-
tRNA enrichments.

Abbreviations: FSR, fractional synthetic rate; tRNA, transfer ribonucleic acid; 2H2O, deuterium oxide.

A.M. Holwerda et al. The Journal of Nutrition 154 (2024) 3177–3189
70% deuterated water ingested daily (typically ingested in the
evening) to account for ~10% body water replacement per day
[12,19]. This dosing protocol results in a 2H body water
enrichment of 0.2%–0.5%, which remains steady over a 21
d experimental protocol (Figure 4A) [20]. The experimental
period concludes once a muscle tissue biopsy sample is collected.
Using this protocol, we have observed myofibrillar protein syn-
thesis rates of 1.37% � 0.31%/d in healthy young males [20].
This is in agreement with prior work in which myofibrillar
protein synthesis rates of ~1.30%/d were reported when
applying initial dosing protocols, providing larger volumes of
deuterated water in the same population under comparable
conditions [21–24]. Although daily maintenance dosing pro-
vides an ideal precursor steady-state condition, this is not always
feasible in specific populations or experimental settings. Over
longer assessment periods (i.e., 14–28 d), maintenance dosing
may be provided on a weekly basis [25,26]. Under these con-
ditions, a maintenance dose of ~100 mL can be provided every 7
d, with saliva samples collected to characterize the precursor
environment (described in greater detail below). Overall, the
dose-maintenance protocol should be considered the preferred
dosing protocol since tissue 2H-alanine enrichments are gener-
ally well above detection limits of mass spectrometry instru-
mentation, and steady-state conditions are well maintained,
which allows accurate measurements of bulk muscle protein
synthesis rates over periods ranging between 2 and 28 d.

Some investigators have opted to modify the “dose-mainte-
nance” protocol and administer deuterated water relative to lean
body mass. Dosing relative to lean body mass is intended to
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reduce intersubject variability in precursor labeling following
the dosing day. However, intersubject variability is accounted
for by measuring both the precursor and product labeling over
the period of the experiment when calculating FSR. Dosing
relative to lean body mass does not necessarily result in more
stable precursor labeling over the duration of an experiment in
comparison to the described fixed-amount dosing protocol.
Although both fixed and relative dosing approaches are valid, a
researcher may consider dosing relative to lean body mass when
comparing populations with greater differences in body mass
and/or body composition (e.g., obese, frail). For relative dosing,
the amount of 2H2O ingested on the dosing day should be 2.5
mL/kg and 0.25 mL/kg on maintenance days. In the case of
weekly maintenance doses, 1.25 mL/kg should be ingested every
7 d.

Although the purpose of the deuterated water method is
generally to perform longer measurements, investigators should
be aware of potential inaccuracies that could result. For instance,
large changes in protein (product) pool size (i.e., muscle atrophy
or hypertrophy) during longer measurement periods may impact
the accuracy of FSR values. However, changes in protein pool
size are generally limited in most human intervention studies.
For example, muscle disuse atrophy with limb immobilization
occurs at ~0.5%/d [27], which may cause FSR to be over-
estimated by merely ~3% when measured over a 7-d period.
Furthermore, the greater part of the muscle protein pool will
have turned over in about 50–60 d, meaning that labeling of
muscle protein will become equivalent to precursor labeling
around this point. Continuing a measurement while protein pool



FIGURE 3. A graphical representation of our proposed protocol recommendations for applying deuterated water to measure muscle tissue protein
synthesis rates in vivo in humans was assessed over several days. Appropriate deuterium oxide study designs include cross-sectional, parallel, and
longitudinal designs. Deuterium oxide can be applied in nearly all healthy and clinical populations. Deuterium oxide is well-suited to detect how
modulations of major anabolic or catabolic stimuli (e.g., diet and physical activity) impact muscle protein synthesis rates. A study duration of 2–28
d is sufficient to assess the impact of an intervention under free-living conditions. The “dose-maintenance” protocol achieves a sufficient body
water 2H enrichment (between 0.2% and 0.5%). Saliva or blood sampling is most appropriate for measuring body water 2H or free 2H-alanine
precursor pools, respectively. Muscle tissue sampling (25–80 mg) is required to determine the increase in 2H-alanine enrichment in tissue protein
throughout the experiment. Additional measurements should include physical activity tracking (e.g., ActiGraph) and dietary intake recording
(e.g., dietary logs). Saliva samples are measured using an isotope ratio mass spectrometer (IRMS). Blood samples are deproteinized before being
derivatized before 2H-alanine enrichments are measured on a GC-MS. Protein is extracted from muscle samples before being hydrolyzed and
derivatized, and 2H-alanine enrichments are measured using a GC-P-IRMS. Once data are available, fractional tissue protein synthetic rates can be
calculated using an exponential equation. FSR, fractional synthetic rate; GC-MS, gas chromatography-mass spectrometry.
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labeling is equal to precursor labeling does not allow any further
increase in protein labeling, resulting in artificially low FSR
values [28,29]. To avoid inaccurate FSR data, we recommend
that total 2H2O dosing periods remain well below 28 d,
depending on the timeline required to allow the assessment of
the impact of a certain exercise, nutritional, and/or pharmaco-
logical intervention (Table 1).

Finally, recent studies have shown that administering larger
volumes of deuterated water (i.e., 400 mL) on the dosing day
combined with tissue enrichment analysis on a highly sensitive
mass spectrometer [i.e., gas chromatograph isotope ratio mass
spectrometer equipped with a pyrolysis oven (GC-P-IRMS)] en-
ables the measurement of muscle protein synthesis rates over
several hours on the following day [30]. Although this acute
approach has not yet been widely applied, there may be potential
for applying 2H2O for shorter-term measurements as well.

Side effects of 2H2O administration
2H2O is safe for human consumption in the dosing protocols

described [31,32]. Given the ongoing rates of body water and
metabolic substrate turnover, the presence of deuterium will
gradually decline over time and be eliminated from the body by
~10 wk after the last dose. Notably, a small fraction of subjects
have reported mild vertigo or dizziness during deuterated water
dosing [31,33]. The onset of vertigo following ingestion of a
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single large bolus 2H2O can be mitigated by the ingestion of
smaller loading doses staggered over time, as described above.
As more clinically compromised populations may be more prone
to experiencing dizziness, we propose that such populations
ingest smaller 2H2O doses over a slightly longer dosing period
(i.e., 50 mL/h for 4 h). The feeling of vertigo seems to be due to a
rapid increase in body water 2H enrichment, which causes dis-
turbances to the vestibular system in the inner ear. In this sense,
it is remarkable that the tiny vestibular system in the inner ear
has a sensitivity that seems equivalent to the expensive, high-end
mass spectrometry equipment we have available in our labora-
tories. Overall, 2H2O administration is generally well-tolerated,
with no side effects, allowing application in various clinical
and healthy populations.

Sample collection
An overview of the relevant tissue samples and corresponding

isotopic analytes, enrichment ranges, and preferred measure-
ment instruments for measurement of muscle protein synthesis
rates using 2H2O dosing are displayed in Table 2.

Sample collection must be planned to characterize precursor
pool labeling during the experimental intervention and to
determine the incorporation of 2H-alanine into muscle protein
over the course of the experiment. As described above, the im-
mediate precursor for protein synthesis is aminoacyl-tRNA.



FIGURE 4. Mean plasma-free 2H-alanine (A), body water 2H enrich-
ments (A), and myofibrillar 2H-alanine enrichment (B) over 21 d of
deuterium oxide dosing (dose-maintenance protocol). Data are derived
from Weijzen et al. [20] and the myofibrillar 2H-alanine data are
derived from the nonimmobilized leg. Data are expressed as means �
SEM. APE, atom percent excess; MPE, mole percent excess; SEM,
standard error of the mean.
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Although it would be ideal to use 2H-alanyl-tRNA enrichment to
characterize the 2H-alanine precursor environment, accurate
analysis is technically difficult to perform and would require
muscle tissue sample sizes that would be too large to collect in
vivo in humans [34,35]. Alternatively, precursor enrichments
can be estimated by measuring 2H-alanine enrichment in either
the muscle or plasma-free amino acid pools or by assessing 2H
enrichment in the body water pool through saliva or urine
samples. Although the muscle-free amino acid pool may most
TABLE 2
Overview of relevant tissue samples and corresponding isotopic ana-
lytes, enrichment ranges, and preferred measurement instruments for
measurement of muscle protein synthesis rates using deuterium oxide
dosing.

Sample
fluid/tissue

Isotopic
analyte

Enrichment
range

Preferred
measurement
instrument

Saliva 2H2O 0.2–0.5 APE1 IRMS
Blood plasma free 2H-alanine 0.75–1.85 MPE1 GC-MS
Muscle protein-bound

2H-alanine
0.05–0.56 MPE1 GC-P-IRMS

Abbreviations: GC-MS, gas chromatography-mass spectrometry; GC-P-
IRMS, gas chromatography isotope ratio mass spectrometer outfitted
with a pyrolysis oven; IRMS, isotope ratio mass spectrometer; MPE,
atom percent excess; 2H2O, deuterium oxide.
1 Enrichment ranges that have been observed over a 7-d period using

the preferred deuterium oxide protocol described herein: dosing day:
200 mL 70% 2H2O; Maintenance days: 20 mL 70% 2H2O.
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accurately reflect 2H-alanyl-tRNA labeling, the infrequent
collection of muscle samples may lead to inaccurate precursor
characterization over the duration of a 2H2O study. More accu-
rate characterization can be achieved through more frequent
blood and saliva sampling. Although we have observed higher
absolute FSR values using muscle 2H-alanine enrichments
compared to plasma enrichments, their corresponding FSR
values are strongly correlated [1]. Furthermore, using body
water 2H enrichments, corrected to estimate plasma-free
2H-alanine enrichments (as discussed below), results in FSR
values that fully align with those calculated using plasma-free
2H-alanine enrichments. Therefore, plasma-free 2H-alanine or
body water 2H enrichments should be used to determine pre-
cursor labeling (Table 1, Figure 3).

Determining mean plasma-free 2H-alanine enrichment re-
quires the collection of sequential venous blood samples of �50
μL plasma per time point, with a recommendation of 450 μL
plasma in total per time point to accommodate re-measurement
and potential other plasma analyses relevant to addressing the
research aims (i.e., amino acid profile, fatty acid profile, hor-
mone concentrations, etc.).

One drawback of blood sampling is that trained personnel and
blood sampling materials are required for sample collection at
the laboratory or on location at the participant/patient’s home.
As an alternative, body water 2H enrichment can be utilized to
characterize precursor labeling. As discussed, plasma precursor
labeling is estimated using a correction factor from body water
2H enrichments, which could introduce some inaccuracies in the
precursor values when compared to directly measuring plasma-
free 2H-alanine enrichments. Saliva sampling is a convenient
approach for measuring body water 2H enrichment as it reflects
the body water enrichment at the time of collection and can be
easily collected by test participants/patients themselves in the
comfort of their own homes. The accurate measurement of body
water 2H enrichment requires �100 μL saliva per time point. To
best characterize an mean precursor enrichment over the course
of days or weeks, subjects should be instructed to collect saliva
samples at the same time every day, preferably in the morning
upon waking or 12 h after ingestion of the daily deuterated water
dose (Figure 3). When weekly maintenance doses are provided,
then saliva should be collected before ingesting the maintenance
dose and again 2 h following the dose to determine the peak
enrichment for the subsequent week. For longer study protocols,
investigators can analyze fewer saliva samples (e.g., every 3 d or
before/after weekly maintenance doses) without sacrificing ac-
curacy in characterizing precursor pool enrichments.

Home-based saliva sampling aims to collect a representative
sample in a sanitary manner. Although subjects can simply
transfer saliva directly from their mouths to the sample storage
container, the more sanitary approach is to instruct subjects to
light chew on cotton dental swabs to absorb saliva for 2 min and
place the saturated swab in the air-tight sample container
(described in the Materials section). The saliva samples can be
collected and stored in the fridge at the subjects’ homes and
brought all together to the investigator at the end of the exper-
iment. To reduce sampling error, we advise investigators to
provide subjects with a clearly labeled sample storage container
(e.g., a daily medicine organizer) and printed sampling in-
structions with a sample checklist indicating the date, time, and
corresponding sample label (e.g., t ¼ day 3) of each sample
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collection point. For the best representation of body water 2H
enrichments, food and drink ingestion should be avoided for
�60 min prior to sample collection. After determining body
water 2H enrichment, the well-established correction factor
(described below) can be applied to estimate precursor 2H-alanine
enrichments [1,12,36].

Determining the increase in 2H-alanine enrichment in bulk
muscle protein over the experiment requires the collection of
skeletal muscle biopsy samples. The collection of muscle biopsy
samples is commonly performed in the Musculusvastus lateralis
under local anesthetic using a Bergstr€om needle modified for
vacuum suction (Figure 3). Alternative muscle tissue collection
methods (e.g., conchotome or BARD gun needle) may also be
applied if enough tissue is collected. The detection of 2H-alanine
enrichment in the various bulk protein fractions within muscle
(i.e., mixed muscle, myofibrillar, and mitochondrial) requires
25–80 mg muscle tissue. We recommend that muscle biopsy
samples are collected prior to and after the experimental inter-
vention [1]. However, in certain populations (e.g., clinical pop-
ulations), it is more appropriate to collect a single muscle biopsy
only at the end of the measurement period (e.g., during a plan-
ned surgical procedure). With this approach, a baseline (unla-
beled) blood sample can be collected prior to 2H2O ingestion as a
reference [37,38]. Albumin (or whole blood protein) 2H-alanine
enrichment in this blood sample will be used to reflect baseline
2H-alanine enrichments of body tissues [37–39].
Analytical approaches to measure 2H enrichment in precursor
pools

As mentioned above, the 2 most practical and suitable pre-
cursor pools are plasma 2H-alanine and 2H body water enrich-
ments. Determining plasma-free 2H-alanine enrichment requires
plasma-free amino acid isolation and subsequent analysis using a
GC-MS. Details on the analytical protocol have been provided in
1 of our recently published studies applying the deuterated water
method [1]. The measurement of body water 2H enrichment can
be carried out using either an isotope ratio mass spectrometer
(IRMS), a GC-MS, or a ring-down cavity spectrometer [1,40,41].
Measurement using an IRMS is more sensitive and less variable
in comparison to the acetone-exchange method using GC-MS but
seems to be equivalent to the ring-down cavity spectrometer [42,
43]. As such, measurement of 2H saliva enrichments on IRMS
should be considered as the preferred approach (Table 2,
Figure 3). However, with the described deuterated water dosing
protocols, saliva samples will require dilution to lower 2H
enrichment to be within the detection range of the chosen in-
strument [1]. Overall, saliva sampling may be the preferred
choice to determine precursor 2H enrichment due to the ease of
collecting several samples away from the laboratory and the
greater variety of analytical options.

Analytical approaches to measure 2H-alanine enrichment in
protein pools

The measurement of muscle protein-bound 2H-alanine
enrichment requires protein isolation from muscle tissue biopsy
samples. Aside from mixed muscle protein, bulk protein frac-
tions, such as myofibrillar [5,23], mitochondrial [44], or con-
nective proteins [45,46], can be isolated to provide more
detailed information into the muscle adaptive response to an
intervention. After isolation, the protein is hydrolyzed into
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amino acids, which are further purified prior to measurement.
The measurement of muscle 2H-alanine enrichments can be
conducted on a variety of different instrumental configurations.
A GC-P-IRMS has been most often utilized by our research groups
(see Supplemental Table 1). The GC-P-IRMS is a suitable mea-
surement instrument as it possesses very high sensitivity, which
allows the detection of muscle protein-bound 2H-alanine en-
richments that are attained using the dosing protocol described
above (Table 2, Figure 3).

Though it is beyond the focus of the present tutorial, tech-
nological advances in dynamic proteome profiling have been
applied to assess in vivo synthesis rates of (a selection of) indi-
vidual proteins in skeletal muscle tissue in both rodents [47–52]
and human studies [53–58]. For this approach, different
analytical approaches (e.g., liquid chromatograph tandem mass
spectrometer peptide sequencing and mass isotopomer distri-
bution analysis) [59] are required to determine kinetic prote-
omics. More development will be required to allow the detection
of low enrichment levels following deuterated water adminis-
tration in vivo in humans and to extend the fraction of proteins
that are typically identified and the subsequent fraction of pro-
teins in which the 2H enrichment level can be estimated.
Simultaneous application of dynamic proteome profiling and
assessment of bulk mixed muscle, myofibrillar, and mitochon-
drial protein FSR in the same tissue will likely provide more
detailed insights into the impact of various interventions on
more protein-specific synthesis rates.

Calculation of FSR over several days or weeks
Once precursor and protein 2H-alanine enrichments have

been measured, protein synthesis rates can be calculated. In a
steady-state precursor environment, the pattern of labeled amino
acid incorporation into muscle protein approaches a “plateau”
over the labeling period that is theoretically equivalent to the
precursor enrichment. This “rise-to-plateau” pattern over several
weeks of 2H2O dosing is illustrated in Figure 4, with myofibrillar
protein 2H-alanine enrichment increasing more rapidly in the
first week when compared to the later 2 wk. To account for the
exponential pattern of tracer incorporation, a single exponential
equation is suitable for calculating FSR (Figure 3). The equation
determines muscle protein FSR based on the increase in muscle
protein-bound enrichment relative to the mean precursor en-
richments throughout the experiment. Consequently, the
average precursor enrichment is designated as the theoretical
maximum that the muscle protein-bound enrichment can reach
(i.e., saturation or 100% synthesis). The resulting FSR values are,
therefore, expressed as a percentage (%) of the entire protein
pool (i.e., mixed muscle, myofibrillar, sarcoplasmic, and/or
mitochondrial muscle protein) that is synthesized during a set
amount of time (i.e., days to weeks).

FSR
�
% ⋅ day-1

�¼ k¼�ln ð1� f Þ
t

x 100 (1)

f ¼EPRO2 � EPRO1

Ebw x 3:7
(2)

In Equation 1, k represents the turnover rate of the protein
pool (analogous to FSR). The component f (Equation 2) repre-
sents the change in muscle protein-bound enrichment divided by
the mean precursor enrichment over the experimental period
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(i.e., Eprotein2-Eprotein1/Eprecursor). The value for Eprecursor can be
attained either by using 2H body water enrichment (multiplied
by 3.7) or plasma 2H-alanine enrichment. The values for the
protein and precursor enrichments must be expressed in the
same unit for enrichment (e.g., MPE). The component t is the
duration of the experimental period, which is the time between 2
sequential biopsies or the intake of the first dose of 2H2O and the
first muscle biopsy sample. An example FSR calculation using
representative values over a 7-d experiment is displayed in
Figure 5.

In some tissues, various parallel pools may exist with large
differences in their turnover rate (e.g., such as pools of collagen
in the Achilles tendon) [60,61]. The present manuscript focuses
on the measurement of muscle protein synthesis rates in humans.
Considering that collagen in human muscle tissue represents
1%–10% of the total protein fraction [62–64], the impact of
incomplete turnover would only contribute a small error to FSR
values for mixed muscle protein.

Study design
The deuterated water method can be applied within cross-

sectional, longitudinal, or parallel study designs (Figure 3). A
cross-sectional study design simply involves 2 (or more) groups
of participants who display differences in a parameter or con-
dition. A cross-sectional study design is best suited for studying
the impact of aging, disease, and other settings that cannot be
easily manipulated within a single study protocol. For cross-
sectional study designs, we recommend a general approach of
muscle biopsy sample collection before and after a measurement
period of 2–28 d and daily saliva (or blood) sample collection.
However, the experimental period duration and sample collec-
tion may be modified to accommodate the limitations of the
participants and/or experimental setting. As discussed, a base-
line blood sample (and isolated albumin protein) can be used in
place of the muscle biopsy sample. This baseline blood sample
FIGURE 5. An example FSR calculation (B) using representative values ex
Microsoft Excel, along with calculations, is depicted in (C). FSR, fractiona
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should be collected before the dosing and measurement period.
This approach is preferable in clinical settings where muscle (or
other organ) tissue collection may be limited to a single time
point [39].

A longitudinal study design involves 2 (or more) sequential
measurement phases within a single group of participants. One
of the measurement phases must be a baseline or control mea-
surement, and 1 (or more) of the other phases includes the in-
tervention(s). Interventions for a longitudinal study design may
include an increase or decrease in physical activity (e.g., resis-
tance training, immobilization, and bed rest), a dietary inter-
vention (e.g., increase or decrease in food/protein), and/or
administration of pharmacological agents (e.g., hormone ana-
logs). When examining >1 intervention period in a longitudinal
design, it is most appropriate to order the interventions in a way
to avoid the carry-over effects of prior interventions. For
example, we have recently evaluated the impact of bed rest and
sedentary behavior by conducting a 7-d measurement period of
habitual behavior followed by a 7-d measurement of either bed
rest [21] or step reduction [18]. A point of concern is the impact
of 1 intervention on the other condition, which may require a
cross-over study design with an intervention “wash-out” period
in between. Therefore, the preferred study design is strongly
dependent on the population and the expected impact of the
intervention/control condition on muscle protein metabolism.

Longitudinal study designs can also be applied to examine the
impact of a more long-term intervention, such as resistance-type
exercise training, on daily muscle protein synthesis rates. This
study design requires 2 separate 2H2O measurement periods
separated by several weeks or months of deuterium “wash-out”
during the intervention period. The first dosing period will in-
crease protein-bound 2H-alanine enrichment, which can remain
elevated until the second dosing period. It remains to be shown
whether an elevated protein-bound 2H-alanine enrichment at the
start of the postintervention measurement period contributes to
pected over a 7-d experiment (A). An example of data organization in
l synthetic rate.
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inaccurate (e.g., artificially lower) muscle protein synthesis
rates. A further concern with longitudinal studies is that proteins
that rapidly turnover may become fully labeled throughout an
experiment. This results in differing levels of labeling between
mixed muscle proteins analyzed early compared with late biopsy
samples. Over extended periods, rapidly synthesizing proteins
may approach full labeling, causing measurements of mixed
muscle protein synthesis rates to skewmore toward the synthesis
rates of more slowly synthesizing proteins. Consequently, bulk
muscle protein synthesis rates may appear artificially lower [28,
29]. If a longitudinal design is essential for the research question,
this issue may be partially mitigated by limiting the protocol
length (e.g., to <28 d) and/or isolating the myofibrillar protein
fraction for analysis.

A parallel study design is an alternative approach to assess the
impact of a long-term intervention on muscle protein synthesis
rates. A parallel study design involves a control group and �1
intervention group [13,17]. The inclusion of �2 separate groups
avoids any potential impact from residual muscle protein-bound
2H-alanine enrichment from a prior dosing period, as described
above. However, a key drawback to a parallel design is that the
inclusion of different subjects introduces more (intersubject)
variability due to, among other factors, differences in lifestyle
and/or living conditions between participants. One solution to
reduce intersubject variability while examining the impact of
physical (in)activity on daily muscle protein synthesis rates is to
apply a unilateral model within the same subjects. For example,
several studies have applied unilateral exercise [1,12,25,26,65]
or limb immobilization [20,66] in a randomly assigned leg while
using the contralateral leg as a nonintervention control condi-
tion. In these studies, accurate measurement of muscle protein
synthesis rates requires a baseline muscle biopsy (or unlabeled
plasma albumin) sample and a muscle biopsy collected from
each leg following the experimental period. In studies combining
the unilateral model with a longitudinal design (e.g., an immo-
bilization period followed by a recovery period), a biopsy must
be collected from each leg between experimental periods to
determine their respective muscle protein 2H-alanine enrich-
ments prior to the second intervention period.

An important consideration with prolonged exposure to
isotope tracers is “tracer recycling.” Labeled amino acids that are
broken down can be recycled, either impacting precursor en-
richments or becoming utilized again for protein synthesis. In
contrast to acute infusion studies [67], tracer recycling does not
appear to have a significant impact in 2H2O studies. Labeled
alanine released from protein breakdown is rapidly trans-
aminated, meaning the label will be lost when exposed to unla-
beled water [11]. Importantly, the labeling of alanine is closely
equilibrated with the deuterium enrichment of body water,
resulting in a stable precursor enrichment over time [11,16].

Overall, in most cases, a parallel study design avoids potential
labeling issues (i.e., carry-over) and, therefore, would be most
suitable when attempting to measure the impact of a long-term
intervention on daily muscle protein synthesis rates.
Study populations
Most commonly, studies have applied 2H2O to assess the

impact of physical (in)activity and dietary interventions in
healthy young and older populations (Supplemental Table 1).
The ability to measure under “free-living” conditions provides
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the opportunity to measure muscle protein synthesis rates while
reducing burden in nearly all patient groups. Conducting the
measurement over several consecutive days or weeks is more
reflective of the clinical setting, integrating the impacts of dis-
ease progression and treatment along with disruptions in phys-
ical activity and diet. Although there are no limitations to the
selection of adult population groups from which to recruit test
participants, considerations must be taken to minimize the
impact of an intervention or disease/treatment on the stability of
body water 2H enrichments. One notable example is chronic
kidney disease patients, who undergo dialysis therapy. Dialysis
filters remove fluid from the patient, which will result in the loss
of deuterium from the body water pool [11]. As 2H-alanine la-
beling is tightly regulated by body water 2H enrichment, a rapid
loss in body water 2H during dialysis combined with the intake of
unlabeled water will rapidly reduce 2H-alanine enrichment from
the precursor pools and interfere with tracer incorporation into
muscle protein. Along with the frequent collection of saliva
samples to accurately characterize body water 2H fluctuations,
the loss of 2H from the body water pool may be counteracted by
re-dosing with deuterated water to rapidly re-label alanine pre-
cursor pools for the remainder of the experiment. Overall,
virtually any population can be included in a deuterated water
study, though the dosing protocol may require modification in
certain populations to ensure adequate labeling or assessment of
possible fluctuations in precursor pool labeling (Figure 3).
Complimentary lifestyle measurements
Investigators applying 2H2O are encouraged to include com-

plimentary lifestyle measurements to evaluate the subjects’
habitual behaviors. Dietary intake and physical activity are of
particular interest, considering that they are the 2 most potent
stimuli that modulate daily muscle protein synthesis rates
(Figure 3). Physical activity (i.e., step count) can be measured
using a validated 3-axis accelerometer, such as an ActiGraph
wGT3X-BT. Such accelerometers are often worn on the hip in
ambulatory settings and on the wrist or ankle in bed rest settings.
Activities other than walking (e.g., cycling and swimming) should
be accounted for by cross-reference to a physical activity log in
which test participants fill in their daily activities along with
corresponding intensities and durations. Dietary intake is best
evaluated using dietary intake logs inwhich test participants fill in
their food intake as accurately as possible. To minimize inaccur-
acies, test participants should be provided with food weigh scales
and dietary logs should be evaluated for completeness by the
investigator together with the test participant. In shorter experi-
ments (<7 d), habitual factors can be fully standardized (e.g.,
provision of prepackaged meals and snacks and/or targeted
number of daily steps and exercise bouts) and/or evaluated daily
over the entire course of the experiment. In experiments with
longer interventions or intervention studies, including measure-
ments during several phases, lifestyle factors should best be
evaluated for�3 d during each phase. Although the complete diet
is important to standardize or monitor, particular attention should
be given to total energy and protein intake as these factors have
been shown to impact muscle protein synthesis rates [68,69].

In conclusion, stable isotope-labeled amino acids are typically
applied to determine muscle tissue protein synthesis rates in vivo
in humans. Deuterated water is increasingly being applied to
study the impact of various nutritional, physical (in)activity,



A.M. Holwerda et al. The Journal of Nutrition 154 (2024) 3177–3189
and/or pharmaceutical interventions on daily muscle protein
synthesis rates. The method allows the assessment of muscle
protein synthesis rates over several days to weeks under non-
laboratory, free-living conditions in vivo in humans. So far, the
method has been able to confirm the impact of various estab-
lished anabolic and catabolic stimuli on daily muscle protein
synthesis rates when applied in a real-life setting. Consequently,
we invite researchers to use the method and apply similar dosing
protocols as provided above. Application of our proposed pro-
tocol recommendations will facilitate better comparisons of data
sets between studies performed in different populations, under
different conditions, and by different research groups and in-
crease our understanding of the advantages and disadvantages of
using deuterated water dosing to assess in vivo bulk protein
synthesis rates. Such a concerted effort will help us all to further
increase our understanding of the regulation of muscle protein
metabolism in vivo in humans.
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