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Clark RV, Walker AC, Miller RR, O’Connor-Semmes RL,
Ravussin E, Cefalu WT. Creatine (methyl-d3) dilution in urine for
estimation of total body skeletal muscle mass: accuracy and
variability vs. MRI and DXA. J Appl Physiol 124: 1–9, 2018. First
published August 31, 2017; doi:10.1152/japplphysiol.00455.
2016.—A noninvasive method to estimate muscle mass based on
creatine (methyl-d3) (D3-creatine) dilution using fasting morning urine
was evaluated for accuracy and variability over a 3- to 4-mo period.
Healthy older (67- to 80-yr-old) subjects (n � 14) with muscle
wasting secondary to aging and four patients with chronic disease
(58–76 yr old) fasted overnight and then received an oral 30-mg dose
of D3-creatine at 8 AM (day 1). Urine was collected during 4 h of
continued fasting and then at consecutive 4- to 8-h intervals through
day 5. Assessment was repeated 3–4 mo later in 13 healthy subjects
and 1 patient with congestive heart failure. Deuterated and unlabeled
creatine and creatinine were measured using liquid chromatography–
tandem mass spectrometry. Total body creatine pool size and muscle
mass were calculated from D3-creatinine enrichment in urine. Muscle
mass was also measured by whole body MRI and 24-h urine creati-
nine, and lean body mass (LBM) was measured by dual-energy X-ray
absorptiometry (DXA). D3-creatinine urinary enrichment from day 5
provided muscle mass estimates that correlated with MRI for all
subjects (r � 0.88, P � 0.0001), with less bias [difference from MRI �
�3.00 � 2.75 (SD) kg] than total LBM assessment by DXA, which
overestimated muscle mass vs. MRI (�22.5 � 3.7 kg). However,
intraindividual variability was high with the D3-creatine dilution
method, with intrasubject SD for estimated muscle mass of 2.5 kg vs.
MRI (0.5 kg) and DXA (0.8 kg). This study supports further clinical
validation of the D3-creatine method for estimating muscle mass.

NEW & NOTEWORTHY Measurement of creatine (methyl-d3)
(D3-creatine) and D3-creatinine excretion in fasted morning urine
samples may be a simple, less costly alternative to MRI or dual-
energy X-ray absorptiometry (DXA) to calculate total body muscle
mass. The D3-creatine enrichment method provides estimates of
muscle mass that correlate well with MRI, and with less bias than
DXA. However, intraindividual variability is high with the D3-
creatine method. Studies to refine the spot urine sample method for
estimation of muscle mass may be warranted.

creatine; creatinine; muscle mass; dual-energy X-ray absorptiometry;
lean mass

THE ESTIMATION OF MUSCLE MASS is increasingly recognized as an
important parameter for clinical assessments of the degree of
muscle wasting (4, 7, 10). Muscle wasting occurs as a compo-

nent of frailty in aging and in chronic illnesses such as cancer,
chronic obstructive pulmonary disease (COPD), renal insuf-
ficiency, and congestive heart failure (CHF). Several Euro-
pean-based pharmaceutical companies are collaborating
with an academic consortium to conduct a large multicenter
study on the prevalence and consequences of muscle wast-
ing and frailty in older individuals under the Innovative
Medicines Initiative (19).

Current methods to estimate muscle mass in clinical popu-
lations are limited by accessibility and cost. These methods
include computed tomography (CT), magnetic resonance im-
aging (MRI), dual-energy X-ray absorptiometry (DXA), deu-
terated water (D2O), and bioelectric impedance (BIA) (2, 24).
These methods are expensive (MRI, CT, and DXA), have
limited accuracy (BIA and D2O), and may be difficult to
perform in a clinical trial with a large sample size (CT, MRI,
and DXA). On the basis of serial cross sections, MRI can
provide a very good measure of total muscle mass, but it is
very expensive, the analysis is time-consuming, and its use is
limited to smaller studies. Moreover, CT scans are expensive,
have limited accessibility, and are associated with significant
radiation exposure. While DXA has a much lower cost and is
more accessible, total lean mass measured by DXA is affected
by body water and includes the soft tissue organs such as liver,
lungs, and intestinal tract, leading to a significant overestimate
of actual muscle mass. Biochemical methods include the clas-
sic measurement of 24-h urinary creatinine excretion (24-h
UCrn), which has been shown to correlate well with muscle
mass (17). This method can be subject to variability, as it is
dependent on accurate collection of urine and a stable diet,
especially for protein intake, and uses a formula based on
muscle mass (17–22 kg) per gram of urinary creatinine.

We previously reported on the use of a creatine (methyl-d3)
(D3-creatine) dilution method to estimate muscle mass in a rat
model and in humans (9, 29). Unique aspects of creatine and
creatinine biology provide the basis for this method (1). Be-
cause the body reserve of creatine is located almost exclusively
in muscle (95%), it comprises a key component of muscle
energetics. Creatine, in the phosphocreatine form, is critical for
regeneration of ATP from ADP via the phosphocreatine path-
way, as well as for slow (endurance) and fast (acute high-level
activity) muscle fiber energy needs (1, 15, 27, 32). The primary
sources for creatine are synthesis in the liver and kidney and
diet. Circulating creatine is transported against a concentration
gradient into muscle. In muscle, ~2% of creatine per day is
converted to creatinine by an irreversible nonenzymatic reac-
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tion. The daily excretion rate of creatinine has been used as a
metric of whole body creatine pool size.

Based on rodent studies, which demonstrated precision and
repeatability of the D3-creatine dilution method in the animal
model (28, 29), we evaluated the D3-creatine dilution method
in a pilot study in humans (9). In this study, healthy young and
elderly men and postmenopausal women with a range of
muscle masses were evaluated at an inpatient unit for 5 days
with continuous urine collections and serial plasma samples. A
single 30-mg oral dose of D3-creatine was determined to be the
optimal tracer dose. Total body creatine pool size and muscle
mass were calculated from D3-creatinine enrichment in urine,
which was determined using liquid chromatography-tandem
mass spectrometry (LC-MS/MS). Isotopic steady-state D3-
creatinine enrichment in the urine (mean � SD) was achieved
by 30.7 � 11.2 h. Mean steady-state enrichment in urine pro-
vided muscle mass estimates that correlated well with MRI
estimates for all subjects (r � 0.868, P � 0.0001), with less
bias than total lean body mass (LBM) assessment by DXA,
which overestimated muscle mass by approximately twofold
compared with MRI. This is expected, as DXA assessment of
total LBM is not specific for muscle and includes viscera in the
chest and abdominal cavities and extracellular fluid. This pilot
study demonstrated the feasibility of dilution of an oral D3-
creatine dose determined by urine D3-creatinine enrichment to
estimate total body muscle mass in humans.

The key objectives of the current study were to compare
estimates of total body muscle mass using the deuterated
D3-creatine dilution method with estimates using MRI and
DXA in elderly subjects and subjects with chronic diseases,
including CHF and COPD. The goals included 1) evaluation of
the accuracy of the method using only a fasting morning urine
sample and 2) assessment of repeatability (precision) over a 3-
to 4-mo period.

MATERIALS AND METHODS

Study Design and Assessments

This study was performed at a single site, Pennington Biomedical
Research Center (PBRC), Baton Rouge, LA. The study protocol and
informed consent form were approved by the PBRC Institutional
Review Board. A written, signed informed consent was obtained from
each subject. Subjects were instructed by a certified dietitian to follow
a stable weight-maintenance diet with specified protein intake and to
avoid creatine supplements during the week before admission. Sub-
jects were also instructed to maintain usual physical activity and avoid
changes in activity or heavy exertion. Subjects were housed on the
inpatient unit for the full 5-day study at initial and repeat admissions.
Subjects were admitted on day �1 for baseline evaluation and
acclimation. After an overnight fast, subjects were given a single oral
tracer dose of D3-creatine (30 mg) at 8 AM on day 1 and continued to
fast for 4 h while urine was collected (0–4 h). Subsequently, two
meals [at noon (12 PM) and 6 PM] and two snacks (at 3 and 9 PM)
were provided daily, with 40% of daily calories included in each meal
and 20% of daily calories in snacks. Each meal had a consistent
macronutrient content of 45% carbohydrate, 30% fat, and 25% protein
(80% animal and 20% vegetable) to maintain stable ingestion of
creatine and creatinine during the in-house portion of the study. Urine
was continuously collected at consecutive 4- to 8-h intervals through
day 5, with 8 AM as time 0 for each day. Fasting plasma samples were
taken predose and at 24, 48, 72, and 96 h postdose.

For the primary objective, evaluation of the D3-creatine dilution
method for measurement of muscle mass, healthy older (65- to

85-yr-old) subjects and patients with CHF or COPD (50–85 yr old)
were evaluated at baseline admission. For evaluation of repeatability,
the second assessment was performed 3–4 mo after baseline in 13 of
the older subjects and in 1 patient with CHF.

Plasma D3-creatine, urinary D3-creatine, urinary D3-creatinine, and
unlabeled creatine and creatinine were measured by LC-MS/MS with
a validated, accurate, and precise assay conforming to industry stan-
dards, as described previously (23, 28, 29). The respective coefficients
of variation (CVs) were 10.3% at lower limit of quantitation (LLOQ)
(5 ng/ml) and �5% at all other quantitation levels for D3-creatine and
3.7% at LLOQ (10 ng/ml) and �1.3% at all other concentration
levels. The signal-to-noise ratio was adequate to high, �10 at the
LLOQ for both assays. Total body creatine pool size and muscle mass
were calculated from D3-creatinine enrichment in urine. Total body
muscle mass was measured by MRI (serial cross sections), whereas
total LBM and appendicular lean mass (ALM) were measured by
DXA (18, 20, 21) during the subjects’ stay on the inpatient unit. A GE
Lunar iDXA (GE Healthcare, Chicago, IL) with a software system
validated for both bone density and body composition measurements
(CV � 0.5%) was used. Muscle mass was also estimated from 24-h
UCrn (17) based on the complete 24-h urine samples collected on the
inpatient unit.

Urine Pharmacokinetic Methods

Urine pharmacokinetic analyses were performed as previously
described (9).

Statistical Methods

This study was designed to estimate the time to isotopic steady
state, creatine pool size, and total muscle mass using the D3-creatine
dilution method. No formal statistical hypothesis testing was planned.
Point estimates and corresponding confidence intervals were con-
structed for parameters of interest. The sample size was based, in
part, on feasibility. If it is assumed that muscle mass estimates are
normally distributed with constant variance, a sample size of 24
would provide ~90% power to detect a correlation of 0.6 using a
one-sided t-test with � � 0.05. Correlations of this magnitude
were observed previously (9).

The data were analyzed using SAS v9.3 (SAS Institute, Cary, NC),
and graphs were produced in SAS or Tibco Spotfire Clinical Graphics.
Data are summarized by dosing occasion, where applicable. Results
are means � SD, unless noted otherwise. Results from the first and
repeat dosing occasions were consistent. RESULTS and DISCUSSION focus
on the first dosing occasion because of the larger sample size, unless
specified otherwise. There were no adjustments for multiplicity.

The cumulative amount of D3-creatine in urine represents the
amount of the dose not taken up in the body creatine pool. For
calculation of creatine pool size and muscle mass, it is important to
know the amount of D3-creatine excreted, because an error in the
estimate of the amount of D3-creatine taken up in the body creatine
pool translates directly to the estimate of muscle mass. The cumula-
tive amount and the percentage of dose excreted over 100 h postdose
were calculated.

Total creatinine for each urine collection interval was calculated
from the sum of unlabeled creatinine and D3-creatinine after conver-
sion of results to molar units. The D3-creatinine enrichment ratio was
calculated as D3-creatinine 	 total creatinine, where both D3 and total
creatinine were in molar units. For the repeat-dose part of the study,
measurable D3-creatinine enrichment predose was subtracted from
enrichment at all subsequent postdose time points. To allow for
complete distribution of the D3-creatine dose and for the enrich-
ment ratio to reach its maximum, the first 24 h of urine collections
postdose were excluded from assessment of steady state. Linear
regression of the enrichment ratio at the midpoint of the urine
collection interval was performed separately for each subject. If
the slope was statistically significantly different from 0 using
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� � 0.10, the earliest time point was dropped and the regression was
performed again. This process was repeated until the slope was not
statistically significantly different from 0. The earliest time point
included in the final regression was defined as the time to achieve
steady state (9).

Creatine pool size (g) for each subject was calculated as indicated
below, where 131.1/134.1 is the ratio of the molecular weights of u
D3-creatine.

Creatine pool size

�

(131.1/134.1) � [amount of D3-creatine dosed �g�

� amount of D3-creatine excreted �g�]
D3-creatinine/total creatinine

Muscle mass was then estimated by dividing the creatine pool size
estimate by 4.3 g/kg, which represents the concentration of creatine in
whole wet muscle mass (22).

On the basis of observations from our previous study, prediction of
D3-creatine excretion from the ratio of unlabeled creatine to creatinine
appeared feasible. An exploratory analysis was performed to examine
the relationship between the cumulative amount of D3-creatine ex-
creted in urine and the ratio of unlabeled creatine to creatinine. A
linear model was fit to cumulative excretion, including terms for 96-
to 100-h ratio of urine unlabeled creatine to creatinine (Cr/Crn), sex,
and sex 
 Cr/Crn. The 96- to 100-h sample time is of most interest,
because it represents a time by which steady-state D3-creatinine
enrichment was achieved and is the final sample for assessment of
cumulative excretion of D3-creatine. It also represents a “single-
sample” test, taken in the morning [0–4 h (8:00 AM–12:00 PM) on day
5] after an overnight fast.

Muscle mass for each individual was calculated using the following
methods: 1) mean urine D3-creatinine enrichment during steady state and
actual cumulative D3-creatine excretion, 2) urine D3-creatinine enrich-
ment from a single fasted (0–4 h) sample during steady state and actual
cumulative D3-creatine excretion, 3) urine D3-creatinine enrichment from
a single fasted (0–4 h) sample during steady state and cumulative
D3-creatine excretion predicted from Cr/Crn from the same urine collec-
tion interval, and 4) fasted plasma D3-creatinine enrichment and cumu-
lative D3-creatine excretion predicted from Cr/Crn from the same plasma
sampling time. Muscle mass was also estimated from 24-h UCrn, as
described previously (9).

Linear regression and Pearson’s product-moment correlation coef-
ficients were used to examine linear relationships between methods of
estimating muscle mass and the strength of the relationship. To assess
the agreement between MRI, the reference standard, and each of the
other methods, scatterplots of the difference between the two methods

vs. the mean of the two methods were produced using Bland-Altman
plot (5) methodology to ascertain agreement.

The inter- and intrasubject variability were estimated separately for
each method using mixed-effects models, including data from the first
and repeat assessments, and repeatability was assessed using Bland-
Altman (5) methodology.

RESULTS

Subject Demographics

A total of 18 subjects were enrolled: 10 healthy older men
and 4 postmenopausal women (67–80 yr old) plus 4 men
(58–76 yr old) with chronic health conditions (2 with CHF and
2 with COPD). Demographics of the subjects are shown in
Table 1. All subjects received a single oral dose of 30 mg of
D3-creatine. All 18 subjects completed the first part of the
study; however, only 13 (10 men and 3 women) of the healthy
older subjects and 1 CHF patient finished the second repeat
assessment part of the study. Of the four subjects who did not
finish, one experienced a serious adverse event of retinal
detachment, which the investigator considered was most likely
due to the subject’s underlying medical conditions. The subject
completed his follow-up visits for the first part only. The other
three subjects declined the second part of the study due to
investigator discretion, loss to follow-up, or study termination.

Pharmacokinetics of D3-Creatine

D3-creatine excretion. The majority of D3-creatine excretion
in urine was achieved by 24 h after dosing, with continued
excretion over the following 3 days. Median cumulative per-
centage of the D3-creatine dose excreted in urine after the first
dose was 3.5% (range 0.1–25.0%) in the men and 25.6% (range
21.5–35.5%) in the postmenopausal women. The mean cumu-
lative percentage of the D3-creatine dose excreted over time is
plotted by population in Fig. 1.

Prediction of D3-creatine excretion. The relationship be-
tween cumulative excretion of D3-creatine and Cr/Crn from
the 96- to 100-h sample was examined and plotted with
fitted lines overlaid in Fig. 2. The linear model fitted to the
data is displayed in Table 2. The sex 
 Cr/Crn interaction

Table 1. Subject disposition and demographics

HV CHF COPD Total

No. of subjects 14 2 2 18
Planned, N 14 14 14 42
Entered, N 14 2 2 18
Completed, n (%) 13 (93%) 1 (50%) 0 14 (78%)

Total no. of subjects
withdrawn, N (%) 1 (7%) 1 (50%) 2 (100%) 4 (22%)

Adverse events, n (%) 0 1 (50%) 0 1 (6%)
Other reasons, n (%) 1 0 2 3 (17%)

Demographics
Females:males 4:10 0:2 0:2 4:14
Mean age, yr (SD) 74.4 (4.83) 75.0 (1.41) 64.5 (9.19) 73.3 (5.77)

Ethnicity, n (%)
African heritage 2 (14%) 0 0 2 (11%)
White 12 (86%) 2 (100%) 2 (100%) 16 (89%)

HV, healthy volunteer; CHF, congestive heart failure; COPD, chronic
obstructive pulmonary disease; N, total group size; n, number of subjects who
provided data used to calculate mean; SD, standard deviation.
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Fig. 1. Cumulative percentage of D3-creatine dose excreted in urine by
population: healthy men (n � 10), healthy women (n � 4), congestive heart
failure (CHF) patients (n � 2 men), and chronic obstructive pulmonary disease
(COPD) patients (n � 2 men). Values are means � SD.
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term was not significant and was dropped from the model.
Sex was significant in the model (P � 0.02), resulting in
separate lines for male and female subjects.

The predicted vs. observed amounts of D3-creatine excreted
are plotted in Fig. 3. The fit appears to be better in the female
than male subjects. This is likely due to the greater variability
in cumulative D3-creatine excretion in male subjects. This
analysis is limited by the small sample size overall and in
female subjects in particular.

Isotopic Enrichment in Urine and Plasma

Steady state. Median time to steady-state D3-creatinine en-
richment in urine in the healthy older subjects was 30 h (range
26–62 h) (Fig. 4). In general, the time to achieve steady state
was longer in the women than the men (median 52 vs. 26 h).

An apparent diurnal variation was observed for urinary
creatinine enrichment (Fig. 4). The enrichment in urine varied
in a wave pattern with a ~24-h periodicity, with the highest
values at the overnight fasted time points and lower values
during the daytime. These findings are consistent with dilution
of urinary creatinine by dietary (unlabeled) creatinine (25).

Visual inspection of D3-creatinine enrichment from fasted
plasma samples indicated that achievement of steady state was
consistent with urine results (data not shown).

Comparison of Methods

Estimates of muscle mass or LBM from all methods are
summarized by population in Table 3. The correlation between
MRI and each of the other methods was strong (Table 4, Fig.
5). The correlation between MRI and the urine D3-creatine
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Fig. 2. Observed cumulative D3-creatine excretion vs. 96- to 100-h ratio of
urine unlabeled creatine to creatinine (Cr/Crn) with fitted lines by sex.

Table 2. Parameter estimates from linear model for
cumulative excretion of D3-creatine

Model Term
Parameter
Estimate SE df P Value

Intersubject
Variance

Residual
Variance

Intercept 0.9891 0.4232 16.3 0.0325 0.6554 1.7739
Cr/Crn 12.0216 1.9437 17.4 �0.0001
Sex

Female 2.4922 0.9616 15.6 0.0200
Male 0

Cr/Crn, creatine-to-creatinine ratio.
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Fig. 3. Predicted vs. observed cumulative D3-creatine excretion with reference
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Fig. 4. Urine D3-creatinine enrichment vs. time by population: healthy men
(n � 10), healthy women (n � 4), CHF patients (n � 2 men), and COPD
patients (n � 2 men). Values are means � SD.
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methods was 0.884–0.913 and was lower with the plasma
D3-creatine method (r � 0.815; Table 4). The highest correla-
tions were observed between MRI and DXA assessment of
total LBM and ALM (r � 0.976 and r � 0.977, respectively).
However, the magnitude of the bias was greater with the DXA
measures than with any of the D3-creatine methods. Estimates
of the bias (mean difference between MRI and each method)
and limits of agreement (bias � 2 SD) are presented in Table
5. The D3-creatine method using steady-state enrichment in
urine (method 1) underestimated muscle mass relative to MRI
by 2.26 � 5.86 kg. The other two urine D3-creatine methods
(methods 2 and 3) produced similar results, underestimating
muscle mass relative to MRI. The D3-creatine method using
plasma enrichment (method 4) and DXA assessment of total

LBM overestimated muscle mass relative to MRI by
1.21 � 7.06 and 22.49 � 7.42 kg, respectively. The lowest
estimates of muscle mass were produced by DXA assessment
of ALM and the 24-h UCrn method, which underestimated
muscle mass relative to MRI by 4.62 � 3.58 and 8.02 � 5.96
kg, respectively.

Repeatability or Test-Retest Reliability

The estimates of the bias or mean difference between repeat
assessments was low (�0.5 kg) for all methods, with the
exception of urine D3-creatine method 1 (1.08 kg) and method
2 (0.78 kg) and 24-h UCrn (1.38 kg). All subjects who returned
for the repeat assessment had measurable D3-creatinine enrich-
ment at the day �1, 16- to 24-h interval before the repeat dose
(Table 6). This value was subtracted from all subsequent
estimates of enrichment before estimation of muscle mass. The
limits of agreement (Table 7) for the mean difference between
repeat assessments (mean � 2 SDs) were wider for all D3-
creatine methods than for DXA and MRI. For example, for
urine D3-creatine method 3, the limits of agreement were
�6.78 to 7.37 kg compared with DXA assessment of total
LBM (�2.44 to 1.80 kg) and MRI (�1.99 to 1.10 kg). This
means that ~95% of the differences in repeat assessments for
urine D3-creatine method 3 would be expected to fall within
�6.78 to 7.37 kg. These limits encompass differences of a
magnitude that would be clinically meaningful and indicate
poor repeatability compared with DXA and MRI.

Estimates of intrasubject variability are considerably higher
for the D3-creatine methods than for MRI (3.9- to 4.6-fold),
DXA assessment of total LBM (2.9- to 3.3-fold), or DXA
assessment of ALM (5.0- to 5.9-fold) (Table 7). The intra-
subject variability was also higher for the D3-creatine meth-
ods than for the 24-h UCrn method, but it should be noted
that the muscle mass estimate from the 24-h UCrn method
uses the mean from 3 days of 24-h urine collections, which
would be expected to reduce the variability relative to a
single 24-h urine collection.

DISCUSSION

This study further explores the feasibility of an accurate
estimation of muscle mass in human subjects based on deter-
mination of the creatine pool size using D3-creatine dilution.
We previously reported the use of D3-creatine dilution in our
initial study (9), in which all urine was collected to allow
accurate determination of deuterated and unlabeled creatine
and creatinine amounts in urine samples. This allowed the

Table 4. Correlation between MRI and other methods

N SQRT (MSE) R P Value

MRI vs. D3-creatine
Method 1 (urine) 17 2.98 0.888 �0.0001
Method 2 (urine) 17 2.64 0.913 �0.0001
Method 3 (urine) 17 3.02 0.884 �0.0001
Method 4 (plasma) 15 3.50 0.815 0.0002

MRI vs. DXA
LBM 17 1.41 0.976 �0.0001
ALM 17 1.39 0.977 �0.0001

MRI vs. 24-h UCrn (mean
of 3 days) 17 2.75 0.905 �0.0001

SQRT, square root; MSE, mean square error.

Table 3. Summary of muscle mass or LBM estimates

First Dosing Occasion Repeat Dosing Occasion

N n Mean SD N n Mean SD

D3-creatine
Method 1 (urine)
HV female 4 4 16.94 1.111 3 3 15.64 0.347
HV male 10 10 26.47 3.494 10 10 27.74 4.029
CHF male 2 2 26.82 5.007 1 1 35.37
COPD male 2 2 28.00 0.688

Method 2 (urine)
HV female 4 4 16.31 1.245 3 3 14.71 0.802
HV male 10 10 25.98 3.581 10 10 27.14 3.510
CHF male 2 2 25.99 5.279 1 1 32.48
COPD male 2 2 26.70 0.002

Method 3 (urine)
HV female 4 4 16.09 1.201 3 3 14.98 0.313
HV male 10 10 26.07 3.027 10 10 27.12 4.068
CHF male 2 2 27.79 8.576 1 1 30.00
COPD male 2 2 26.48 0.211

Method 4
(plasma)

HV female 4 2 18.95 0.584 3 3 19.42 0.777
HV male 10 10 31.83 3.879 10 4 32.26 4.817
CHF male 2 2 27.48 6.832 1 1 28.99
COPD male 2 2 26.42 0.189

MRI
HV female 4 4 18.41 1.897 3 3 17.22 0.701
HV male 10 10 30.24 4.719 10 10 29.77 4.753
CHF male 2 1 23.24
COPD male 2 2 25.43 0.988

DXA
Total LBM
HV female 4 4 36.39 2.674 3 3 35.88 1.576
HV male 10 10 54.61 7.285 10 10 54.03 7.418
CHF male 2 2 49.96 4.562 1 1 52.26
COPD male 2 2 47.07 0.350

ALM
HV female 4 4 15.84 1.570 3 3 15.27 1.091
HV male 10 10 24.85 3.871 10 10 24.77 4.110
CHF male 2 2 21.86 3.569 1 1 22.99
COPD male 2 2 20.21 0.264

24-h UCrn (mean of
3 days)

HV female 4 4 12.43 1.470 3 3 12.97 1.234
HV male 10 10 20.62 3.216 10 10 22.03 3.366
CHF male 2 2 15.23 3.496 1 1 14.60
COPD male 2 2 20.10 1.399

Values are expressed in kg. LBM, lean body mass; N, total group size; n,
number of subjects who provided data used to calculate mean; ALM, appen-
dicular lean mass; SD, standard deviation; MRI, magnetic resonance imaging;
DXA, dual-energy X-ray absorptiometry; 24-h UCrn; 24-h urinary creatinine
excretion.
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estimation of the creatine pool size based on D3-creatine
dilution in the body creatine pool and subsequent D3-creatinine
enrichment in urine. Muscle mass was estimated by dividing
the estimated creatine pool size using an estimate of creatine
content in whole muscle (13, 22). The initial method was based
on continuous urine collection over 5 days postdosing. As
such, this method could be used in a research study but would
not be practical for population studies or clinical trials with

significant outpatient visits. In this study we explored whether
a fasting morning urine sample would suffice to estimate
muscle mass, both as a single measurement and for longitudi-
nal evaluation, allowing a simple urine test that could be
clinically applied. Thus we expanded the study population
beyond our initial study by enrolling elderly, healthy men and
postmenopausal women and a small sample of patients with the
chronic conditions COPD and CHF. In addition to broadening
our study population, our key objectives were 1) to determine
the accuracy of the method using only a single, fasting morning
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Fig. 5. Scatterplots of magnetic resonance imaging (MRI) vs. alternate methods with reference lines at y � x. A: MRI vs. D3-creatine method 1 estimate of muscle
mass. B: MRI vs. D3-creatine method 2 estimate of muscle mass. C: MRI vs. D3-creatine method 3 estimate of muscle mass. D: MRI vs. dual-energy X-ray
absorptiometry (DXA) total lean body mass. E: MRI vs. DXA appendicular lean mass. F: MRI vs. 24-h urinary creatinine excretion estimate of muscle mass.

Table 5. Bias and limits of agreement between MRI and
other methods

N
Mean of

Difference
SD of

Difference

Limits of
Agreement

Lower Upper

MRI vs. D3-creatine
Method 1 (urine) 17 2.26 2.93 –3.60 8.11
Method 2 (urine) 17 2.91 2.63 –2.36 8.17
Method 3 (urine) 17 3.00 2.75 –2.50 8.51
Method 4 (plasma) 17 –1.21 3.53 –8.28 5.85

MRI vs. DXA
LBM 17 –22.49 3.71 –29.92 –15.07
ALM 17 4.62 1.79 1.04 8.21

MRI vs. 24-h UCrn
(mean of 3 days)

17 8.02 2.98 2.07 13.97

Values are expressed in kg.

Table 6. Urine D3-creatinine enrichment before repeat dose

Population n Mean SD

HV
Females
Day �1, 0–4 h 3 0.004 0.0014
Day �1, 16–24 h 3 0.003 0.0014

Males
Day �1, 0–4 h 10 0.002 0.0020
Day �1, 16–24 h 10 0.006 0.0074

CHF
Males
Day �1, 0–4 h 1 0.004
Day �1, 16–24 h 1 0.0024

Values are percentages.
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urine sample and 2) to determine the precision (repeatability)
of the method over a 3- to 4-mo interval.

We used three approaches to estimate the creatine pool size
based on urine samples to estimate muscle mass and compared
these with established methods [cross-sectional MRI (total
body muscle mass) and DXA (total LBM and ALM)] and 24-h
UCrn. We also assessed the use of plasma samples (method 4),
which did not perform as well as the urine-based methods, and
therefore we have not reported the full findings.

Compared with MRI, D3-creatine dilution methods 1–3
underestimated muscle mass by 2.26–3.0 kg, with correlation
coefficients ranging from 0.884 to 0.913. In comparison, DXA
showed correlations of 0.976 for total LBM and 0.977 for
ALM but showed marked bias, with an overestimate of 22.49
kg for total LBM and an underestimate of 4.62 kg for ALM.
The 24-h urinary creatinine content also underestimated lean
mass by 8.02 kg. These differences in bias are important to
consider in attempts to assess the severity of muscle wasting.
DXA has become a standard method to determine muscle
mass, and some groups have stressed the use of DXA
assessment of ALM as a more consistent method than DXA
assessment of LBM and one that is more closely related to
key limb muscle groups critical for physical function (3, 6,
8). However, the total LBM obtained by DXA could lead to
misinterpretation, with values that are nearly twice the total
muscle mass as measured by MRI. This is known and
expected, however, since LBM values obtained by DXA
include abdominal and thoracic viscera and extracellular
fluid.

The differences in the urinary excretion of the dose of
D3-creatine between men and women are not well understood.
In men, we found markedly lower D3-creatine excretion val-
ues, some of which were minimal, ranging from 0.1 to 25.0%
(median 3.46%); in women, the range was much higher [21.5–
35.5% (median 25.63%)]. In association with this finding,
women required a much longer time to reach steady state.
These sex differences were also observed in our initial clinical
study on the D3-creatine method (9), but not in the rodent study
(29). Several factors can impact muscle creatine content, es-
pecially diet (e.g., vegan vs. meat-eating) and creatine supple-
mentation, in either sex, while a decline with age and a greater
muscle mass in men are more consistent across groups (1, 14,
16, 25, 26). Information on chronic diseases that are stable
suggest that the muscle creatine content seems unaffected (11,
30, 31), except in exacerbations (1) and in muscle diseases
such as muscular dystrophy (12). The small sample of four

subjects with chronic disease was inadequate to allow any
meaningful comparison with the healthy, older subjects.

Conclusions

D3-creatine enrichment based on fasted urine samples on
day 5 (0–4 h), when corrected for observed D3-creatine ex-
cretion (method 2) and predicted D3-creatine excretion (method
3), provided estimates of muscle mass that strongly correlated
with the muscle mass estimate by MRI for all subjects (r � 0.91,
P � 0.0001 and r � 0.884, P � 0.0001) and provided estimates
of muscle mass with less bias than assessment by DXA. DXA also
showed a strong correlation with MRI, but the measure of total
LBM as a surrogate for muscle mass provides a significant
overestimate. Likewise, ALM provides a measure of limb muscle
mass not confounded by viscera or fluid but is an underestimate of
total muscle mass. Noteworthy is the possibility that the
D3-creatine method may reflect the amount of active muscle
mass, as it would not include other common tissues in muscle,
such as fibrotic tissue, fat, and intramyocellular lipids. There
was greater intraindividual variability with the D3-creatine
method (intrasubject SD � 2.5 kg for method 3) than MRI
(intrasubject SD � 0.55 kg) or DXA (intrasubject SD � 0.75
kg for total LBM and 0.43 kg for ALM).

The relationships between urinary excretion of D3-creatine
and fasted Cr/Crn in both urine and plasma were explored. A
linear model was fit to the data. Estimation of muscle mass
from a 4-h urine sample appears feasible by correction of
predicted urine loss of the D3-creatine tracer using an estima-
tion derived from Cr/Crn (method 3). However, the ability to
accurately model the relationship between D3-creatine excre-
tion and Cr/Crn based on the results of this study is limited by
the small sample size for the study as a whole and among
women and patients with chronic illness in particular. Extrap-
olation of these results should be undertaken only with an
understanding of these limitations. This study supports the
need for further clinical studies in a diverse population for
model development, assessment of repeatability, and assess-
ment of the clinical application of the D3-creatine method for
estimation of muscle mass using a single urine sample.
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Table 7. Assessment of repeatability

Parameter n Mean of Difference* SD of Difference* Limits of Agreement* 95% CI† IntraSubject SD† InterSubject SD†

D3-creatine
Method 1(urine) 14 1.08 3.15 –5.23 to 7.38 –0.75,2.90 2.231 6.078
Method 2 (urine) 14 0.78 3.03 –5.28 to 6.84 –0.97,2.53 2.143 5.950
Method 3 (urine) 14 0.30 3.54 –6.78 to 7.37 –1.74,2.34 2.501 6.027
Method 4 (plasma) 6 –0.14 3.39 –6.92 to 6.63 –3.70,3.41 2.396 6.666

MRI 14 –0.45 0.77 –1.99 to 1.10 –0.92,0.02 0.546 6.891
DXA

Total LBM 14 –0.32 1.06 –2.44 to 1.80 –0.93,0.29 0.749 10.059
ALM 14 –0.11 0.60 –1.31 to 1.09 –0.46,0.24 0.425 5.268

24-h UCrn (mean of 3 days) 14 1.38 1.34 –1.30 to 4.07 0.61,2.16 0.95 4.906

CI, confidence interval. *Difference between first and repeat assessments. †Estimates from mixed-effects ANOVA models.
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