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trial. Subjects consumed  D3-creatine  (D3-Cr dilution 
to assess WBMM),  D2O (MPS by incorporation of 
alanine) and  D3-3-methylhistidine  (D3-MH dilution to 
assess MPB). A biopsy at day 3 was used to deter-
mine MPS, and blood/urine samples were collected 
to determine  D3-Cr/D3-MH dilution for WBMM 
and MPB. Physiological measures of muscle mass 
(e.g. DXA/ultrasound) and function (e.g. handgrip 
strength, maximum voluntary contraction (MVC), 
one-repetition maximum (1-RM)) were ascertained. 
A stepwise linear regression approach was used to 
address links between facets of COSIAM (MPS, 
MPB, WBMM) and muscle physiology. Despite 
expected differences in muscle mass, there were no 
significant differences in MPS or MPB between sexes. 
WBMM as measured using  D3-Cr positively corre-
lated with DXA-derived lean body mass (LBM) and 
appendicular LBM (ABLM). Stepwise linear regres-
sion was used to assess which combination of MPS, 
MPB,  D3-Cr and absolute synthesis rate (ASR) best 
predicted physiological measures of muscle health 
in these older adults.  D3-Cr WBMM alone was the 
best predictor of handgrip, 1RM and MVC, and out-
performed more traditional measures of muscle mass 
by DXA. The COSIAM approach substantiates  D3-Cr 
as a robust biomarker of multiple muscle physiol-
ogy health biomarkers. Future work using COSIAM 
should focus upon how and which parameters it can 
inform upon in relation to disease progression and the 
efficacy of interventions.

Abstract Validated diagnostics of skeletal muscle 
vitality could benefit clinical and basic science in 
terms of mechanistic insights and in determining the 
efficacy of interventions, e.g. exercise/pharmaceuti-
cals/nutrients. We recently developed a Combined 
Oral Assessment of Muscle (COSIAM) that can be 
used to simultaneously quantify whole-body muscle 
mass (WBMM), muscle protein synthesis (MPS) and 
muscle protein breakdown (MPB). Here, we aimed to 
establish, in a cross-sectional fashion, links between 
COSIAM parameters and established aspects of mus-
cle function. We recruited 37 healthy older adults 
(male (M):female (F) (21/16); 72 ± 5 y)) into a 3-day 
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Introduction

Declines in muscle mass and function are hallmarks 
of ageing culminating in the manifestation of sarco-
penia and frailty [20]. As a result, those living with 
sarcopenia face an increasing risk of falls, fractures 
and loss of independence [21]—engendering a major 
social and economic burden in the face of the sus-
tained spike in longevity across many parts of the 
world. Muscle mass is metabolically regulated by 
proteostasis, ultimately reflected in the longer-term 
balance between muscle protein synthesis (MPS) and 
muscle protein breakdown (MPB). As such, the meas-
urement of these facets alongside muscle mass itself 
remains a cornerstone to understanding the basis of 
age-related muscle loss, but also the efficacy of miti-
gation strategies, such as exercise [12], nutrition [3, 
6] and pharmaceuticals [8]. Finally, iterations of sar-
copenia diagnostic criteria, e.g., by the EWGSOP 
[1], have established an ICD-10 code for sarcopenia, 
which may encourage the pharmaceutical industry to 
re-visit the impact of drugs and value of biomarkers 
relating to this progressive condition.

The principal methods to assess “muscle health” 
(or vitality) in the literature centre around measures 
of whole-body or regional muscle mass, muscle 
function and protein turnover, i.e. MPS and MPB. 
We recently developed a minimally invasive Com-
bined Oral Stable Isotope Assessment of Muscle 
(COSIAM) approach where we provide a protocol 
capable of simultaneous quantification of muscle 
mass (via a deuterated creatine dilution technique 
[5, 16, 17]), muscle protein synthesis (via  D2O [2, 
18, 19]) and muscle protein breakdown (via deuter-
ated 3-methylhistidine dilution [5, 14]). The purpose 
of setting up this approach was to offer researchers a 
single protocol to determine these variables in older, 
clinical (vs. healthy) and difficult to study popula-
tions, and also in response to candidate interventions. 
Nonetheless, from a cross-sectional perspective, an 
important next-step is to assess how COSIAM facets 
link to broader physiological biomarkers of muscle 
health (i.e. mass/functional characteristics).

In our previous paper [5], we conducted a pilot 
study in a small number (N = 10) of subjects aimed 
at validation of the COSIAM approach from a purely 

technical and logistical perspective. The aim of 
the present study was to expand this pilot work and 
determine relationships between COSIAM facets and 
cross-sectional muscle health parameters in a larger 
group of older men and women. We sought to deter-
mine which facets of COSIAM relate to functional 
muscle health parameters (e.g. handgrip strength, les 
strength, muscle mass by DXA imaging), on a cross-
sectional basis in older individuals of both sexes.

Methods

Participant recruitment, ethics and study data 
collection

This work utilises and extends data collected as part 
of previously published work [5]. This study was 
reviewed and approved by the University of Notting-
ham Faculty of Medicine & Health Sciences Research 
Ethics Committee (A08122015) and was performed 
in accordance with the Declaration of Helsinki 
(2013). Thirty-seven healthy older (M:F (21/16); 
72 ± 5 y)) adults were recruited. All participants were 
screened by means of a medical questionnaire, physi-
cal examination and resting ECG. Participants were 
excluded if they had a BMI > 35 kg·m2, active cardio-
vascular disease, cerebrovascular disease, respiratory 
disease, metabolic disease, inflammatory bowel or 
renal disease, active malignancy, any musculoskel-
etal or neurological disorders, any signs of clotting 
dysfunction, or any recent (within 6 months) steroid 
treatment, or if on hormone replacement therapy. 
All participants were informed of the purpose of the 
study and of all the risks and procedures involved, 
before providing their written, informed consent to 
participate.

On the first study day (day 1), participants were 
asked to attend the unit at 8:30 am for a whole-
body DXA scan, having fasted overnight. They 
next provided a baseline saliva sample (to measure 
baseline body water enrichment); a baseline blood 
sample was then taken to measure background 
blood/plasma alanine labelling prior to  D2O expo-
sure, and baseline urine sample collected to meas-
ure  D3-creatinine background enrichment. Muscle 
architecture was measured by ultrasound before 
performing any muscle function assessments. 
Participants then performed the Short Physical 
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Performance Battery (SPPB). Leg extensor (unilat-
eral one-repetition maximum (1-RM) and maximal 
voluntary contraction (MVC) for leg extension) and 
handgrip strength (using handgrip dynamometer) 
were also measured. Participants were then given 
three 50-ml aliquots of 70 atom percent (AP)  D2O 
to drink, each taken 25 min apart (to minimise the 
risk of side effects such as dizziness or nausea that 
are sometimes reported after  D2O consumption due 
to disturbance of specific gravity within the ves-
tibular fluid [10]). Thirty milligrammes  D3-Cr was 
included in the final 50-ml aliquot of  D2O. Two 
hours after consumption of the final  D2O aliquot, 
participants provided another saliva sample, to be 
used to determine the plateau  D2O labelling in body 
water.

Prior to leaving the laboratory, participants were 
provided with a container to collect all urine for 
24 h, a tube for a spot urine sample at 48 h and three 
tubes for saliva samples, collected at 12, 24 and 
48 h after the final  D2O aliquot was consumed. The 
urine samples were used to measure  D3-creatine 
spill-over, urinary  D3-creatinine enrichment and the 
size of the creatine pool, respectively. Saliva was 
collected to monitor the decay in  D2O over time 
to determine precursor alanine labelling. Partici-
pants were also given 10 mg of  D3-3MH dissolved 

in 50  ml of water to take home and store refriger-
ated. Participants were instructed to consume the 
 D3-3MH immediately 48 h after the urine and saliva 
samples were collected.

Participants returned to the laboratory 72  h 
after consumption of the final  D2O aliquot which 
was ~ 20–22 h after the  D3-3MH consumption, again 
having fasted overnight. At this visit, hourly bloods 
were collected over 6  h (between 22 and 28  h after 
consumption of the  D3-3MH dose), with further 
spot urine and saliva samples collected at 72 h after 
 D3-3MH consumption. A muscle biopsy from the m. 
vastus lateralis (VL) was also taken at the start of this 
visit (72  h) under local anaesthetic (1% lidocaine). 
The Bard micro-needle biopsy technique (50% length 
of VL, mid-belly) was used for the first 8 participants, 
with the conchotome approach [7]. Participants were 
not fasted during the blood sampling period, but given 
a standardised light meal (sandwich, crisps, yoghurt 
and drink) at the mid-point of the blood collections. 
Figure 1 (taken from [5] illustrates the protocol.

Muscle functional tests

MVC was measured as previously described [2] with 
isometric contractions conducted in a sitting posi-
tion using an isokinetic dynamometer at a 70° knee 

Fig. 1  Study schematic highlighting the simplicity of the COSIAM approach for simultaneously determining muscle protein synthe-
sis (MPS), breakdown (MPB) and muscle mass ( taken from Cegielski et al. 2020). Abbreviations: DXA, dual-energy absorptiometry
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joint angle (Isocom Iskokinetics, Inc. De Queen, AR, 
USA). Participants were seated in the dynamom-
eter chair and secured into position using a chest 
strap. Contractions lasted 5 s, with a 30-s rest period 
between contractions. Unilateral leg extension 1-RM 
was assessed on the dominant leg (ISO Leg Exten-
sion, Leisure Lines, Leicestershire, UK). After the 
procedure was explained, subjects performed a light 
warm up to ensure familiarity whilst avoiding fatigue; 
1-RM was then achieved in as few repetitions as pos-
sible, with a maximum of 5 repetitions. The first repe-
tition was estimated at 50% 1-RM and then increased 
until participants could not complete controlled con-
traction throughout the range of motion, with 3-min 
in-between attempts. Handgrip strength was assessed 
using a digital handgrip dynamometer (Grip D 5401; 
Takei Scientific Instruments Ltd, Japan) in each arm. 
The width of the dynamometer was adjusted for each 
participant, with participants instructed to stand 
upright with the arm fully extended along the body, 
maintaining an ∼5-cm gap between the wrist and 
the hip or upper leg so that the hand was not rested 
against the body. Participants were then instructed to 
squeeze against the handle as hard possible for 3  s. 
Grip strength was measured three times and recorded 
in kilogrammes to the nearest 0.1 kg. For the purpose 
of this study, the best of three attempts was included 
in further analysis from the stronger arm.

Muscle architecture, DXA-derived mass

Muscle architecture was measured as described previ-
ously [2]. Briefly, the architectural parameter muscle 
thickness (MT), fascicle length (Lf) and pennation 
angle (θ) were quantified, by the same investigator 
from ultrasound scans using ImageJ 1.42q software 
(National Institutes of Health, Bethesda, MD). The 
visible portion of the Lf was assessed directly using 
this software with MT measured as the distance 
between the superficial and deep aponeuroses. θ was 
measured at the intersection between fascicles and the 
deep tendon aponeurosis. DXA-derived thigh fat-free 
mass (TFFM) was determined from the lowest point 
of the ischium to the mid-point of the patella.

Statistical analyses

Here we aimed to assess whether any of the metabolic 
variables (MPS, MPB, D3-creatine, ASR) determined 

from the COSIAM approach, either individually or in 
combination with each other, could accurately predict 
our physiological outcomes (Handgrip, MVC, 1-RM, 
WBMM). Multivariate linear regression was per-
formed using base R (https:// cran.r- proje ct. org/), with 
best subset regression implemented using the leaps 
package (https:// cran.r- proje ct. org/ web/ packa ges/ 
leaps/ index. html). Performance of each model was 

Fig. 2  Sex differences for all COSIAM facets in older adults 
(n = 21 men, 16 women). A Muscle protein synthesis (MPS) as 
measured using  D2O, B muscle protein breakdown (MPB) as 
measured via tracer dilution (k) rate of  D3-3-Methylhistidine 
and C muscle mass as estimated using the  D3-creatine dilution 
approach. Abbreviations: FSR, fractional synthetic rate; DXA, 
dual-energy absorptiometry

https://cran.r-project.org/
https://cran.r-project.org/web/packages/leaps/index.html
https://cran.r-project.org/web/packages/leaps/index.html
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assessed using a combination of root mean squared 
error (RMSE) and R squared (R2) using the perfor-
mance R Package (https:// CRAN.R- proje ct. org/ packa 
ge= perfo rmance), with those variables providing the 
lowest RMSE and highest R2 deemed to provide the 
best predictive power. All processing was performed 
in R (with scripts available from the authors upon 
request), and all plots were constructed in R using 
ggplot2 or GraphPad Prism v.9 (La Jolla, CA, USA). 
To assess sex differences in MPS and MPB, unpaired 
t-tests were performed following assessment for nor-
mal distribution of the data, and correlations were 
assessed using Pearson’s product moment correla-
tion coefficient. The alpha level of significance for all 
measures was set at p < 0.05.

Results

Muscle protein synthesis (MPS), muscle protein 
breakdown (MPB) and muscle mass

Mean MPS and MPB values as measured using the 
COSIAM approach are depicted in Fig.  2A and B. 
There were no differences observed between replace-
sex, and measured rates fell within expected values 
for each, thereby confirming the accuracy and repro-
ducibility of the COSIAM approach. Muscle mass 
as measured using  D3-creatine showed significant 

positive correlations with both LBM and ALBM 
(Fig. 2C), with good agreement observed in absolute 
values between  D3-creatine and ALBM.

COSIAM as a measure of muscle health

To assess the relationship between facets of 
the COSIAM approach (MPS, MPB, ASR and 
 D3-creatine) and established measures of muscle 
health (handgrip strength, 1-RM and MVC), mul-
tivariate linear regression was used. Due to missing 
data for the key measures of 1-RM and MVC (as a 
result of unavailable equipment) for a small number 
of participants, linear regression was only possible to 
perform for n = 29. The aim of this approach was to 
assess which variable or group of variables provided 
the most optimal predictive model for each of the 
individual physiological measure of muscle health. 
This was performed using a stepwise or best sub-
set regression approach implemented in the leaps R 
package, whereby a separate least squares regression 
model was fitted to each combination of the predic-
tor variables: MPS, MPB, ASR and  D3-creatine. To 
determine the performance of each of the models for 
predicting each of our outcome variables, k-fold cross 
validation was performed for each subset regression 
model, with the one providing the lowest prediction 
error determined to be the best predictive model. 
The magnitude of effect for each predictor variable 

Fig. 3  Forest plots showing 
the magnitude of effects 
for each predictor vari-
able: MPS, MPB, ASR and 
 D3-creatine, on each muscle 
health outcome variable 
(n = 29): handgrip strength, 
1-RM and MVC, when 
each predictor variable is 
included in the regression 
model. Abbreviations: 
MPS-d, muscle protein 
synthesis per day; MPB, 
muscle protein breakdown; 
ASR, absolute synthetic 
rate; 1-RM, one-repetition 
maximum; MVC, maxi-
mum voluntary contraction ASR

MPB

MPS_d

D3_Creatine

−25 0 25 50

Estimate

Model

Handgrip

1 RM

MVC

https://CRAN.R-project.org/package=performance
https://CRAN.R-project.org/package=performance
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in the full model is shown in Fig.  3. Using the best 
subset approach,  D3-creatine alone was found to be 
the best predictor for each of the physiological meas-
ures of handgrip, 1R-M and MVC (see Table 1); the 
effect plots for each optimal model can be observed 
in Fig. 3, with  D3-creatine showing a strong positive 
relationship with each outcome variable.

D3-creatine as highlighted in Fig. 2C has a strong 
relationship with DXA-derived WBMM. Therefore, 
to determine whether  D3-creatine performed as a 
better predictor of each physiological outcome than 

DXA-derived measures, linear regression models of 
 D3-creatine and DXA-derived lean mass were con-
structed and predictive performance of both models 
directly compared. Performance metrics for each 
model are provided in Table  2. For all three physi-
ological outcomes of handgrip, 1RM and MVC, 
D3-creatine performed better at predicting outcomes 
than DXA-derived lean mass, as evidenced by the 
greater R squared (and adjusted R squared) and lower 
RMSE for  D3-creatine.

Discussion

The present study follows on from prior pilot work 
in which we developed a protocol fit for purpose to 
simultaneously quantify WBMM, MPS and MPB 
using the COSIAM approach. In the face of increas-
ing difficulties in deploying alternative techniques 
to quantify these facets of muscle health (outlined 
below), we sought to develop a more practicable, 
less invasive and more widely applicable method. 
For example, prohibitively expensive imaging meth-
ods such as MRI are often use for WBMM whilst 
stable isotopically labelled amino acids by I.V 
infusions for quantifying MPS are limited by their 
short-term nature, need for pharmacy QC, costs and 
ethical issues. Similarly quantifying MPB is a noto-
riously challenging dynamic measurement where 
A-V balance models, for instance, rely on the detec-
tion of negligible tracer dilution and accurate blood 
flow measurements across a limb bed.

The COSIAM approach that we developed [5] 
indicated accurate measures of diurnal MPS and MPB 
in accordance with our and others’ prior research [9, 

Table 1  Details of final best subset regression models for pre-
dicting each outcome variable. Abbreviations: 1 RM, one-repe-
tition maximum; MVC, maximum voluntary contraction; nobs, 
number of non-missing observations; AIC, Akaike information 
criteria; BIC, Bayesian information criteria

*** p < 0.001; **p < 0.01; *p < 0.05

Handgrip 1 RM MVC

(Intercept) 6.05 (5.15)  − 3.16 (7.11) 2.02 (28.32)
D3-creatine 1.34*** 

(0.25)
1.64*** 

(0.35)
6.53*** (1.38)

nobs 29 29 29
r squared 0.51 0.45 0.45
Adj. r squared 0.50 0.43 0.43
Sigma 5.52 7.62 30.37
Statistic 28.64 22.48 22.50
p value 0.00 0.00 0.00
df 1.00 1.00 1.00
logLik  − 89.66  − 99.00  − 139.10
AIC 185.32 204.01 284.21
BIC 189.42 208.11 288.31
Deviance 822.86 1567.47 24,902.60
df. residual 27.00 27.00 27.00
nobs. 1 29.00 29.00 29.00

Table 2  Performance metrics for  D3-creatine and DXA-
derived lean body mass regression models. Abbreviations: 
DXA, dual-energy x-ray absorptiometry; 1 RM, one-repetition 

maximum; MVC, maximum voluntary contraction; RMSE, 
root-mean-square deviation; AIC wt, Akaike information crite-
ria weight

Model name R2 R2 adjusted RMSE Sigma AIC wt Perfor-
mance 
score

Handgrip ~ D3_Creatine 0.514 0.496 5.326 5.520 0.678 1
Handgrip ~ DXA 0.489 0.470 5.465 5.664 0.322 0
1 RM ~ D3_Creatine 0.454 0.434 7.351 7.619 0.94 1
1 RM ~ DXA 0.339 0.315 8.088 8.382 0.059 0
MVC ~ D3_Creatine 0.454 0.434 29.304 30.370 0.922 1
MVC ~ DXA 0.35330066 0.329 31.909 33.069 0.078 0
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19]. In terms of sex, despite no statistical differences, 
women tended to exhibit numerically higher rates of 
MPS than older men. Differences in acute (i.e. over 
a few hours) MPS were previously reported between 
older men and women [15], with it being proposed 
that a greater basal (i.e. postabsorptive) MPS which 
operates over a majority of the diurnal cycle may 
explain slower age-related muscle loss in women than 
in men. Our present results in showing a trend (but 
not statistical significance) underline at this stage, 
if nothing else, potential sexual dimorphism of pro-
tein metabolism in ageing and the need to consider 
sex differences in the wider field of age-related sar-
copenia as necessary. Also, that integrated measures 
of MPS over day(s) may not reflect those of a single 
diurnal fasted-fed cycle. Finally, our work is also in 
agreement with others showing that whilst  D3-Cr 
measures of muscle mass correlate with DXA, DXA 
markedly underestimates WBMM, which is intuitive 
given that a major limitation of DXA is its inability 
to distinguish between lean tissue and muscle tissue 
per se [13].

The principal objective of this study was to deter-
mine links between facets of COSIAM and that of 
more established biomarkers of muscle mass and 
function. To address this, rather than focusing upon 
myriad individual correlations, we undertook multi-
variate linear regression to assess which variable—
or groups of variables—provided the most optimal 
model for predicting each individual physiological 
measure of muscle vitality. In this cross-sectional 
trial, we report that  D3-Cr-derived WBMM was able 
to best predict core markers of muscle health, includ-
ing handgrip strength (used in much epidemiology 
muscle research [11]) and knee-extensor 1-RM and 
MVC, commonly used as muscle strength assess-
ments in muscle physiology circles. The notion 
of  D3-Cr-derived WBMM being superior to other 
imaging techniques has been established, with low 
 D3-Cr-derived muscle mass being identified as a 
novel risk factor for clinically meaningful outcomes 
in older men [4], and with associations of  D3-Cr 
being more closely associated with measures of phys-
ical function in older women, than DXA [22]. Our 
work corroborates that even when compared to MPS 
and MPB, cross-sectionally  D3-Cr-derived WBMM 
most closely relates to muscle function. It is likely 
that this is due to  D3-Cr providing a direct readout of 
contractile mass (Fig. 4) .

We also provide readers with a matrix of relation-
ships between each of the variables that were meas-
ured in this trial (Fig.  5). This matrix illustrates the 
strengths of some of these already well-described 
links between variables, for instance, between hand-
grip strength and sex, but also more novel observa-
tions such as those between MPS rates corrected for 
muscle mass (absolute synthesis rate (ASR)), and 
measures of muscle functional capacity such as 1-RM 

Fig. 4  Effect plots for each of the optimised best subset mod-
els highlighting the positive linear relationships between 
 D3-creatine and A handgrip strength, B one-repetition maxi-
mum (1-RM) and C maximum voluntary contraction (MVC, 
n = 29)



2136 GeroScience (2022) 44:2129–2138

1 3
Vol:. (1234567890)

Fi
g.

 5
  C

or
re

la
tio

n 
m

at
rix

 o
f 

re
la

tio
ns

hi
ps

 a
m

on
gs

t 
al

l 
m

ea
su

re
d 

va
ria

bl
es

 (
n =

 29
). 

A
bb

re
vi

at
io

ns
: 

M
PS

-d
, m

us
cl

e 
pr

ot
ei

n 
sy

nt
he

si
s 

pe
r 

da
y;

 A
SR

, a
bs

ol
ut

e 
sy

nt
he

tic
s 

ra
te

; 
A

SM
I, 

ap
pe

nd
ic

ul
ar

 s
ke

le
ta

l m
as

s 
in

de
x;

 B
M

C
, b

on
e 

m
in

er
al

 c
on

te
nt

; B
M

D
, b

on
e 

m
in

er
al

 d
en

si
ty

; R
M

, r
ep

et
iti

on
 m

ax
im

um
; M

V
C

, m
ax

im
um

 v
ol

un
ta

ry
 c

on
tra

ct
io

n;
 V

l, 
va

stu
s 

la
te

ra
lis

; B
M

I, 
bo

dy
 m

as
s i

nd
ex

; M
PB

, m
us

cl
e 

pr
ot

ei
n 

br
ea

kd
ow

n



2137GeroScience (2022) 44:2129–2138 

1 3
Vol.: (0123456789)

and MVC. This may suggest a potential application 
of measuring MPS for predicting functional outcomes 
when corrected for muscle mass; however, further 
validatory work is needed to confirm this. Finally, 
this correlation matrix further highlights the strength 
of relationships between  D3-Cr-derived WBMM and 
DXA/muscle function outcomes, and hence its power 
for potentially predicting these outcomes as evi-
denced by this work.

Finally, we acknowledge potential limitations 
of COSIAM, which include the whole body (non-
regional) nature of the measure of muscle mass,; that 
assumptions are based on a standardised creatine pool 
size (although with a muscle biopsy, direct creatine 
measures can be made in a given population); that 
whilst somewhat minimally invasive, this approach 
as of now still requires a muscle biopsy; and that diet 
and exercise behaviours could impact outcomes and 
could/should be monitored to assess any study- or 
population-specific effects, in future. Despite this, the 
COSIAM method is a minimally invasive and valid 
method to assess WBMM, MPS and MPB simultane-
ously, offering much potential in clinical and difficult to 
study populations, e.g. care home residents and patient 
populations at risk of muscle wasting. Whilst the pre-
sent work cements  D3-Cr as a robust cross-sectional 
biomarker of muscle physiology, future interventional 
work will establish how protein turnover interacts with 
 D3-Cr-derived measures of WBMM in  situations of 
change, e.g. during acute illness, chronic disease or in 
response to exercise/drug or other interventions.
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