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Systemic mitochondrial energy deficiency is implicated in the pathophysiology of many age-related human diseases.
Currently available tools to estimate mitochondrial oxidative phosphorylation (OXPHOS) capacity in skeletal muscle in
vivo lack high anatomic resolution. Muscle groups vary with respect to their contractile and metabolic properties.
Therefore, muscle group–specific estimates of OXPHOS would be advantageous. To address this need, a noninvasive
creatine chemical exchange saturation transfer (CrCEST) MRI technique has recently been developed, which provides a
measure of free creatine. After exercise, skeletal muscle can be imaged with CrCEST in order to make muscle group–
specific measurements of OXPHOS capacity, reflected in the recovery rate (τCr) of free Cr. In this study, we found that
individuals with genetic mitochondrial diseases had significantly (P = 0.026) prolonged postexercise τCr in the medial
gastrocnemius muscle, suggestive of less OXPHOS capacity. Additionally, we observed that lower resting CrCEST was
associated with prolonged τPCr, with a Pearson’s correlation coefficient of –0.42 (P = 0.046), consistent with previous
hypotheses predicting that resting creatine levels may correlate with 31P magnetic resonance spectroscopy–based
estimates of OXPHOS capacity. We conclude that CrCEST can noninvasively detect changes in muscle creatine content
and OXPHOS capacity, with high anatomic resolution, in individuals with mitochondrial disorders.
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Introduction
Systemic defects in mitochondrial bioenergetics occur in primary mitochondrial disorders, as well as in 
various age-related human disorders, including diabetes mellitus, cardiovascular disease, Alzheimer’s and 
Parkinson’s diseases, and cancer (1). To investigate the role of  mitochondrial function in these diseases, it 
is essential to measure mitochondrial energy production in vivo, ideally with noninvasive tools. Skeletal 
muscle has been a particular focus of  in vivo methodological developments. Individuals with genetic dis-
orders of  the mitochondria often have impaired energy production and consequently suffer from exercise 
intolerance and fatigue (2). Decreased exercise capacity is a result of  defects in the mitochondrial respiratory 
chain, the major ATP-yielding metabolic pathway in the cell. Energy deficiency is most apparent in tissues 

Systemic mitochondrial energy deficiency is implicated in the pathophysiology of many age-related 
human diseases. Currently available tools to estimate mitochondrial oxidative phosphorylation 
(OXPHOS) capacity in skeletal muscle in vivo lack high anatomic resolution. Muscle groups vary 
with respect to their contractile and metabolic properties. Therefore, muscle group–specific 
estimates of OXPHOS would be advantageous. To address this need, a noninvasive creatine 
chemical exchange saturation transfer (CrCEST) MRI technique has recently been developed, which 
provides a measure of free creatine. After exercise, skeletal muscle can be imaged with CrCEST in 
order to make muscle group–specific measurements of OXPHOS capacity, reflected in the recovery 
rate (τCr) of free Cr. In this study, we found that individuals with genetic mitochondrial diseases had 
significantly (P = 0.026) prolonged postexercise τCr in the medial gastrocnemius muscle, suggestive 
of less OXPHOS capacity. Additionally, we observed that lower resting CrCEST was associated 
with prolonged τPCr, with a Pearson’s correlation coefficient of –0.42 (P = 0.046), consistent 
with previous hypotheses predicting that resting creatine levels may correlate with 31P magnetic 
resonance spectroscopy–based estimates of OXPHOS capacity. We conclude that CrCEST can 
noninvasively detect changes in muscle creatine content and OXPHOS capacity, with high anatomic 
resolution, in individuals with mitochondrial disorders.
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with large energy demand, including exercising skeletal muscle. In genetic or acquired defects of  muscle oxi-
dative phosphorylation (OXPHOS) capacity, where muscle fiber type is closely coupled to metabolism and 
function (3–6), the degree of  metabolic compromise may therefore be highly variable among muscle groups.

Spectroscopic methods, such as 31P magnetic resonance spectroscopy (31P-MRS), have shown deficient 
OXPHOS and ATP synthesis in individuals with mitochondrial diseases, as reflected by delayed phospho-
creatine (PCr) recovery after exercise (7–10). The limited spatial resolution of  31P-MRS makes the assess-
ment of  muscle group–specific OXPHOS capacity more challenging. To address this limitation, method-
ological innovations in 31P-MRS are ongoing (11). There is a need for an in vivo technique to measure 
OXPHOS capacity that provides a snapshot of  multiple muscle groups simultaneously. An imaging-based 
strategy with high spatial resolution would enhance our understanding of  the metabolic response to mito-
chondrial disease in muscle.

A complementary method to 31P-MRS is creatine chemical exchange saturation transfer (CrCEST) 
(12), an MRI modality with high spatial resolution that has been utilized to study metabolism in vivo (13). 
With the CEST technique, metabolites are measured by first selectively saturating protons of  interest, in 
this case, the guanidinium protons of  creatine, that are in exchange with the bulk water protons in the 

Table 1. Subject characteristics

Mitochondrial Disease (n = 13) Healthy Volunteers (n = 14)
Sex (% female, n) 62 (8) 57 (8)
Age (years) 42.1 ± 12.9 45.5 ± 13.7
BMI (kg/m2) 26.5 ± 6.7 25.9 ± 4.7

 Underweight, <18.5 (%, n) 8 (1) 0 (0)
 Normal weight, 18.5–24.9 (%, n) 38 (5) 43 (6)

 Overweight, 25–30 (%, n) 31 (4) 43 (6)
 Obese, >30 (%, n) 23 (3) 14 (2)

Self-reported Population Ancestry (% white, n) 92 (12) 100 (14)
Laboratory Studies

 HgbA1c (%) 5.00 ± 0.28 5.22 ± 0.30
 Glucose (mg/dL) 85 ± 8 90 ± 9

 Cholesterol, total (mg/dL) 190 ± 36 188 ± 43
 Triglycerides (mg/dL) 116 ± 56 121 ± 75

 HDL (mg/dL) 52 ± 12 52 ± 10
 LDL (mg/dL) 115 ± 26 112 ± 38

Self-reported Physical ActivityA

 Total (hrs per wk) 7.3 ± 4.5 9.3 ± 3.3
 Total (MET-hrs per wk) 16.4 ± 11.8B 25.4 ± 10.5

 Moderate-heavy activity, >3 METs) (hrs per week) 0.9 ± 1.3B 2.5 ± 1.9
 Moderate-heavy activity, >3 METs (MET-hrs per week) 4.8 ± 6.4B 11.2 ± 8.3

 Intentional exercise (hrs per wk) 0.7 ± 0.8B 1.5 ± 0.9
 Intentional exercise (MET-hrs per week) 4.0 ± 4.9 7.2 ± 3.8

Newcastle Mitochondrial Disease Adult ScaleC

 0, asymptomatic (%, n) 8 (1)B 38 (5)
 1–5, mild (%, n) 38 (5)B 64 (9)

 6–20, moderate (%, n) 46 (6)B 0
 >20, severe (%, n) 8 (1)B 0

NIH PROMIS Physical Function ScaleD 41.8 ± 7.6E 56.8 ± 2.9
NIH PROMIS Global Health ScaleF 32.8 ± 4.2E 39.5 ± 3.0
ASelf-reported physical activity is estimated over the 4 weeks prior to the study. BP < 0.05 for differences between subjects with 
mitochondrial disease versus healthy volunteers by 2-sample t test, Wilcoxon rank-sum test, or chi-square test, as appropriate. CA 
higher Newcastle Mitochondrial Disease Adult Scale (NMDAS) score indicates more severe disease. Symptoms are estimated by the 
subject over the 4 weeks prior to the study. Of note, the NMDAS scale has not been validated in healthy adults but was administered 
here to indicate the degree of comparable symptom burden. DA higher NIH PROMIS physical function score indicates better physical 
function. EP < 0.001 for differences between subjects with mitochondrial disease versus healthy volunteers by 2-sample t test, 
Wilcoxon rank-sum test, or chi-square test, as appropriate. FA higher NIH PROMIS global health score indicates better overall health. 
All statistically significant differences are shown in bold text. HgbA1c, hemoglobin A1c; MET, metabolic equivalent.
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Figure 1. Example resting and postexercise CrCEST recovery images and summary curves. (A–D) (left) Images from a heathy 21-year-old female. (E–
H) (right) Images from a 21-year-old female with a mitochondrial DNA mutation, m.1630G>A (tRNA-Val) with hearing impairment, short stature, and 
stroke (53). Panels A and E show the sequential resting creatine chemical exchange saturation transfer (CrCEST) images (1 image every 30 seconds 
at rest), overlaid on the manually segmented, anatomical axial calf muscle image, for the healthy and affected individuals, respectively. The images 
encompass the muscle region of the right calf. The intensity of the color in each image, as shown on the color bar, is in proportion to the CrCEST 
percentage asymmetry signal, reflecting the amount of free creatine. Resting CrCEST appears lower in the affected individual as well (e.g., in soleus, 
CrCEST asymmetry is 11.1% in the affected individual versus 13.2% in healthy individual). Panels B and F show the sequential postexercise images 
(1 image every 30 seconds after cessation of exercise) in the healthy and affected individuals, respectively. Both subjects exercised, as indicated by 
the increase in free creatine, although the specific muscle groups used differ, and the percentage change in CrCEST for the same exercise was higher 
in the affected individual (e.g., in the soleus, 28% in the affected individual versus 10% in the healthy control). By ~2 minutes after exercise, the 
healthy volunteer’s CrCEST image resembles the baseline image, but in the affected individual, the exponential time constant for the decline in Cr 
after exercise (τCr) is prolonged (e.g., in the soleus, 5.9 minutes in the affected individual versus 1.1 minutes in the healthy control). Panels C and G 
show the postexercise CrCEST signal recovery summarized over the anatomic region corresponding to the approximate area of the surface 31P-MRS 
coil. Panels D and H show the postexercise phosphocreatine (PCr) signal recovery in this same anatomic region. In both modalities, prolonged postex-
ercise recovery is observed in the affected individual relative to the healthy individual.
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surrounding tissue. During saturation with a specialized imaging pulse, the protons on the metabolite of  
interest exchange their saturated magnetization with the protons in water. The subsequent decrease in the 
water signal results in contrast that reflects the concentration dependence of  the metabolite, with high spa-
tial resolution. With CEST, the creatine content can be simultaneously measured in every muscle of  a leg in 
vivo (13, 14). Recent studies in healthy humans have demonstrated that CEST imaging of  free creatine can 
readily provide muscle group–specific information about OXPHOS capacity. CrCEST is used to determine 
the exponential time constant for the decline in Cr after exercise (τCr), which corresponds inversely to the 
exponential time constant for the recovery of  PCr after exercise (τPCr) observed with 31P-MRS (13, 14).

The objective of  this proof-of-principle study was to determine whether CrCEST-derived measure-
ments of  postexercise exponential decline in free creatine were prolonged in individuals with primary 
genetic-based mitochondrial diseases, as compared with matched healthy volunteers. We sought to demon-
strate the feasibility of  this technique in affected individuals, and thus lay the foundation for future studies 
of  the utility of  CrCEST as a longitudinal biomarker of  in vivo tissue OXPHOS capacity.

Results
Subject characteristics (n = 27). Characteristics are summarized in Table 1. The 2 groups were well matched 
with respect to age, sex, and body mass index (BMI). Some affected individuals were nonambulatory, 
as reflected in overall group differences in weekly physical activity (expressed in metabolic equivalent of  
activity in hours [MET-hours], P = 0.049) (Table 1). Results of  CrCEST imaging, including resting-state 
CrCEST values, percentage change after exercise, and τCr; and 31P-MRS measurements of  baseline ratio 
of  PCr to inorganic phosphate (PCr/Pi), percentage change of  PCr, pH, and τPCr, are provided in Table 
2. Diagnostic details for individuals with mitochondrial disease (n = 13) are provided in Table 3. Physical 
activity, which is expected to impact muscle OXPHOS capacity, was included as a covariate in mixed-
effects regression models (Table 4).

Determination of  τCr. Figure 1 shows representative images of  resting CrCEST levels (panels A and E), 

Table 2. Creatine chemical exchange saturation transfer (CrCEST) MRI results

Mitochondrial Disease (n = 13) Healthy Volunteers (n = 14)
Resting CrCEST (% asymmetry, index of free creatine concentration)

 Medial gastrocnemius (median, IQI) 11.5 (11.1–12.4) 12.1 (11.7–12.7)
 Lateral gastrocnemius (median, IQI) 11.5 (11.0–12.1) 11.5 (11.0–14.0)

 Soleus (median, IQI) 12.3 (11.7–13.5) 12.4 (11.7–13.2)
% change in CrCEST with exercise (% change from baseline)

 Medial gastrocnemius 32.9 ± 15.6 23.7 ± 15.3
 Lateral gastrocnemius  37.8 ± 22.7 29.9 ± 20.1 

 Soleus 21.2 ± 11.1 17.4 ± 9.6
τCr (in minutes)

 Medial gastrocnemius (median, IQI) 2.2A (1.7–2.9) 1.4 (0.8–1.7)
 Lateral gastrocnemius (median, IQI) 2.0 (1.2–3.6) 1.4 (0.6–2.0)

 Soleus (median, IQI) 2.1 (1.7–3.7) 1.7 (1.1–2.7)
31P Magnetic Resonance Spectroscopy ParametersB

 Baseline PCr/Pi ratio 8.5 ± 2.2 9.3 ± 2.1
 % change in PCr with exercise (% from 
baseline)

22.8 ± 11.2 16.2 ± 15.9

 Resting pH 7.09 ± 0.04 7.08 ± 0.04
 End-exercise pH 6.99 ± 0.05A 7.04 ± 0.06
 τPCr (in minutes; median, IQI) 1.10 (0.87–1.83) 0.77 (0.69–1.40)
AP < 0.05 for differences between subjects with mitochondrial disease versus healthy volunteers by 2-sample t test, Wilcoxon rank-sum test, or 
chi-square test, as appropriate. All statistically significant differences are shown in bold text. BNot all subjects completed 31P magnetic resonance 
spectroscopy (31P-MRS) imaging given time constraints, as CrCEST was prioritized (n = 11 mitochondrial disease subjects and n = 12 control subjects 
that completed 31P-MRS imaging). No attempt was made to exclude any outlier values for this summary table. Means are presented ± SD except where 
indicated in cases of non-normal variable distributions, in which case medians ± IQI are shown. The Shapiro-Wilk test was used to assess normality 
of distribution except that a normal distribution was assumed for normalized scales. IQI, interquartile interval; MET, metabolic equivalent; PCr, 
phosphocreatine, Pi, inorganic phosphate; τPCr, exponential time constant for the decline in PCr.
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and τCr (panels B and F). Figure 1 also shows the correspond-
ing postexercise CrCEST and PCr profiles. Overall, subjects in 
both groups demonstrated a measurable muscle group–specific 
increase (range 17.4% to 32.9%) in CrCEST signal after exercise. 
τCr was not normally distributed. Nonparametric bivariate analy-
sis of  the medial gastrocnemius (MG) (Table 2) showed a signifi-
cant difference between affected individuals and controls in τCr 
(P = 0.026). Other muscle groups were less consistently exercised 
in all subjects, and results for τCr were in a similar direction, but 
did not achieve statistical significance. Mixed-effects regression 

models of  τCr (log-transformed given non-normal distribution, Table 4) demonstrated a statistically signifi-
cant effect of  mitochondrial disease in all models. None of  the other clinical covariates examined showed 
a statistically significant effect. Figure 2 is a box plot for τCr values after exercise, which are longer in indi-
viduals with mitochondrial diseases, though an overlap is observed even after adjustment for covariates. 
Log-transformed τCr values were used in statistical modeling. Mean model-derived estimates illustrate the 
longer τCr for individuals with mitochondrial diseases as compared with controls (P = 0.017 in Model 1).

Resting CrCEST. Resting CrCEST, an index of  free creatine concentration, showed no statistically signifi-
cant differences between affected and unaffected individuals (Tables 2 and 5). With respect to muscle group, 
resting CrCEST, as reflected in percentage CrCEST 
asymmetry per unit muscle area, was highest in 
soleus as compared with either lateral gastrocne-
mius (LG) (P = 0.0058) or MG (P = 0.030) by post-
hoc Tukey testing in Model 1, with similar results 
in Models 2 and 3 (Table 5). A positive association 
was observed between self-reported total physical 
activity (MET-hours per week) and a higher rest-
ing CrCEST, but this result did not reach statistical 
significance in the multivariable models (standard-
ized β = 0.23, P = 0.070, Table 5). Several subjects 
with mitochondrial myopathy had very low levels 
of  CrCEST, hence the large variance in signal, but 
overall we did not observe a statistically significant 
difference between affected individuals and unaf-
fected volunteers in resting CrCEST.

31P-MRS. Four subjects (2 of  13 with mito-
chondrial disease, 2 of  14 healthy controls) com-
pleted only CrCEST imaging, and not 31P-MRS. 
These participants elected not to reenter the scan-
ner for the second same-day study. To examine 
the association between 31P-MRS and CrCEST 
measurements in the remaining participants, a 
CrCEST region of  interest was defined corre-

Figure 2. Box plots for postexercise creatine chemical exchange satura-
tion transfer (CrCEST) exponential time constant (τCr), an index of 
skeletal muscle oxidative phosphorylation capacity, are shown (red = 
control, blue = mitochondrial disease). The horizontal line corresponds 
to the median, the lower and upper margins of the boxes correspond 
to the 25th and 75th percentiles, respectively, and whiskers show 1.5 × 
the interquartile interval (IQI). The distribution of τCr is not normal so 
nonparametric statistics are shown here. Log-transformed τCr values 
were used in statistical modeling. A prolonged τCr value corresponds to 
less oxidative phosphorylation capacity. Mitochondrial disease increases 
τCr by 0.32 SDs (P = 0.017). The range of values shown results in part 
from the intersubject variability of which muscle groups were engaged in 
exercise and to what extent.

Table 3. Diagnoses in individuals with mitochondrial 
respiratory chain diseases

Diagnoses (n = 13)
Chronic progressive external ophthalmoplegia-plus: 
C10ORF12 (c.1110C>G; p.F370L), 1 subject; mitochondrial 
DNA deletions on muscle biopsy, 2 subjects
MFN2 (c.1699A>G; p.M567V)
POLG (c.2209G>C; p.E441G); m.13064T>C (ND5)
MELAS: m.3288A>G (tRNA-Leu)
MELAS-like: m.1630A>G (tRNA-Val)
GJB1 (c.14G>T; p.G5V); VUS
SYNE1 (c.1162G>A; p.D388N, c.7066C>T; p.L2356F); VUS
Friedreich Ataxia: FXN GAA triplet-repeat expansions 
(2 subjects; triplet expansion lengths 454/777 and 
525/1050 for these subjects’ FXN alleles, respectively)
SDHD (c.209G>T; pR70M)
SDHB (c.600G>T; pW200C)

Subjects had clinical and/or biochemical features consistent 
with disorders of the mitochondrial respiratory chain, 
and molecular diagnoses as noted. In 2 of 13 subjects, the 
identified mutations were variants of uncertain significance 
(VUS), with causality as yet to be established.
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sponding to the leg area (including portions of  multiple muscle groups) assessed by the 31P-MRS surface 
coil. A positive within-subject association was observed between log-transformed τPCr and log-transformed 
τCr (Pearson’s correlation coefficient = 0.43, P = 0.047). Within-subject log-transformed resting PCr/Pi 
was also positively associated with log-transformed resting CrCEST (Pearson’s correlation coefficient = 
0.44, P = 0.023). In addition, prior studies with 31P-MRS (15) have posited that reduced creatine transport 
into muscle and lower resting creatine may be related to postexercise PCr recovery. Indeed, we found that 
lower resting CrCEST (log-transformed) was associated with prolonged τPCr (log-transformed), with a 
Pearson’s correlation coefficient of  –0.42 and P = 0.046.

While resting pH did not differ between mitochondrial disease subjects and unaffected controls, postex-
ercise pH in the affected group was slightly lower: 6.99 versus 7.04 (P < 0.05; Table 1). This likely reflects 
the exercise-induced increased percentage change in Cr or PCr in affected individuals, though the latter 
changes are highly variable and do not reach statistical significance at the group level.

Anatomic variation. Figure 3 shows images from the right leg of  a 60-year-old man with chronic pro-
gressive external ophthalmoplegia due to a pathogenic autosomal dominant mutation in C10ORF2 
(c.1110C>G; p.F370L). Figure 3A shows nearly complete fatty replacement of  the MG. In Figure 3B, the 
resting CrCEST signal is much lower in the MG than in other muscle groups. After exercise, there is no 
increase in CrCEST signal in this region (Figure 3C, white arrow). These images illustrate the advantage 
of  performing muscle group–specific measurements in individuals with mitochondrial diseases, given the 
anatomic variation that can occur in metabolic derangement (3).

Sensitivity analyses. Main analyses were repeated while excluding specific subsets of  participants to 
ensure the robustness of  the main findings. Exclusion of  either participants with non–classic mitochondrial 
diseases, including those with succinate dehydrogenase (SDH) mutations (2 of  13) and sequence variants 
of  uncertain significance (2 of  13), or participants taking supplemental creatine (n = 3) did not substantially 
alter the finding of  prolonged τCr in affected individuals (effect of  mitochondrial disease, standardized β = 
0.27, P = 0.060 and β = 0.32, P = 0.027, respectively).

Intentional exercise. Figure 4 is a correlogram showing the relationships between intentional exercise, 
baseline CrCEST or PCr/Pi, and postexercise τCr or τPCr. Nonparametric bivariate correlation analyses 
were performed for these non–normally distributed outcomes. To allow for the possibility of  muscle group 
differences in response to habitual intentional exercise, muscle groups were analyzed separately.

Overall, more habitual intentional exercise, whether measured in hours per week (reflecting time 
spent exercising) or MET-hours per week (reflecting both time and intensity of  exercise) was associated 
with higher resting bioenergetic capacity, represented either by CrCEST or PCr/Pi. This positive asso-
ciation between habitual intentional exercise and resting CrCEST persisted after statistical correction 
for multiple testing in the MG. In all of  the muscle groups tested, and using both imaging modalities, 
more habitual intentional exercise was associated with shorter postexercise return of  metabolites (free 

Figure 3. Example of muscle group–specific metabolic variation captured by CrCEST. Images are shown from the right leg of a 60-year-old man with 
chronic progressive external ophthalmoplegia due to a mutation in C10ORF12 (c.1110C>G; p.F370L). (A) A 1.5T clinical image, which shows nearly complete 
fatty replacement of the medial gastrocnemius. (B) The corresponding area is indicated with a white arrow on a resting creatine chemical exchange satura-
tion transfer (CrCEST) image obtained at 7.0T. The intensity of the color in each image, as shown on the color bar, is in proportion to the CrCEST percentage 
asymmetry signal reflecting the amount of free creatine. In B, the resting CrCEST signal is much lower in the medial gastrocnemius than in other muscle 
groups. After exercise, there is no increase in CrCEST signal in this region (C, white arrow).
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creatine, PCr) to baseline, suggestive of  more robust OXPHOS capacity.
In individuals with mitochondrial disease, there was a positive association between habitual exercise 

and baseline CrCEST, particularly in the soleus. Also, there was a positive association between habitual 
exercise and more rapid decline of  CrCEST after exercise, suggestive of  greater OXPHOS capacity, par-
ticularly in MG. In control participants, we observed a nominal association between habitual exercise and 
resting CrCEST in 2 muscle groups, but we did not detect an association between usual habitual exercise 
and imaging estimates of  OXPHOS capacity. Finally, given the observed associations of  imaging param-
eters with intentional exercise, we repeated mixed-effects regression analyses of  the effects of  covariates 
on τCr and resting CrCEST with intentional exercise (MET-hours per week) in place of  total physical 
activity (MET-hours per week). These results are provided in Supplemental Table 1; supplemental material 
available online with this article; doi:10.1172/jci.insight.88207DS1. The independent association of  mito-
chondrial disease status with prolonged τCr was confirmed even when habitual intentional exercise was 
included in the model in place of  total physical activity (for effect of  mitochondrial disease, standardized β 
= 0.32, P = 0.027). Intentional exercise was independently associated with higher resting CrCEST, but this 
association did not achieve statistical significance (for effect of  habitual intentional exercise, standardized 
β = 0.23, P = 0.064).

Reproducibility. Results of  a preliminary reproducibility study of  CrCEST-based measures were obtained 
using a 3T whole-body scanner, and are shown in Supplemental Figures 1 and 2. In 5 healthy individuals 
who underwent 3T CrCEST imaging on 2 separate days within 1 week, the mean within-subject coefficient 
of  variation (COV) for resting CrCEST percentage asymmetry, an index of  free creatine concentration, 
was 3.4% ± 1.4% (SEM) in LG, 8.2% ± 1.8% in MG, and 4.5% ± 1.4% in soleus. All participants engaged 
LG in exercise, and most engaged MG; thus, postexercise τCr results are shown for these 2 muscle groups. 
Mean within-subject COV for τCr was 16.0% ± 7.0% (SEM) in LG and 13.5% ± 6.1% in MG.

Discussion
Incorporating CrCEST in the imaging-based investigation of  OXPHOS capacity in individuals with primary 
mitochondrial disorders yields several benefits. The CrCEST technique provides a measurement of  free cre-

Table 4. Mixed-effects regression models of log-transformed postexercise CrCEST decline time constant (τCr, in minutes), an index of 
skeletal muscle OXPHOS capacity, where prolonged τCr suggests lower OXPHOS capacity

Model 1 standardized β  
(P value)

Model 2 standardized β  
(P value)

Model 3 standardized β  
(P value)

Model 4 standardized β  
(P value)

Mitochondrial disease status 0.32 (0.017) 0.26 (0.045) 0.40 (0.007) 0.32 (0.020)
Muscle group
 Lateral gastrocnemius (reference) - - - -

 Medial gastrocnemius 0.06 (NS) 0.09 (NS) 0.06 (NS) 0.05 (NS)
Soleus 0.14 (NS) 0.22 (NS) 0.15 (NS) 0.14 (NS)

CrCEST parameters
Baseline CrCEST - -0.03 (NS) - -

% change CrCEST with exercise - 0.21 (NS) - -
Total physical activity  
(MET-hours/wk)

- - 0.19 (NS) -

Age - - - 0.002 (NS)
Sex - - - 0.09 (NS)
AIC 224 236 231 236
BIC 238 254 248 254

Each of the models include the subject from which the measurement was obtained (as a random effect) and the clinical covariates shown (as fixed 
effects). For all models, n = 26 subjects contributing a total of 74 muscle-specific postexercise CrCEST recovery estimates (i.e., if subjects exercised more 
than 1 muscle group, then more than 1 postexercise recovery time constant could be calculated) were included; the mixed-effects modeling strategy 
accounts statistically for the effects of obtaining multiple measurements per subject. Coefficients are represented as standardized β values, with their 
corresponding P values; statistically significant results are shown in bold text. Akaike information criterion (AIC) and Bayesian information criterion (BIC) 
values are calculated for each model to permit goodness-of-fit comparisons. CrCEST, creatine chemical exchange saturation transfer; MET, metabolic 
equivalent; NS, not significant; OXPHOS, oxidative phosphorylation.
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atine, while spectroscopic methods such as 31P-MRS and proton (1H) MRS can only measure PCr and total 
creatine, respectively. The ability to measure free creatine is useful both in static measurements of  resting-state 
skeletal muscle, as well as in dynamic exercise studies. Resting levels of  free creatine may be altered in subjects 
with neuromuscular diseases who could potentially have reduced creatine transport into muscle (15, 16). As 
creatine monohydrate supplements are often used for therapeutic purposes in mitochondrial disorders (17), 
it may prove useful in future studies to estimate free creatine with CrCEST as a potential factor influencing 
clinical response to treatment. While we did observe low levels of  resting creatine, as measured by CrCEST, 
in several subjects with mitochondrial myopathy, the overall group difference between affected and unaffected 
individuals overall did not reach statistical significance. The subjects’ self-reported physical activity (MET-

Figure 4. Correlogram of the association between intentional exercise, expressed either as hours per week (reflecting time spent exercising), or MET 
per week (reflecting both time and intensity spent exercising) and measured imaging parameters. The results of nonparametric correlation analyses are 
shown for all participants (first group of 2 columns), for participants with mitochondrial disease (second group of 2 columns), and for control participants 
(third group of 2 columns). Groups are separated by horizontal black lines. The bottom 4 rows indicate baseline (i.e., preexercise) metabolite concentration: 
baseline creatine chemical exchange saturation transfer (CrCEST) in the soleus, medial gastrocnemius, and lateral gastrocnemius, and phosphocreatine 
to inorganic phosphate ratio (PCr/Pi) in the region of interest captured by 31P magnetic resonance spectroscopy (31P-MRS). A higher resting CrCEST or PCr/
Pi value suggests more bioenergetic capacity at rest. The top 4 rows indicate postexercise exponential time constants for return to baseline of CrCEST in 
soleus, medial gastrocnemius, and lateral gastrocnemius, and PCr in the region of interest captured by 31P-MRS. A longer postexercise time constant to 
return to baseline suggests decreased oxidative phosphorylation capacity. The 2 types of imaging assessment (baseline, postexercise) are separated by 
the dashed horizontal black line. As indicated by the color bar, positive associations are shown in red, and negative associations in yellow. *Nominal P 
value < 0.05; **Bonferroni P value < 0.05 (adjusted for the 16 comparisons shown for each group). BL, baseline; Sol, soleus; MG, medial gastrocnemius; 
Mito, mitochondrial; LG, lateral gastrocnemius.
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hours per week) appeared to be positively associated with resting CrCEST levels, but the association did not 
reach statistical significance in mixed-effects regression analyses including all muscle groups (standardized β 
= 0.23, P = 0.070, Table 5). In bivariate correlation analyses of  individual muscle groups (Figure 4), subjects’ 
habitual intentional exercise was positively associated with higher levels of  resting CrCEST and more rapid 
return of  CrCEST to baseline after exercise in the MG. A positive association between exercise and CrCEST 
parameters was also evident in mitochondrial disease patients analyzed separately.

A second major advantage of  CrCEST is its high spatial resolution, which provides muscle group–spe-
cific estimates of  relative free creatine concentrations. The capacity to make muscle group–specific mea-
surements is critical in studies of  metabolic disorders, because different muscle groups may have distinct 
metabolic and contractile properties, including both mitochondrial density and the relative ratio of  type I 
oxidative fibers to type II glycolytic fibers (3). Differences in muscle fiber type may contribute to metabolic 
disease; there is some evidence that the ratio of  glycolytic/oxidative enzyme activities is related to insulin 
resistance in obese patients and some diabetic populations (18, 19). Also, muscle groups may respond dif-
ferently to genetic or acquired mitochondrial impairment, as illustrated in Figure 3. In this subject, who 
had fatty replacement specific to the MG, we also observed very low resting-state CrCEST in the MG, and 
no subsequent increase following exercise. CrCEST may prove a useful tool to mechanistically investigate 
the response of  specific muscle groups to exercise therapy.

Our data for all subjects, while at rest, indicates that soleus has a higher CrCEST percentage asymme-
try, suggesting that this muscle has a higher concentration of  free creatine than either the MG or LG. This 
finding might be expected given the higher proportion of  oxidative fibers in soleus in previous, biopsy-based 
studies (20, 21).

After dynamic exercise, τCr (representing the decline in CrCEST after exercise) was prolonged. Pro-
longed τCr reflects decreased skeletal muscle OXPHOS capacity in individuals with primary mitochondrial 
diseases relative to a cohort of  healthy volunteers. This statistically significant difference persisted even 
after accounting for other clinical covariates that could affect OXPHOS capacity. The benefits of  CrCEST’s 
high spatial resolution were also evident in the exercise component of  the study, as the method provided 
information about all muscle groups in the exercising limb. Historically, in 31P-MRS exercise studies, specif-
ic muscles were targeted if  the entire exercising limb could not be included in the area assessed by the coil. 
Unfortunately, if  a particular subject did not utilize the targeted muscles, no recovery time constant could 
be calculated. Individuals with muscle diseases may need to use additional or alternate muscle groups to 
complete an exercise task. With the CrCEST technique, postexercise recovery time constants can be calcu-
lated for each muscle group that is actually deployed.

Table 5. Mixed-effects regression models of log-transformed resting CrCEST (% asymmetry), an index of free creatine concentration, 
where higher CrCEST may reflect greater bioenergetic capacity at rest

Model 1 standardized β (P value) Model 2 standardized β (P value) Model 3 standardized β (P value)
Mitochondrial disease status –0.16 (NS) –0.07 (NS) –0.17 (NS)
Muscle group
Lateral gastrocnemius (reference) - - -

Medial gastrocnemius 0.06 (NS) 0.06 (NS) 0.06 (NS)
 Soleus 0.35 (0.0029) 0.35 (0.0028) 0.35 (0.0031)

Total physical activity 
(MET-hours/wk)

- 0.23 (0.07) -

Age - - –0.11 (NS)
Sex - - 0.01 (NS)
AIC –72 –62 –52
BIC –57 –45 –33

Each of the models include the subject from which the measurement was obtained (as a random effect) and the clinical covariates shown (as fixed 
effects). For all models, n = 27 subjects contributing a total of 84 muscle-specific CrCEST measurements were included; the mixed-effects modeling 
strategy accounts statistically for the effects of obtaining multiple measurements per subject. Coefficients are represented as standardized β values, with 
their corresponding P values; statistically significant results are shown in bold text. Akaike information criterion (AIC) and Bayesian information criterion 
(BIC) values are calculated for each model to permit goodness-of-fit comparisons. CrCEST, creatine chemical exchange saturation transfer; MET, metabolic 
equivalent; NS, not significant.
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It is interesting to note that although there were directionally consistent group-specific differences 
between τCr and τPCr obtained from the 2 separate bouts of  exercise, and also a positive within-subject 
correlation between τCr and τPCr, overall τCr values tended to be longer in this study. We speculate that 
this could be attributed in part to the differences in modalities, in which the surface coil used for 31P-MRS 
provides an unlocalized signal, whereas the volume coil used for CrCEST imaging enables exact slice selec-
tion. Though a more in-depth validation than presented here is available in Kogan et al. (13), an intensive 
comparison of  the 2 methods, in which slices for CrCEST are chosen based on the excitation profile of  the 
surface coil, are the focus of  an ongoing study. The effects of  protocol design and other factors on τCr will 
also be the focus of  future investigation. Nonetheless, the results of  our initial study further illustrate several 
benefits of  including CrCEST in studies of  skeletal muscle metabolism. CrCEST may ultimately provide 
insight into the aspects of  the PCr shuttle that cannot be studied with 31P-MRS alone. Indeed, as has been 
previously suggested, the capacity to estimate resting creatine levels is also important in subjects with mito-
chondrial myopathies who may have altered creatine transport into muscle (15).

Exercise, particularly at high intensity, is one of  the most potent signals for mitochondrial biogenesis 
(22, 23). Imaging studies of  PCr metabolism have been used to measure the effects of  exercise on bioen-
ergetic capacity (24). To enrich our interpretation of  CrCEST imaging findings, we performed detailed 
analyses of  the association between habitual intentional exercise, captured by the validated physical activity 
data collection instrument (25), and the imaging parameters measured. In bivariate analyses, we demon-
strated a muscle group–specific positive association between habitual intentional exercise and that both 
resting CrCEST and postexercise CrCEST return to baseline. In multivariate analyses where mitochondrial 
disease diagnosis was also included in the statistical model, the independent effects of  intentional exercise 
did not reach statistical significance, likely the result of  the larger effect of  disease status. However, when 
participants with mitochondrial disease were analyzed separately, a positive association between inten-
tional exercise and both resting CrCEST and τCr was observed. This result has a basis in both clinical and 
epidemiologic observations. Most physicians recommend exercise therapy for individuals with mitochon-
drial disorders (26), based on evidence of  clinical benefit in mitochondrial disease (27, 28) and myriad 
other conditions (29). The optimal exercise therapy for individuals with metabolic myopathy remains the 
focus of  ongoing study. Intriguingly, the preferred exercise strategy may be genotype specific. For example, 
resistance training may decrease mutation burden in individuals with mitochondrial DNA deletions (30). 
We did not detect a strong statistically significant association between exercise and CrCEST parameters in 
control participants, perhaps related to small sample size and their overall higher level of  function. Much 
remains to be learned, and CrCEST imaging may facilitate future research into how the nature of  the 
intentional exercise may itself  affect the chronic adaptation to training in skeletal muscle (31). In addition, 
CrCEST imaging may be used to explore age- and muscle group–specific effects of  exercise (32).

We note that in this cross-sectional study, a causal relationship between exercise and imaging results 
cannot be established. An alternative explanation for our findings is that individuals with mitochondrial 
myopathy who have higher resting CrCEST and more rapid return to baseline of  CrCEST after exercise 
are also more able to engage in intentional exercise. However, we found that affected individuals with mild 
disease (Newcastle Mitochondrial Disease Adult Scale [NMDAS] total score less than 6) engaged in an 
average of  1.7 MET-hours of  activity per week, versus 6.1 MET-hours per week in those with moderate 
or severe disease (P = 0.10 for 2-sample t test). That more severely affected individuals in our study may 
engage in more habitual exercise presents an intriguing possibility: individuals with worse disease who 
exercise may have better preserved physiology and function, and greater capacity to participate in many 
activities, including an exercise-based research protocol. A future exercise intervention study could explore 
this interesting question in detail.

This study has several important strengths and limitations. One strength is that the study groups were 
balanced with respect to age, sex, and adiposity (BMI). Our experimental protocol minimized several fac-
tors thought to impact muscle OXPHOS capacity (pretesting meal, prestudy exercise, and time of  day). 
Other covariates were measured, including self-reported physical activity. Because some affected subjects 
were nonambulatory, they had inherently lower physical activity than otherwise matched controls, which 
is a potential limitation to the study. In addition, we observed a range of  percentage CrCEST change in 
study participants after exercise with our study paradigm, which required the same number of  flexions 
and standardized resistance for each subject. For this initial proof-of-concept study, variation in percent-
age CrCEST change in response to light exercise was one focus of  investigation. However, to address this 
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potential source of  variance in τCr measurements, percentage CrCEST was included in statistical models as 
a covariate. Additional studies would be further strengthened by setting exercise parameters in accordance 
with individual work capacity, and including the work performed by each subject as a covariate (33, 34). In 
addition, it will be useful to validate techniques for individualizing exercise intensity so as to standardize 
percentage change in CrCEST across participants of  different abilities and levels of  fitness when τCr is pri-
oritized as the main outcome. While we have attempted to account for appropriate covariates in this popu-
lation, it is important to note that other populations may have additional factors that need consideration; 
for example, recovery in patients with vascular disease could be influenced by blood flow, etc. Another 
potential limitation of  the present study is that we used self-reported exercise data for analyses. However, 
physical activity as assessed using the same instrument has been associated with mortality in a separate 
study of  individuals with chronic illness (kidney disease) (29); thus, we expect a reasonable degree of  cor-
respondence between our results with both imaging parameters and clinical outcomes.

Although a complete assessment of  the reproducibility of  CrCEST-based measures obtained at 7T of  
in vivo creatine metabolism was beyond the scope of  this proof-of-principle study, we performed an initial 
analysis in healthy individuals at 3T. This pilot study was performed at 3T because MRI scanners at this 
field strength are more widely available, and thus may be used for future, larger studies and/or adapted for 
clinical use. In addition, the feasibility of  CrCEST imaging at 3T has already been demonstrated (14). As 
this separate study reflected a sample of  convenience, it did not include standardized clinical factors includ-
ing fasting status, previous exercise, or time of  day. For this reason, the resulting reproducibility estimates 
represent the lower bound of  what would be achievable with careful standardization of  preanalytic factors 
in future CrCEST studies. Even without preanalytic standardization of  clinical factors and with the lower 
MRI field strength, we observed that a reasonable degree of  consistency is achievable.

Future studies may also incorporate an investigation of  the relationship between τCr and the results 
of  muscle biopsy studies. However, in the present study, most of  the affected participants had not under-
gone invasive muscle biopsy for clinical purposes. Muscle biopsy had not been recommended because the 
clinical features, together with molecular genetic testing results, were sufficient to establish the diagnosis of  
mitochondrial disease without invasive biopsy testing requiring general anesthetic that may be poorly toler-
ated in individuals with mitochondrial disease. Affected individuals in this study with classical mitochon-
drial disease syndromes (chronic progressive external ophthalmoplegia-plus [CPEO-plus]; mitochondrial 
encephalomyopathy, lactic acidosis, and stroke-like episodes [MELAS]; MELAS-like; Friedrich’s ataxia 
[FA]) and related genetic defects (mutations in C10orf12, POLG, MFN2, FXN) had clinical evidence of  
impaired muscle mitochondrial function. Deficits in mitochondrial electron transport chain activity via ex 
vivo skeletal muscle biopsy studies have been identified previously in each of  these mitochondrial disease 
syndromes. For example, the gene C10orf12 encodes Twinkle, a helicase that is critical for mitochondrial 
DNA replication (35). Mutations in C10orf12, as well as the mitochondrial replicase, POLG, are associ-
ated with mitochondrial DNA depletion and/or deletions with muscle biopsy findings typically involving 
multiple respiratory chain complex enzyme deficiency and immunohistochemical evidence of  cytochrome 
oxidase (complex IV)–deficient muscle fibers (36). In individuals with myopathy related to MELAS, skel-
etal muscle biopsy may demonstrate the presence of  ragged red fibers, indicative of  mitochondrial prolif-
eration (37). Seminal studies are additionally reviewed in (38). In FA, abnormal muscle OXPHOS capacity 
is related to mitochondrial iron overload; decreased OXPHOS capacity in FA has been demonstrated by 
skeletal muscle biopsy (39) as well as 31P-MRS (40). Mutations in nonclassical mitochondrial disease genes, 
including SDH subunit genes have been also associated with reduced OXPHOS capacity in muscle (41, 
42), although the clinical association is less clear. For this reason, in the present study we performed sensi-
tivity analyses on the effects of  excluding individuals with SDH mutations and individuals with novel gene 
variants of  uncertain significance with respect to mitochondrial disease on our main analysis. We demon-
strated persistent differences in postexercise τCr as compared with healthy volunteers.

Heterogeneity of  clinical and molecular diagnoses in affected subjects is a source of  biological variance. 
Despite this heterogeneity, we still observed a statistically significant effect of  disease status on postexercise 
τCr. This result shows that CrCEST imaging can identify decreased OXPHOS capacity in a genetically het-
erogeneous population whose molecular gene defects are likely to share a common pathophysiology involv-
ing decreased OXPHOS capacity (43). Taken together, these studies demonstrate that noninvasive CrCEST 
imaging can be used to quantitatively monitor physiologic changes after exercise, including both creatine 
content and metabolic capacity, in individuals with mitochondrial diseases. This technique has enhanced 
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spatial resolution compared with traditional spectroscopy methods, and can be performed with standard 
1H coils, whereas 31P-MRS techniques require multinuclear MRI scanner hardware that may preclude more 
widespread use. Optimally, CrCEST will be used to complement existing 31P-MRS–based assessments to 
perform a more complete, comprehensive assessment of  PCr shuttle function in individuals with mitochon-
drial disorders. Our work lays a rational foundation to develop CrCEST as a potential noninvasive imaging-
based biomarker of  OXPHOS capacity that may be useful in the diagnosis, long-term monitoring, and/or 
evaluation of  response to clinical treatments in individuals with diverse types of  mitochondrial diseases.

Methods
Design and subjects. Individuals (18–65 years, inclusive) with a clinical diagnosis of  a disorder of  the 
mitochondrial respiratory chain were recruited. We prioritized eligible subjects with disorders con-
firmed to be caused by pathogenic mitochondrial DNA or nuclear DNA mutations affecting subunits or 
assembly of  mitochondrial respiratory chain complexes that are associated with known clinical/path-
ological features. These disorders include CPEO; Kearns–Sayre syndrome; MELAS; mitochondrial 
encephalopathy and ragged red fibers (MERRF); neuropathy, ataxia and retinitis pigmentosa (NARP); 
or Leigh syndrome (44). Individuals affected with FA were also studied. FA is a mitochondrial disease 
in which ATP production is reduced due to GAA triplet-repeat expansions in frataxin, a mitochondrial 
protein involved in the formation of  iron-sulfur clusters necessary for respiratory chain complex func-
tion (45). Finally, individuals were studied who had genetic deficiency of  isoforms of  SDH, which 
serves as respiratory chain complex II (42, 46).

Although collectively these subjects are heterogeneous with respect to their specific molecular diag-
noses, the functional consequence of  their defects is expected to include a deficiency in skeletal muscle 
OXPHOS capacity. Because multiple studies have used 31P-MRS to demonstrate impaired skeletal muscle 
OXPHOS in individuals with type 2 diabetes mellitus (47), individuals with diabetes mellitus were exclud-
ed, and fasting blood glucose hemoglobin A1c (HgbA1c) was measured on the day of  the study to verify 
diabetes status. Healthy, nondiabetic volunteers were recruited to generate a cohort that was balanced com-
pared with the group of  affected individuals with respect to age, sex, and BMI.

Additional metrics. Height and weight were measured according to standard procedures. Blood speci-
mens were collected after an overnight fast and processed using standard techniques for glucose, lipid pan-
el, and HgbA1c. Several validated instruments were used to measure important potential covariates affect-
ing mitochondrial function, including self-reported physical activity, using the Chronic Renal Insufficiency 
Cohort (CRIC) Physical Activity Questionnaire (25), mitochondrial disease severity, using the NMDAS 
(43), and physical function and overall health, using the NIH Patient-Reported Outcomes Measurement 
Information System (PROMIS) Global Health and Physical Function Scales (48).

MRI and MRS. CrCEST images were acquired on a 7T whole-body scanner (Siemens Medical Sys-
tems). Imaging experiments were performed using a 28-channel 1H knee coil. Anatomical, axial images 
were acquired of  the right calf  in all subjects to be used for segmentation (21). CrCEST imaging parameters 
were as follows: saturation pulse = 500 ms, B1rms = 123 Hz (2.9 μT), slice thickness = 10 mm, flip angle 
= 10°, TR = 6.0 ms, TE = 2.9 ms, field of  view = 140 × 140 mm2, matrix size = 128 × 128. Four baseline 
images were acquired over 2 minutes with a temporal resolution of  30 seconds, followed by 2 minutes 
of  mild plantar flexion exercise. Exercise was performed in the magnet using an MR-compatible, pneu-
matically controlled foot pedal, with pressure held constant at 7.5 psi for all subjects. The subjects were 
instructed to fully depress the ergometer pedal at a constant rate of  90 flexions over 2 minutes (1 flexion 
every ~1.3 seconds). Adherence was assured by visually confirming pedal depression via a direct readout 
of  a dynamometer. In this initial proof-of-principle study, we did not attempt to vary exercise intensity 
according to each participant’s capacity. Rather, percentage change in CrCEST in response to this light, 
standardized exercise workload was an important outcome of  interest assessed in affected individuals as 
compared with controls. To test for the potential effects of  differential exercise intensity on τCr, percentage 
change in CrCEST was included as a covariate in statistical models.

Immediately after exercise, 8 minutes of  CrCEST images were acquired with the same 30-second res-
olution (16 consecutive images). Image processing was performed using in-house MATLAB scripts (49, 
50). Water saturation shift referencing (51) maps and B1 maps were acquired before and after exercise, 
and used to generate corrected CrCEST images as described for previous studies (14, 50). CrCEST con-
trast was computed by subtracting the normalized magnetization signal at the creatine proton frequency 
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(Δω = +1.8 ppm), from the magnetization at the corresponding reference frequency on the opposite 
side of  the water resonance (–Δω) (52). CrCEST changes in individual muscle groups before and after 
exercise were determined by overlaying CrCEST maps onto manually segmented anatomic images. τCr 
was calculated by fitting the postexercise CrCEST contrast decay, from each segmented muscle, to an 
exponential (50), as illustrated in Figure 1.

31P-MRS was performed with a 7-cm diameter 1H/31P dual-tuned surface coil using an unlocalized 
free induction decay (FID) sequence: number of  points = 512, averages = 5, and TR = 2.4 seconds, with 4 
dummy scans, in order to obtain similar time resolution to the CrCEST image acquisition. 31P-MRS spectra 
were phased and baseline corrected and fitted using nonlinear least squares method with Lorentzian func-
tions. τPCr was determined by calculating the area under the curve for the PCr peak from every FID after 
exercise, and fitting the recovery to an exponential equation, as illustrated in Figure 1.

Reproducibility. A pilot reproducibility study was performed on a 3T whole-body scanner (Siemens 
Medical Systems), with a 15-channel knee coil. Imaging parameters were as described above, but with the 
optimized CEST parameters for creatine at 3T, as determined by Kogan et al. (14). Five healthy individuals 
were scanned on 2 separate days within 1 week. Unlike the main protocol, for this initial study of  repro-
ducibility care was not taken to standardize important clinical factors including fasting status, previous 
exercise, or time of  day. We assessed the degree of  agreement between (a) resting, preexercise CrCEST 
percentage asymmetry (in MG, LG, and soleus and (b) postexercise τCr.

Statistics. Clinical characteristics were summarized with standard descriptive statistics and com-
pared between affected and unaffected individuals using parametric or nonparametric methods, as 
appropriate given the variable distributions. Pearson’s correlation coefficient was used to measure the 
correlation between continuous variables. τCr was log-transformed due to non-normal distribution, and 
linear mixed-effects regression analyses were performed to assess the effect of  mitochondrial disease 
status on τCr measured over time, adjusted for other clinical covariates in separate statistical models. 
These statistical models account for within-subject correlation due to repeated measures by including a 
subject-specific random effect. In each model, mitochondrial disease status and muscle group analyzed 
are included as fixed effects along with others as follows: in Model 1, no additional fixed effects, i.e., 
mitochondrial disease status and muscle group alone; in Model 2, mitochondrial disease status, muscle 
group, resting CrCEST, and percentage change in CrCEST; in Model 3, mitochondrial disease status, 
muscle group, and total self-reported total physical activity (MET-hours per week); and in Model 4, 
mitochondrial disease status, muscle group, age, and sex.

The independent effects of  clinical covariates on log-transformed resting CrCEST were also assessed 
using mixed-effects regression analysis. Included in these models were between-subject variability (random 
effect), mitochondrial disease status, and muscle group (fixed effects).  As additional fixed effects, the follow-
ing were included: Model 1, no additional factors, i.e., mitochondrial disease status and muscle group alone; 
in Model 2, mitochondrial disease status, muscle group and, total physical activity (MET-hours per week); 
and in Model 3, mitochondrial disease status, muscle group, age, and sex. All of  the clinical covariates were 
considered as fixed effects in separate models as shown to avoid overfitting given the sample size and number 
of  observations in this study. For physical activity, total physical activity (MET-hours per week) was chosen 
because of  the statistically significant differences observed between affected individuals and healthy volun-
teers on this covariate. Akaike information criterion (AIC) and Bayesian information criterion (BIC) values 
were calculated for each model to permit goodness-of-fit comparisons. Sensitivity analyses were performed 
by analyzing subsets of  participants with established genetic diagnoses (i.e., excluding the 2 of  13 individuals 
with variants of  uncertain significance), and also the subset of  subjects not taking creatine (i.e., excluding the 
3 of  13 subjects with mitochondrial disease who were taking supplemental creatine), to assess for any poten-
tial associated source of  bias. For analyses of  the association between habitual intentional exercise, collected 
via validated instrument, with imaging parameters, nonparametric correlation analyses were performed on 
non-normally distributed variables, stratified by (a) group (all participants, participants with mitochondrial 
disease, participants without mitochondrial disease); (b) imaging technique (CrCEST, 31P-MRS), and (c) 
parameter type (baseline, postexercise decline, or recovery time constant). Both nominal and Bonferroni-
adjusted statistical significance thresholds are shown. Since we observed an association between intentional 
exercise and both baseline and postexercise CrCEST values, we also performed a sensitivity analysis, repeat-
ing mixed-effects regression analyses with intentional exercise (MET-hours per week) in place of  total physi-
cal activity (MET-hours per week) in the models to determine the independence of  effects. For preliminary 
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reproducibility studies, the within-subject COV between day 1 and day 2 measurements was calculated for 
each participant. All analyses were conducted using R (version 3.1.3), and statistical significance was taken 
as 2-sided P value of  < 0.05.

Study approval. This cross-sectional, observational study enrolling both cases and controls was 
performed under an approved Institutional Review Board protocol of  the University of  Pennsylvania 
(www.clinicaltrials.gov: NCT02154711) and was conducted according to the Declaration of  Helsinki. 
Written, informed consent was obtained from all participants prior to their inclusion in the study.
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