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Introduction
The maintenance of  functional independence is the top health priority reported by patients living with 
chronic kidney disease (CKD) (1). Skeletal muscle impairment, which manifests as muscle loss or weak-
ness (sarcopenia), is the final common pathway of  multiple adverse metabolic processes that arise from 
kidney disease, including malnutrition-inflammation and oxidative stress. Greater insights into the mech-
anisms underlying skeletal muscle impairment in CKD are needed to motivate new therapeutic directions 
for preserving muscle function critical to independent living.

Experimental evidence suggests that impaired mitochondrial metabolism is a central mechanism linking 
kidney dysfunction with sarcopenia. First, animal studies demonstrate that kidney disease promotes deficits 
in mitochondrial electron transport and pyruvate dehydrogenase activity, which manifest as reduced endur-
ance before the onset of  muscle atrophy or weakness (2). Second, analyses of  the plasma metabolome and 
interrogation of  skeletal muscle tissue in persons with CKD reveal abnormalities in specific enzymes and met-
abolic pathways related to mitochondrial energy generation (3, 4). Third, lipidomic studies show that reduced 
kidney function is associated with disruption of  mitochondrial fatty acid oxidation (5). Missing from these 
observations is direct in vivo evidence of  altered muscle mitochondrial bioenergetics in patients with CKD.

We applied dynamic procedures to quantify skeletal muscle mitochondrial energetics in humans using 
31phosphorus magnetic resonance spectroscopy (31P MRS) and optical spectroscopy. Using these proce-

The maintenance of functional independence is the top priority of patients with chronic kidney 
disease (CKD). Defects in mitochondrial energetics may compromise physical performance and 
independence. We investigated associations of the presence and severity of kidney disease with 
in vivo muscle energetics and the association of muscle energetics with physical performance. 
We performed measures of in vivo leg and hand muscle mitochondrial capacity (ATPmax) and 
resting ATP turnover (ATPflux) using 31phosphorus magnetic resonance spectroscopy and oxygen 
uptake (O2 uptake) by optical spectroscopy in 77 people (53 participants with CKD and 24 controls). 
We measured physical performance using the 6-minute walk test. Participants with CKD had a 
median estimated glomerular filtration rate (eGFR) of 33 ml/min per 1.73 m2. Participants with CKD 
had a –0.19 mM/s lower leg ATPmax compared with controls but no difference in hand ATPmax. 
Resting O2 uptake was higher in CKD compared with controls, despite no difference in ATPflux. 
ATPmax correlated with eGFR and serum bicarbonate among participants with GFR <60. ATPmax 
of the hand and leg correlated with 6-minute walking distance. The presence and severity of CKD 
associate with muscle mitochondrial capacity. Dysfunction of muscle mitochondrial energetics may 
contribute to reduced physical performance in CKD.
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dures, we compared key muscle mitochondrial characteristics: oxidative phosphorylation capacity (ATP-
max) and oxygen uptake between people with and without CKD. We tested the hypothesis that the pres-
ence and severity of  kidney disease is associated with worse impairment of  in vivo muscle mitochondrial 
oxidative capacity. We then tested whether in vivo muscle mitochondrial oxidative capacity is associated 
with measured physical performance, determined by 6-minute walking distance.

Results
Participant characteristics. In total, 77 participants (53 participants with moderate to advanced CKD and 
24 without CKD) completed hand experiments and 59 participants (40 with CKD and 19 without CKD) 
completed leg experiments for ATPmax (Supplemental Figure 1; supplemental material available online 
with this article; https://doi.org/10.1172/jci.insight.133289DS1). The mean age of  the study partici-
pants was 63 ± 13 years, and 38 (49%) were female (Table 1). Median of  estimated glomerular filtration 
rate (eGFR) among participants with CKD was 33 [interquartile range, 23, 49] ml/min/1.73 m2 com-
pared with 102 [interquartile range 81, 108] ml/min/1.73 m2 among control individuals. Participants 
with CKD tended to be older, were more likely to be female, and had lower hemoglobin (Hb) concentra-
tions and higher C-reactive protein concentrations compared with control individuals. The prevalence of  
diabetes was 36% in the CKD group and 33% in the control group.

CKD and muscle oxidative capacity. Forty participants with CKD and nineteen controls had measures of  
leg muscle oxidative capacity (ATPmax). Participants with CKD had a mean age of  62 ± 14 years, with a 
55% prevalence of  females, compared with 60 ± 8 years (P for difference = 0.6) with a 32% prevalence of  
females (P for difference = 0.1) in controls (Supplemental Table 1). Participants with CKD had a mean leg 
muscle ATPmax of  0.60 ± 0.16 mM/s compared with 0.80 ± 0.18 mM/s in control subjects. Participants 
with CKD had a mean hand muscle ATPmax of  0.88 ± 0.29 mM/s compared with 0.94 ± 0.27 mM/s in 
control subjects. After adjustment for age, sex, BMI, and history of  diabetes, CKD was associated with a 
–0.19 mM/s, or 1 SD, lower leg muscle ATPmax (95% CI 0.27–0.1 lower; P < 0.001) (Figure 1). No signif-
icant difference was noted in the hand muscle ATPmax of  participants with CKD compared with controls. 
History of  diabetes was also associated with a lower ATPmax after adjustment (0.118 mM/s, or 0.6 SD 
lower ATPmax; 95% CI 0.198–0.04 lower; P = 0.004). The magnitude of  association between CKD status 
and leg muscle ATPmax was numerically smaller among participants who had diabetes (0.117 mM/s lower 
ATPmax; 95% CI 0.023–0.21 lower) compared with those who did not have diabetes (0.213 mM/s lower 
ATPmax; 95% CI 0.097–0.328 lower; P for interaction = 0.270).

In subgroup analysis in which participants younger than 65 years (n = 36) were compared with partici-
pants aged 65 years and older (n = 23), CKD was persistently associated with lower leg ATPmax compared 
with controls, even after adjusting for sex, BMI, and diabetes status. Among participants younger than 65 
years, CKD was associated with an estimated 0.178 mM/s (0.95 SD) lower leg ATPmax (95% CI 0.06–0.29 
lower; P = 0.003) after adjustment compared with 0.170 mM/s (0.9 SD) lower leg ATPmax (95% CI 0.06–
0.28 lower; P = 0.005) among those aged 65 years and older.

When analyzed as a continuous variable, lower GFR was associated with lower ATPmax in the 
tibialis anterior leg muscle but not in the interosseous hand muscle (Figure 2). Each 10 ml/min/1.73 
m2 lower eGFR was associated with a 0.028 mM/s (0.15 SD) lower leg muscle ATPmax after adjust-
ment (95% CI 0.015–0.04 lower; P < 0.001). In sensitivity analysis further adjusting for muscle size 
and muscle strength, lower eGFR remained associated with lower leg muscle ATPmax (0.027 mM/s 
[0.14 SD] lower; 95% CI 0.012–0.041 lower; P = 0.001). When restricting analyses to participants with 
an eGFR <60 ml/min/1.73 m2, each 10 ml/min/1.73 m2 lower eGFR was associated with a 0.039 
mM/s (0.21 SD) lower (95% CI 0.003–0.074 lower; P = 0.03) leg muscle ATPmax after adjustment. 
Associations with whole leg muscle oxidative capacity, expressed as ATPmax*CSA, yielded similar 
results (Supplemental Table 2).

CKD and resting muscle ATPflux and oxygen uptake. Resting ATP turnover (ATPflux), which was measured 
only in the hand muscle, was performed on 70 participants (21 controls and 49 participants with CKD). 
Participants with CKD had a mean age of  63 ± 15 years, with a 59% prevalence of  females, compared with 
58 ± 10 years (P for difference = 0.33), with a 56% prevalence of  females in controls (Supplemental Table 3).

Resting ATPflux was not meaningfully or significantly different between persons with and without CKD 
(Figure 3). Resting hand muscle oxygen uptake was performed on 49 participants (9 controls and 40 participants 
with CKD). Hand muscle oxygen uptake was 0.49 μM/s (0.56 SD) higher (95% CI 0.08–0.9; P = 0.02) in CKD 
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patients compared with control individuals, and this difference was not materially altered by adjustment for age, 
sex, BMI, and ATPflux (adjusted difference 0.54 [0.62 SD] higher; 95% CI 0.043–1.19 higher; P = 0.036).

Correlates of  muscle mitochondrial oxidative capacity. Leg muscle ATPmax was correlated with eGFR (r = 
0.47, P = 0.004) and serum bicarbonate (r = 0.39, P = 0.02) among those with eGFR <60. In this subgroup, 
those with serum bicarbonate levels below the threshold recommended by Kidney Disease: Improving Global 
Outcomes (KDIGO) for bicarbonate replacement therapy (<22 mmol/L) had lower leg muscle ATPmax 
values compared with those with levels of  22 mmol/L and greater (Figure 4). There was no significant cor-
relation between leg muscle ATPmax and logCRP (r = –0.31, P = 0.07) or log of  urine albumin to creatinine 
ratio (r = –0.33, P = 0.05) in this subgroup. Correlations of  leg muscle and hand muscle ATPmax with muscle 
characteristics and anthropometrics are listed in Supplemental Table 4. Hand muscle mitochondrial capacity 
was poorly correlated with plasma biomarkers (r < 0.15). There was also no significant or meaningful associa-
tion of  sex with muscle oxidative capacity (P = 0.13 for leg muscle and P = 0.8 for hand muscle).

Muscle mitochondrial oxidative capacity and physical performance. Seventy-five participants completed a 6-min-
ute walk test and had first dorsal interosseous (FDI) hand measurements of  muscle ATPmax; of  these par-
ticipants, 57 completed tibialis anterior leg muscle ATPmax measurements in the study. The mean 6-minute 
walk distance was 1342 feet (95% CI 1244–1438) among those with CKD compared with 1734 feet (95% 
CI 1638–1830) among controls (P for difference < 0.0001). Leg muscle ATPmax, and to a lesser extent, the 
FDI hand muscle ATPmax, were positively correlated with 6-minute walk performance (Figure 5). Each 1 
mM/s greater leg muscle ATPmax and hand muscle ATPmax was associated with 1086 feet greater (95% CI 
642–1530 greater; P < 0.001) and 388 feet greater (95% CI 111–664 greater; P < 0.001) 6-minute walk dis-
tance, respectively. These associations remained significant after adjustment (Table 2 and Table 3). There was 
no evidence for heterogeneity by CKD status for the association of  leg muscle ATPmax with 6-minute walk 
performance (P for interaction = 0.11). Similar associations were observed in sensitivity analyses between leg 
whole muscle ATPmax*CSA and 6-minute walk distance (Supplemental Table 5 and Supplemental Figure 2).

Discussion
Our findings demonstrate that the presence and severity of  CKD is associated with decreased in vivo 
muscle mitochondrial oxidative capacity (ATPmax) in the tibialis anterior muscle, which is involved with 
mobility tasks. We did not observe associations of  CKD with ATPmax in the FDI muscle of  the hand; 
however, we found higher resting muscle oxygen consumption in hand muscles of  patients with CKD 
without accompanying difference in resting ATPflux, consistent with prior investigations and studies of  

Table 1. Participant characteristics

CKD (n = 53) Control (n = 24)
Age in yr, mean (SD) 64 (14) 60 (9)
Female, no. (%) 29 (55) 9 (38)
Black, no. (%) 7 (13) 3 (13)
Participants with diabetes, no. (%) 19 (36) 8 (33)
BMI in kg/m2, mean (SD) 30.1 (7) 28.3 (6)
Waist-to-hip ratio, mean (SD) 0.96 (0.09) 0.94 (0.08)
Systolic BP in mmHg, mean (SD) 127 (17) 128 (11)
eGFRcr-cysc in ml/min per 1.73 m2, median (IQR) 33 (23, 49) 102 (81, 108)
Albumin in g/dL, mean (SD) 3.9 (0.3) 4 (0.4)
Albuminuria in mg/g, median (IQR) 244 (27, 678) 5 (1, 10)
Bicarbonate in mmol/L, mean (SD) 22 (3) 23 (2)
Hemoglobin in g/dL, mean (SD) 12.4 (2) 14.1 (2)
hsCRP, median (IQR) 0.21 (0.08, 0.52) 0.09 (0.04, 0.2)
Hand muscle strength in newtons, mean (SD) 24 (11) 33 (13)
Hand muscle size in mm2,A mean (SD) 189 (30) 212 (42)
Leg muscle strength in newtons,B mean (SD) 77 (23) 102 (37)
Leg muscle size in mm2,C mean (SD) 1167 (251) 1244 (235)
An = 50 CKD and n = 22 control. Bn = 37 CKD and n = 19 control. Cn = 35 CKD and n = 17 control. eGFRcr-cysc, the estimated glomerular filtration rate from the 
combined creatinine and cystatin C equation; IQR, interquartile range; hsCRP, high sensitivity C-reactive protein.
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leg muscles of  patients with kidney disease treated with chron-
ic dialysis (6, 7), suggesting increased mitochondrial uncoupling. 
Measurements of  mitochondrial energetics by 31P MRS were 
directly linked with physical performance on a 6-minute walk 
test, indicating functional relevance and suggesting a link between 
mitochondrial function and skeletal muscle impairment in CKD. 
Together, these findings build upon the body of  existing evidence 
implicating impaired mitochondrial energetics as central mecha-
nism linking CKD with decreased muscle performance.

The nature and extent of  deficits in leg muscle mitochondri-
al metabolism observed in this study of  CKD are consistent with 
those previously reported in maintenance dialysis (7, 8). This find-
ing is important because dialysis per se is associated with transient 
alterations in phosphate homeostasis that may impair oxidative 
capacity and compound muscle metabolic injury, including intra-
cellular inorganic phosphate depletion and reduced muscle phos-
phocreatine dynamics (9). Prior studies of  patients treated with 
chronic hemodialysis demonstrated impaired muscle mitochondri-
al oxidative capacity in absence of  any difference in muscle pH or 
deficits in oxygen delivery measured by near-infrared spectroscopy 
during prolonged exercise (8). Furthermore, improvement of  the 
blood oxygen content with erythropoietin-stimulating agents does 
not improve peak oxygen uptake or muscle mitochondrial energet-
ics by in vivo 31P MRS among patients receiving dialysis (10, 11).

CKD is a catabolic and proinflammatory condition that may disrupt mitochondrial energy metabolism 
via several biochemical pathways (3). Uremic toxins, such as indoxyl sulfate, L-kynurenine, kynurenic acid, 
indole-3-acetic acid, and p-Cresol sulfate, adversely affect mitochondrial metabolism (12, 13) and insulin 
resistance (14). Exposure of  isolated skeletal muscle mitochondria from the C57BL/6N mice to uremic 
toxins leads to deficits in the electron transport system characterized by decreased complex III and IV 
activity in addition to increased H2O2 production (13). Uremic toxins can also impair UDP-glucuronos-
yltransferases critical for the metabolism of  drugs and toxins, the buildup of  which can lead to impaired 
mitochondrial oxidative phosphorylation (15). CKD may also promote impairment in the switching from 
anaerobic to aerobic carbohydrate metabolism. Murine 5/6th nephrectomy models demonstrate inactiva-
tion of  mitochondrial pyruvate dehydrogenase activity (2), the entry point into the Krebs cycle. Moreover, 
metabolic acidosis, the extent of  which may not be reliably indicated by serum bicarbonate concentrations, 
has also has been purported to contribute to insulin resistance and protein degradation through glucocorti-
coid-dependent mechanisms (16) and augmentation of  ATP-dependent proteolytic pathways (17).

We observed that, in the subgroup with eGFR <60, those with serum bicarbonate levels below the thresh-
old recommended by the KDIGO guidelines for bicarbonate replacement therapy (18) had substantially lower 
leg muscle ATPmax values compared with those above the threshold. Current practice guidelines recommend 
that people with CKD and serum bicarbonate concentrations <22 mmol/l should be treated with oral bicar-
bonate supplementation to maintain serum bicarbonate within the normal range. These guidelines have been 
informed by animal studies and clinical trials targeting metabolic acidosis in CKD that have demonstrated 
improvements in muscle mass, physical performance, and physical function (19, 20). In animal models of  
CKD, metabolic acidosis suppresses the effects of  the insulin receptor substrate (IRS)/phosphatidylinositol 
3-kinase (PI3K)/AKT pathway and upregulates transcription of  genes that code for the ubiquitin proteosome 

Figure 1. Chronic kidney disease is associated with lower leg mus-
cle ATPmax but not hand muscle ATPmax compared with controls. 
Association of CKD with leg muscle mitochondrial capacity (A) and hand 
muscle mitochondrial capacity (B). The shaded areas represent the inter-
quartile range (25th–75th percentile) of the data, and middle horizontal 
lines represent the median value for each group. P values were adjusted 
for age, sex, BMI, and diabetes using multivariable linear regression.
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system, contributing to skeletal muscle proteolysis (17, 21, 22). Inhibition of  the PI3K/AKT pathway can also 
lead to decreased activation of  the ATP citrate lyase, which impairs cardiolipin synthesis 42 and mitochon-
drial supercomplex formation, complex levels, and activity necessary for mitochondrial membrane integrity 
and electron transport chain function (23). Our findings motivates further investigation of  pharmacologic and 
lifestyle interventions targeting metabolic acidosis to attempt to reverse impairments in muscle mitochondrial 
metabolism and muscle function in persons living with CKD.

Oxidative stress associated with CKD may also contribute to mitochondrial dysfunction through acti-
vation and insertion of  uncoupling proteins into the mitochondrial membrane (24), leading to increased 
oxygen consumption without concomitant increase in ATPflux (uncoupling of  oxidative phosphorylation), 
as has been observed in patients with nondiabetic CKD and in leg muscles of  patients with end-stage kidney 
disease treated with dialysis (6). Our findings of  impaired in vivo muscle mitochondrial oxidative capacity 
and possible pathologic dyscoupling of  mitochondrial oxidative phosphorylation motivate investigation 
of  mitochondrial targeted therapeutics and their effect on muscle mitochondrial energetics and muscle 
performance in patients living with CKD. One potential therapeutic is elamipretide, an aromatic-cationic, 
cell-permeable tetrapeptide mitochondrial targeted drug shown to improve mitochondrial efficiency, oxida-
tive stress, capacity, and muscle endurance in preclinical models of  aging and limb immobilization (25, 26).

Our findings are also consistent with metabolic studies of  CKD that suggest aberrant mitochondrial 
function. The most prominent abnormalities observed in the fasting plasma metabolome among patients 
with CKD include elevation in fumarate and disruption in the ubiquinone biosynthesis pathway (3). Ubi-
quinone is vitally important for shuttling of  electrons among electron transport chain complexes I, II, and 
III. Depletion of  coenzyme Q, a product of  ubiquinone biosynthesis, has been linked to increased electron 
leak with generation of  superoxide from complex II (27), while elevated fumarate has been associated with 
depletion of  glutathione and redox senescence (28). These findings further motivate investigations of  in situ 
muscle mitochondrial energetics using high-resolution respirometry to examine dysfunction in complex 
I and II and assess the redox status of  the ubiquinone pool in patients living with CKD versus controls. 
A natural extension of  our investigation will be testing reversibility of  mitochondrial energetic deficits in 
ongoing clinical trials of  exercise in patients living with CKD (ClinicalTrials.gov NCT02923063) or coen-
zyme Q or nicotinamide riboside supplementation (ClinicalTrials.gov NCT03579693).

In contrast to the leg muscle, we did not observe differences in mitochondrial oxidative capacity in 
the hand muscle between persons with and without CKD. Similar findings have been reported using 31P 
MRS in patients receiving maintenance hemodialysis (29). There are several potential explanations for the 
discrepant associations in hand and leg muscles. The first is a technical limitation of  the MRS procedure 
in the much smaller dorsal interosseous muscle, which has a lower signal-to-noise ratio for 31P MR spec-
tra that may limit the ability to detect differences in phosphocreatine recovery with exercise. Second, the 
tibialis anterior leg muscle contains predominantly type I fibers, which have greater mitochondrial volume 

Figure 2. Kidney function is associated with in vivo leg muscle mitochondrial capacity but not hand muscle mitochondrial capacity. Association of eGFR 
with leg muscle (A) and hand muscle mitochondrial capacity (B). P values were obtained using linear regression.
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and a greater dependency on oxidative metabolism (30). In 
contrast, the dorsal interosseous muscle consists mainly of  
type II fibers, which have a higher glycolytic capacity, with 
low-to-moderate oxidative capacity (31). These differences 
combined with potential differences in habitual use of  these 
muscles in daily activities may explain the discrepancy in 
associations with kidney dysfunction. Although kidney 
disease patients demonstrated greater oxygen uptake under 
resting conditions where membrane potential is high, this 
does not necessarily translate into reduced ATPmax mea-
sured under high-flux conditions with lower membrane 
potential during exercise. Since membrane potential is a 
key driver of  unregulated proton leak across the mitochon-
drial inner membrane (32) and proton leak is an important 
mechanism underlying reduced coupling (33) (stable ATP-
flux despite increased oxygen uptake), the coupling of  ATP 
production to oxygen uptake is expected to increase as the 
flux through the electron transport system (ETS) increases 
with exercise.

The clinical relevance of  mitochondrial oxidative capac-
ity is underscored by our findings of  associations of  reduced 
muscle mitochondrial oxidative capacity with worse physi-
cal performance on the 6-minute walk test. Despite differ-
ences in associations of  CKD with ATPmax in the hand and 
leg muscles, ATPmax in both muscle groups was associat-
ed with similar differences 6-minute walk distance among 
patients with CKD. These findings suggest that 31P MRS 

measurements provide a window into skeletal muscle health and patient-centered outcomes beyond muscle 
strength that could serve as important indicators of  muscle function and physical performance in CKD.

Strengths of  the current investigation include direct measurements of  skeletal muscle mitochondri-
al energetics in humans, evaluation of  a nondialysis CKD population, selection of  control individuals 
with a similar prevalence of  diabetes, and demonstration of  associations with physical performance 
measures. The 31P MRS method used in this investigation has also been applied to other populations in 
studies validating the association of  muscle mitochondrial energetics with patient-centered outcomes 
and metabolic phenotypes (34–36). One limitation of  our study is the cross-sectional design, limiting 
discovery of  potential mechanisms to explain the observed reductions in mitochondrial capacity. Future 
longitudinal studies that combine in situ and in vivo muscle mitochondrial measures with follow up of  
physical functioning would be an important next step to address underlying mechanisms linking kidney 
function, mitochondrial energetics, and functional decline. A significant number of  participants were 
unable to undergo leg muscle ATPmax testing due to technical limitations of  the procedure. This may 
have resulted in a select group of  participants who were able to undergo leg muscle testing due to body 
habitus limitations, reducing the generalizability of  our findings to the broader CKD population. It also 
remains possible that study participants with CKD and control individuals may have differed by char-
acteristics unrelated to kidney disease that themselves may be related to skeletal muscle mitochondrial 
energetics. Finally, another limitation of  our study was the use of  estimated glomerular filtration as an 

Figure 3. Chronic kidney disease is associated with greater rest-
ing hand muscle oxygen uptake, with no differences in resting 
ATPflux compared with controls. Box plot of the association 
of CKD with resting hand muscle (A) O2 uptake and (B) ATPflux. 
The shaded areas represent the interquartile range (25th–75th 
percentile) of the data, and middle horizontal lines represent the 
median value for each group. Hand muscle O2 uptake was adjust-
ed for age, sex, BMI, and ATPflux. P values were obtained using 
multivariable linear regression.
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index of  kidney function. This does not completely capture the secretory function of  the kidney, which 
represents the major mechanism for secretion of  protein-bound uremic toxins, whose generation can be 
influenced by differences in diet and gut microbiota (37).

In conclusion, we demonstrated impaired leg muscle mitochondrial oxidative capacity in patients with 
CKD using 31P MRS. Impairment in muscle mitochondrial oxidative capacity may underlie poor physical 
performance, leading to functional decline and frailty in CKD. Further investigation is necessary to help 
guide therapeutic development and better inform clinical trials aimed at improving skeletal muscle func-
tion, physical functioning, and other patient-centered health-related outcomes in CKD.

Methods
Study population. The Chronic Kidney Disease Muscle Mitochondrial ENergetics and Dysfunction (CKD-
MEND) study recruited patients with moderate-to-advanced CKD from nephrology clinics and control 
individuals without known kidney disease from primary care and endocrinology clinics within the Uni-
versity of  Washington healthcare system. For the purposes of  enrollment, we defined CKD at entry by an 
eGFR <60 ml/min per 1.73 m2 based on at least 2 clinical laboratory evaluations, using the 2009 CKD 
EPI equation. We defined non-CKD by an eGFR ≥60 ml/min per 1.73 m2 without evidence of  albumin-
uria. We frequency matched CKD and control participants based on demographics and diabetes status 
to increase the degree of  similarity in these characteristics between the groups. We identified controls in 
age groups of  40–59 years of  age and 60–80 years of  age seeking to match 50% females and 50% diabetic 
patients within in each age group. We further used statistical adjustment to provide finer control of  poten-
tial confounding due to residual imbalance between study groups.

Exclusion criteria were age of  <18 years, history of  solid-organ transplantation, inability to ambulate at 
least 100 steps, being treated with maintenance dialysis or being expected to start dialysis within 6 months, 
uncontrolled hypertension (systolic BP >170 mmHg), history of  deep venous thrombosis or pulmonary 
embolism, use of  dual antiplatelet therapy, history of  HIV or viral hepatitis infection, uncontrolled thyroid 
disease (elevated or depressed TSH), weight >300 lbs, oxygen-dependent chronic obstructive pulmonary 
disease, active malignancy, vascular stent placed within 6 months, and any MRI incompatible devices or 
implants. We also excluded individuals who were treated with medications that have known effects on mus-
cle metabolism, physical function, or mitochondrial metabolism, including antivirals, muscle relaxants, 
antipsychotics, oral steroids, calcineurin inhibitors, antiepileptics, coenzyme Q-10, nicotinamide riboside, 
or high-dose antioxidants. Finally, we limited MRI studies of  the leg to persons who were at least 5 foot 2 
inches in height due to the small-bore size of  the MRI.

Measurements of  muscle mitochondrial energetics. To measure mitochondrial ATPmax in a consistent vol-
ume of  muscle tissue, we used the time course of  recovery of  phosphocreatine after exercise; for this, we 
used 31P MRS of  the tibialis anterior leg muscle and FDI hand muscle (38, 39) with a standardized exercise 
protocol used to assess muscle oxidative capacity and ATP kinetics in multiple populations (34, 36, 40). 
Briefly, a short exercise test involving repeated dorsiflexion of  the right foot or index finger of  the right hand 

Figure 4. Association of serum bicarbonate level with leg muscle 
ATPmax among those with eGFR <60. Serum bicarbonate levels of less 
than 22 mmol/L and more than or equal to 22 mmol/L from the Kidney 
Disease: Improving Global Outcomes recommended clinical cut point for 
bicarbonate repletion therapy in kidney disease. P values were adjusted 
for age, sex, and eGFR using multivariable linear regression.
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was performed for a period of  20 to 30 seconds to reduce phosphocreatine by approximately 50%, while 
maintaining muscle pH >6.8. The phosphocreatine recovery was measured over 6 minutes to determine a 
time constant of  recovery (tPCr) to yield ATPmax (ATPmax = [24.5/tPCr] for the FDI or [26.5/tPCr] for the 
tibialis anterior), where PCR denotes phosphocreatine. The ATPmax is the standard for characterizing 
mitochondrial ATP capacity in vivo (39, 41, 42) in a consistent muscle volume of  interest and is directly 
related both to mitochondrial markers of  oxidative phosphorylation in muscle tissue (43–45) and in vivo 
(46). We also measured FDI hand resting muscle oxygen uptake and net ATPflux in resting muscle during 
ischemia. Briefly, resting ATPflux was determined by MRS, with the dynamics and concentration of  the 
high-energy phosphate carrier phosphocreatine during anoxia in the muscle (30, 47). All MRS was per-
formed on a Bruker 4.7-T magnet with Biospin console. The within-patient reproducibility of  31P MRS leg 
ATPmax, our principal measure of  muscle energetics, was less than 10%, in agreement with that of  other 
investigators (5%–8% within-person day-to-day coefficient of  variation) (48, 49), while, for the hand, the 
coefficient of  variation was 13%. The within-patient coefficient of  variation for ATPflux was 14%.

Measurement of  resting oxygen uptake. The same FDI hand muscle was used in optical spectroscopy and 
MRS in a subset of  participants during a separate is ischemia experiment performed on the same day as the 
MRS. Participants underwent a 15-minute ischemic procedure where a blood pressure cuff  was inflated to 
50 mmHg above the participants systolic blood pressure. This muscle has the advantage of  having very low 
adipose tissue thickness (~2 mm). Nonetheless a reference using 2% intralipid was used to estimate scatter-
ing due to adipose tissue penetration. The spectroscopic depth of  penetration is approximately 5 mm, and 
the volume of  muscle sampled approximates that sampled by the surface coil used for 31P MRS.

Oxygen (O2) uptake by muscle was measured using the deoxygenation rate of  myoglobin (Mb) to Hb with 
optical spectroscopy. This was assessed as the drop in O2 content of  each carrier (Δ saturation × Mb or Hb) 

Figure 5. Leg and hand muscle mitochondrial capacity are associated with 6-minute walk distance. Association of leg and hand muscle ATPmax with physi-
cal performance. P for interaction by CKD status = 0.04 for leg muscle and P for interaction = 0.02 for hand muscle ATPmax using likelihood ratio test.
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during ischemia. The desaturation rate was determined during the first 2 minutes of  ischemia, when Mb-O2 
is >50% saturated (partial pressure of  oxygen [PO2] >3 torr), and mitochondrial respiration is independent of  
cellular PO2 (50, 51). Unlike in NIRS, the analyses of  the optical spectra used a partial least squares approach 
based on the second derivative of  the spectra, allowing separation of  the signals from oxygenated and deoxy-
genated Mb and from oxygenated and deoxygenated Hb, yielding a more specific surrogate for muscle oxygen 
consumption (52). The within-patient coefficient of  variation in oxygen uptake was 20%.

Measurement of  hand muscle resting ATPflux. The resting ATPflux (ATPase rate) was determined from 
the phosphocreatine breakdown in the hand muscle during the last 3 minutes of  a separate 15-minute isch-
emic protocol performed before the oxygen uptake experiments with the same blood pressure cuff  inflation 
pressure as in the optical spectroscopy experiments. During the last 3 minutes of  ischemia the slope of  the 
change in phosphocreatine represent the flux that must be met by mitochondrial oxidative phosphorylation 
under aerobic conditions to achieve ATP balance as previously described (47). This breakdown is a direct 
measure of  ATPflux because phosphocreatine breakdown acts as a buffer to maintain ATP levels in the face 
of  energy demand via the creatine kinase reaction.

Measurements of  muscle size and strength. We measured leg and hand muscle size cross-sectional area 
(CSA) from MR images acquired as axial plane T1-weighted, 2D gradient-echo images; these were collect-
ed with the following parameters: 500-ms repetition time, 2.5-ms echo time, 3-mm slice thickness, 1-mm 
interslice interval, 192 × 192 matrix, and number of  excitations = 2. Five slices of  each right limb were ana-
lyzed with Image J (version 1.50 e, NIH) using manual planimetry (53) to determine the total muscle CSA. 
Measurements by 2 independent investigators agreed to within 2.5% on average. The mean of  the maximal 
3 muscle CSA measures was used in the analysis. Tibialis anterior and FDI muscle strength and contractile 
properties were determined on the right leg or hand using a custom-built isometric exercise apparatus, as 
previously described (54). The tibialis anterior muscle is important in ankle dorsiflexion and represents a 
simple system connecting muscle mechanics and energetics to foot movement (54), which serves a critical 
role in walking mobility. The subject performed a maximal voluntary contraction in ankle dorsiflexion 
exercise for approximately 5 seconds by pulling on a strap that secured the foot to a force transducer plat-
form. Three successive bouts were separated by 5 seconds each.

Measurements of  physical performance. We performed a 6-minute walk test within 28 days of  muscle test-
ing. Participant were instructed to walk as fast as possible on a flat surface in a well-lit marked indoor corri-
dor free of  pedestrian traffic, as previously described (55). Participants were told to cover as much distance 
as possible over 6 minutes. Research coordinators followed a standardized script for performing testing to 
avoid differences in the level of  encouragement.

Measurements of  other study data. Study coordinators measured seated blood pressures 5 minutes apart using 
an automated sphygmomanometer and recorded the average of the last 2 readings. Coordinators collected blood 
and 12-hour timed urine samples on the same day as the physical performance evaluation. Samples were centri-
fuged for 20 minutes at 1728 g, transferred to cryovials, and stored at –80°C. General chemistries were measured 
from frozen sera on a Beckman Coulter DXC autoanalyzer. Serum creatinine concentrations were measured 
with values traceable to isotope dilution mass spectrometry standards. Serum cystatin C concentrations were 
measured using a Gentian particle-enhanced turbidometric assay standardized to international reference materi-
al ERM-DA471. Study measurements of eGFR were estimated using serum creatinine and cystatin C, based on 

Table 2. Association of leg muscle ATPmax with 6-minute walk distance performance in feet

Leg muscle Unadjusted (n = 57)  
β (95% CI)

Model 1 (n = 52)  
β (95% CI)

TA muscle ATPmax (per 1 mM/s) 1087 (642, 1530) 756 (222, 1290)
Age (per 1 yr) –9.3 (–18.8, 0.2)
Female –11.6 (–285, 308)
BMI –17.9 (–43.6, 7.8)
Diabetes 52.3 (–183.4, 288)
Muscle size in mm2 0.1 (–0.6, 0.8)
Muscle strength in newtons 2.6 (–0.4, 5.7)

TA, tibialis anterior.
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the 2012 combined CKD-EPI equation (56). We measured urinary albumin concentration by immunoturbidim-
etry and urinary creatinine concentration by the modified Jaffe method.

Statistics. We performed complete case analysis of participants with complete endpoint data (Supplemental 
Figure 1). Less than 10% of those who had completed 31P MRS measurements of ATPmax had missing mus-
cle strength due to the inability to fit into the muscle testing apparatus or poor quality surface coil imaging of  
the tibialis anterior muscle. We tested differences in key demographic characteristics between participants with 
CKD and controls for different endpoint subgroups using the 2-sample 2-tailed t test. We used scatterplots, sim-
ple linear regression, and Pearson’s correlation to describe associations of kidney function with MRS measures 
of interest. We used linear regression to estimate associations between kidney function and ATPmax, adjusting 
for confounders, including age, sex, BMI, and diabetes. A P value of less than 0.05 was considered significant. 
We chose not to adjust for muscle size or strength in our main models but rather to do so in sensitivity analyses 
because 31P MRS was performed over a consistent muscle volume of interest and because prevailing evidence 
suggests that kidney disease may contribute to muscle atrophy. We also used linear regression to estimate asso-
ciations of ATPmax with 6-minute walking distance. We tested for effect modification using the likelihood 
ratio test. Consistent with previous studies (34), we used whole muscle oxidative capacity (defined as a product 
of ATPmax with muscle cross-sectional area) as the main exposure or outcome in sensitivity analysis. For our 
sensitivity analysis, which tested the association of eGFR with whole leg muscle oxidative capacity, we log trans-
formed ATPmax*CSA in order to determine the association of GFR with the percentage of change in whole 
muscle oxidative capacity, defined as (eβ – 1) × 100, where e is the exponential function of the regression coeffi-
cient (β) for the association of eGFR with log-transformed ATPmax*CSA obtained from the linear regression 
models. Values for high sensitivity C-reactive protein were skewed and therefore log transformed to normalize 
their distribution. Statistical analyses were performed using STATA version 15.

Study approval. The CKD-MEND study protocol was approved by the University of  Washington 
Human Subjects Division. All participants provided informed consent prior to participation in the CKD-
MEND study.
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Table 3. Association of hand muscle ATPmax with 6-minute walk distance performance in feet

Hand muscle Unadjusted (n = 75)  
β (95% CI)

Model 1 (n = 70)  
β (95% CI)

FDI ATPmax (per 1mM/s) 387 (111, 663) 399 (145, 654)
Age (per 1 yr) –7.8 (–13.5, –2.0)
Female –164 (–322, –5.8)
BMI –19.4 (–30.2, –8.5)
Diabetes –77 (–241, 87)
Muscle size in mm2 1.3 (0.1, 2.5)
Muscle strength in newtons –2.1 (–8.2, 4.1)

FDI, first dorsal interosseous.
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