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Abstract
Background: Non- invasive determination of mitochondrial capacity via near infra-
red spectroscopy (NIRS) typically involves voluntary exercise of a single muscle 
group followed by as many as 26 brief ischemic cuff occlusions to determine a single 
recovery rate constant (k).
Purpose: To determine the within-  and between- visit repeatability of a shortened 
bilateral NIRS protocol, and to establish the feasibility of hamstring k measurements.
Methods: Sixteen young (eight women, eight men; 22 ± 3 years) active adults un-
derwent a bilateral electrical stimulation protocol in which multiple (n = 4) measure-
ments of k for the vastus lateralis (VL) and medial hamstring (MH) muscles were 
determined on two visits. Repeatability (CV% and intraclass correlations, ICC) and 
equivalency across visits were assessed for both muscles.
Results: Mean k values in the VL were consistent with published values and within- 
visit ICCs were moderately high for both muscles in both sexes. In men, average k 
values on visit 2 were within 1% (VL muscle) and 5% (MH muscle) of the values on 
visit 1 (all p > 0.78). In women, average k values were 10%– 15% lower on visit 2 
(p = 0.01 and p = 0.15 for MH and VL) with the largest between- visit differences in 
a subset of participants with the most days between visits.
Conclusions: This bilateral NIRS protocol is time efficient and provides valid esti-
mates of k in both sexes and muscle groups with acceptable within- visit repeatability. 
Lower than expected between- visit repeatability in some participants reinforces the 
need for further investigation of this newly developed protocol to identify and control 
for experimental and behavioral sources of variation.
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1 |  INTRODUCTION

Near infrared spectroscopy (NIRS) is a non- invasive method 
used to measure changes in oxygenated and deoxygenated 
hemoglobin/myoglobin in various tissues, including skele-
tal muscle (Willingham & McCully, 2017). Hamaoka et al. 
(2011) and later Ryan et al. (2013) developed protocols for 
estimating the mitochondrial (oxidative) capacity of individ-
ual skeletal muscles that utilize NIRS to measure the rate of 
recovery of muscle oxygen consumption (V̇O

2
) following 

a short bout of muscle contraction. The recovery time con-
stant (k) derived from the protocol of Ryan, Southern, et al. 
(2013), which utilizes electrical stimulation to activate mus-
cle mitochondrial respiration, showed good agreement with 
measurements of phosphocreatine (PCr) recovery rates (31P- 
NMR) and mitochondrial respiration rates from muscle biop-
sies (Ryan, Southern, et al., 2013, 2014). This NIRS- based in 
vivo approach has also revealed relative differences in mus-
cle mitochondrial capacity across various athlete and patient 
populations (Adami & Rossiter, 2018), further supporting its 
validity. This non- invasive, relatively low- cost technique is 
well suited to monitoring changes in muscle- specific aerobic 
adaptations over time and thus offers considerable promise 
in evaluating the effectiveness of different interventions (ex-
ercise training, rehabilitation, medications, etc.) in research 
and clinical settings (Jeffries et al., 2018; Polley et al., 2016; 
Ryan et al., 2013).

Despite its advantages, there are limitations associated 
with the application of NIRS for determining muscle mi-
tochondrial capacity. One limitation is the need to use as 
many as 26 ischemic cuff inflations to obtain a single value 
of k (Sumner et al., 2020). With a recommended two to 
three trials per muscle, per study visit to obtain a reliable 
estimate of mitochondrial capacity (Adami & Rossiter, 
2018; Blankstein, 2011), this method is time consuming 
and can be uncomfortable for some subjects. An abbrevi-
ated test protocol using six repeated post exercise cuff oc-
clusions was recently developed by Sumner et al. (2020) 
in an attempt to address this limitation. They found that 
recovery rate (k) constants were similar between the six-  
and 22- cuff protocols in the upper- limb muscles (biceps, 
forearm) of healthy young subjects while requiring fewer 
occlusion periods and less total testing time. As in several 
previous studies, they also used low- frequency electrical 
twitch stimulation to better control the intensity and area 
of muscle fiber recruitment (vs. voluntary contractions 
with ergometers or stretch bands; Willingham & McCully, 
2017).

In the present study, we adapted the six- occlusion cuff, 
electrical stimulation method of estimating muscle mito-
chondrial capacity to the muscles acting upon the knee 
joint (vastus lateralis [VL] and medial hamstring [MH], 
which comprises the semitendinosus and semimembranosus 

muscles). Evaluating mitochondrial capacity in lower ex-
tremity muscles is important given their role in posture and 
locomotion and the chronic impact of cardiovascular and 
metabolic disorders on leg muscle oxygen delivery and mito-
chondrial function (Hart et al., 2018). The need for time effi-
cient NIRS estimates of mitochondrial capacity is especially 
important for participant comfort because lower extremity 
muscles require higher cuff inflation pressures to adequately 
occlude blood flow vs. that of the upper limb (Hunt et al., 
2016; Loenneke et al., 2015). NIRS- based assessments of 
VL and MH muscle mitochondrial capacity also have the 
potential to identify physiological factors contributing to 
lower extremity musculoskeletal injury and evaluate the 
effectiveness of related therapeutic interventions to restore 
function. Our interest in determining the feasibility of this 
method for measuring mitochondrial capacity in the ham-
string muscles stems from the fact that this is a frequently 
injured muscle group and a common site for tissue harvest 
in patients undergoing surgical Anterior cruciate ligament 
(ACL)- reconstruction, particularly among physically active 
young adults.

Consequently, we developed a bilateral, electrical stimu-
lation protocol in which the mitochondrial capacity of both 
VL muscles (supine position) or both MH muscles (prone 
position) can be determined at the same time, all within a 
single study visit. We hypothesized that this bilateral protocol 
would provide time- efficient estimates of muscle mitochon-
drial capacity that are repeatable for both of these muscle 
groups in young physically active men and women, both 
within-  and between- testing days. We further hypothesized 
that in healthy active younger individuals, the mitochondrial 
capacity of these two knee joint muscles would be similar 
across limbs (i.e., right to left).

2 |  METHODS

2.1 | Subjects

Men and women between 18 and 35 years of age from The 
Pennsylvania State University Park Campus were recruited 
for this study. Volunteers were excluded from participating 
if they were smokers, were taking any cardiovascular medi-
cations, had a body mass index >35 or had a prior history of 
major lower- limb injuries. Six volunteers with adipose tissue 
at the NIRS probe sites (VL and MH muscles) that exceeded 
2.0 cm, which is the estimated signal penetration limit of the 
Portamon NIRS device (Artinis Medical Systems; Adami & 
Rossiter, 2018; Blankstein, 2011), were also excluded from 
participating during the screening visit (discussed below). 
This study was approved by the University's Institutional 
Review Board and all subjects provided written, informed 
consent prior to participation.
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2.2 | Study timeline

Each subject completed an initial screening and familiarization 
visit (session 1) to measure adipose tissue thickness (ATT), to 
assess their tolerance to bilateral thigh occlusion and electrical 
stimulation, and to determine the appropriate stimulation in-
tensity to adequately increase the metabolic rate of the muscle. 
Bilateral NIRS mitochondrial capacity testing was completed 
on two subsequent experimental visits (sessions 2 and 3) to de-
termine within-  and between- day reproducibility. A minimum 
of 3 days separated the screening visit from the first experimen-
tal visit, and a minimum of 24 h separated the two experimental 
visits. The mean number of days separating the two experimen-
tal study visits was 11.2 ± 10.0 (range: 1– 32 days).

2.3 | Screening and familiarization 
session procedures

During session 1, subjects completed the informed consent 
process, had their height and mass measured, and filled out 
a general health screening form and physical activity ques-
tionnaire (IPAQ short form; Lee et al., 2011). In subjects 
meeting inclusion criteria, these procedures were followed 
by measurements of ATT over the NIRS probe placement 
sites (VL and MH muscles). For the initial subjects (prior to 
January 2020) ATT was measured using a Lange skinfold 
caliper (longitudinal folds). For subsequent subjects, ultra-
sonography was used (Philips Ultrasound). Subjects with 
ATT ≤2.0 cm in the VL and MH muscles measured via ei-
ther method (eight women and eight men), remained eligible 
for the study.

Each subject was then asked to lie on a padded exam-
ination table while being instrumented with upper- thigh 
cuffs (tapered 4.5 × 34 inches; Delfi Medical Innovations) 
connected to a Hokanson large capacity reservoir inflator 
(Hokanson E20, D.E. Hokanson, Inc) and high- capacity air 
source (SpeedAire, 11 Gallon). These components enabled 
rapid, simultaneous inflation of both thigh cuffs (~1 s). This 
was followed by a short (~1  min) simultaneous inflation 
of both cuffs to ensure the subject could tolerate the 250- 
mmHg occlusion pressure (Loenneke et al., 2015). Next, 
NIRS probes (Artinis PortaMon) were placed 2/5th of the 
distance between the greater trochanter to the lateral patella 
and wrapped with opaque vet wrap (to prevent ambient light 
contamination) for continuous monitoring of oxyhemoglobin 
and deoxyhemoglobin in the VL muscle. The 2/5th proxi-
modistal thigh length (1) consistently delineated the VL mus-
cle as confirmed by visual inspection and palpation during 
isometric contraction against manual resistance (confirmed 
by a certified athletic trainer during pilot testing); (2) pro-
vided sufficient space for the electrical stimulation pads and 
upper- thigh occlusion cuff; and (3) standardized the NIRS 

probe placement for between- leg testing. Two electrical stim-
ulation pads (Chattanooga Dura- Stick Electrodes; DJO LLC) 
were then placed adjacent to each NIRS probe and connected 
to an electrical stimulation unit (TheraTouch Electrotherapy 
EX4; Richmar). Straps were then placed around each lower 
leg to minimize movement artefact during stimulation. 
Following the instrumentation setup (as shown in Figure 1), 
the stimulation intensity (biphasic setting, 6 Hz, 10 pulses/
sec) of one VL muscle was gradually increased until a vigor-
ous, yet tolerable muscle contraction was elicited (Ryan et al., 
2013). This electrical stimulation check was also performed 
to ensure that metabolic rate was sufficiently increased at the 
final stimulation setting chosen (i.e., >three- fold increase as 
determined by visual inspection of the slope of the oxyhe-
moglobin signal immediately post- stimulation) for the NIRS 
mitochondrial capacity test to succeed. This sequence (i.e., 
electrical stimulation check and NIRS metabolic rate check) 
was then repeated for the opposite VL muscle. The subject 
was then assisted into the prone position for identical proce-
dures to determine the electrical stimulation parameters for 
the MH muscles. For these muscles, the NIRS probes were 
placed approximately 2/5th of the distance between the pos-
terior ischial tuberosity and the medial patella. This standard-
ized distance ensured that the NIRS probes were placed over 
the MH muscles (semitendinosus and semimembranosus; 
confirmed with the assistance of a certified athletic trainer) 
while providing sufficient space for the electrical stimulation 
pads and upper- thigh occlusion cuff. NIRS probe position 
was marked with indelible ink along with photos to increase 
accuracy for positioning during the subsequent experimental 
visits.

2.4 | Mitochondrial capacity testing

Eligible subjects returned to the laboratory for two experi-
mental sessions, to determine VL and MH mitochondrial 

F I G U R E  1  Instrument placement for the bilateral NIRS protocol 
(prone position for the MH muscles shown here). Upper electrical 
stimulation pads are beneath both occlusion cuffs. MH, medial 
hamstring; NIRS, near infrared spectroscopy
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capacity and reproducibility, using the bilateral, 6- cuff oc-
clusion method. Subjects were asked to avoid strenuous ac-
tivity at least 24 h before each session. After instrumentation 
(Figure 1), electrical stimulation intensity was returned to 
the same levels as the familiarization session and adjusted 
as needed to ensure adequate contraction intensity and NIRS 
oxygen desaturation. Following these electrical stimulation 
checks, subjects rested for 5 min to allow NIRS signals to 
return to baseline conditions.

The mitochondrial capacity protocol was similar to the 
protocol developed by Sumner et al. (2020) but adapted for use 
in both legs. The bilateral protocol sequence, shown in Figure 
2, involved four separate trials of 30 s of electrical stimula-
tion (three cycles of 8 s stim/2 s off) followed by 6 × 5 s cuff 
inflation/5 s cuff deflation cycles. The rapid inflation cuff se-
quence was controlled using a customized LabView program. 
One data set (i.e., four replicate measurements) was obtained 
for each limb, each muscle (VL or MH), and on each day. 
This protocol measured resting and post- stimulus metabolic 
rates to confirm adequate increases in muscle metabolism 
with stimulation. These measurements were obtained before 
the sequence of cuff inflation/deflation cycles (resting), and 
after this 4- set sequence (post stimulation).

A physiological calibration of both NIRS probes was ob-
tained after the final stimulation. This calibration identifies 

the difference between the minimum (nadir during a 5- min 
occlusion) and maximum (post- cuff release reactive hyper-
emia) oxyhemoglobin signals. Oxyhemoglobin values during 
the mitochondrial capacity test were checked following the 
physiological calibration to ensure that muscle oxygen sup-
ply did not become limiting to maximal oxidative capacity 
(Adami & Rossiter, 2018), i.e., not below 50% of the subject's 
physiological % oxyhemoglobin range for that muscle. This 
full protocol was then repeated for the MH muscles with the 
subject in the prone position.

2.5 | NIRS measurements and analysis

Continuous wavelength NIRS probes (Artinis Portamon) 
with wavelengths of 765 and 854 nm were used to measure 
oxyhemoglobin and deoxyhemoglobin, respectively. This 
device has three channels with separation distances of 30, 35, 
and 40 mm. Data were collected via Bluetooth at 10 Hz using 
the Oxysoft software (Artinis Medical Systems).

The NIRS- derived data were exported and analyzed 
in MATLAB (The MathWorks, Inc.) using a proprietary 
system that produces the mitochondrial capacity recovery 
time constants (McCully & Ryan, 2017). Figure 3 shows 
the % oxyhemoglobin saturation changes during a bilateral 

F I G U R E  2  Bilateral NIRS protocol. This sequence of steps was performed first with the subject in the supine position (VL muscles), then 
repeated with the subject in the prone position (MH muscles). 1Determined from the slope of the % oxyhemoglobin saturation change during 
temporary cuff inflation. 2checked to confirm that % oxyhemoglobin saturation did not drop below 50% of the subject's physiological range for each 
muscle during the preceding mitochondrial capacity trials. MH, medial hamstring; NIRS, near infrared spectroscopy; VL, vastus lateralis
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6 cuff occlusion test of the MH muscle in a representative 
subject.

2.6 | Statistical analysis

Statistical analyses were performed using SPSS version 26.0 
(IBM Corporation). Intraclass coefficients (ICC (2, K); Koo 
& Li, 2016) and coefficients of variation (CV) were used to 
determine between-  and within- day variability. Equivalency 
tests were used to determine agreement between days 
(Lakens, 2017). Intra- rater reliability, which was evaluated 

by having a single “blinded” rater repeat the recovery slope 
point selection in MATLAB on three occasions, was also 
evaluated using ICC and CV. Comparison of mean values 
between- days and between- limbs were analyzed using two- 
sided paired t- tests. A two- sample t- test assessed sex differ-
ences in mitochondrial capacity estimates for each muscle 
separately. An ANOVA (multi- factor, fixed effects) was 
performed with factors (sex, muscle group, limb) and covari-
ate (IPAQ score) to determine if any of these factors signifi-
cantly influenced the average k value obtained across the two 
study visits. All data are presented as mean ± SD. Statistical 
significance was accepted when p < 0.05. A post- hoc power 

F I G U R E  3  Data recordings and analysis of muscle mitochondrial capacity (k) for a representative subject (recordings are from one MH 
muscle). (a) Changes in percent oxyhemoglobin saturation during each step of the NIRS protocol. Shaded bars indicate electrical stimulation. (b) 
Oxyhemoglobin saturation recovery slopes for one Mito- 6 test immediately following intermittent stimulation (8 s on/2 s off). The arrows above 
each slope indicate the points used to calculate the NIRS recovery rate constant (k) in panel C. Shaded area indicates electrical stimulation. (c) 
Oxyhemoglobin saturation recovery slopes (i.e., six recovery values) fit onto a monoexponential curve with respect to final resting metabolic rate. 
The Y axis represents the slope, and the X axis represents time (s). Time to half recovery to the final resting metabolic rate is the NIRS recovery rate 
constant (k) for each trial. MH, medial hamstring; NIRS, near infrared spectroscopy
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analysis was completed for sex comparisons of mitochon-
drial capacity in both the VL and MH muscles (VL: α = 0.05, 
Cohen's d  =  0.61, 1  −  β  =  0.51; MH: α  =  0.05, Cohen's 
d = 0.50, 1 − β = 0.40).

3 |  RESULTS

Physical characteristics of the 16 subjects (eight men, eight 
women) who completed all testing sessions are presented 
in Table 1. Men were taller and heavier than women were, 
but ATT over both muscles, estimated by skinfolds or ul-
trasound, were similar between sexes. Self- reported physical 
activity levels (IPAQ, recent weekly) were higher in women 
compared to men (p = 0.04).

3.1 | Feasibility of the bilateral 
NIRS protocol

As indicated in the methods, each subject underwent a total 
of 4 cycles/replicates of bilateral muscle stimulation followed 
by repeated bilateral cuff occlusions for each muscle on both 
study visits. This resulted in 16 possible rate constants for 
the VL muscle and 16 for the MH muscle in each subject 
(4 replicates × 2 limbs × 2 visits), all within two study vis-
its each lasting approximately 2 h. Successful mitochondrial 
recovery curves, defined as data that fit a mono- exponential 
curve (as determined by an experienced NIRS investigator 
and co- author) with at least a three- fold increase in metabolic 
rate (defined in Section 2), were identified in 81% of all VL 
muscle replicates (208 out of 256) and in 71% of all MH mus-
cle replicates (183 out of 256) across the 16 subjects (Figure 
4). Across both study visits and both limbs, all 16 subjects 
had an average of 12.2 ± 2.9 successful measurements out 

of 16 possible NIRS recovery rate constant slopes for each 
muscle group.

Sex differences in the repeatability of rate constant (k) 
measurements between the two visits were observed in both 
muscle groups; thus, most results below are presented sepa-
rately for women and men.

3.2 | Within- visit repeatability of rate 
constant values

Table 2 provides the coefficient of variation and intraclass 
correlations (ICC) for both sexes and muscle groups. In men, 
within- visit CVs ranged from 5.0% to 25.0% for both muscles 
with a median of 13.5% and ICC averaged 0.82. Repeatability 
was slightly better in the VL muscle. In women, within- visit 
CVs ranged from 5.0% to 35.0% with a median of 13.0% and 
ICC averaged 0.86, with repeatability slightly better in the 
VL muscle.

3.3 | Between- visit comparisons of average 
rate constants

In men, between- visit CVs ranged from 0% to 29.2% with 
a median of 8.6% and the average k values for each limb on 
visit 2 were within 1% (VL muscle) and 5% (MH muscle) of 
the average values on visit 1 (p > 0.78 for all comparisons). 
However, repeatability across visits for individual subjects 
was quite variable (see Figure 5 showing individual means 
on both visits). In women, between- visit CVs ranged from 
1.6% to 28.1% with a median of 10.4% and the average k 
values for each limb on visit 2 were lower for both muscles 
compared to visit 1 and reached significance in the MH mus-
cle (p = 0.01) but not the VL muscle (p = 0.15), with three 

Men Women p value

Subjects no. 8 8

Age (years) 23.9 ± 3.6 21.3 ± 1.5 0.009

Height (m) 1.78 ± 0.13 1.66 ± 0.06 0.001

Mass (kg) 74.6 ± 18.6 57.8 ± 7.9 0.004

BMI (m2/kg) 23.3 ± 3.1 21.0 ± 1.9 0.052

VL ATT (mm) skinfold caliper 13.2 ± 2.4 (n=4) 14.2 ± 1.3 (n=4) 0.48

VL ATT (mm) ultrasound 12.9 ± 2.0 (n=4) 13.3 ± 1.8 (n=4) 0.82

MH ATT (mm) skinfold caliper 15.2 ± 1.5 (n=4) 15.7 ± 0.5 (n=4) 0.51

MH ATT (mm) ultrasound 13.8 ± 2.4 (n=4) 14.2 ± 1.6 (n=4) 0.74

IPAQ (METS/week) 2901 ± 1358 4217 ± 991 0.04

Values are means ± SD.
Abbreviations: ATT, adipose tissue thickness; BMI, body mass index; IPAQ, International Physical Activity 
Questionnaire- short form; MH, medial hamstring; VL, vastus lateralis.

T A B L E  1  Subject characteristics
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of eight subjects showing ~20%– 30% lower values on day 2 
(Figures 5 and 6).

The extent to which between- visit differences in aver-
age rate constants were considered "repeatable" (i.e., no 
statistical difference between days) are shown in Figure 
4. Equivalency testing (Figure 6) showed that k values for 
both VL and MH muscles between days in men was statis-
tically equivalent and not different. However, equivalency 
testing revealed that k values were not statistically equiv-
alent for the same analysis in women. These conclusions 
were based on hypothesis testing in which differences in k 
values between days were not different from zero and the 
90% confidence interval for the mean difference was within 
±15% of the mean value.

3.4 | Muscle group, sex, and limb 
comparisons of average rate constants

The average k values across visits for both muscles are dis-
played in Figure 7. Average k values were higher in the MH 
than in the VL muscle; this muscle group difference was ob-
served during both study visits in both limbs. Average k values 
were also higher in men than in women in both muscle groups 
and in both limbs. There were no right- to- left limb differences 
in k for either muscle in either sex (all p > 0.10; data not shown).

An ANOVA (multi- factor, fixed effects) was performed 
to determine which factors (sex, muscle group, limb) ex-
plained significant variance in the average k value obtained 
across the two study visits. This analysis showed that sex 
was a significant determinant of k (p = 0.012), but muscle 
group (p = 0.07), physical activity levels (p = 0.76) and limb 
(p = 0.91) were not.

3.5 | Intra- rater repeatability of rate 
constant curve fitting

Repeatability of NIRS recovery curve fitting by one inves-
tigator blinded to subject identity was quite high for the VL 
muscles (CV%  =  4.6  ±  2.5, ICC  =  0.98) and for the MH 
muscles (CV% = 4.2 ± 3.3%, ICC = 0.97).

4 |  DISCUSSION

The primary purpose of the present study was to develop, and 
assess the reproducibility of, a bilateral NIRS- based protocol 
for measuring muscle mitochondrial capacity in the lower 
extremity (i.e., knee joint) muscles. The results indicate that 
while this protocol provides time efficient and physiologi-
cally valid estimates of mitochondrial capacity in these mus-
cle groups with acceptable repeatability on a single study 
visit, there was lower than expected between- visit repeatabil-
ity of these estimates in some of our female participants for 
undetermined reasons. Below we discuss the feasibility and 
reproducibility of this protocol for both muscle groups tested, 
compare the derived rate constants (k) to the literature and 
between muscle groups and limbs, and provide recommen-
dations to improve the between- visit reproducibility of this 
novel bilateral protocol.

4.1 | Feasibility of the bilateral 
NIRS protocol

To the best of our knowledge, this present study is the first to 
apply the NIRS repeated occlusions mitochondrial capacity 

F I G U R E  4  The total number of analyzable (based on monoexponential curve fit) and repeatable (based on between- visit SD) k values for 
women and men. Dashed line indicates the maximum possible number of subjects with analyzable and repeatable rate constant measurements (i.e., 
n = 16 limbs per muscle per sex). (A) Determined by visual inspection of MATLAB- derived monoexponential curve fit. (B) Indicates the number 
of trials for which the average recovery rate constant k was less than 1 SD unit difference between the two visits
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method to both lower limbs simultaneously. Bilateral surface 
stimulation coupled with an automated six repeated occlu-
sion cuff protocol resulted in a large number of muscle V̇O

2
 

recovery trials and k value estimates while keeping total oc-
clusion time and participant discomfort to a minimum. The 
average number of successful NIRS mitochondrial capacity 
trials (i.e., trials with a monoexponential V̇O

2
 recovery curve 

fit and a three- fold or greater increase in muscle metabolic 
rate) in these subjects was 13.0 and 11.4 (out of 16 possible) 
for the VL and MH muscles, respectively. This means that 
for four possible replications of the k value for each muscle 
and limb (i.e., left hamstring) on a given visit, an average of 
three replicates were available for analysis. The present find-
ings, along with those of Sumner et al. in upper extremity 
muscles (Sumner et al., 2020) support the feasibility of using 
partial recovery curves to estimate muscle mitochondrial ca-
pacity with NIRS in healthy active younger adults.

4.2 | Repeatability of the bilateral 
NIRS protocol

In men, within- visit CVs ranged from 5.0% to 25.0% (me-
dian = 13.5%), with slightly lower variance across the four 
replicates in the VL compared to MH muscles (Table 2). In 
women, within- visit CVs ranged from 5.0% to 35.0% (me-
dian = 13.0%), with slightly less variance in the VL com-
pared to MH muscles. These CVs are somewhat higher than 
what has been reported in the calf/plantar flexion model 
across several labs (Adami & Rossiter, 2018; La Mantia et al., 
2018; Southern et al., 2014; CV = 4.5%– 11%) and markedly 
higher than the La Mantia et al. (2018) study (CV = 4.6%) 
which also used electrical stimulation in the resting VL of 
young adults. It is unclear why within- visit (trial- to- trial) 
variability appears higher in the present study than in these 
previous reports (which were all in healthy young controls), 

T A B L E  2  Reliability of the Bilateral NIRS Protocol

CV (%) ICC t- test

VL

Intra- rater 4.6 ± 2.5 0.98

Men

Within- day 13.3 ± 5.4 0.82

Between- day 10.8 ± 8.1 0.92 0.72

Between- limb 7.6 ± 6.0

Women

Within- day 13.0 ± 6.2 0.86

Between- day 13.6 ± 9.1 0.81 0.17

Between- limb 7.4 ± 6.8

MH

Intra- rater 4.2 ± 3.3 0.97

Men

Within- day 14.7 ± 5.9 0.80

Between- day 8.4 ± 6.4 0.87 0.57

Between- limb 8.6 ± 6.7

Women

Within- day 14.5 ± 7.2 0.82

Between- day 10.0 ± 6.8 0.94 0.02

Between- limb 7.8 ± 7.1

Values for CV are presented as means ± SD. p- values are reported for t- tests to 
test differences for average NIRS k values between days.
Abbreviations: CV, coefficient of variation; ICC, intra- class correlation 
coefficient; MH, medial hamstring; VL, vastus lateralis.

F I G U R E  5  Individual NIRS- derived 
k values between visits in men and women. 
Light solid lines indicate individual 
differences in k (min−1) between visits. 
Dark solid lines indicate the mean change 
in k from visit 1 to visit 2 in each muscle in 
each sex. (a) Men's vastus lateralis muscle 
(n = 13). (b) Men's medial hamstring 
muscle (n = 13). (c) Women's vastus 
lateralis muscle (n = 14). (d) Women's 
medial hamstring muscle (n = 12). NIRS, 
near infrared spectroscopy
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particularly given the higher number of replicates we ob-
tained (n = 4 vs. two or three replicates in previous reports) 
and our strict adherence to current NIRS testing guidelines 
(Adami & Rossiter, 2018; Barstow, 2019). It is possible that 
with a higher number of trials, there was a greater chance 
that one of the trials produced an abnormally high-  or low- 
rate constant value compared to the rest of the trials. While 
these occasional trials were not considered outliers based 
on z- score analysis,they may still have increased the over-
all variability for that participant. Future studies should test 
whether the current protocol (i.e., bilateral stimulation and 
partial recovery curves) is inherently more variable than the 
standard unilateral 22 ischemic cuff protocol in these and 
other muscle groups. While somewhat higher than expected, 
the within- visit variability observed with the present proto-
col is no higher than that reported for 31P- NMR determina-
tion of PCr recovery kinetics (Ryan, Southern, et al., 2013) 
or muscle biopsy measures of mitochondrial capacity (Ryan, 
Brizendine, et al., 2013).

Between- visit repeatability, a key determinant of the 
ability of any method to detect change over time or in re-
sponse to intervention, was evaluated in all 16 subjects by 
repeating the same protocol on a second study visit at a 
similar time of day (experimental visits 1 and 2; individual 
data shown in Figure 5). In men, average k values for each 
limb on visit 2 were within 1% (VL muscle) and 5% (MH 
muscle) of the average values on visit 1, demonstrating 
good repeatability. Moreover, equivalency testing (Figure 
6) showed that the mean difference was not different than 

F I G U R E  6  Equivalency test plots comparing the average k values measured on visit 2 to visit 1. The dark symbols indicate the mean 
difference between measurements on visits 1 and 2. The open symbols indicate the 90% confidence intervals. The X axis represents the difference 
in mitochondrial rate constants expressed as a percent (%). Vertical bold dotted lines indicate zero difference between values on visits 1 and 2. The 
vertical thin dotted lines indicate a difference in rate constant of 15% between visits 1 and 2. (a) Comparison of the VL muscle in men (circles). 
(b) Comparison of the MH muscle in men (circles). (c) Comparison of the VL muscle in women (diamonds). (d) Comparison of the MH muscle in 
women (diamonds). VL, vastus lateralis

-30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30 -30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30

-30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30 -30 -25 -20 -15 -10 -5 0 5 10 15 20 25 30

(a) (b)

(c) (d)

F I G U R E  7  Average NIRS derived recovery constants between 
sexes in both muscle groups. The darker shaded bar represent the mean 
and individual rate constant values in women. The lighter shaded bar 
represent the mean and individual rate constant values in men. The 
average for each group is represented by the line in the box plot. The 
whiskers represent the range of values for each muscle in men and 
women. NIRS, near infrared spectroscopy. *Indicates p < 0.05

*

Vastus Lateralis Medial Hamstring
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zero (all p > 0.78) and the 90% confidence intervals were 
generally within 10% of the average rate constant for both 
muscles. Collectively these findings suggest that the bi-
lateral NIRS protocol is repeatable across study visits in 
physically active younger men.

An unexpected finding, clearly shown in Figures 5 and 
6C and D, was a significant between- visit difference in k 
for both muscle groups in the women. We have no defini-
tive explanation for the 10%– 15% lower rate constants ob-
served during the second visit in this group. The number of 
successful mitochondrial recovery curves (out of 16 total 
trials) was similar for the women compared to the men 
(Figure 4) suggesting that the overall quality of the data 
(i.e., monoexponential curve fits) was similar. However, 
closer inspection of individual data (data not shown) re-
vealed that the three women with the longest time be-
tween visits (18, 31, and 32 days) also exhibited the largest 
between- visit differences (−20.3, −20.4, −23.1%) in k in 
both of their VL muscles. Additionally, these 3 subjects 
had, in general, the highest average adipose tissue values 
in this study. While associations between ATT, time be-
tween studies, and variation (CV%) in the mitochondrial 
rate constant between visits were not found to be statis-
tically significant (all p  >  0.05, scatterplots not shown), 
these observations highlight the need for additional studies 
to identify determinants of low between- visit repeatability 
of k with this protocol in these muscles.

4.3 | Comparisons of k between 
muscle groups

The k values obtained in this study (group averages from 
1.49 to 1.83  s−1) are consistent with values from the leg 
muscles of previous studies. For the VL muscle, Brizendine 
et al. (2013) and Erickson et al. (2013) reported average k 
values of 1.9 and 1.8, respectively, for moderately active 
subjects. Similar values for k have been reported in other 
studies as well (Sumner et al., 2020; Myers et al., 2019). For 
the medial gastrocnemius muscle, Lagerwaard et al. (2019) 
and Willingham et al. (2019) reported k values of 1.13 and 
1.68 s−1, respectively, for inactive and moderately active sub-
jects. While these prior studies used the full recovery curve 
(22– 26 cuff occlusion) approach, the recent study by Sumner 
et al. (2020) reported that the six- cuff approach (similar to 
that used in our study) provides equivalent k values.

To the best of our knowledge, there are no published 
NIRS- based estimates of mitochondrial capacity for any 
of the hamstring muscles, likely due to the fact that these 
muscles are rarely biopsied and are generally viewed as 
less accessible for NIRS measurements than the quadriceps 
muscles. The hamstrings are an important muscle group to 
study because this is a frequently injured muscle group and a 

common site for tissue harvest in patients undergoing surgical 
ACL- reconstruction. Our study showed that NIRS- based es-
timates of mitochondrial capacity, while challenging in some 
subjects, could be acquired for this muscle group in subjects 
who met our study inclusion criteria (ATT  ≤2.0 cm, etc.).

We were surprised to find that average k values did not 
differ between the MH and VL, given reported differences 
in lab- based endurance tests (Faxon et al., 2018) and EMG 
activity/motor unit recruitment during locomotor tasks 
(walking, running, jumping) between the quadriceps and 
hamstring muscle groups. We are not aware of any direct 
(biopsy- based) or indirect (NIRS- based or other methods) 
comparisons of mitochondrial capacity between the VL 
and hamstring muscles in humans. Additionally, muscle 
fiber type composition, a significant determinant of mito-
chondrial function, is quite variable across the few avail-
able hamstring biopsy studies in the literature (Evangelidis 
et al., 2017; Garrett et al., 1984; Johnson et al., 1973) and 
does not differ markedly (averaging 50%– 60% type II fi-
bers) from that reported for the VL (averaging 40%– 60% 
type II fibers; Staron et al., 2000).

4.4 | Comparisons of k between limbs

As seen in Figure 7, there was a moderately wide range (ap-
proximately two- fold) of mitochondrial rate constants across 
subjects for each muscle. This variation may reflect the range 
of physical activity levels and our inclusion of both sexes. 
Despite this between- subject variation in mitochondrial capac-
ity, there was a strong agreement between limbs in each par-
ticipant as indicated by high ICC values, low CVs. Bilateral 
consistency in NIRS- based mitochondrial capacity was also 
suggested by the study of Harp et al. (2016) who reported no 
significant difference (p = 0.97) between recovery rate con-
stants in the dominant versus non- dominant calf muscles of 
healthy controls. That study also showed a trend for multiple 
sclerosis patients to have lower mitochondrial capacity in their 
weaker versus stronger leg (Harp et al., 2016). Taken together, 
these findings support the use of NIRS mitochondrial test-
ing for comparing muscle oxidative capacity between limbs. 
The present protocol could be particularly useful in the serial 
evaluation of muscle-  and limb- specific pathology in unilateral 
diseases such as stroke, peripheral artery disease, or multiple 
sclerosis and in single limb exercise training studies designed 
to differentiate local versus systemic adaptive responses.

4.5 | Comparisons of k between 
men and women

Although not a primary purpose of the present investigation, 
we did observe higher average mitochondrial rate constants 



   | 11 of 14HANNA et Al.

in men than in women in both muscle groups and in both 
limbs (Figure 7). This sex difference was relatively small 
(~10% higher k values in men) and was directionally op-
posite of what would be expected based on these subjects' 
recent physical activity levels (lower in men) and predomi-
nant mode of training (eight of eight women participated in 
“endurance” activities vs. only two of eight men). This find-
ing is also directionally opposite the differences in VL mito-
chondrial volume density (electron microscopy) and function 
(mitochondrial protein- normalized oxidative enzyme activ-
ity in isolated muscle mitochondria) of moderately trained 
younger women and men matched for whole body aerobic 
capacity (Montero et al., 2018). These differences, however, 
should be viewed with caution due to their low effect sizes 
(Cohen's d: VL: 0.61; MH: 0.50) and the fact that this study 
was not powered (VL: β = 0.51; MH: β = 0.40) for sex com-
parisons. We estimate that 34 participants would be needed 
(using an effect size of 0.50) to determine with a power of 
1 –  β = 0.80 whether muscle mitochondrial capacity differs 
between active younger women and men based on an effect 
size of d = 0.61.

4.6 | Study limitations

The primary purpose of this study was to develop, and test 
the reproducibility of, a novel bilateral NIRS mitochondrial 
capacity test in an extensively studied (VL) and never be-
fore reported (MH) lower- limb muscle group. The sample 
we recruited was young, healthy, and physically active and 
included both sexes. It is highly representative of populations 
that have undergone the conventional NIRS mitochondrial 
test protocol in the published literature (i.e., 22+ cuff oc-
clusion, single limb muscle) and reflects a population that 
is at highest risk for ACL injuries. Physical activity ques-
tionnaires are recognized as having shortcomings, including 
recall bias and over- reporting of physical activity vs. more 
objective measures (e.g., accelerometry). However, the IPAQ 
questionnaire we used identified all 16 participants as either 
moderately or highly physically active, suggesting that none 
of our subjects were “sedentary” thereby facilitating compar-
isons of our reported mitochondrial rate constants with previ-
ously published cohorts. We did not strictly control physical 
activity between study visits, a factor that could have poten-
tially contributed to the higher than expected between- visit 
variability in the women's k values. Nevertheless, ANOVA 
revealed no significant effect of IPAQ score (s) as a covariate 
on the muscle k values we observed.

We did not compare the abbreviated (six cuff) method to 
the conventional (22– 26 cuff) method in the present study. 
Thus, we cannot be certain that some of the variability we 
observed is a function of inadequate sampling or inherent 
within/across- day variability. Such a comparison would 

require a much longer study visit (due to the need for ade-
quate recovery between trials, etc.) and additional electrical 
stimulation and cuff inflations, but would have increased the 
external validity of our study given the 6- cuff method has not 
been validated against 31P- NMR.

Lastly, it is possible that variations in upper- thigh cuff 
placement, slippage, timing, and pressure over repeated infla-
tions contributed to the between- visit variability in k values. 
However, we utilized Delfi cuffs (rigid and tapered) of suf-
ficient width and an automated (LabView based) inflation- 
deflation switch controller to minimize such variations. To 
the best of our knowledge, no one has systematically eval-
uated the influence of different cuff pressures on the resul-
tant mitochondrial k values. However, such variations in cuff 
positioning, and so on are unlikely to have contributed in a 
major way to between- visit variability in k values because 
when large differences in k were observed between the two 
study visits for a given subject, these differences were typi-
cally observed in both limbs.

4.7 | Methodological considerations

The use of bilateral electrical stimulation was highly ef-
fective in controlling the contraction stimulus in both 
limbs simultaneously, but also presented a few chal-
lenges. First, due to the irregular shape and small ex-
ternal area of the MH muscle (relative to the VL), there 
was limited surface area available for the placement of 
two stimulation pads and the NIRS sensor. This was 
more frequently encountered with smaller subjects due to 
their shorter thigh lengths. However, this limitation did 
not appear to substantially reduce the quality of the mo-
noexponential curve fitting or the repeatability of mito-
chondrial rate constants in the MH muscle (see Table 2). 
Second, the presence of more adipose tissue (i.e., higher 
ATT in the MH muscle and in women) also necessitated 
a higher current setting which led to the exclusion of six 
volunteers after initial screening. However, we ensured 
that the stimulation intensity was within the tolerance of 
each subject and all 16 subjects who completed this study 
adapted quickly to the transient stimulation of these mus-
cles with minimal or no discomfort. Another issue was 
the deterioration of the adhesive stimulation pads after 
repeated trials, leading to a reduction in the conductance 
properties of the pads. This sometimes required a higher 
current setting to be applied (for a similar level of muscle 
activation) on experimental visit 2 compared to visit 1 for 
a given subject. Of note, a single set of stimulation pads 
was used for each subject and disposed after their final 
visit. The procedures described in our methods are rec-
ommended as a starting point for any investigators seek-
ing to implement this protocol.
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During pilot testing prior to this study, we set 1.5 cm as the 
exclusion criteria for both muscles, which is well below the 
estimated maximum penetration depth of the Portamon sensor 
(i.e., 2.0 cm). However, a few of our initial volunteers with 
MH ATT values slightly above this cut- off (up to 1.65 cm) 
were found to exhibit an adequate (at least three- fold) increase 
in metabolic rate during their initial electrical stimulation 
check (during volunteers' familiarization visit). From that 
point forward we used >1.5 and >1.7 cm as our ATT exclu-
sion criteria for the VL and MH muscles, respectively. We do 
not know if the higher ATT cut- off for the MH muscle, and 
thus the higher average adipose thickness of the MH versus 
VL muscle in our overall sample (Table 1), had an impact on 
the present results (most notably the poorer repeatability in a 
subset of our female participants). We also do not know for 
sure if switching from skinfold calipers to ultrasound imaging 
midway through our study increased the accuracy of our ATT 
estimates, although this is a reasonable assumption particu-
larly in the thigh region (Selkow et al., 2011). Nonetheless, 
applying these ATT criteria with the Portamon device resulted 
in a high percentage of successful trials for these large muscle 
groups in most subjects (Figure 4).

Some investigators have recently suggested that the short 
duration muscle contractions used with the NIRS repeated 
cuff occlusion method (3 × 8 s in the present study) are not 
enough for mitochondria to be maximally activated and for 
muscle V̇O

2
 to reach a steady state (Zuccarelli et al., 2020). 

However, studies over the past ~25  years have shown that 
k values derived with this method do not appear to change 
with increasing muscle activation (intensity) or duration up 
to 5 min, similar to what is seen with the 31P- NMR method. 
Thus, the use of short duration (to ensure oxygen does not 
become limiting), but sufficiently intense exercise (to rapidly 
activate mitochondrial enzymes) in repeated cuff occlusion 
protocols should not invalidate the “instantaneous” steady 
state reflected in the determination of k.

4.8 | Conclusions and recommendations

The present study demonstrates the feasibility of NIRS- based 
estimates of mitochondrial capacity in the VL and MH mus-
cles using bilateral electrical stimulation and partial (six cuff) 
recovery curve analysis. This bilateral approach not only has 
the advantage of reducing testing time and subject discomfort 
and burden, but also yields a large number of recovery rate 
constants per muscle. This protocol demonstrated acceptable 
within- visit repeatability in physically active young adults, 
but was susceptible to large between- visit variability, par-
ticularly in women. This increased variability should be ac-
counted for in future study designs.

It is recommended that investigators desiring to replicate 
this bilateral electrical stimulation protocol for future studies 

adhere (in general) to the standardized procedures described 
herein. Researchers are also strongly encouraged, as high-
lighted in the recent CORP review in this journal (Barstow, 
2019), to follow the precautions described above with respect 
to adipose tissue measurements and exclusion criteria to im-
prove the accuracy and reproducibility of the derived k val-
ues for their particular muscle group(s) and population(s) of 
interest. Investigators wishing to track changes in mitochon-
drial capacity over time and/or to document the effects of an 
intervention should closely monitor concurrent changes in 
weekly (possibly limb- specific) physical activity and employ 
other relevant methodological controls (changes in health sta-
tus/weight, documentation of menstrual cycle phase during 
testing (Stanhewicz & Wong, 2020). Lastly, the data quality, 
group means, and individual variability provided in this re-
port provides novel reference data for future studies seeking 
to improve upon the quality and reproducibility of NIRS- 
based estimates of muscle mitochondrial capacity.

ACKNOWLEDGMENTS
We would like to thank the subjects for their willing partici-
pation in this study. We also thank Xavier Smith for assisting 
with the initial pilot testing of the NIRS sensors and software, 
and Allison Shuster, Abigail Deck and Madison Horan for 
their reliable assistance with data collection during this study.

DISCLOSURES
The authors declared no potential conflicts of interest with re-
spect to the research, authorship and/or publication of this article.

AUTHOR CONTRIBUTIONS
Conception and design: Rewais Hanna, Jigar Gosalia, 
Zachary Hobson, Kevin K. McCully, Brian A. Irving, 
Swapan Mookerjee, Giampietro L. Vairo, and David N. 
Proctor; perform experiments: Rewais Hanna, Jigar Gosalia, 
Alaina Demalis; analyze data: Rewais Hanna, Jigar Gosalia, 
and David N. Proctor; interpret results: Rewais Hanna, 
Jigar Gosalia, Kevin K. McCully, Brian A. Irving, Swapan 
Mookerjee, Giampietro L. Vairo, and David N. Proctor; 
prepare figures: Rewais Hanna, Jigar Gosalia, and David 
N. Proctor; draft manuscript: Rewais Hanna, Jigar Gosalia, 
Giampietro L. Vairo, and David N. Proctor; edit/revise and 
approve manuscript: all authors.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

ORCID
Kevin K. McCully   https://orcid.org/0000-0001-9850-487X 
Brian A. Irving   https://orcid.org/0000-0002-4131-9523 
Giampietro L. Vairo   https://orcid.org/0000-0002-7575-5016 
David N. Proctor   https://orcid.org/0000-0002-4691-4575 

https://orcid.org/0000-0001-9850-487X
https://orcid.org/0000-0001-9850-487X
https://orcid.org/0000-0002-4131-9523
https://orcid.org/0000-0002-4131-9523
https://orcid.org/0000-0002-7575-5016
https://orcid.org/0000-0002-7575-5016
https://orcid.org/0000-0002-4691-4575
https://orcid.org/0000-0002-4691-4575


   | 13 of 14HANNA et Al.

REFERENCES
Adami, A., & Rossiter, H.(2018). Principles, insights, and poten-

tial pitfalls of the noninvasive determination of muscle oxida-
tive capacity by near- infrared spectroscopy. Journal of Applied 
Physiology, 124(1), 245– 248. https://doi.org/10.1152/jappl physi 
ol.00445.2017

Barstow, T. J.(2019). Understanding near infrared spectroscopy and 
its application to skeletal muscle research. Journal of Applied 
Physiology, 126(5), 1360– 1376. https://doi.org/10.1152/jappl 
physi ol.00166.2018

Blankstein, A. (2011). Ultrasound in the diagnosis of clinical orthope-
dics: The orthopedic stethoscope. World Journal of Orthopedics, 
2(2), 13– 24. https://doi.org/10.5312/wjo.v2.i2.13

Brizendine, J. T., Ryan, T. E., Larson, R. D., & McCully, K. K. (2013). 
Skeletal muscle metabolism in endurance athletes with near- 
infrared spectroscopy. Medicine & Science in Sports & Exercise, 
45(5), 869– 875. https://doi.org/10.1249/MSS.0b013 e3182 7e0eb6

Erickson, M. L., Ryan, T. E., Young, H. J., & McCully, K. K. (2013). 
Near- infrared assessments of skeletal muscle oxidative capacity 
in persons with spinal cord injury. European Journal of Applied 
Physiology, 113(9), 2275– 2283. https://doi.org/10.1007/s0042 
1- 013- 2657- 0

Evangelidis, P. E., Massey, G. J., Ferguson, R. A., Wheeler, P. C., Pain, 
M. T. G., & Folland, J. P. (2017). The functional significance 
of hamstrings composition: Is it really a "fast" muscle group? 
Scandinavian Journal of Medicine & Science in Sports, 27(11), 
1181– 1189. https://doi.org/10.1111/sms.12786

Faxon, J., Sanni, A., & McCully, K. (2018). Hamstrings and quadri-
ceps muscles function in subjects with prior ACL reconstruction 
surgery. Journal of Functional Morphology and Kinesiology, 3(4), 
56. https://doi.org/10.3390/jfmk3 040056

Garrett Jr., W., Califf, J., & Bassett, F. (1984). Histochemical correlates 
of hamstring injuries. The American Journal of Sports Medicine, 
12(2), 98– 103. https://doi.org/10.1177/03635 46584 01200202

Hamaoka, T., McCully, K. K., Niwayama, M., & Chance, B. (2011). 
The use of muscle near- infrared spectroscopy in sport, health 
and medical sciences: Recent developments. Philosophical 
Transactions of the Royal Society A: Mathematical, Physical 
and Engineering Sciences, 369(1955), 4591– 4604. https://doi.
org/10.1098/rsta.2011.0298

Harp, M. A., McCully, K. K., Moldavskiy, M., & Backus, D. (2016). 
Skeletal muscle mitochondrial capacity in people with multiple 
sclerosis. Multiple Sclerosis Journal –  Experimental, Translational 
and Clinical, 2, 205521731667802. https://doi.org/10.1177/20552 
17316 678020

Hart, C. R., Layec, G., Trinity, J. D., Le Fur, Y., Gifford, J. R., Clifton, 
H. L., & Richardson, R. S. (2018). Oxygen availability and skeletal 
muscle oxidative capacity in patients with peripheral artery dis-
ease: Implications from in vivo and in vitro assessments. American 
Journal of Physiology –  Heart and Circulatory Physiology, 315(4), 
H897– H909. https://doi.org/10.1152/ajphe art.00641.2017

Hunt, J. E., Stodart, C., & Ferguson, R. A. (2016). The influence of par-
ticipant characteristics on the relationship between cuff pressure 
and level of blood flow restriction. European Journal of Applied 
Physiology, 116(7), 1421– 1432. https://doi.org/10.1007/s0042 
1- 016- 3399- 6

Jeffries, O., Waldron, M., Pattison, J. R., & Patterson, S. D. (2018). 
Enhanced local skeletal muscle oxidative capacity and micro-
vascular blood flow following 7- day ischemic preconditioning 

in healthy humans. Frontiers in Physiology, 9, 463. https://doi.
org/10.3389/fphys.2018.00463

Johnson, M. A., Polgar, J., Weightman, D., & Appleton, D. (1973). Data 
on the distribution of fibre types in thirty- six human muscles. An 
autopsy study. Journal of the Neurological Sciences, 18(1), 111– 
129. https://doi.org/10.1016/0022- 510X(73)90023 - 3

Koo, T. K., & Li, M. Y. (2016). A guideline of selecting and reporting in-
traclass correlation coefficients for reliability research. Journal of 
Chiropractic Medicine, 15(2), 155– 163. https://doi.org/10.1016/j.
jcm.2016.02.012

La Mantia, A. M., Neidert, L. E., & Kluess, H. A. (2018). Reliability 
and validity of near- infrared spectroscopy mitochondrial ca-
pacity measurement in skeletal muscle. Journal of Functional 
Morphology and Kinesiology, 3, 19. https://doi.org/10.3390/
jfmk3 020019

Lagerwaard, B., Keijer, J., McCully, K. K., de Boer, V. C. J., & 
Nieuwenhuizen, A. G. (2019). In vivo assessment of muscle mi-
tochondrial function in healthy, young males in relation to param-
eters of aerobic fitness. European Journal of Applied Physiology, 
119(8), 1799– 1808. https://doi.org/10.1007/s0042 1- 019- 04169 - 8

Lakens, D. (2017). Equivalence tests: A practical primer for t tests, cor-
relations, and meta- analyses. Social Psychological and Personality 
Science, 8(4), 355– 362. https://doi.org/10.1177/19485 50617 697177

Lee, P. H., Macfarlane, D. J., Lam, T., & Stewart, S. M. (2011). 
Validity of the international physical activity questionnaire short 
form (IPAQ- SF): A systematic review. International Journal of 
Behavioral Nutrition and Physical Activity, 8(1), 115. https://doi.
org/10.1186/1479- 5868- 8- 115

Loenneke, J. P., Allen, K. M., Mouser, J. G., Thiebaud, R. S., Kim, D., 
Abe, T., & Bemben, M. G. (2015). Blood flow restriction in the 
upper and lower limbs is predicted by limb circumference and 
systolic blood pressure. European Journal of Applied Physiology, 
115(2), 397– 405. https://doi.org/10.1007/s0042 1- 014- 3030- 7

McCully, K. K., & Ryan, T. E.(2017). Systems and Methods for mea-
suring mitochondrial capacity. US Patent #9,706,959. Submitted 
March 11, 2013, granted June 29, 2017.

Montero, D., Madsen, K., Meinild- Lundby, A. K., Edin, F., & Lundby, 
C. (2018). Sexual dimorphism of substrate utilization: Differences 
in skeletal muscle mitochondrial volume density and func-
tion. Experimental Physiology, 103(6), 851– 859. https://doi.
org/10.1113/EP087007

Myers, C. M., Kim, J.- S., McCully, K. K., & Florian, J. P. (2019). 
Effects of repeated, long- duration hyperoxic water immersions 
on neuromuscular endurance in well- trained males. Frontiers in 
Physiology, 10. https://doi.org/10.3389/fphys.2019.00858

Polley, K. R., Jenkins, N., O'Connor, P., & McCully, K. (2016). 
Influence of exercise training with resveratrol supplementation 
on skeletal muscle mitochondrial capacity. Applied Physiology, 
Nutrition and Metabolism, 41(1), 26– 32. https://doi.org/10.1139/
apnm- 2015- 0370

Ryan, T. E., Brizendine, J. T., Backus, D., & McCully, K. K. (2013). 
Electrically induced resistance training in individuals with motor 
complete spinal cord injury. Archives of Physical Medicine and 
Rehabilitation, 94(11), 2166– 2173. https://doi.org/10.1016/j.
apmr.2013.06.016

Ryan, T. E., Brophy, P., Lin, C. T., Hickner, R. C., & Neufer, P. D. (2014). 
Assessment of in vivo skeletal muscle mitochondrial respiratory 
capacity in humans by near- infrared spectroscopy: A comparison 
with in situ measurements. Journal of Physiology, 592(15), 3231– 
3241. https://doi.org/10.1113/jphys iol.2014.274456

https://doi.org/10.1152/japplphysiol.00445.2017
https://doi.org/10.1152/japplphysiol.00445.2017
https://doi.org/10.1152/japplphysiol.00166.2018
https://doi.org/10.1152/japplphysiol.00166.2018
https://doi.org/10.5312/wjo.v2.i2.13
https://doi.org/10.1249/MSS.0b013e31827e0eb6
https://doi.org/10.1007/s00421-013-2657-0
https://doi.org/10.1007/s00421-013-2657-0
https://doi.org/10.1111/sms.12786
https://doi.org/10.3390/jfmk3040056
https://doi.org/10.1177/036354658401200202
https://doi.org/10.1098/rsta.2011.0298
https://doi.org/10.1098/rsta.2011.0298
https://doi.org/10.1177/2055217316678020
https://doi.org/10.1177/2055217316678020
https://doi.org/10.1152/ajpheart.00641.2017
https://doi.org/10.1007/s00421-016-3399-6
https://doi.org/10.1007/s00421-016-3399-6
https://doi.org/10.3389/fphys.2018.00463
https://doi.org/10.3389/fphys.2018.00463
https://doi.org/10.1016/0022-510X(73)90023-3
https://doi.org/10.1016/j.jcm.2016.02.012
https://doi.org/10.1016/j.jcm.2016.02.012
https://doi.org/10.3390/jfmk3020019
https://doi.org/10.3390/jfmk3020019
https://doi.org/10.1007/s00421-019-04169-8
https://doi.org/10.1177/1948550617697177
https://doi.org/10.1186/1479-5868-8-115
https://doi.org/10.1186/1479-5868-8-115
https://doi.org/10.1007/s00421-014-3030-7
https://doi.org/10.1113/EP087007
https://doi.org/10.1113/EP087007
https://doi.org/10.3389/fphys.2019.00858
https://doi.org/10.1139/apnm-2015-0370
https://doi.org/10.1139/apnm-2015-0370
https://doi.org/10.1016/j.apmr.2013.06.016
https://doi.org/10.1016/j.apmr.2013.06.016
https://doi.org/10.1113/jphysiol.2014.274456


14 of 14 |   HANNA et Al.

Ryan, T. E., Erickson, M. L., Young, H. J., & McCully, K. K. (2013). 
Case report: Endurance electrical stimulation training improves 
skeletal muscle oxidative capacity in chronic spinal cord injury. 
Archives of Physical Medicine and Rehabilitation, 94(12), 2559– 
2561. https://doi.org/10.1016/j.apmr.2013.06.014

Ryan, T. E., Southern, W. M., Reynolds, M. A., & McCully, K. K. (2013). 
A cross- validation of near- infrared spectroscopy measurements 
of skeletal muscle oxidative capacity with phosphorus magnetic 
resonance spectroscopy. Journal of Applied Physiology, 115(12), 
1757– 1766. https://doi.org/10.1152/jappl physi ol.00835.2013

Selkow, N. M., Pietrosimone, B. G., & Saliba, S. A. (2011). Subcutaneous 
thigh fat assessment: A comparison of skinfold calipers and ultra-
sound imaging. Journal of Athletic Training, 46(1), 50– 54. https://
doi.org/10.4085/1062- 6050- 46.1.50

Southern, W. M., Ryan, T. E., Reynolds, M. A., & McCully, K. (2014). 
Reproducibility of near- infrared spectroscopy measurements 
of oxidative function and postexercise recovery kinetics in the 
medial gastrocnemius muscle. Applied Physiology, Nutrition 
and Metabolism, 39(5), 521– 529. https://doi.org/10.1139/
apnm- 2013- 0347

Stanhewicz, A. E., & Wong, B. J. (2020). Counterpoint: Investigators 
should not control for menstrual cycle phase when performing 
studies of vascular control that include women. Journal of Applied 
Physiology, 129(5), 1117– 1119. https://doi.org/10.1152/jappl 
physi ol.00427.2020

Staron, R. S., Hagerman, F. C., Hikida, R. S., Murray, T. F., Hostler, D. 
P., Crill, M. T., Ragg, K. E., & Toma, K. (2000). Fiber type compo-
sition of the vastus lateralis muscle of young men and women. The 
Journal of Histochemistry and Cytochemistry, 48(5), 623– 629. 
https://doi.org/10.1177/00221 55400 04800506

Sumner, M., Beard, S., Pryor, E., Das, I., & McCully, K. (2020). Near 
infrared spectroscopy measurements of mitochondrial capacity 
using partial recovery curves. Frontiers in Physiology, 11. https://
doi.org/10.3389/fphys.2020.00111

Willingham, T. B., Backus, D., & McCully, K. K. (2019). Muscle dys-
function and walking impairment in women with multiple sclero-
sis. International Journal of MS Care, 21(6), 249– 256. https://doi.
org/10.7224/1537- 2073.2018- 020

Willingham, T. B., & McCully, K. K. (2017). In vivo assessment of 
mitochondrial dysfunction in clinical populations using near- 
infrared spectroscopy. Frontiers in Physiology, 8, 689. https://doi.
org/10.3389/fphys.2017.00689

Zuccarelli, L., Salvador, P. C. N., Del Torto, A., Fiorentino, R., & Grassi, 
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