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Forearm muscle mitochondrial capacity
and resting oxygen uptake: Relationship
to symptomatic fatigue in persons with
multiple sclerosis

Elizabeth M DePauw* ®, Mitra Rouhani* ®, Aidan M Flanagan and Alexander V Ng ®

Abstract

Background: Mitochondrial dysfunction has been implicated in the pathogenesis of multiple sclerosis
(MS). Whether mitochondrial alterations are a function of ambulatory dysfunction or are of a non-
ambulatory systemic nature is unclear.

Objective: To compare oxidative capacity, and rest muscle oxygen consumption (mVO,) in the upper
limb of persons with multiple sclerosis (PwMS) to a control group (CON), whereby an upper limb would
be comparatively independent of ambulation or deconditioning.

Methods: Near infra-red spectroscopy was used to measure oxidative capacity of the wrist flexors in
PwMS (n=16) and CON (n = 13). Oxidative capacity was indicated by the time constant (TC) of mVO,
recovery following brief wrist flexion contractions. Measurements included well-being, depression,
symptomatic fatigue, disability, handgrip strength, cognition, and functional endurance. Analysis was
by T-tests and Pearson correlations with p < 0.05. Data are mean (SD).

Results: TC of mVO, recovery was slower in PwWMS (MS =47(14) sec, CON=36(11) sec; p=0.03).
No significant correlations were found between oxidative capacity and any other measures. Rest mVO,
was not different between groups, but correlated with symptomatic fatigue (r=0.694, p=0.003) and
strength (0.585, p=0.017) in PwMS.

Conclusion: Oxidative capacity was lower in the wrist flexors of PWMS, possibly indicating a systemic
component of the disease. Within PwMS, rest mVO, was associated with symptomatic fatigue.
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Introduction Increased muscle fatigability can originate from cen-

tral impairments or peripheral impairments secondary
to deconditioning,™*° such as impaired oxidative or
mitochondrial function. Decreased muscle oxidative
capacity has been reported in lower limbs of PwMS
compared with healthy populations, and could con-
tribute to ambulation and gait impairements.” '
Whether decreased mitochondrial oxidative capacity
is secondary to impaired walking ability or is associ-

Multiple Sclerosis (MS) is a progressive inflammato-
ry disease of the central nervous system.' Subjective
self-reported symptomatic fatigue is common in per-
sons with MS (PwMS),"? as is increased muscle fati-
gability.>* Muscle fatigability refers to the
susceptibility of a muscle to fatigue, whereby
muscle fatigue can be defined as a decrease in
muscle force generating capacity.” The association

between symptomatic fatigue and muscle fatigability
is unclear.>**’ Furthermore, PwMS are characterized
with walking impairment and decreased physical
activity which, in turn, may result in deconditioning
and further loss of function.®

ated with the inflammatory state of the disease is
unclear. Mitochondrial dysfunction can be associated
with systemic inflammation which can lead to exces-
sive generation of reactive oxygen species,'>'* and
mitochondrial dysfunction and oxidative stress can be
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involved in MS."*'® Therefore, investigating mito-
chondrial dysfunction, independent of ambulation
could be important for PwWMS. Surprisingly, there
are no studies, that we are aware of, that report mito-
chondrial capacity in PwWMS from an upper limb,
which would be relatively independent of bipedal
ambulation. Furthermore, evidence for altered rest
muscle oxygen consumption (mVO,) in PwMS is
conflicting,'""'” and rest mVO, could also reflect
skeletal muscle metabolic alterations, which have
been suggested to indicate disease progression.'’

Several methodologies are available for the assess-
ment of muscle mitochondrial capacity. Muscle
biopsy and >'P-magnetic resonance spectroscopy
(*'P-MRS) are both valid techniques to assess mito-
chondrial function in-vitro and in-vivo, respectively;
however, several limitations such as the invasive
nature of biopsies or the expense and availability
of 3'P-MRS have restricted their application in
research.'® Near-infrared spectroscopy (NIRS) is
another in-vivo approach to evaluate tissue oxygen-
ation.'®?° Under ischemic conditions, NIRS can
indicate mVO,, and the rate or time constant (TC)
of recovery of mVO, back to rest levels after a series
of contractions. The latter has been used as an indi-
cation of muscle mitochondrial capacity.?'** This
NIRS oxygen uptake recovery technique has been
validated against phosphocreatine (PCr) recovery
kinetics with *'P-MRS.?! Advantages of NIRS are
that it is non-invasive, can obtain valid real-time
measurements, can have low signal-noise during
movement and has been used previously to indicate
mitochondrial oxidative capacity in health and dis-
ease including in PwMS. >4

The objectives of this study were to compare mito-
chondrial oxidative capacity and mVO, in an upper
limb of PWMS with healthy age-matched control par-
ticipants (CON), evaluate the association of these
measures with ambulatory measures, and evaluate
the association of mitochondrial oxidative measures
with non-ambulatory possibly systemic outcomes.
We hypothesized that in an upper limb: 1) mitochon-
drial oxidative capacity is decreased in PwMS, 2)
mitochondrial function is not associated with ambu-
latory measures, and 3) mitochondrial function is
associated with non-ambulatory measures in PwMS.

Materials and methods

Participants
PwMS were recruited from the greater Milwaukee
metropolitan area with the aid of the Wisconsin

Chapter of the National Multiple Sclerosis Society,
local postings, and lists of past research participants.
Participants must have been 20-66 years of age and
diagnosed with MS for at least a year with no exac-
erbations or steroid use in the previous 3 months.
Similarly aged-matched healthy adults without MS
were also recruited from the same sources to serve as
a control group. Exclusion criteria included any
chronic conditions that could influence results
including cardiovascular disease, metabolic diseases,
mitochondrial myopathies, other co-existing neuro-
logic conditions, or adipose tissue thickness (ATT)
greater than 20mm over the wrist flexor muscle
belly. Signed informed consent, approved by the
Marquette University Institutional Review Board,
was obtained from all participants.

Protocol

Anthropometric and clinical information was gath-
ered initially followed by a NIRS serial occlusion
procedure,”® to indicate mitochondrial oxidative
capacity in the wrist flexors of the non-dominant
arm. Participants then completed cognitive and
physical function assessments, and questionnaires.
All testing took place in a single session.

NIRS device

Mitochondrial oxidative capacity was indicated by
recovery of mVO, as measured with a NIRS oxim-
eter.”” The NIRS measurements were obtained using
a continuous wave oximeter (Portamon, Artinis
Medical Systems, The Netherlands) which measures
the relative changes in oxyhemoglobin/myoglobin
and deoxyhemoglobin/myoglobin. The oximeter
penetration depth was up to 20 mm. To ensure that
adipose tissue did not exceed the oximeter penetra-
tion depth, ATT was measured on the muscle belly
of the wrist flexors using ultrasound imaging (GE
Vivid-E) and used as inclusion criteria.

Mitochondrial oxidative capacity assessment
During NIRS evaluation, participants rested supine
with their non-dominant arm abducted to 90 degree,
supported at heart level with an inflation cuff
wrapped around their upper arm. The cuff was
attached to a Hokanson E20 Rapid Cuff Inflator con-
nected to a commercial air compressor (10020 C,
California Air Tools, San Diego). Cuff pressures
were maintained at 250 mmHg for all occlusion pro-
cedures. The NIRS oximeter was secured with
double-sided tape on the middle of the wrist flexor
muscle belly, and then the limb and oximeter were
covered with a black elastic limb sleeve. Finally, all
was wrapped loosely with a black cloth to block
ambient light.
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Rest mVO, was assessed during 30 s arterial occlu-
sions, averaged over three trials each separated by
60 seconds. The slope of the change in oxygen sat-
uration, during cuff inflation was used to indicate
rest mVO,. All NIRS measurements were recorded
using OxySoft (ver. 3.0.97.1, Artinis Medical
Systems, The Netherlands).

An ischemic and hyperemic period was used to pro-
vide a physiological calibration for the NIRS, as
described previously.?> After a 2-minute rest
period, participants performed dynamic wrist flexion
exercise 10 times at 1-2 Hz while holding a 1-kilo-
gram (kg) weight to activate the wrist flexor muscle
group, after which the cuff was inflated for
57 minutes until the NIRS oxy- and deoxyhemoglo-
bin levels stabilized with no further change in
oxygen saturation. This represented 0% muscle oxy-
genation at the site being measured. The cuff was
then released causing a hyperemic response in which
the maximum overshoot of the NIRS signal was used
to represent 100% of muscle oxygenation.

Mitochondrial oxidative capacity was quantified as
the rate of recovery of activated wrist flexor mVO,
back to the rest mVO, after a series of brief contrac-
tions. For this procedure, participants were handed a
1 kg weight and performed dynamic wrist flexion
exercise for 10-15 repetitions at 1-2 Hz until the
oxyhemoglobin signal decreased to about 30% but
no more that 50% of the original signal.*®
Immediately following these contractions, a series
of repeated cuff inflations was performed to indicate
the recovery of mVO, after exercise. Inflations were
administered as follows: inflations 1-7 were 5s on
and 5s off, inflations 814 were 7s on and 7s off,
and inflations 15-21 were 10s on and 10s off. Cuff
inflation and deflation was controlled by a custom
program in Spike 2 (version 6.18, Cambridge
Electronic Design, Cambridge). During each cuff
inflation, slopes of mVO, were obtained similar to
the rest mVO, measurement. These methods have
been described in more detail previously.”> A
second series of contractions and occlusions fol-
lowed for a total of two trials.

Analysis of NIRS data

NIRS data was analyzed using a custom-written
MATLAB program whereby exercise recovery
slopes were fit to a monoexponential curve accord-
ing to y = End — Delta x e 7% In this equation, y
represents mVO,, End is the mVO, at the end of
dynamic wrist flexion exercise, Delta is the differ-
ence in mVO, from rest to End and TC is the fitting

time constant.??> A shorter time constant would indi-
cate a quicker recovery time.

Cognitive and functional assessment

After the NIRS procedures, participants completed
the Multiple Sclerosis Functional Composite
Measure (MSFC) consisting of a Timed 25-Foot
Walk (T25FW), 3-second Paced Auditory Serial
Addition Test (PASAT-3”), and 9-hole peg test
(9HPT) to indicate disease status.”® The individual
tests were also used as measures of functional abil-
ity. The Symbol Digit Modality Test (SDMT) was
administrated as an additional cognitive measure.”’
Strength was indicated by handgrip maximal volun-
tary contraction (MVC) of 3-5 sec using an isometric
handgrip dynamometer (JAMAR 5030J1, Sammons
Preston, Chicago, IL). Handgrip strength is consid-
ered a valid measure of whole-limb strength.”®
Functional endurance was indicated by the 6-
minute walk test (6MWT).>

Following the cognitive and functional measure-
ments, each participant completed the following
questionnaires: Patient Determined Disease Steps
(PDDS) to indicate the level of disability,*®
Centers for Epidemiological Studies Depression
Scale (CES-D) to indicate depressive symptomol-
ogy,’! the Fatigue Impact Scale (FIS) to measure
symptomatic  self-reported  fatigue,>> and the
Patient-Reported Outcomes Measurement
Information System (PROMIS) Global Well-Being
(PROMIS-GWB) to indicate well-being.*?

Statistical analysis

Statistical analyses were performed using SPSS 24.0
(IBM, Armonk, NY). Group comparisons between
PwMS and CON were performed with independent
samples T-tests. Bivariate Pearson correlation was
also used to investigate associations between
variables of interest. Significance was selected as
p < 0.05. Data are presented as mean (SD).

Results

Baseline characteristics

Sixteen PWMS (M =3, F=13) and thirteen CON
(M =5, F=28) participated in the study. Average
age, height, and weight of PwMS and CON were
similar (Table 1). PwMS varied in diagnosis: 11
relapsing-remitting, 3 secondary-progressive, and 2
primary-progressive. Disease durations ranged from
2-29years. Level of disability as determined by the
PDSS could be considered mild-moderate.
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Table 1. Anthropometric and physical characteris-
tics of PwMS and CON. ATT= adipose tissue
thickness. Values are Mean (SD).

MS Control p-value
n 16 13 -
Sex (M/F) 3/13 5/8 -
Age (years) 51 (9) 49 (10) 0.56
Height (cm) 167 (7) 169 (10)  0.51
Weight (kg) 70 (14) 78 (19) 0.20
ATT (mm) 2.1 (09 2.0(0.5 072

Clinical and functional outcome measures

Outcome measures for PwMS and CON are in
Table 2. Rest mVO, was similar in PwMS and
CON but mitochondrial capacity was lower in
PwMS as indicated by the longer TC of mVO,
recovery (p=0.03), whereby PwMS had slower
mVO, recovery to rest levels than CON (Figure 1).

PwMS performed or reported significantly worse
MSEFC total scores (p < 0.01), 9HPT (p < 0.01), cog-
nition (p<0.01), handgrip strength (p<0.02),
6MWT (p=0.01), depression (p < 0.01), symptom-
atic fatigue (p < 0.01) and well-being (p < 0.01).

Bivariate Pearson correlations were calculated
among PwMS for the mitochondrial related meas-
ures, for all variables that were different than
CON, or that were otherwise associated with such
variables (Table 3). Rest mVO, of the wrist flexors
was related to symptomatic fatigue whereby the
higher the rate of rest mVO,, the greater the reported
symptomatic fatigue (Figure 2). Rest mVO, was also
significantly associated with strength of the wrist
flexors, whereby the higher the rate of rest mVO,,
the greater the reported strength (Figure 3). No sig-
nificant correlations were noted between the mito-
chondrial capacity and any other measures,
including grip-strength and 9HPTC. Though not
associated with muscle mitochondrial capacity,
symptomatic fatigue was correlated with depression
(r=0.584, p=0.018), and inversely correlated to
well-being (r=—0.653, p=0.006). Further, MSFC
was correlated with 6MWT (r=0.585, p=10.028).
PDDS was also associated with T25FW (r=0.674,
p=0.008) and inversely associated with 6MWT
(r=—0.609, p=10.730).

To give context to our results, we also performed
similar bivariate correlations in CON. For CON,
there were no significant correlations (p > 0.05)
between any variable and mitochondrial capacity

(TC) including 9HPT (r=-0.27, p=0.38) and grip
strength (MVC, r=0.06, p=0.86). Similarly, there
were no significant correlations between any vari-
able and rest mVO, including symptomatic fatigue
(FIS, r=-0.12, p=0.71) and grip strength (MVC,
r=-.282, p=0.35). Although both depressive symp-
tomology and symptomatic fatigue were significant-
ly lower in CON compared to MS, depression was
nevertheless related to symptomatic fatigue in a sim-
ilar fashion and magnitude as in PwWMS (r=0.56,
p=0.05).

Discussion

To the best of our knowledge, this is the first study to
analyze mitochondrial oxidative capacity in PwMS
in a muscle comparatively independent of upright
locomotion and thus ambulation status. As such,
we considered this upper limb measure of mitochon-
drial capacity to indicate an ambulatory independent
measure, possibly of systemic origin. Our primary
result was that PwMS had lower mitochondrial oxi-
dative capacity compared to CON, as indicated by
longer TC of mVO, recovery (Figure 4). In addition,
we made the novel observation that rest mVO, in
PwMS was associated with self-reported symptom-
atic fatigue.

Mitochondrial oxidative capacity in upper limb of
PwMS

Impaired muscle mitochondrial oxidative capacity in
PwMS has been reported previously in lower limb
muscles. Kent-Braun and colleagues examined the
rate of phosphocreatine (PCr) recovery in the tibialis
anterior muscle of a group of mildly-moderately dis-
abled but mobile PwWMS compared to control partic-
ipants with *'P-MRS.'® They reported slower PCr
recovery (i.e., lower mitochondrial oxidative capac-
ity) following a brief contraction in PwMS, which
was attributed to reduced physical activity and
deconditioning although physical activity was not
measured in this study. Harp and colleagues also
reported lower mitochondrial oxidative capacity
from lower limb of a group of mobile PWMS com-
pared to control participants using a similar NIRS
protocol as used in our study.'' In this later study,
the authors did not find significant associations
between calf mitochondrial capacity and walking
speed. However, a tendency towards lower calf
muscle mitochondrial capacity was noted in those
PwMS who used an assistive device. Physical activ-
ity was measured subjectively by questionnaire and
no differences were found between the groups stud-
ied, although the MS group tended to report greater
physical activity.!' Thus, the question of whether
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Table 2. Comparison of PwWMS and CON clinical and functional outcomes.
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Figure 1. Time constant of mVO, recovery of the wrist
flexors in persons with MS (MS) and control (CON). Open
circles represent MS and solid circles represent CON.
Mean and SD values for each group are indicated on

the right side of the individual values. Asterisk denotes

p < 0.05.

locomotor muscle mitochondrial capacity is a func-
tion of muscle use in PwMS remains unclear.
Overall, lower muscle mitochondrial capacity in an
upper body limb is consistent with what has been
reported from lower limbs. In these previous

studies,'®'" lower mitochondrial oxidative capacity
was discussed to be related to decreased physical
activity or ambulation status. Our results would
then suggest that lower muscle mitochondrial capac-
ity in PwMS in locomotor muscles could be due to at
least in part a systemic non-ambulatory component,
possibly in addition to any effect of muscle
deconditioning.

In accordance with our hypotheses, we did not find
correlations between mitochondrial capacity and any
of the ambulatory measures including the T25FW
and 6MWT. Thus, the lower mitochondrial capacity
of the wrist flexors was seemingly independent of
ambulatory status. These results were also consistent
with the T25FW results reported by Harp and col-
leagues.'' However, Hansen and colleagues reported
a significant relationship between muscle oxidative
capacity by calculation of exercise-onset oxygen
uptake kinetics during a cycling exercise and the
distance walked in 6MWT.** Compared to the mea-
surement of muscle oxidative capacity using NIRS,
measuring the onset kinetics during exercise may not
be considered a muscle-specific measurement; as it
can be affected by central factors such as cardiovas-
cular capacity.®® Unlike the whole-body measures of
oxidative capacity by Hansen and colleagues,*
Willingham and colleagues showed that gastrocne-
mius muscle oxidative capacity was significantly

www.sagepub.com/msjetc
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Figure 2. Pearson correlation between Fatigue Impact
Scale and rest mVO, in persons with MS.

60 - r=0.605

Handgrip MVC (kg)

0 0.002 0.004 0.006
Rest mVO2 (%/s)

Figure 3. Pearson correlation between handgrip strength
and rest mVO, in persons with MS.

associated with walking speed measured by T25FW
and walking endurance measured by 6MWT in
women with MS.** In this same study, oxidative
capacity, walking speed and walking endurance
was significantly lower in women with moderate-
severe disability compared to women with mild
disability.>

Upper body function as indicated by handgrip
strength (MVC) and motor control (9HPT), was
affected in PwMS, and while pyramidal weakness
or motor control could have contributed to decreased
mitochondrial capacity compared to control, we
failed to find correlations between forearm

0-
_.-o-n--f—+—*—+——t——:——:
PwMS TC = 43.29
CON TC = 26.46
=
&
-~ -
[=]
= !
E Ll
’
]
-5
-6 T T T T T 1
0 50 100 150 200 250 300

Time (s)

Figure 4. Representative fitted curves with time constant
of mVO, recovery. Slopes of the mVO, recovery were fit
to a monoexponential curve for a person with MS (PwMS)
and a control participant. Solid line is from PwMS and
dashed line is from a control participant. Solid circles
represent the slopes of the mVO, recovery. TC= time
constant of fitted curve.

mitochondrial capacity and these upper body physi-
cal function measures. These findings are consistent
with decreased forearm oxidative measures as being
independent of ambulation and not upper body phys-
ical function per se.

Contrary to our hypotheses was the lack of correla-
tion between forearm mitochondrial capacity and
any of the not specifically ambulatory or physical
measures including well-being, depression, symp-
tomatic fatigue, disease status, disability, or cogni-
tion. Thus, the functional or clinical implications of
decreased mitochondrial capacity in the wrist flexors
are unclear.

We speculate that impaired systemic mitochondrial
function could be characteristic of MS. PwMS can
have diminished mitochondrial capacity in circulat-
ing peripheral blood mononuclear cells (PBMC),
e.g., lymphocytes,>® and thus, systemic mitochondri-
al function might be characteristic of MS, presum-
ably mediated through inflammation and the
production of reactive oxygen or nitrogen species.
Further, there is evidence that impaired mitochondri-
al function in PBMC is associated with altered mito-
chondrial function in skeletal or cardiac muscle.’’
However, although systemic impaired mitochondrial
function in PwMS is an attractive hypothesis, we
have no evidence to support this.

Resting muscle oxygen uptake

Our finding of similar rest mVO, in PwMS and
CON agrees with a previous report in the calf
muscles,11 but are contrary to the greater mVO,,

www.sagepub.com/msjetc
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also reported in the calf.'” We can only speculate
that differences noted in the later could have been
due some sample specific characteristics such as a
greater range of disability. The novel finding that
rest mVO, was associated with symptomatic fatigue
in PwWMS was unexpected, given the similarity of
local rest mVO, in PwWMS and CON. Because mito-
chondrial oxidative capacity was lower in PwMS, it
could be that relative to maximal capacity, PwMS
were using a higher percent of their maximal level at
any absolute level of oxygen consumption at rest
resulting in higher relative mVO, at rest. Thus,
those PwWMS with higher rest mVO, percent of max-
imum, might translate to greater perceived fatigue.
Previous studies did not compare rest mVO, to func-
tional measures. Correlations do not imply causality,
and the associations we observed with rest mVO,
could be result from other factors not measured.
Thus, the role of resting metabolism in MS is unclear
and should be the subject of further investigation.

Based on our results, PwMS were significantly
weaker than CON as indicated by handgrip strength,
an  indication of  whole-body  strength.?®
Nevertheless, the direct association of rest mVO,
to handgrip strength was unexpected. We can only
question whether stronger persons may have greater
muscle mass within the field of measurement of the
oximeter.

Along with rest mVO,, symptomatic fatigue was
associated with depression and inversely related to
well-being, as expected. Also, PDDS was correlated
with T25FW. These correlations all attest to the
internal validity of our measurement procedures. In
addition, mVO, was not significantly associated
with depression, which suggests that depression
and mVO, are related to symptomatic fatigue
through different pathways.

Future studies should identify possible roles and
mechanisms for decreased mitochondrial oxidative
capacity and both ambulatory and non-ambulatory
measures. Also, whether mitochondrial capacity is
altered proportionally throughout the body remained
unanswered. Comparing oxidative capacity between
upper and lower limbs in a same group of PwMS
would provide a better understanding of the effect of
the disease on mitochondrial function.

Limitations

A primary limitation just mentioned is that because
of the pilot nature of our studies, we did not obtain
NIRS measurements from both upper and lower

body limbs. Further, our participants were mildly-
moderately affected by MS, and our sample size
was comparatively small; both of which affect
power to find correlations as well as generalization
and application of this result to other groups of
PwMS with greater disability.

The PwMS in our study differed significantly from
CON as evidenced by clinical and functional meas-
ures. We used PDDS instead of the Expanded
Disability Status Scale (EDSS), which is often
used for the assessment of functional disability in
PwMS.*® However, the PDDS is a simple, valid,
and reproducible tool for measuring primarily gait
disability in PwMS and is highly correlated with
EDSS.*® Finally, a limitation of the NIRS measure-
ments is excluding people with ATT greater than
20mm. This subcutaneous fat criteria limited our
sample and the generalizability of our results.

Conclusion

Based upon the finding of slower mVO, recovery in
upper limb muscles of PWMS compared to CON, we
concluded that PwMS have lower muscle mitochon-
drial oxidative capacity that is independent of ambu-
lation. Further, based on correlation analysis we also
conclude that rest mVO, is related to symptomatic
fatigue in PwMS, and that this finding may be relat-
ed by unknown mechanisms to decreased muscle
mitochondrial capacity. These results are novel and
could be clinically significant and might benefit neu-
rologists and clinicians in terms of assessment and
rehabilitative approaches; based on our results,
impaired oxidative capacity might not be fully
explained by deconditioning but might indicate a
systemic component of the disease, possibly result-
ing from primary immune system dysfunction.
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