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Abstract: Asymmetrical lower limb strength is a significant contributor to impaired walking abilities
in people with multiple sclerosis (PwMS). Transcranial direct current stimulation (tDCS) may be an
effective technique to enhance cortical excitability and increase neural drive to more-affected lower
limbs. A sham-controlled, randomized, cross-over design was employed. Two women with MS
underwent two 20 min sessions of either 3 mA tDCS or Sham before 20 min of treadmill walking
at a self-selected speed. During walking, the participants were injected with the glucose analogue,
[18F] fluorodeoxyglucose (FDG). Participants were then imaged to examine glucose metabolism and
uptake asymmetries in the legs. Standardized uptake values (SUVs) were compared between the legs
and asymmetry indices were calculated. Subject 2 was considered physically active (self-reported
participating in at least 30 min of moderate-intensity physical activity on at least three days of the
week for the last three months), while Subject 1 was physically inactive. In Subject 1, there was a
decrease in SUVs at the left knee flexors, left upper leg, left and right plantar flexors, and left and
right lower legs and SUVs in the knee extensors and dorsiflexors were considered symmetric after
tDCS compared to Sham. Subject 2 showed an increase in SUVs at the left and right upper legs, right
plantar flexors, and right lower leg with no muscle group changing asymmetry status. This study
demonstrates that tDCS may increase neural drive to leg muscles and decrease glucose uptake during
walking in PwMS with low physical activity levels.

Keywords: tDCS; neuroimaging; positron emission tomography; walking; asymmetries;
multiple sclerosis

1. Introduction

With a prevalence of 50–300 cases per 100,000 people, [1] multiple sclerosis (MS) is an inflammatory
autoimmune disease of the central nervous system (CNS) [2] characterized by the demyelination and
neurodegeneration of CNS axons [3,4]. Consequently, the transmission of information between the CNS
and the periphery is often slowed or blocked, leading to various motor and/or sensory symptoms [5].
Impaired walking ability is common in people with MS (PwMS), with reports of over 50% of patients
requiring assistance within 18 years of diagnosis [6]. This progressive worsening of independent
ambulation has a significant negative impact on daily functional activities and social participation
and is perceived by PwMS to be one of the most important factors leading to poor quality of life [7,8].
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Importantly, one of the first signs of MS is weakness in one limb, particularly in the lower limbs, which
has been found to be a significant contributor to the progressive worsening of walking abilities [9,10].
Furthermore, adequate methods to correct strength asymmetries and improve walking performance in
PwMS are underdeveloped. Determining effective treatments is highly significant because muscle
function asymmetries and limb loading asymmetries in PwMS occur early in the disease and may
worsen over time [11–13].

Transcranial direct current stimulation (tDCS) is a non-invasive means of increasing cortical
excitability and may be an effective supplementary treatment for PwMS [14]. tDCS uses weak currents
applied to the scalp to alter the excitability of underlying cortical neurons [14]. It has a favorable safely
profile and only transient adverse side effects (e.g., temporary tingling sensations) [15]. Although tDCS
has been shown to increase muscle strength and fatigue resistance in healthy subjects and people
with movement disorders [16–24], studies examining the effects of tDCS on walking are scarce and
inconsistent [25–28]. The large variability observed in the stimulation parameters (e.g., stimulation
site, intensity, and timing) and dependent variables might partly explain these inconclusive findings.

Electromyography (EMG) is a common and convenient method to noninvasively assess muscle
activation patterns. However, surface EMG has critical disadvantages such as the limited number of
muscles that can be measured simultaneously, the need for a reference contraction for inter-muscular
comparisons (i.e., normalization), the inability to measure deep-lying muscles and deeper aspects of
superficial muscles, and confounding factors (crosstalk and adipose tissue) [29,30]. Positron emission
tomography (PET) imaging of [18F] fluorodeoxyglucose (FDG), a glucose analogue, is a feasible
approach to simultaneously and objectively evaluate the activity of multiple lower limb muscles after
physical activity, and, therefore, circumvent the disadvantages encountered with EMG [31,32]. It is well
accepted that glucose is the main energy source for exercising skeletal muscles. Thus, increased glucose
uptake (GU) and GU asymmetry between muscles would be associated with a greater metabolic cost
of walking, increased energy demands [33–35], and early fatigability [10,36] in PwMS. A previous
study [37] used positron emission tomography (PET) with FDG as a glucose analog and found that
mildly disabled PwMS had greater FDG uptake in the knee and hip flexor muscles than healthy controls
after 15 min of treadmill walking at a self-selected speed. Furthermore, FDG uptake was significantly
lower in the knee flexors of the weaker compared to the stronger leg, indicating GU asymmetry and
that the greater metabolic cost during walking was a compensatory mechanism that may contribute to
increased performance fatigability and impaired walking. Taken together, these studies suggested
that determining glucose uptake may be an adequate indicator of muscle activation patterns and
asymmetries during walking in PwMS.

The purpose of this study was to examine the effects of a single session of tDCS applied over the
motor cortex representation for the more-affected leg on glucose uptake asymmetry during treadmill
walking in PwMS. We expected decreased asymmetry between the legs and greater muscle activation in
the more-affected leg, as indicated by increased glucose uptake, after tDCS in PwMS. Here, we present
the effects of tDCS before treadmill walking on glucose uptake in two PwMS.

2. Materials and Methods

2.1. Participants

Two women with a positive relapsing-remitting MS diagnosis from a movement disorder
specialist according to the 2017 revised McDonald’s criteria [38] were recruited from the community.
Participants were included if they: (1) were between the ages of 18–70 years old, (2) were moderately
disabled (as indicated by a score of 2–6 on the Patient Determined Disease Steps (PDDS) [39]), (3) had a
self-reported difference in strength between legs, and (4) were able to walk for 20 min. Exclusion criteria
were: (1) relapse within the last 60 days, (2) inability to fast for 6 h, (3) high risk for cardiovascular
disease (American College of Sports Medicine (ACSM) risk classification [40]), (4) changes in
disease-modifying medications within the last 45 days, (5) concurrent neurological/neuromuscular
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disease, (6) hospitalization within the last 90 days, (7) diagnosed depression, (8) pregnancy, (9) history
of seizures or on medication known to lower seizure threshold, and (10) inability to understand/sign
the consent form. The study was conducted in accordance with the Declaration of Helsinki and
was approved by the Institutional Review Board at the University of Iowa (IRB ID #201905825).
All participants signed informed consent before participating.

2.2. Experimental Protocol

A single-blind, sham-controlled, randomized, cross-over design was employed. Subjects attended
three experimental sessions (Figure 1). In the first session, participants gave consent, completed the
isokinetic strength testing of the knee extensors and flexors to objectively determine the more-affected
leg, and self-selected a comfortable walking speed on the treadmill to be used during sessions 2 and 3.
At least three days after the first session, Session 2 was completed. Sessions 2 and 3 were separated by
at least seven days to allow tDCS effects to dissipate [41,42]. Prior to sessions 2 and 3, the participants
were asked to fast for a minimum of 6 h before FDG administration. At the beginning of sessions 2 and
3, the participants’ height and weight were measured, blood glucose levels were determined, and an
IV catheter was inserted for FDG injection. Blood glucose level was required to be equal to or less than
200 mg/dL in order to proceed with FDG administration and PET scanning [43,44]. During sessions
2 and 3, either Sham (0 mA) or tDCS (3 mA) was applied (determined through randomization) to
the motor cortex (M1) area corresponding to the more-affected leg for 20 min [45]. The purpose
(e.g., enhancing motor learning or improving motor performance) of tDCS may determine stimulation
timing. Studies on motor learning often apply tDCS during a task to improve acquisition [46,47].
In contrast, tDCS was applied before the motor performance of a well-learned task (walking) in the
current study. It has previously been demonstrated that tDCS has ambiguous effects on cortical
excitability during stimulation, but significantly and consistently increased cortical excitability after
stimulation [48]. Moreover, when comparing tDCS before and during a 6-min walk test in PwMS,
it was found that stimulation before increased gait velocity, whereas stimulation during resulted in
a decrease in the distance walked [22]. Therefore, in this study participants underwent 20 min of
tDCS then rested for 10 min to allow for peak stimulation effects [20,48] before walking on a treadmill
for 20 min. Ratings of Perceived Exhaustion (RPE) were collected at the end of each minute during
the walking task. Approximately two minutes into treadmill walking, 10 ± 10% mCi of FDG was
administered via IV injection. Immediately after walking was completed, participants were positioned
in the PET/computed tomography (CT) scanner and a whole body (top of head to toes) scan was
completed to evaluate glucose uptake in the leg muscles.

2.3. Isokinetic Strength Testing

Strength testing was completed with an isokinetic dynamometer (HUMAC NORM, CSMi,
Stoughton, MA, USA). Before strength testing, participants completed a submaximal warm-up of the
knee extensors and flexors consisting of 15 concentric/concentric repetitions at 60◦/s. Participants rested
for at least 30 s before performing five sets of one repetition maximal effort knee extension and flexion
(concentric/concentric, 60◦/s) on one leg [49]. After a two-minute rest, participants completed the
identical strength testing protocol on the opposite leg. Administrators provided verbal encouragement
during the test to promote a maximal effort performance from the participants. The torques produced
in each set by each leg were compared to determine the more-affected leg for each participant.
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 Figure 1. Experimental protocol. Subjects attended three sessions. During Session 1, subjects performed
isokinetic strength testing to objectively determine their more-affected leg. During Sessions 2 and
3, participants underwent 20 min of either Sham or 3 mA transcranial direct current stimulation
(tDCS) (determined through randomization) over the motor cortex (M1) area corresponding to their
more-affected leg, followed by 20 min of treadmill walking after a 10 min rest, then a whole-body
positron emission tomography/computed tomography (PET/CT scan with fluorodeoxyglucose (FDG)).

2.4. tDCS

tDCS was delivered with a battery-powered stimulator (Soterix Medical Inc., New York, NY, USA)
via two carbon electrodes inserted into 5 cm × 7 cm saline soaked sponges. The anode was placed over
the motor cortex area corresponding to the more-affected leg for each participant (C3 or C4, using the
10–20 electroencephalography (EEG) placement convention [50]) and the cathode was placed over
the supraorbital area on the contralateral side. Similar to previous studies targeting the unilateral
M1 leg area [51,52] using this montage, the relatively large anode covered the center of the skull (Cz).
Therefore, the anode also covered the leg area, located in the longitudinal fissure [53], corresponding to
the more-affected lower limb. The electrode was positioned with a 45◦ deviation from the sagittal plane
to allow for alignment with the motor cortex [53]. During tDCS, the stimulation ramped-up over a 30 s
period, remained at 3 mA for 20 min, then ramped-down to 0 mA over a 30 s period. During Sham, the
stimulation was ramped-up to 3 mA over a 30 s period then immediately ramped-down to 0 mA over
a 30 s period at the beginning and end of the session, but otherwise remained at 0 mA. After tDCS,
participants were asked to describe the sensations (e.g., itching, burning, tingling) they experienced
during stimulation and the severity of those sensation on a 10-point (1 = “barely perceptible” and
10 = “most I could possibly stand”) Likert-type scale. Participants were also asked to indicate which
stimulation intensity (0 mA (Sham) or 3 mA (tDCS)) they thought they had received. Their responses
were recorded, but participant blinding was not broken until the final session was completed.

2.5. PET/CT Imaging

Two minutes into the walking test on the treadmill, a Certified Nuclear Medicine Technologist
injected ~10 mCi of FDG followed by a 20 mL saline flush into an indwelling antecubital catheter.
Upon completion of the 20 min walking test, the participants were immediately guided into the scanner
and the acquisition and processing of the PET/CT images was performed following a standard protocol
used in the University of Iowa Hospital and Clinics.

The PET/CT scans were performed with a GE Discovery MI Time of Flight PET/CT scanner with
SiPM array detector technology (GE Healthcare, Waukesha, WI, USA). The PET scans were preceded
by CT scans for attenuation correction and for anatomical reference. Both the PET and CT scans were
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performed with the participants on the same scanning table and in the same position. The body of the
subject was secured to maintain co-registration. The whole body was scanned with a scan duration
of 2–5 min per bed position depending on the body mass index (BMI) of the subject and 5 min per
bed position for the legs. The data sets were reconstructed using an OSEM 3D reconstruction with
16 subsets and three iterations with a Gaussian smoothing of 5 mm. All data sets were corrected for
scatter, dead-time, and random coincidence.

2.6. Data Analysis

Twenty regions of interest (ROIs) were drawn on the CT scan from each experimental session to
locate the skeletal muscles of the lower limbs. In the upper leg, the knee extensors (rectus femoris,
vastus medialis, vastus intermedius, and vastus lateralis) and knee flexors (long and short head
of the biceps femoris, semimembranosus, semitendinosus, sartorius, and gracilis) were identified.
In the lower leg, the plantar flexors (gastrocnemius, soleus, peroneus longus, peroneus brevis, flexor
digitorum longus, flexor hallucis longus, and tibialis posterior) and the dorsiflexors (tibialis anterior,
extensor digitorum longus, and extensor hallucis longus) were identified. A representative image of
upper leg ROIs drawn on a CT scan, a corresponding PET image, and a co-registration of the CT and
PET images is displayed in Figure 2. The PET images were acquired immediately after the treadmill
task and, therefore, the glucose uptake values closely reflected the uptake of FDG during walking.
Standardized uptake values (SUV) based on the injected dose and body weight were calculated for each
muscle. Although the participants fasted for a minimum of 6 h in order to minimize the impact, SUVs
may be affected by blood glucose and insulin levels. Therefore, the SUV data were analyzed without
normalization and as values normalized to standard blood glucose (adjusted to 100 mg/dL) [54,55],
and/or the liver as a reference tissue [56–58], to allow for comparison across experimental sessions.
The data were analyzed using PMOD Version 4.001 (PMD Technologies LLC, Zürich, Switzerland).
The more-affected (weaker) legs were assigned using the knee extensor torque data obtained in
Session 1. Asymmetry indices (AIs) were calculated to determine the magnitude of the asymmetry in
SUVs between the legs using a previously used equation (Equation (1)) [59–61]. An AI greater than
10% was considered asymmetric [59,62].

[less− a f f ected side strength (Nm)] − [more− a f f ected side strength (Nm)]

(0.5)[less− a f f ected side strength (Nm)] + [more− a f f ected strength (Nm)]
× 100 (1)

2.7. Statistical Analysis

In order to compare muscle activity between the legs and experimental sessions, SUVs were
averaged for each muscle group (knee extensors, knee flexors, plantar flexors, and dorsiflexors).
The assumptions for normality were investigated via histograms, Q-Q plots, and the Shapiro-Wilk
test, but were not met. Therefore, nonparametric paired tests (Wilcoxon tests) were performed on the
normalized data to compare the muscle groups of the left and right leg within each condition (e.g., left
vs. right knee extensors during the tDCS condition) and to compare the muscle groups of each leg
between conditions (e.g., left knee extensors in Sham vs. tDCS). Significance was accepted at p < 0.05.
Analyses were performed using GraphPad Prism 8.1.2 (GraphPad Software, San Diego, CA, USA).
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Figure 2. Cross-sectional images at the mid-thigh level of Subject 2 in the tDCS condition. The top
image is a computed tomography (CT) scan with regions of interest (ROIs) circled to indicate the
location of the skeletal muscles. 1 = Rectus Femoris, 2 = Vastus Lateralis, 3 = Vastus Intermedius,
4 = Vastus Medialis, 5 = Sartorius, 6 = Adductor Magnus (not included in the analysis), 7 = Biceps
Femoris, 8 = Semitendinosus, 9 = Semimembranosus, 10 = Gracilis. The ROIs drawn on the CT image
were transferred to the positron emission tomography (PET) image (middle image). The white arrows
indicate bone marrow metabolism. The bottom image is of the co-registered CT and PET images.
Red denotes the greatest signal intensity, followed by yellow, green, and blue.

3. Results

The participants completed all of the testing conditions and no data were missing or removed.
Subject 1 was able to correctly indicate which stimulation condition (tDCS or Sham) they experienced
in each session, while Subject 2 was unable to differentiate between the conditions. Table 1 summarizes
the subject characteristics. Height, weight, BMI, and Patient Determined Disease Steps (PDDS) scores
were similar for both participants. However, age (Subject 1 = 56, Subject 2 = 44), time since diagnosis
(Subject 1 = 20 years, Subject 2 = 15 years), and physical activity levels differed between the subjects.
Both subjects had concomitant medication intake, consisting of immunomodulating (Subject 1 and 2),
anti-fatigue (Subject 1), antidepressant (Subject 1), antiepileptic (Subject 1), and walking (Subject 1)
agents. Pharmacological treatment was stable throughout the experimental protocol.

Table 1. Subject characteristics.

Subject Sex Age
(years)

Height
(cm)

Weight
(kg) BMI PDDS Time Since

Diagnosis Physically Active *

Subject 1 F 56 158 59 23.6 3.0 20 years No
Subject 2 F 44 155 62 25.81 3.0 15 years Yes

F, Female; BMI, Body Mass Index; PPDS, Patient Determined Disease Steps. * Subjects were considered physically
active if they self-reported participating in at least 30 min of moderate-intensity physical activity on at least three
days of the week for the last three months.
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3.1. Clinical Case Description—Case 1

In Subject 1, peak torque was 43 Nm and 54 Nm for the left and right knee extensors, respectively.
Therefore, the anode was placed over the right M1 (C4) to stimulate the area of the cortex area
corresponding to the left leg. tDCS was well-tolerated and burning, tingling, and buzzing sensations
were reported with mild to moderate severity (range from 1–6 on a Likert-type severity scale).
Treadmill speed was 1.5 mph during both experimental sessions. During the walking task, an RPE
range of 0.5–5 was reported in the Sham session and an RPE range of 0.5–3 was reported in the
tDCS session. An RPE of 3 was first reported at minute 8 in the Sham session and at minute 13 in
the tDCS session. Blood glucose concentration was 70 mg/dL in Session 1 (Sham) and 82 mg/dL in
Session 2 (tDCS) and liver SUVmean was 1.90 g/mL in Session 1 and 2.01 g/mL in Session 2. Table 2
presents glucose uptake (SUV) normalized to a standard blood glucose (NG) level of 100 mg/dL [54,55]
and to the liver (NL) [57,58]. Statistical findings were identical for both normalization methods.
SUVs significantly decreased in the tDCS condition in the left knee flexors (p = 0.031), left upper
leg (p = 0.002), left (p = 0.016) and right (p = 0.016) plantar flexors, and the left (p = 0.002) and right
(p = 0.002) lower leg. SUVs were significantly different between the left and right legs in the knee
flexors in the tDCS condition (p = 0.031) and in the upper leg in the Sham condition (p = 0.027). Figure 3
provides a visual image of the SUV differences between the muscle groups in the Sham (left) and tDCS
(right) conditions. In Sham, glucose uptake was asymmetric (AI > 10%) in all muscle groups. However,
after tDCS the knee extensors (Sham AI = −31.64%, tDCS AI = 2.76%), upper leg (Sham AI = −34.95%,
tDCS AI = −6.29%) and dorsiflexors (Sham AI = 12.63%, AI = −1.91%) had symmetric glucose uptake.
AI values after Sham and tDCS and the difference in AIs between conditions are reported in Table 3.
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Table 2. Glucose standardized uptake values (SUV in g/mL) in individual muscles, muscle group averages, and upper and lower leg averages after Sham/tDCS and
walking in Subject 1. The left leg was objectively determined to be the weaker lower limb for this subject. Non-normalized (NN) SUVs and SUVs normalized to
standard blood glucose (NG, adjusted to 100 mg/dL) and to the liver (NL) are reported. Data are Volume of Interest (VOI) mean ± standard deviation of glucose
uptake within the muscle. Rows in bold represent the mean and standard deviation of the respective muscle groups.

NN Left Leg NN Right Leg NG Left Leg NG Right Leg NL Left Leg NL Right Leg
Muscle Group Sham tDCS Sham tDCS Sham tDCS Sham tDCS Sham tDCS Sham tDCS

Knee Extensors
Rectus Femoris 0.76 ± 0.38 0.63 ± 0.22 0.64 ± 0.27 0.55 ± 0.20 0.76 ± 0.38 0.54 ± 0.19 0.64 ± 0.27 0.47 ± 0.17 0.40 ± 0.20 0.31 ± 0.11 0.34 ± 0.14 0.27 ± 0.10
Vastus Medialis 2.45 ± 0.97 1.16 ± 0.39 2.02 ± 0.80 1.34 ± 0.48 2.45 ± 0.97 0.99 ± 0.33 2.02 ± 0.80 1.14 ± 0.41 1.29 ± 0.51 0.58 ± 0.19 1.07 ± 0.42 0.67 ± 0.24

Vastus Intermedius 2.44 ± 0.47 1.26 ± 0.48 1.67 ± 0.43 1.34 ± 0.39 2.44 ± 0.47 1.08 ± 0.41 1.67 ± 0.43 1.14 ± 0.33 1.29 ± 0.25 0.63 ± 0.24 0.88 ± 0.23 0.67 ± 0.19
Vastus Lateralis 1.87 ± 0.59 1.01 ± 0.38 1.13 ± 0.42 0.95 ± 0.33 1.87 ± 0.59 0.86 ± 0.32 1.13 ± 0.42 0.81 ± 0.28 0.98 ± 0.31 0.50 ± 0.19 0.60 ± 0.22 0.47 ± 0.17

Mean ± SD 1.88 ± 0.80 1.02 ± 0.28 1.37 ± 0.61 1.05 ± 0.38 1.88 ± 0.80 0.87 ± 0.24 1.37 ± 0.61 0.89 ± 0.32 0.99 ± 0.42 0.51 ± 0.14 0.72 ± 0.32 0.52 ± 0.19
Knee Flexors

BF—Long Head 0.54 ± 0.21 0.56 ± 0.26 0.98 ± 0.28 0.56 ± 0.16 0.54 ± 0.21 0.48 ± 0.22 0.98 ± 0.28 0.47 ± 0.14 0.28 ± 0.11 0.28 ± 0.13 0.52 ± 0.15 0.28 ± 0.08
BF—Short Head 2.02 ± 0.62 1.68 ± 0.59 0.46 ± 0.11 1.17 ± 0.43 2.02 ± 0.62 1.43 ± 0.50 0.46 ± 0.11 1.00 ± 0.37 1.07 ± 0.33 0.84 ± 0.29 0.24 ± 0.06 0.58 ± 0.22

Semimembranosus 0.55 ± 0.15 0.57 ± 0.13 0.45 ± 0.10 0.52 ± 0.10 0.55 ± 0.15 0.49 ± 0.11 0.45 ± 0.10 0.45 ± 0.09 0.29 ± 0.08 0.28 ± 0.06 0.24 ± 0.06 0.26 ± 0.05
Semitendinosus 0.56 ± 0.21 0.53 ± 0.12 0.48 ± 0.13 0.52 ± 0.15 0.56 ± 0.21 0.45 ± 0.11 0.48 ± 0.13 0.44 ± 0.13 0.29 ± 0.11 0.27 ± 0.06 0.26 ± 0.07 0.26 ± 0.07

Sartorius 0.74 ± 0.33 0.59 ± 0.27 0.53 ± 0.24 0.58 ± 0.21 0.74 ± 0.33 0.51 ± 0.23 0.53 ± 0.24 0.49 ± 0.18 0.39 ± 0.17 0.29 ± 0.14 0.28 ± 0.12 0.29 ± 0.10
Gracilis 1.27 ± 0.51 1.11 ± 0.47 0.53 ± 0.33 0.51 ± 0.14 1.27 ± 0.51 0.95 ± 0.40 0.53 ± 0.33 0.44 ± 0.12 0.67 ± 0.27 0.55 ± 0.23 0.28 ± 0.18 0.25 ± 0.07

Mean ± SD 0.94 ± 0.60 0.84 ± 0.47 0.58 ± 0.22 0.64 ± 0.26 0.94 ± 0.60 ± 0.72 ± 0.40 * 0.58 ± 0.22 0.55 ± 0.22 0.50 ± 0.31 ± 0.72 ± 0.40 * 0.30 ± 0.11 0.32 ± 0.13
Upper Leg Mean ± SD 1.32 ± 0.80 0.91 ± 0.39 0.89 ± 0.56 0.80 ± 0.36 1.32 ± 0.80 ± * 0.78 ± 0.34 0.89 ± 0.56 0.68 ± 0.30 0.69 ± 0.42 ± * 0.78 ± 0.34 0.47 ± 0.29 0.40 ± 0.18

Plantar Flexors
Gastrocnemius 2.74 ± 0.98 1.53 ± 0.75 2.45 ± 0.67 1.47 ± 0.70 2.74 ± 0.98 1.31 ± 0.64 2.45 ± 0.67 1.26 ± 0.59 1.44 ± 0.52 0.76 ± 0.37 1.31 ± 0.35 0.73 ± 0.35

Soleus 3.59 ± 0.92 1.65 ± 0.34 1.98 ± 0.66 1.21 ± 0.30 3.59 ± 0.92 1.41 ± 0.29 1.98 ± 0.66 1.03 ± 0.26 1.89 ± 0.48 0.82 ± 0.17 1.04 ± 0.35 0.60 ± 0.15
Peroneus Longus 1.84 ± 0.73 1.38 ± 0.55 5.08 ± 1.98 4.10 ± 2.18 1.84 ± 0.73 1.18 ± 0.47 5.08 ± 1.98 3.50 ± 1.86 0.97 ± 0.39 0.69 ± 0.28 2.68 ± 1.04 2.04 ± 1.09
Peroneus Brevis 1.64 ± 0.86 1.36 ± 0.34 4.62 ± 1.98 3.92 ± 1.90 1.64 ± 0.86 1.16 ± 0.29 4.62 ± 1.98 3.34 ± 1.62 0.86 ± 0.46 0.68 ± 0.17 2.43 ± 1.04 1.95 ± 0.94

Flexor Digitorum 2.64 ± 1.51 1.94 ± 0.52 1.94 ± 0.46 1.27 ± 0.37 2.64 ± 1.51 1.65 ± 0.44 1.94 ± 0.46 1.08 ± 0.32 1.39 ± 0.79 0.96 ± 0.26 1.02 ± 0.24 0.63 ± 0.19
Flexor Hallucis 2.44 ± 1.47 1.66 ± 0.42 1.64 ± 0.61 1.19 ± 0.21 2.44 ± 1.47 1.42 ± 0.36 1.64 ± 0.61 1.01 ± 0.18 1.28 ± 0.77 0.83 ± 0.21 0.86 ± 0.32 0.59 ± 0.10

Tibialis Posterior 1.22 ± 0.89 1.13 ± 0.56 1.21 ± 0.69 1.07 ± 0.41 1.22 ± 0.89 0.97 ± 0.48 1.21 ± 0.69 0.91 ± 0.35 0.65 ± 0.47 0.56 ± 028 0.64 ± 0.36 0.53 ± 0.20
Mean ± SD 2.30 ± 0.79 1.52 ± 0.26 2.71 ± 1.52 2.03 ± 1.36 2.30 ± 0.79 ± 1.30 ± 0.22 2.71 ± 1.52 ± 1.73 ± 1.16 1.21 ± 0.42 ± 0.76 ± 0.13 1.43 ± 0.80 ± 1.01 ± 0.68
Dorsiflexors

Tibialis Anterior 5.31 ± 1.80 3.05 ± 1.66 4.36 ± 1.51 1.60 ± 0.81 5.31 ± 1.80 2.60 ± 1.41 4.36 ± 1.51 1.37 ± 0.69 2.80 ± 0.95 1.52 ± 0.82 2.30 ± 0.80 0.80 ± 0.40
Extensor Digitorum 3.37 ± 1.63 2.10 ± 1.18 5.49 ± 2.32 3.93 ± 2.14 3.37 ± 1.63 1.80 ± 1.00 5.49 ± 2.32 3.35 ± 1.83 1.78 ± 0.86 1.05 ± 0.59 2.89 ± 1.22 1.96 ± 1.07
Extensor Hallucis 2.44 ± 1.47 3.31 ± 1.02 5.34 ± 1.99 2.77 ± 1.48 2.44 ± 1.47 2.82 ± 0.87 5.34 ± 1.99 2.36 ± 1.26 2.48 ± 0.64 1.65 ± 0.51 2.81 ± 1.05 1.38 ± 0.74

Mean ± SD 4.46 ± 0.99 2.82 ± 0.64 5.07 ± 0.62 2.77 ± 1.67 4.46 ± 0.99 2.41 ± 0.54 5.07 ± 0.62 2.36 ± 0.99 2.35 ± 0.52 1.40 ± 0.32 2.67 ± 0.32 1.38 ± 0.58
Lower Leg Mean ± SD 2.95 ± 1.32 1.91 ± 0.73 3.42 ± 1.71 2.25 ± 1.29 2.95 ± 1.32 ± 1.63 ± 0.62 3.42 ± 1.71 ± 1.92 ± 1.10 1.55 ± 0.69 ± 0.95 ± 0.36 1.80 ± 0.90 ± 1.12 ± 0.64

± Indicates significantly different from tDCS. * Indicates significantly different from the other leg in the same condition (Sham or tDCS). Significance was accepted at p < 0.05.
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Table 3. Glucose standardized uptake value (SUV) asymmetry indices (AIs) after Sham and tDCS in
Subject 1 and the difference between conditions. Negative values indicate a decrease in symmetry after
tDCS. An AI greater than 10% was considered asymmetric. Symmetric values are in bold.

Muscle Group Sham tDCS ∆AI (%)

Knee Extensors −31.64% 2.57% 34.21
Knee Flexors −49.81% −16.32% 24.49
Upper Leg −34.95% −6.29% 28.65

Plantar Flexors 16.22% 28.67% −12.45
Dorsiflexors 12.63% −1.91% 14.54
Lower Leg 14.61% 16.36% −1.76

3.2. Clinical Case Description—Case 2

Subject 2 self-reported participating in vigorous physical activity at least three times a week for
the last eight years. Their peak torque was 57 Nm and 48 Nm for the left and right knee extensors,
respectively. Therefore, the anode was placed over the left M1 (C3) to stimulate the area of the cortex
area corresponding to the right leg. tDCS was well-tolerated and burning, tingling, itching, and
prickling sensations were reported with mild to moderate severity (range from 1–5 on a Likert-type
severity scale). Treadmill speed was 2.0 mph during both experimental sessions. During the walking
task, an RPE range of 1–3 was reported for the Sham session and an RPE range of 0.5–3 was reported
for the tDCS session. An RPE of 3 was first reported at minute 19 in the Sham condition and minute 16
in the tDCS condition. Blood glucose concentration was similar in both sessions (Session 1 = 81 mL/dL,
Session 2 = 83 mL/dL). Liver SUVmean was 2.05 g/mL in Session 1 and 1.86 g/mL in Session 2. Table 4
presents glucose uptake (SUV) normalized to the liver (NL) ROI [56–58]. SUVs were not normalized
to blood glucose because concentrations were similar across experimental sessions. SUVs were
significantly increased in tDCS compared to Sham in the left (p = 0.014) and right (p = 0.006) upper
legs, right plantar flexors (p = 0.016), and right lower leg (p = 0.009). Figure 4 provides a visual image
of the SUV differences between the muscle groups in the Sham (left) and tDCS (right) conditions.
In the Sham condition, glucose uptake in the knee extensors was the only muscle group considered
symmetric (AI = −5.89%). There was no change in asymmetry status (i.e., asymmetric to symmetric or
symmetric to asymmetric) in any of the muscle groups after tDCS. AI values after Sham and tDCS and
the difference in AIs between conditions are reported in Table 5.

Table 4. Glucose standardized uptake values (SUV in g/mL) in individual muscles, muscle group
averages, and upper and lower leg averages after Sham/tDCS and walking in Subject 2. The right leg
was objectively determined to be the weaker lower limb for this subject. Non-normalized (NN) SUVs
and SUVs normalized to standard blood glucose (NG, adjusted to 100 mg/dL) and to the liver (NL) are
reported. Data are Volume of Interest (VOI) mean ± standard deviation of glucose uptake within the
muscle. Rows in bold represent the mean and standard deviation of the respective muscle groups.

NN Left Leg NN Right Leg NL Left Leg NL Right Leg
Muscle Group Sham tDCS Sham tDCS Sham tDCS Sham tDCS

Knee Extensors
Rectus Femoris 0.54 ± 0.11 0.64 ± 0.08 0.51 ± 0.11 0.62 ± 0.09 0.26 ± 0.05 0.35 ± 0.05 0.25 ± 0.05 0.34 ± 0.05
Vastus Medialis 0.61 ± 0.17 0.63 ± 0.12 0.58 ± 0.17 0.59 ± 0.11 0.30 ± 0.08 0.34 ± 0.06 0.28 ± 0.08 0.32 ± 0.06

Vastus Intermedius 0.58 ± 0.09 0.67 ± 0.09 0.53 ± 0.07 0.60 ± 0.08 0.28 ± 0.04 0.36 ± 0.05 0.26 ± 0.03 0.32 ± 0.04
Vastus Lateralis 0.53 ± 0.10 0.57 ± 0.08 0.51 ± 0.10 0.53 ± 0.07 0.26 ± 0.05 0.30 ± 0.05 0.25 ± 0.05 0.29 ± 0.04

Mean ± SD 0.56 ± 0.04 0.63 ± 0.04 0.53 ± 0.03 0.58 ± 0.04 0.27 ± 0.02 0.34 ± 0.02 0.26 ± 0.02 0.32 ± 0.02
Knee Flexors

BF—Long Head 0.50 ± 0.09 0.48 ± 0.08 0.52 ± 0.10 0.54 ± 0.12 0.24 ± 0.04 0.26 ± 0.04 0.25 ± 0.05 0.29 ± 0.07
BF—Short Head 0.81 ± 0.19 0.91 ± 0.26 0.77 ± 0.19 1.19 ± 0.43 0.39 ± 0.09 0.49 ± 0.14 0.38 ± 0.09 0.64 ± 0.23

Semimembranosus 0.58 ± 0.28 0.54 ± 0.24 0.64 ± 0.14 0.54 ± 0.08 0.28 ± 0.14 0.29 ± 0.13 0.31 ± 0.07 0.29 ± 0.04
Semitendinosus 0.59 ± 0.09 0.59 ± 0.09 0.50 ± 0.09 0.55 ± 0.10 0.29 ± 0.05 0.32 ± 0.05 0.24 ± 0.05 0.30 ± 0.05

Sartorius 1.46 ± 0.54 1.49 ± 0.61 0.66 ± 0.18 0.62 ± 0.11 0.71 ± 0.26 0.80 ± 0.33 0.32 ± 0.09 0.33 ± 0.06
Gracilis 1.68 ± 1.16 1.46 ± 0.87 0.96 ± 0.54 1.10 ± 0.57 0.82 ± 0.57 0.79 ± 0.47 0.47 ± 0.26 0.59 ± 0.31

Mean ± SD 0.94 ± 0.51 0.91 ± 0.46 0.67 ± 0.17 0.76 ± 0.31 0.46 ± 0.25 0.49 ± 0.25 0.33 ± 0.08 0.41 ± 0.16
Upper Leg Mean ± SD 0.79 ± 0.42 0.80 ± 0.38 0.62 ± 0.15 0.69 ± 0.31 0.38 ± 0.21 * ± 0.43 ± 0.20 0.30 ± 0.07 ± 0.37 ± 0.13
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Table 4. Cont.

NN Left Leg NN Right Leg NL Left Leg NL Right Leg
Muscle Group Sham tDCS Sham tDCS Sham tDCS Sham tDCS

Plantar Flexors
Gastrocnemius 1.40 ± 0.69 1.26 ± 0.51 0.93 ± 0.37 1.05 ± 0.35 0.68 ± 0.34 0.68 ± 0.27 0.45 ± 0.18 0.57 ± 0.19

Soleus 1.33 ± 0.44 1.08 ± 0.21 0.86 ± 0.22 0.91 ± 0.15 0.65 ± 0.22 0.58 ± 0.11 0.42 ± 0.11 0.49 ± 0.08
Peroneus Longus 1.27 ± 0.32 1.83 ± 0.53 0.83 ± 0.24 0.94 ± 0.17 0.62 ± 0.16 0.99 ± 0.29 0.41 ± 0.12 0.51 ± 0.09
Peroneus Brevis 1.15 ± 0.23 0.98 ± 0.28 0.85 ± 0.13 0.90 ± 0.18 0.56 ± 0.11 0.53 ± 0.15 0.42 ± 0.06 0.48 ± 0.10

Flexor Digitorum 1.40 ± 0.36 1.15 ± 0.22 1.03 ± 0.22 1.01 ± 0.16 0.68 ± 0.17 0.62 ± 0.12 0.50 ± 0.11 0.54 ± 0.09
Flexor Hallucis 1.45 ± 0.20 1.06 ± 0.21 0.91 ± 0.13 1.94 ± 0.35 0.71 ± 0.10 0.57 ± 0.11 0.44 ± 0.06 0.54 ± 0.12

Tibialis Posterior 1.07 ± 0.40 0.87 ± 0.34 1.01 ± 0.29 0.97 ± 0.32 0.52 ± 0.19 0.47 ± 0.18 0.49 ± 0.14 0.52 ± 0.17
Mean ± SD 1.29 ± 0.14 1.18 ± 0.31 0.92 ± 0.08 1.10 ± 0.37 0.63 ± 0.07 * 0.63 ± 0.17 0.45 ± 0.04 ± 0.52 ± 0.03
Dorsiflexors

Tibialis Anterior 3.55 ± 1.03 2.84 ± 0.79 2.59 ± 0.71 2.24 ± 0.54 1.73 ± 0.50 1.53 ± 0.42 1.26 ± 0.35 1.20 ± 0.29
Extensor Digitorum 1.17 ± 0.29 1.77 ± 0.56 0.87 ± 0.35 1.57 ± 0.49 0.57 ± 0.14 0.95 ± 0.30 0.42 ± 0.17 0.85 ± 0.26
Extensor Hallucis 2.11 ± 0.70 2.03 ± 0.51 1.90 ± 0.56 1.94 ± 0.35 1.03 ± 0.34 1.09 ± 0.28 0.92 ± 0.27 1.04 ± 0.19

Mean ± SD 2.28 ± 1.20 2.21 ± 0.56 1.79 ± 0.87 1.92 ± 0.33 1.11 ± 0.58 1.19 ± 0.30 0.87 ± 0.42 1.03 ± 0.18
Lower Leg Mean ± SD 1.59 ± 0.75 1.49 ± 0.62 1.18 ± 0.59 1.35 ± 0.52 0.77 ± 0.36 * 0.80 ± 0.33 * 0.57 ± 0.29 ± 0.68 ± 0.26

± Indicates significantly different from tDCS. * Indicates significantly different from the other leg in the same
condition (Sham or tDCS). Significance was accepted at p < 0.05.
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Table 5. Glucose standardized uptake value (SUV) asymmetry indices (AIs) after Sham and tDCS in
Subject 2 and the difference between conditions. Negative values indicate a decrease in symmetry after
tDCS. An AI greater than 10% was considered asymmetric. Symmetric values are in bold.

Muscle Group Sham tDCS ∆AI

Knee Extensors −5.89% −6.75% −0.86%
Knee Flexors −24.03% −15.09% 8.94%
Upper Leg −18.82% −11.80% 7.02%

Plantar Flexors −42.15% −22.80% 19.34%
Dorsiflexors −23.98% −14.42% 9.56%
Lower Leg −34.36% −19.06% 15.31%

4. Discussion

To our knowledge, this is the first study that utilized PET with FDG to investigate changes in
glucose metabolism and asymmetries in lower limb skeletal muscles after a single session of tDCS
in PwMS. The main findings of this study were that tDCS (1) decreased FDG uptake in the left knee
flexors, left upper leg, plantar flexors, and lower legs and improved asymmetries in the knee extensors,
upper leg and dorsiflexors in Subject 1, and (2) increased FDG uptake in the upper legs, right plantar
flexors, and right lower leg with no effect on asymmetries in Subject 2.

Subject 1 was a 56-year-old woman with MS (20 years since diagnosis) who was moderately
disabled (PDDS score = 3) and self-reported as not physically active. After tDCS, she showed reduced
glucose uptake (GU) in leg muscles and more symmetric GU in the knee extensors and dorsiflexors
compared to Sham. Furthermore, her peak RPE score and the rate of change in RPE were lower in the
tDCS condition. Many mildly impaired PwMS tend to live sedentary lifestyles, have low cardiovascular
fitness, an altered muscle fiber distribution typical of disuse, and poor exercise tolerance, which may
increase the energy demand of activities like walking [63–66]. Consequently, fatigue and reduced
mobility are key problems in PwMS. As previously discussed, tDCS over the motor cortex may increase
cortical excitability and enhance the neural drive from the cortex to the spinal motor neuron pool.
It is feasible that the excitatory effects of anodal tDCS would be more likely to occur in patients with
diseases characterized by hypo-excitability of motor areas. This premise is in line with recent studies
reporting no effect of tDCS on physical performances in healthy subjects [67–69]. In the current study,
it is proposed that tDCS was able to increase the cortical excitability of impaired motor areas in Subject
1, resulting in a more effective muscle activation strategy with decreased energy demands, decreased
uptake asymmetry, and prolonged performance fatigability resistance. In PwMS, it is suggested that
some muscles, particularly those on the less-affected (stronger) leg are minimally affected or unaffected
by MS. This may explain why some muscles were not responsive to tDCS in Subject 1, indicating a
ceiling effect of tDCS on cortical excitability. In other words, there may be a limited capacity to improve
muscle activation strategies in healthy muscles compared to those with motor impairment. Lastly,
Subject 1 was able to correctly identify the stimulation condition (tDCS or Sham) in each session and,
therefore, placebo effects cannot be dismissed. Difficulty with blinding maintenance is common in
tDCS [70,71] and should be addressed in future study designs.

Clinical case study 2 was a 44-year-old woman with MS (15 years since diagnosis) who was also
moderately disabled (PDDS score = 3). Importantly, she self-reported as physically active. After tDCS,
she showed higher GU values in the upper and lower leg muscles and had no changes in muscle
symmetry status (i.e., asymmetric to symmetric) compared to Sham. There was no change in the peak
RPE score reported between conditions, but RPE peaked sooner after tDCS (at minute 16) compared to
the Sham condition (at minute 19). Compared to Subject 1, it seems that Subject 2 was less affected by
MS, potentially due to her higher habitual physical activity, her younger age, and the shorter time
since diagnosis. Although both subjects reported the same PDDS score, it should be noted that the
PDDS, as well the Expanded Disability Status Scale (EDSS), are often insensitive to subtle functional
impairments and, therefore, makes walking impairments at an early disease stage difficult to detect [72].
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Moreover, differences in the cortical excitation/inhibition (E/I) balance was potentially different between
the subjects at baseline [73]. Therefore, it is possible that the effect of tDCS on the E/I balance may
have been optimal for Subject 1 but non-optimal for Subject 2 [73]. Subject 2 may have had fewer
motor areas with hypo-excitability and may be more comparable to healthy subjects. Indeed, when
tDCS was applied to the motor cortex of healthy subjects, performance fatigability increased [74,75],
which indicated that tDCS may induce hyperexcitability in certain motor areas, resulting in neuronal
activity that may hamper endogenous signals [76,77]. This may explain, at least in part, the higher
RPE and higher SUVs after tDCS in Subject 2, which indicates greater energy demands and an earlier
onset of performance fatigability.

Interestingly, tDCS affected both the less- and more-affected legs of Subject 1. One reason might
be that the relatively large tDCS electrode covered more areas than the M1 representation of the
more-affected leg. Furthermore, it is also very likely that tDCS effects on the left hemisphere may
influence the right hemisphere, consistent with previous studies [78–81]. For example, the results
of Mondini et al. [78] indicated effects of tDCS on spectral EEG power on the side contralateral to
stimulation, and Park et al. [79] found that stimulation of the left dorsolateral prefrontal cortex had
diffuse effects on right hemisphere areas. The present finding also supports the idea of tDCS affecting
interhemispheric cooperation of the primary motor cortices during motor performance [79] and may
also help explain the promising findings of this case study.

There are some limitations to this study. The small number of participants in this case study limits
the generalizability of the results. Although PET and FDG allowed for the examination of muscle
activation strategies, the low temporal resolution of this technique is a limitation. It is possible that
muscle activation strategies were more symmetric at the beginning of the task and shifted to a more
asymmetric strategy as the task progressed (or vice versa), but such a determination was not feasible
with the current technique. Although the location and size of the anode allowed for the M1 leg area to
be covered and potentially stimulated [51], differences in head size may have resulted in inconsistent
stimulation of the leg areas between the subjects. Similarly, anatomical differences (e.g., skull thickness,
cerebrospinal fluid thickness, and variations in cortical morphology) were not assessed and may have
resulted in variations in the electric field magnitude that reached the cortex [82–84]. Because Subject 1
was not successfully blinded from stimulation condition, the results should be interpreted with caution.
Moreover, we did not examine how walking performance was affected by alterations in glucose uptake
using clinical walking assessments (e.g., 25 ft walk test, 6-min walk test, etc.) and the results are not
generalizable to other walking intensities or tasks of daily living, such as stair climbing. Although the
explanation of our results was largely based on the physical activity levels of the participants, objective
measures of physical activity were not obtained.

Future larger studies should objectively measure the influence of physical activity levels and
disease severity on glucose metabolism and walking performance using clinical assessments after
tDCS. Furthermore, MU recruitment strategies during force production could be further investigated
with high density multichannel EMG. In addition, other variables, such as age and sex, should also be
explored and accounted for in these studies. Lastly, the effects and duration of other tDCS parameters,
such as stimulation intensity, alternative Sham protocols, and the number of tDCS sessions, on glucose
metabolism in PwMS should also be investigated. Specifically, repeated sessions of tDCS have had
promising preliminary results [85] and may induce additive effects [86].

5. Conclusions

For one physically inactive subject, tDCS decreased GU and improved lower limb asymmetries
during walking, which suggest that tDCS may have increased neural drive to the muscle and lowered
energetic demands and perceived exertion. For one physically active subject, the purported increased
neural drive resulted in a contrary finding of increased GU and higher energy demands. Thus, the
effects of tDCS in PwMS might be mediated by habitual physical activity and inactive subjects might
experience more benefit from the stimulation.
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