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Abstract

Multiple sclerosis (MS) is a chronic neurological condition resulting in decreased
aerobic capacity (peak VO,). The hemodynamic responses to peak exercise in
MS are unknown. Further, it is unknown if the hemodynamic responses are
due to disease or fitness. Therefore, the purpose was to compare hemodynamic
response to peak exercise between individuals with and without MS, with similar
peak VO,. Individuals with MS (n=21) and CON (n=21) underwent maximal
incremental cycle exercise test to assess peak aerobic capacity (peak VO,). Heart
rate, stroke volume, cardiac output, and blood pressure were obtained every
other minute of the exercise test. There were no significant group differences in
peak VO,. All hemodynamic variables increased similarly from baseline to peak
exercise in both MS and CON. There was a significant group by time interaction
for HR in individuals with MS (p <0.01), accounted for by age, but no group by
time interactions in MAP (p=0.78), SV (p=0.11), or Q (p=0.86). Our findings
suggest that individuals with and without MS, with similar peak VO,, have similar
hemodynamic responses to peak exercise. Our data suggest that fitness is a key
underlying determinants of hemodynamics responses in individuals with MS.
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1 | INTRODUCTION

Multiple Sclerosis (MS) is a chronic, progressive disease of
the central nervous system that begins in early adulthood
and is a leading cause of morbidity and disability in young
adults (Reich et al., 2018; GBD 2016 Multiple Sclerosis
Collaborators, 2019) culminating in a threefold increased
risk of all-cause mortality (Brown et al., 2019; Palladino
et al., 2020; Titcomb et al., 2022).

Cardiovascular disease is a significant contributor to
the increased mortality in this population. Individuals
with MS have nearly twice the risk of cardiovascular mor-
tality as those without MS (Marrie et al., 2015; Palladino
et al., 2020; Persson et al., 2020). Higher cardiovascular
disease risk and subsequent cardiovascular function are
not well understood in the population and are likely mul-
tifactorial (Mincu et al., 2018).

Individuals with MS typically also have low aerobic ca-
pacity. Aerobic capacity, measured as peak VO,, requires
the cardiovascular, pulmonary, and musculoskeletal sys-
tems to work in concert and supply the increased demand of
exercise, thus providing a whole-body functional measure
that serves as a marker of total health (Imboden et al., 2018;
Ross et al., 2016). Lower peak VO, in this population is
partly due to disease severity, as peak VO, is directly re-
lated to MS severity (Langeskov-Christensen et al., 2015;
Motl et al., 2008; Sandroff et al., 2015). However, peak VO,
was lower in those with self-reported mild disease (partly
defined as without walking restrictions) compared to those
without MS (Klaren et al., 2016); suggesting disability does
not fully explain lower peak VO.,.

Peak VO, is the product of heart rate (HR), stroke vol-
ume (SV), and arterio-venous oxygen difference (A-VO,)
(Levine, 2008). During maximal exercise, individuals
with MS have shown a blunted peak HR response (Klaren
et al., 2016), which should lead to decreased cardiac out-
put (Q), thus reducing peak VO,. Additionally, it has been
suggested that individuals with MS may have compro-
mised mitochondrial function (Kent-Braun et al., 1997).
Furthermore, cardiac function is also likely compromised
in this population (Mincu et al., 2018). Therefore, one
would expect all aspects that contribute to peak VO, to be
altered in MS. However, to our knowledge, there are no
published data on SV, Q, or systemic A-VO, in response
to maximal aerobic exercise in this population.

If the MS disease process is the main contributor to
altered hemodynamics and A-VO, response during ex-
ercise in this population, then the alterations would be
expected in people with MS with similar fitness levels
as people without MS. However, if hemodynamic and
A-VO, response is similar between similar fit groups of
individuals with and without MS, that would suggest fit-
ness is likely culprit of the alterations - rather than the

MS disease process. Therefore, the purpose of this study
was to compare the hemodynamic response to peak exer-
cise between individuals with and without MS who have
similar aerobic capacities.

2 | METHODS

2.1 | Participants
We recruited healthy ambulatory individuals, who
were able to pedal an upright cycle ergometer, were not
pregnant, nor current smokers, had no history or cardiac
or pulmonary disease, and with a body mass index (BMI)
less than 40kg-m” for this study. Individuals with MS
received medical clearance to participate in the study
and about half (11/21) of participants with MS reported
exercise frequency of at least twice weekly for 30 min. The
sample (N=51) consisted of 21 individuals with a stable,
physician-confirmed diagnosis of relapsing-remitting MS,
and 30 individuals without MS (CON). All 21 individuals
with MS are included in the final analyses. Nine CON
were excluded from data analyses; one due to poor
echocardiography image quality and the eight youngest
participants (25 + 3 years) to more closely approximate the
age of participants with MS. Thus, 42 participants were
included in the final analyses, MS=21 and CON=21.
Disease severity was assessed with the Kurtzke's
Expanded Disability Status Scale (EDSS), and inclu-
sion criteria for this study were scores of <6.0 (Goldman
et al., 2010; Rudick et al., 2010).

2.2 | Study design

Volunteers arrived postprandial (>3h) and without caf-
feine or exercise for at least 24 h. After informed consent,
health history questionnaire and EDSS assessment (if ap-
plicable), participants weight (kg) and height (cm) were
recorded. Next, the participant rested in the supine posi-
tion for at least 10 min, during which aortic diameter was
measured at the aortic annulus in the parasternal long-
axis view using echocardiography (Prosound Alpha 7,
Hitachi-Aloka; Tokyo, Japan) (Lang et al., 2015; Mitchell
et al., 2019). Finally, baseline heart rate (HR) was obtained
with Polar v800 heart rate monitor (Polar Electro Oy,
Kempele, FI). Participants were then moved to the seated
position for baseline blood pressure (systolic blood pres-
sure [SBP] and diastolic blood pressure [DBP]) and stroke
volume (SV) measurements via standard sphygmoma-
nometry and continuous wave Doppler echocardiogra-
phy measurements, respectively. Mean arterial pressure
(MAP) was calculated as:
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MAP = DBP + %(SBP — DBP).

Peak VO, was measured via an incremental exercise
test on a cycle ergometer with open-circuit spirometry sys-
tem (TrueOne, Parvo Medics, Sandy, UT) to analyze ex-
pired gases. Exercise testing followed standard guidelines
(American College of Sports M, 2018; Balady et al., 2010;
Myers et al., 2009; Rodgers et al., 2000) with a protocol
designed for persons with MS (Klaren et al., 2016; Motl
& Fernhall, 2012); detailed protocol information provided
in Appendix S1. BP via manual sphygmomanometer and
rate of perceived exertion (RPE) were obtained during the
first stage of exercise (15 Watts), and every other minute
thereafter. The highest HR was recorded from the final
30s of each minute of exercise. Stroke volume, calculated
from continuous wave Doppler echocardiography mea-
surements during seated rest (baseline), warmup, the
second stage of exercise (30 watts), and then every other
minute (stage) thereafter — opposite timing of BP measure-
ments. Cardiac output (Q) was calculated as, Q = SV« HR
and peak systemic arteriovenous oxygen difference (a-
VO,) was calculated as peak g — VO, = Pf»il;:gz (De Cort
et al., 1991).

2.3 | Statistical analyses

Data are presented as mean +standard deviation and
were analyzed with Statistical Package for the Social
Sciences (SPSS, version 28, IBM, Chicago, IL, USA).
Alpha level was set at p <0.05 to determine significance.
Data were checked for normality and outliers using the
Shapiro-Wilk test. In the primary analysis, MAP, SV,
and Q were non-normally distributed and corrected
using the Log,, transformation. In the secondary analy-
sis Age, peak VO,, SV, and Q were also non-normally
distributed and corrected using the log,, transforma-
tion. Chi-square testing was used to examine potential
sex differences between those with and without MS.
Independent samples t-tests were used to examine po-
tential age, BMI, peak VO,, and AVO, differences be-
tween groups (with and without MS [CON]). A group
(MS, CON) by time (baseline, peak exercise) repeated
measure analysis of variance (ANOVA) was used to
evaluate changes in hemodynamic responses, included
HR, MAP, SV, and Q, with maximal exercise. As the
individuals with MS were significantly older than the
control group, we also evaluated the hemodynamic re-
sponses via a repeated measure ANOVA in an age (and
sex) matched subset (MS: n=8, CON: n=38) to account
for age-related differences. A one-way ANOVA was per-
formed to compare demographics among all four groups
(MS Fit, MS Unfit, CON Fit, and CON Unfit). Then a
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repeated measure ANOVA was used in each group (MS
and control) to compare fit and unfit individuals by time
(baseline and peak exercise).

3 | RESULTS

Descriptive characteristics are presented in Table 1. The
MS group was primarily female (80%) which is consist-
ent of the sex distribution in the population (GBD 2016
Multiple Sclerosis Collaborators, 2019; Wallin et al., 2019).
Individuals with MS were older than controls, but no dif-
ference between groups in sex, BMI, peak VO,, or a-VO,.
Disease-modifying therapy use of individuals with MS
presented in Table S1.

Baseline and peak exercise hemodynamic responses are
presented in Table 2. All hemodynamic variables increased
from baseline to peak exercise in both groups. There was
a time*group interaction for HR, with the MS group ex-
hibiting less HR change over time than controls (p <0.01).
However, there were no main group effects, although HR
was nearly less in individuals with MS (p=0.06). To ac-
count for potential age-related differences in hemodynamic
responses, we analyzed an age- and sex-matched subset of
participants. Once matched, the participants did not differ

TABLE 1 Descriptive characteristics of Individuals with and
without MS.

MS Control p Value

Female/Male 17/4 14/7 0.29
Age (years) 44+10 31+5 <0.01
BMI (kg/m?) 25.3+4.9 259+4.1 048
EDSS? 3.5(2.5-4.75) - =
Peak VO, (mL/kg*min) 28.3+8.3 31.7+8.2 0.58
50th percentile Peak VO, 27.8 29.9
(mL/ kg*min_l)
a-VO, (mL/100mL) 24+1.0 3.1+13 0.06
Disease Modifying Therapy 16 -

Ocrelizumab -

Natalizumab -

Ofatumumab -

Fingolimod®

Diroximel fumarate

Glatiramer acetate

v = N W W O
|

None

Note: Data presented as mean + standard deviation.

Abbreviations: a-VO,, Peak systemic arteriovenous oxygen difference; BMI,
Body Mass Index; EDSS, Expanded Disability Status Scale; Peak VO,, Peak
Oxygen uptake.

“Fingolimod is associated with increased risk of cardiovascular events.
Presented as median (IQR).
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in age, BMI, peak VO,, or a-VO, and they exhibited similar
hemodynamic responses to the entire cohort. Additionally,
the time*group HR interaction was no longer significant
in the subset (p=0.98). Descriptive characteristics of the
age and sex matched subset are presented in Table S2, and
baseline and peak hemodynamic responses of the subset
are presented in Table S3.

Secondary analysis included the same 42 participants;
however, MS and CON were separated by the 50th percen-
tile of their respective fitness levels to create MS Fit (n=11),
MS Unfit (n=10), CON Fit (n=11), and CON Unfit (n=10);
descriptive characteristics are presented in Table 3. The
groups were different in age, BMIL, and peak VO.,.

Baseline and peak exercise hemodynamic responses
of fit and unfit individuals both with and without MS
are presented in Table 4. HR, MAP, SV, and Q increased
from baseline to peak exercise in both fit and unfit groups,
within their respective MS and CON groups. There was a
group*time interaction for HR between fit and unfit in-
dividuals within MS, such that unfit individuals with MS
had less change over time. Similarly, unfit CON had less

HR change over time with a significant time*group inter-
action. Unfit CON almost had less change in SV from base-
line to peak exercise, although the time*group interaction
was not significant (p=0.06). There were no main group
(fit vs. unfit) effects in CON. However, in individuals with
MS there was a main effect of fitness for MAP, such that
fit individuals with MS had lower MAP than unfit indi-
viduals with MS and a near-significant difference in SV;
individuals with MS almost had higher SV, although the
difference was not significant (p =0.07).

4 | DISCUSSION

Physical disability and reduced peak VO, are typi-
cally considered interrelated consequences of MS
(Klaren et al., 2016; Langeskov-Christensen et al., 2015;
Reich et al, 2018; GBD 2016 Multiple Sclerosis
Collaborators, 2019). Aside from reduced peak VO,, lit-
tle information is available regarding the physiological
determinants of peak VO, in those with MS. Therefore,

TABLE 2 Hemodynamic Responses at Baseline and Peak Exercise in Individuals with and without MS.

Baseline Peak
HR (bpm) MS 64+13 161+15
CON 5949 177+11
MAP* (mmHg) MS 86+12 106+13
CON 83+11 103+13
SV* (mL) MS 68+30 100+43
CON 66429 80+34
Q" (L/min) MS 4.4+2.0 13.2+5.6
CON 4.0+1.6 12.2+6.4

2 2

Time n Group n Interaction n

<0.01 0.98 0.06 0.08 <0.01 0.26
<0.01 0.87 0.42 0.02 0.78 0.00
<0.01 0.44 0.27 0.03 0.11 0.06
<0.01 0.88 0.37 0.02 0.86 0.00

Note: Data presented as mean +standard deviation. Bold vales are significant values.
Abbreviations: HR, Heart Rate; MAP, Mean Arterial Pressure; SV, Stroke Volume; Q, Cardiac Output.

*Log,, transformed.

TABLE 3 Descriptive Characteristics

MS CON of Fit and Unfit Individuals with and
Fit (n=11) Unfit (n=10) Fit(n=11) Unfit(n=10) without MS.

Female/Male 8/3 9/1 6/5 8/2

Age™? (years) 43410 45+11 30+4 3246

BMI (kg/m?)° 22.6+3.2 28.4+4.7 24.5+3.0 27.4+4.7

EDSS 3.0+1.0 40+1.0

Peak VO,*® (mL/kg*min) 34.3+5.9 21.7+4.38 38.2+5.4 24.5+2.7

a-VO, (mL/100mL) 2.6+1.1 23+1.0 3.2+1.4 31+1.3

Note: Data presented as mean +standard deviation. Bold vales are significant values.

Abbreviations: a-VO,, Peak systemic arteriovenous oxygen difference; BMI, Body Mass Index; EDSS,

Expanded Disability Status Scale; Peak VO,, Peak Oxygen uptake.
*Log,, transformed.
bGroup differences (Fit vs. Unfit), p<0.05.
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TABLE 4 Hemodynamic Responses at Baseline and Peak Exercise in Fit and Unfit individuals with (MS) and without MS (CON).

Baseline Peak

HR (bpm) MS Fit 59+14 166 +11
Unfit 69+10 15717

CON Fit 54+8 180+9
Unfit 64+6 172+11
MAP (mmHg) MS Fit 82+10 100+11
Unfit 91+14 113+12
CON Fit 82+5 104 +11
Unfit 85+14 103+15
SV?* (mL) MS Fit 79+33 115+47
Unfit 55+19 84+34
CON Fit 78 +32 93+35
Unfit 53+20 67+29
Q* (L/min) MS Fit 49424 15.2+5.8
Unfit 39+14 11.0+4.7
CON Fit 4.5+1.8 14.7+7.0

Unfit 34+1.1 9.4+4.5

*Log,, transformed.

2 2

Time n Group i Interaction n
<0.01 0.97 0.86 0.00 0.04 0.20
<0.01 0.99 0.65 0.01 <0.01 0.53
<0.01 0.81 0.03 0.22 0.40 0.04
<0.01 0.94 0.86 0.00 0.09 0.14
<0.01 0.61 0.07 0.20 0.55 0.01
0.02 0.26 0.92 0.18 0.06 0.00
<0.01 0.89 0.10 0.13 0.51 0.02
<0.01 0.87 0.07 0.17 0.34 0.05

Note: Data presented as mean =+ standard deviation. Bold vales are significant values.
Abbreviations: HR, Heart Rate; MAP, Mean Arterial Pressure; SV, Stroke Volume; Q, Cardiac Output.

this study investigated the hemodynamic response to peak
exercise in individuals with and without MS who exhib-
ited similar peak VO,, as this might provide insight on
the impact of the disease process independent of fitness.
Individuals with MS with similar peak VO, to controls
exhibited similar hemodynamic responses to peak exer-
cise. However, when evaluating fit vs. unfit individuals
with MS, our findings corresponded to the expected dif-
ferences between unfit vs. fit individuals, regardless of dis-
ease status. Thus, our data indicate that the hemodynamic
responses to exercise in individuals with MS are likely not
due to the disease itself, but rather a result of physical in-
activity or other factors affecting peak VO,.

At the onset of exercise, individuals with MS exhibit
impaired ability to reduce vagal tone and increase HR
(Hansen et al.,, 2013). Additionally, individuals with
MS commonly have lower peak exercise HR (Klaren
et al., 2016). These data suggest there is likely autonomic
impairment during exercise in individuals with MS. While
we did not assess HR at the onset of exercise, peak HR dif-
ferences in our groups are likely explained by age. In our
sub-analysis of matched individuals with and without MS
by age and sex, there was no longer a significant HR in-
teraction. Thus, the lower HR in our group is likely due
to age rather than autonomic impairment, suggesting our
cohort may not exhibit autonomic impairment during
dynamic exercise. Further, disease modifying therapies
may impact HR and could also explain HR differences

between groups (Kaplan et al., 2015). It is also possible
that the HR interaction is impacted by the ability to reach
a peak effort, which may differ between participants with
MS and controls based on disease symptoms (i.e., coor-
dination) (Langeskov-Christensen et al., 2014) or fitness.
Respiratory exchange ratio (RER) is a widely accepted
criterion to mark peak exercise (Balady et al., 2010). RER
criteria were met in most people with and without MS,
and there was no difference between groups (p=0.74).
RER was also not significantly different between fit and
unfit individuals. These RER values suggest both groups
were able to achieve peak effort. However, while RER is
a widely accepted as criterion for peak effort, it likely is
not a demarcation of true physiologic maximal exercise
(Poole et al., 2008). Although our participants reached
peak exercise, they may not have achieved maximal ox-
ygen uptake and thus a true cardiovascular maximum,
which is especially challenging in special populations
and unfit individuals (Poole et al., 2008). Additionally, as
our exercise testing was performed with cycle ergometry,
leg muscle fatigue may have been the limiting factor, not
an uncommon factor in other studies (Balady et al., 2010;
Kaminsky et al., 2022).

Our data show individuals with and without MS have
similar MAP values. Interestingly, our secondary analyses
of fitness within the MS group show fit individuals with
MS have lower MAP compared to unfit individuals with
MS. However, in the secondary analyses among control
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participants, the fit and unfit individuals were not differ-
ent. This could mean fitness may have a more significant
impact on blood pressure in those with MS compared to
those without the disease. Considering the greater prev-
alence of hypertension and cardiovascular disease risk in
individuals with MS, this difference highlights the impor-
tance of fitness in individuals with MS (Briggs et al., 2021;
Marrie et al., 2012, 2015).

SV at rest and the response to exercise were similar
between those with and without MS. When individuals
with and without MS were grouped by fitness, although
peak SV may appear significantly greater in the fit groups,
it is simply the result of fit individuals having a higher
resting SV as there was no interaction effect. This is in
agreement with findings in many studies which show that
well-trained individuals have higher resting and peak SV
(Rowland et al., 1997, 2002).

As expected in groups with similar peak VO,, peak car-
diac output was not different, and there was no interac-
tion effect. Supply must meet the demand of exercise, and
since peak VO, was similar, one would expect a similar
peak cardiac output. Our peak cardiac output values were
also similar to others (Agostoni et al., 2017; Grigoriadis
et al., 2022).

Strengths of our study include the comparison of par-
ticipants with and without MS with similar peak VO.,.
Examining differences in the hemodynamic response to
peak exercise between individuals with and without MS,
using a classic sample of low-fit individuals compared to
normal-fit controls would make it difficult to conclude
if the differential responses were due to fitness or phys-
iologic disease process. Our MS group, while exhibiting
a relatively high peak VO, also included a wide range of
disabilities. However, the relatively high fitness of individ-
uals with MS who participated is unusual and different
from prior studies. While our groups had similar peak
VO,, the individuals with MS were significantly older.
Also, we obtained SV using continuous wave Doppler
echocardiography from the suprasternal notch, which
measures maximal flow velocity along the interrogation
line. Although this method is well-accepted and has been
used in many studies during exercise, flow velocity at
the aortic valve may influence measurements. The same
method was used in both groups in our study and is there-
fore directly comparable. However, caution should be
taken when comparing our results with other methods of
SV measurement.

5 | CONCLUSION

Our findings show that individuals with and without
MS, with similar peak VO,, have similar hemodynamic

responses to peak exercise. The hemodynamic response
to peak exercise in fit and unfit individuals with MS was
comparable with the responses in fit and unfit individuals
without MS. Furthermore, unfit individuals with MS have
higher blood pressure compared to fit individuals with
MS. However, there was not a blood pressure difference
between unfit and fit individuals without MS, suggesting
unfit individuals with MS may be less healthy than
unfit individuals without MS. These data support the
importance of fitness in this population as a key underlying
correlate of hemodynamic responses to exercise. Whether
randomized interventions to improve fitness in this
population lead to enhanced health outcomes should be
the focus of future research.

The results of the study are presented clearly, honestly,
and without fabrication, falsification, or inappropriate
data manipulation.
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