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Introduction

Demyelination leads to a compromise of axonal conduc-
tion, resulting in the incorporation of new sodium

Abstract

Three fundamental principals associated with aquatic therapy differentiate it
with respect to exercise on land, and in air. These are buoyancy (reduction in
weight of the body within the buoyant medium of water), viscosity (a “drag
force” is generated when moving within water, when compared with the same
movement in air), and the thermodynamic aspect of water exercise, during
which the heat capacity of water is about 1000 times greater than that of an
equivalent amount of air; equating to a heat transfer from the body into water
at a rate 25 times faster than that of air. Aquatic conditioning, can improve
neurologic functioning, with dividends favorably impacting activities of daily
living, health maintenance, safety, and ultimately quality of life. Here, we review
the application of aquatic exercise training in MS patients.

channels on the axonal surface to restore electrical trans-
mission of frequency-coded messages. This can lead to
excessive influx of sodium, which prompts reversal of the
sodium-calcium exchanger. The eventual accumulation of
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intra-axonal calcium can lead to the activation of cal-
cium-dependent proteases; release of excitatory amino
acids; and the eventual demise and destruction of the
axon (transaction with consequent dying back and walle-
rian degeneration).

An unintended consequence of the ion channel adapta-
tion, is that the newly assembled sodium channels exhibit
altered safety factor characteristics in response to temper-
ature changes, such that core body temperature elevation
can provoke closure of the sodium channel pore at a
lower temperature than normal (Fig. 1).! In such a cir-
cumstance, activities such as exercise, fever, infection,
exposure to increased ambient temperatures, ingestion of
hot liquids or food, and even psychological stressors may
precipitate sodium channel pore closure, and abrupt ces-
sation of the action potential (which can correspond to
functional abnormalities affecting a diversity of activities
of daily living (ADLs) such as walking, vision, bladder
control, cognitive processes, among others).

Neurophysiologic investigations have revealed that mul-
tiple sclerosis (MS) patients exhibit a reduced capacity, or
long latency for onset, of sweating in response to a heat
stress, such that a rise in core temperature can occur
quite quickly without an appropriate autonomic response
to maintain core-body thermoregulation.** Further,
greater predisposition to delayed responses in sympathetic
responses to positional-induced reductions in blood pres-
sure (i.e., orthostatic effects upon upright posture) leads
to inadequate venous return, and a corresponding
requirement for heart rate elevation (chronotropic adap-
tation that also appears to be diminished in MS), in order
to maintain cardiac output and normal perfusion dynam-
ics across the various tissue organ beds of the body; most
critically to the heart and brain.

A consequence of the increased density of sodium
channels (channels that exhibit altered thermal character-
istics; with their pores capable of closing at only modest
temperature elevation, thereby terminating the depolariza-
tion phase of the action potential) along demyelinated
segments, is that the normal fast saltatory conduction
properties of axons, that involve electrical propagation
from the node and paranode of Ranvier, is transformed
to slow membrane conduction mechanisms, with a
greater likelihood of temporal dispersion, conduction
slowing and even failure; especially under those circum-
stances where core body temperature elevation occurs
(Fig. 1).!

With the greater density of sodium channels along the
demyelinated axon, the excessive entry of sodium can lead
to substantial energetic consequences, when greater
amounts of intra-axonal ATP must be utilized in order to
reverse the sodium-calcium pump, where sodium efflux is
coupled to excessive entry of calcium (the latter of which
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can in and of itself trigger axonal damage by activation of
calcium-dependent proteases and release of intra-axonal
excitatory amino acids such as glutamate).

In addition to the pathophysiologic consequences of
demyelination upon axonal depolarization, the reduction
or loss of myelin internodes along the axon serves to
unmask an increased density of potassium channels,
thereby exacerbating potassium efflux (often referred to
as “current leak”), and lowering the threshold for trans-
membrane hyperpolarization; leading to abrupt cessation
of the action potential (Fig. 1.t

The reversible, and often stereotyped development of
MS symptoms in response to a heat stress, prolonged
exercise, fever and infection, and psychological stress is
referred to as Uhthoff’s phenomenon, and mechanistically
occurs when two fundamental changes occur in ion chan-
nel physiology; closure of the sodium channel pore,
thereby aborting depolarization and action potential
propagation, while concomitantly there is excessive potas-
sium efflux across an increased unmasked density of
potassium channels; thereby promoting hyperpolarization
and premature cessation of the action potential (Fig. 1)."

Interventions that promote body cooling (application
of cooling devices, use of antipyrexic agents during fever/
infection, ingestion of ice-cold liquids, and precooling
before exercise) have been shown to improve the fidelity
and duration of action potentials across demyelinated ax-
ons. Pharmacologic agents, such as 4-aminopyridine (4-
AP), serve to block potassium channels (thereby attenuat-
ing potassium efflux), prolong action potential duration,
and produce evidence-based dividends upon walking,
with the application of the sustained-release formulation
of 4-AP; dalfampridine (Ampyra®Acorda Therapeutics,
Ardsley, NY, USA), and upon vision with the application
of the compounded formulation (Fig. 1).>° Alternately,
conditioning and training can serve to both accelerate
information processing and task completion, while also
demonstrating an attenuation in the size of the recruited
neural network required for task completion (akin to
plasticity, while potentially improving supply and demand
intra-axonal energetics).”

Landmark human investigations, objectively and pre-
cisely characterizing Uhthoff's phenomenon, were pub-
lished in 2008, and involved the application of a novel
paradigm with passive heat exposure (whole-body heating
with a water perfused suit), and its reversibility with the
subsequent application of active cooling.® For these stud-
ies, we investigated the horizontal eye movements of MS
patients with internuclear ophthalmoparesis (INO); an
eye movement abnormality secondary to demyelination of
the medial longitudinal fasciculus (MLF), the brainstem
tegmental tract system responsible for the coordination of
all classes of eye movements. We observed significant
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Uhthoff's Phenomenon: Pathophysiologic lon Channel Mechanisms
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Figure 1. lon channel pathophysiology in MS. pathophysiological mechanisms of Uhthoff’'s phenomena and potential treatment interventions.
Elevation in core body temperature in the context of axonal demyelination results in pore closure of voltage-gated sodium channels, thereby
compromising action potential depolarization. Alternatively, segmental demyelination unmasks an increased density of membrane-localized
potassium channels with a high predilection for current leak via potassium efflux. Two mitigating factors that have therapeutic effects on action
potential fidelity and duration: active cooling facilitates sodium channel pore patency, whereas 4-aminopyridine (4-AP) is a broad-spectrum
potassium channel blocker that prolongs action potential duration (reduces current leak). From Frohman et al.

adduction slowing during the systematic escalation of
core body temperature (from 0.2 to 0.8°C), whereas their
conjugacy returned to baseline during whole body cooling
(Fig. 2).

Deconditioning and reconditioning

While reduced conditioning has important ramifications
upon health and wellness in otherwise normal subjects,
the impact upon patients with MS can be devastating
(Table 1). For instance, with reduced conditioning and
exercise tolerance over protracted periods of time, there
can be impairment in the MS patient’s ability to execute
their ADLs. Alternately, overwhelming evidence now indi-

cates that exercise is beneficial to individuals with MS,
with improvements seen both physiologically and psycho-
logically, and should be incorporated into their overall
disease management plan (Tables 2, 3).°

Strategies for Limiting Heat
Sensitivity

Despite the “general” proscriptions of many health care
providers, instructing MS patients to avoid exercise
because of the risk associated with Uhthoff’s phenome-
non, we instead strongly support regular exercise for
our patients, while also emphasizing the necessity to
avoid overheating, and to use preexertion cooling strat-
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egies, as well as cooling techniques during exercise.
Studies have reported discreet benefits when using sim-
ple, inexpensive, and widely available cooling strate-
gies.'”

Mechanistically, precooling allows the lower limbs to
effectively serve as heat “sinks” in order to blunt internal
temperature increases and decrease reliance on heat dissi-
pation mechanisms, such as eccrine sweating, which may
be compromised in MS patients (Fig. 3).> This cooling
(or temperature blunting effect) can last for several hours,
depending on the intensity of the activities performed by
the individual with MS.

Aquatic Exercise Training in MS Patients

Why promote aquatic therapy for MS
patients?

Of the most conspicuous benefits associated with aquatic
therapy, buoyancy, and hydrostatic pressure in water
decrease the apparent body weight and make it easier and
safer for patients to move their extremities without any
assistive devices; activities that when performed on land
would be considerably more difficult or untenable, energy
consuming, and with compromised safety (Table 3).
Indeed, patients with spinal cord damage who are unable
to ambulate independently on land, are able, with some
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Figure 2. Dynamic and reversible changes in INO during heating and cooling. Here we show information on the velocity ratio of the abducting/
adducting eye, known as the VDI during horizontal saccades, triggered by random LED illumination at 20° to the right or left. Normally the VDI
ratio for velocity, acceleration, and amplitude will approximate unity, as synchronized eye movements are important to achieve retinal foveation,
binocular fusion, and stereopsis. The data shown are derived from our MS patient with INO. Note that as core body temperature increases, there
is a corresponding increase (worsening of dysconjugacy) in the VDI-velocity (as well as an increase in the VDI-velocity Z-scores; in parentheses at
each 10-min eye movement recording epoch). Note that after the transition from heating to cooling, that the VDI-velocity improves (reduced
toward baseline values). In fact, the panels below depict binocular eye movement waveforms for baseline (left), with peak heating (center), and
upon core body cooling (right). Note that following cooling, the level of interocular dysconjugacy is actually improved compared to baseline,
preheating levels. Preemptive cooling may therefore provide some period of mitigation in the dysconjugacy associated with INO. This effect would
have ramifications on driving, walking, reading, and other activities of daily living that are contingent upon the coordination of eye movement
synchrony. In C we show the effects of heating and cooling on a population of normal subjects, MS patients without INO, and MS patients with
INO. From Davis et al.® INO, internuclear ophthalmoparesis; VDI, versional dysconjugacy index.
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Table 1. Consequences of deconditioning.

Psychological

Cognition

Physical

Psychological
stress
Anxiety disorder

Panic

Fulfillment of self
fulfilling prophesies

Psychosocial impact
upon family and
relationships

Reduced cognitive
vigilence

Depression and its
effect on cognition

Slowing in
information
processing speed

Reduced exercise
tolerance
Reduced heat
tolerance
Reduced strength
with impact upon
safety and ADLs
Altered balance
mechanisms and
compromised
“righting” reflexes
Agonist Antagonist
mismatching with
tendon shortening

leading to pain and
energy inefficiency
Reduced bone density
with increased risk
of fracture
Chronic fatigue

Social isolation

Depression and
hopelessness

Demoralization

Lowered self
esteem

Loss of gainful
employment

Lowered self control
and independence

Suicidal ideation

Suggested readings: references.?%-2°

adjustments, to walk quite effortlessly in water.!" The
magnitude of ground reaction and impact forces are
smaller in water compared to dry land."*'* Although the
range of motion in the lower extremity joints is similar to
that on dry land, aquatic locomotion allows more hip
and knee flexion, stability of stance, as well as ankle neu-

trality, enabling foot clearance during the
11,13,15

swing
phase.

In MS, aquatic exercises have been shown to improve
muscle strength.'® Pain, decreased joint mobility, and
osteoarthritis are frequently encountered problems in MS
patients. Buoyancy in water decreases the loading on
joints, and aquatic exercises are effective forms of activity
in patients with these symptoms.

It is important to remember that since swimming is a
non-weight-bearing aerobic exercise, it is associated with
an increase in lean body mass, but without positive effects
on bone density. Both prospective and cross-sectional
studies in athletes show no benefit in bone density among
swimmers.'” This is unsurprising since Wolffs rule of
bone density states that in healthy subjects, bone will
respond over time to the stress that it is placed under.

A. N. Frohman et al.

Strength training exercises may also be used in aquatic
therapy, taking advantage of the viscosity (i.e., viscous
drag) of the water as a resistance medium. Limbs moving
through water are subject to such “drag” forces that pro-
vide a resistance against the intended movement; making
aquatic exercise routines a bona fide form of resistance
training.

In addition to the beneficial effects of buoyancy and
viscosity of water, the thermal properties of water may
be the most important factor for aquatic exercise in MS
patients. Water can conduct heat 25 times faster than
air. While the potential benefits of several cooling
strategies prior to and following exercise in MS patients
have been previously discussed, aquatic exercise in a
cool pool is a cooling strategy to limit heat sensitivity
that can be employed during exercise with the added
benefits of buoyancy and viscosity as discussed above.

Most community pools control temperature between
80 and 88°F, which is ideal for heat transfer during aqua-
tic exercise in MS, however, each individual patient with
MS, must identify their own particular “comfort zone”
with respect to water temperature.

Benefits of Aquatic Exercises for
Multiple Sclerosis

As mentioned above, there are three cardinal principles
that support the benefits of aquatic therapy (Table 3) for
patients with MS:

1 Buoyancy
a Feeling lighter

i Immersion to the pubic symphysis offloads ~40%
of a person’s body weight; immersion to the xiph-
oid offloads ~60% of the person’s body weight.
With neck deep immersion, about 15 1b of com-
pressive force (the approximate weight of your
head) is applied to the spine, hips, and knees.

ii Allows for muscle relaxation due to less force being
generated

iii More movement with less energy exertion due to
weight reduction of the body within the buoyant
environment.

2 Viscosity — refers to the amount of internal friction
that is specific to a fluid in motion

a Water resistance can be used to build strength

b Reduced speed of movement in water allows
emphasis of proprioceptive and spatial awareness
with reduced risk of injury

¢ The resistive movement in water against the veloc-
ity of the body or body part in motion is called
“drag force”

868 © 2015 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.
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Table 2. Aquatic therapy studies in MS.

Aquatic Exercise Training in MS Patients

No. of
Study Type of study subjects Type and duration of exercise Results
Gehlsen Uncontrolled 10 relapsing 10-week exercise program consisting The results of this investigation indicated that
etal.'® nonrandomized remitting of freestyle swimming and shallow individuals with MS who participated in a
MS pts water calisthenics program of aquatic exercise were able to
overcome some of the neuromuscular
deficits characteristic of the disease process
Roehrs and Uncontrolled 31 progressive 12 weeks for a 1-h session Significant improvements in the QoL domains
Karst'® nonrandomized MS patients 2 times per week of social functioning and fatigue were
found for the exercise participants
Salem Uncontrolled 11 MS pts 5-week community-based aquatic Analysis of the scores demonstrated
etal.’® nonrandomized exercise program. Aquatic exercises improved gait speed, BBS, TUG test and grip
were held twice weekly for 60 min strength
and included aerobic exercises,
strength training, flexibility exercises,
balance training and walking activities
Kargarfard Randomized 32 Women 8 weeks supervised aquatic exercise in Patients in the aquatic exercise group
et al.?® controlled trial diagnosed a swimming pool (3 times a week, showed significant improvements in fatigue
with relapsing- each session lasting 60 min) and subscores of HRQOL after 4 and
remitting MS 8 weeks compared with the control group
Bansi et al.?>  Randomized 60 MS patients 3 week endurance training conducted This study indicates that aquatic training
controlled on a cycle ergometer or an activates brain-derived neurotrophic factor
clinical trial aquatic bike (BDNF) regulation and can be an effective

training method during rehabilitation in
MS patients

3 Thermodynamics — the heat capacity of water is 1000
greater than the equivalent amount of air.

a Water transfers heat 25 times faster than air. There-
fore, water retains heat or cold quickly when the
body part(s) is/are immersed

Evidence-Based Support for Aquatic
Therapy in Multiple Sclerosis

Gehlsen and colleagues in 1984 demonstrated positive
increases in muscular strength, reduced fatigue, in con-
junction with improved work performance and power
following 10 weeks of aquatic exercise that included free-
style swimming and calisthenics (Table 2).'° Exercises
were performed three times per week for 1 h at ~60%
of maximum effort in water at a temperature range of
25-27.5°C. Roehrs and Karst showed positive improve-
ments in fatigue in progressive MS patients (both pri-
mary and secondary) following 12 weeks of aquatic
exercise performed twice a week for 1 h.'"® Another study
observed improved motor function (balance and gait
speed) following 5 weeks of a community-based aquatic
exercise program.'’

A randomized, controlled trial of aquatic therapy per-
formed over 8 weeks compared two groups of MS
patients; a control not assigned to therapy, and an aquatic

exercise group. Exercises were performed three times per
week for 60 min per session, at 50-75% of maximum
effort, in water at a temperature of 28-30°C under super-
vised and controlled conditions. The group performing
aquatic exercise demonstrated improvement in quality of
life and reduction in fatigue.®* More recently, Marandi
and colleagues showed increases in dynamic balance fol-
lowing 12 weeks of aquatic exercise three times per week
for 60 min per session.”'

Molecular Immunology of Physical
Fitness

Physical fitness has demonstrated up-regulation of TH2
(i.e., immunoregulatory) cytokines and brain-derived
neurotropic factors (BDNF). An increased amount of
BDNF is associated with improved neuroplasticity; an
observation potentially germane to the optimization of
neurorehabilitation strategies. A recent paper compared
two groups of patients with MS in a 3-week endurance
program. One group performed land-based exercises,
while the other engaged in an aquatic exercise program.
Both groups exercised 30 min daily with a target of ~70%
of their individually ascertained maximum heart rate.
Training programs were consistent and similar in both
groups. The group that exercised in the water demon-
strated a significant increase in the levels of BDNF in
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Table 3. Benefits of aquatic therapy for patients with MS.

A. N. Frohman et al.

Benefits Risks

Special considerations

Buoyancy helps patients avoid the ballistic pounding of
training on land

A lower to upper body shift in venous blood distribution,
promotes improved efficiency to modify cardiac output in
response to a heat, exercise, or infectious stress, when
rapid modifications are necessary in order to ensure
physiologic response characteristics that are commensurate
with the body’s escalated metabolic requirements
(i.e., demand)

Training in water provides surface cooling that is immediate
and is an important adaptation for MS patients who have
compromised sweating responses to a heat stress (including
exercise)

Cardiovascular conditioning
Improved oxygen utilization and improved supply:demand
matching
Improved stretching and thereby musculo-tendon lengthening
Postural/Core stability
Resistance training of most important muscle groups
Promotes independence and self control

Beware of Uhthoff's
Falls while getting into
or out of the pool

Inquire about “open” swim pool access such that
the MS Patient has access to a working area
adjacent to the pool wall

If heat intolerant, identify local pools where the
local school swim teams train, as these aquatic
facilities maintain cooler water temperatures
(80-84°F)

Particularly at the start of a new exercise routine,
being accompanied by a friend or family member is
an important safety factor

response to the cardiopulmonary exercise test. Alternately,
there was an absence of a significant increase of BDNF in
the land-based exercise group.”

Coupling these findings with evidence that improve-
ments in conditioning fitness are comparable to those
achieved with land-based exercise regimens, aquatic ther-
apy training may serve to enhance ADLs, promote general
conditioning and improved exercise tolerance, facilitate
strength and righting reflexes, all conducted within a
highly safe, buoyant, and efficient thermal transfer med-
ium, while reducing, or even eliminating, the risk of Uht-
hoff’s phenomenon.

Conclusions

There are innumerable exercise programs capable of pro-
moting a wide variety of benefits in our MS patients,
which range from routines focused upon stretching and
range of motion, cardiovascular regimens aimed at
enhancing exercise tolerance and endurance, efficient oxy-
gen consumption (a dividend of cardio-pulmonary train-
ing which has ramifications on the utilization of energy
stores, and more efficient energy consumption), resistance
training to promote muscle strength (associated with the
intended or unintended effect of augmenting muscle
bulk).>*

In contrast to training on land, aquatic therapy pro-
vides for an ideal medium within which our MS patients
can exercise, while simultaneously providing near instan-
taneous and diffuse body surface cooling (Table 3). This

particular attribute of the aquatic environment, at least
partially replaces sweating (which we now know is
reduced in most MS patients) as a thermoregulatory strat-
egy, aimed at reducing the risk of core body temperature
escalation, which in the context of demyelination, can
quickly achieve threshold for closing the axonally distrib-
uted sodium channel pores, thereby abolishing the action
potential. Further, the properties of buoyancy produce
additional benefits such as a reduced fall and fracture risk,
while promoting more efficient venous return (in buoy-
ancy there is a lower to upper body shift in the venous
compartment distribution, along with reduced hydrostatic
leg and pedal edema), with an associated reduction in or-
thostasis; a common problem in MS; and one which is at
least partly explained by the recently characterized deficits
in the sympathetic nervous system reflexes; those that
serve to promote venous return through the portal circu-
lation to the right heart, in order to maintain cardiac out-
put.

A number of training exercises can be performed easily,
and without any equipment whatsoever. Access to a pool
of any size, where the MS patient can safely enter is the
first precondition for any aquatic therapy program. Once
within the water environment, all the proposed routines
can be performed in a very small area (as little as 8 ft x
8 ft), in close proximity to the sidewall (which will be
used both for safety and stabilization purposes, when exe-
cuting specific routines that isolate the use of specific
body parts). [See Videos 1-14 and still photographs on
line in the Supporting Information materials, which
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Figure 3. Autonomic failure in MS. In this figure we present objective
data supporting the contention that precooling before exercise
provides a significant benefit in reducing the rate of rise in core body
temperature; thereby attenuating the emergence of Uhthoff's
phenomenon. The graph depicts the core temperature rise at baseline,
during exercise, and subsequently during the recovery period. Note
that with precooling, the baseline temperature is lower than that
condition where no precooling was employed. During the exercise
phase of the study, note the highly conspicuous divergence in the core
temperature elevation plots across the two conditions. This divergence
is maintained throughout both the exercise and recovery periods of
the two experimental condition from the same patient. The condition
without precooling, exhibits a greater baseline, peak, and recovery
core temperature, making the MS patient under these circumstances
more likely to experience Uhthoff's phenomenon, with conduction
slowing or even block along central nervous system (CNS) tract
systems that harbor demyelination. From Davis et al.?

demonstrate a broad diversity of aquatic exercises that
were prepared for this manuscript].

Acknowledgments

This “Aquatic Exercise Training for MS” initiative was
funded by the Multiple Sclerosis Association of America
(MSAA).

Author Contributions

Ashley Frohman, BS was involved in the formulation,
design, and execution of the photography, video produc-
tion, narration, and drafting of the manuscript. Darin
Okuda, MD was involved in the execution of the pho-
tography, video production, and drafting and revision of
the manuscript. Shin Beh, MD was involved in the draft-
ing, editing, and revision of the manuscript. Katherine
Treadaway, LSW was involved in the execution of the
photography, video production, and drafting and revi-
sion of the manuscript. Caroline Mooi, LSW was
involved in the execution of the photography, video pro-
duction, and drafting and revision of the manuscript.
Scott Davis, PhD was involved in the drafting, editing,
and revision of the manuscript. Anjali Shah, MD was

Aquatic Exercise Training in MS Patients

involved in the drafting, editing, and revision of the
manuscript. Teresa Frohman, PA-C was involved in the
formulation, design, and execution of the photography,
video production, narration, drafting of the manuscript,
and is co-senior author on the manuscript. Elliot Froh-
man, MD, PhD was involved in the formulation, design,
and execution of the photography, video production,
narration, drafting of the manuscript, and is co-senior
and corresponding author on the manuscript. All
co-authors contributed to the preparation, editing, and
revision of the manuscript.

Conflict of Interest

Darin Okuda, MD received personal compensation for
consulting, advisory board, and speaking activities from
Biogen and Genzyme/Sanofi-Aventis. He has received
speaker fees from Acorda Therapeutics and has been
compensated for advisory board and speaking activities
for TEVA. Katherine Treadaway, LCSW has received
speaker fees from Genzyme. Caroline Mooi, LMSW has
received speaker fees from Genzyme. Elliot Frohman,
MD, PhD has received speaker and consulting fees from
Genzyme, Novartis, Acorda, and TEVA. Teresa Frohman,
PA-C has received speaker and consulting fees from Gen-
zyme, Novartis, Acorda, and TEVA. The following
authors have nothing to disclose: Ashley Frohman, BS,
Scott Davis, PhD, Shin Beh, MD, Anjali Shah, MD.

References

1. Frohman TC, Davis SL, Beh S, et al. Uhthoff’s phenomena
in MS—clinical features and pathophysiology. Nat Rev
Neurol 2013;9:535-540.

2. Davis SL, Wilson TE, White AT, Frohman EM.
Thermoregulation in multiple sclerosis. ] Appl Physiol
2010;109:1531-1537.

3. Saari A, Tolonen U, Padkko E, et al. Sweating impairment
in patients with multiple sclerosis. Acta Neurol Scand
2009;120:358-363.

4. Saari A, Tolonen U, Paiakko E, et al. Sympathetic skin
responses in multiple sclerosis. Acta Neurol Scand
2008;118:226-231.

5. Jensen HB, Ravnborg M, Dalgas U, Stenager E. 4-
Aminopyridine for symptomatic treatment of multiple
sclerosis: a systematic review. Ther Adv Neurol Disord
2014;7:97-113.

6. Horton L, Conger A, Conger D, et al. Effect of 4-
aminopyridine on vision in multiple sclerosis patients with
optic neuropathy. Neurology 2013;80:1862—-1866.

7. Filippi M, Riccitelli G, Mattioli F, et al. Multiple sclerosis:
effects of cognitive rehabilitation on structural and
functional MR imaging measures—an explorative study.
Radiology 2012;262:932-940.

© 2015 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 871



Aquatic Exercise Training in MS Patients

8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

872

Davis SL, Frohman TC, Crandall CG, et al. Modeling
Uhthoff’s phenomenon in MS patients with internuclear
ophthalmoparesis. Neurology 2008;70(13 Pt 2):1098-1106.

. Latimer-Cheung AE, Martin Ginis KA, Hicks AL, et al.

Development of evidence-informed physical activity
guidelines for adults with multiple sclerosis. Arch Phys
Med Rehabil 2013;94:1829-1836.

Sumowski JF, Leavitt VM. Body temperature is elevated
and linked to fatigue in relapsing-remitting multiple
sclerosis, even without heat exposure. Arch Phys Med
Rehabil 2014;95:1298-1302.

Tucksch DD, Israel VL, Ribas DI, Manffra EF. Gait
characteristics of persons with incomplete spinal cord
injury in shallow water. J Rehabil Med 2013;45:860—865.
Miyoshi T, Shirota T, Yamamoto S, et al. Efffect of the
walking speed to the lower limb joint angular
displacements, joint moments and ground reaction
forces during walking in water. Disabil Rehabil
2004;26:724-732.

Barela AME, Stolf SF, Duarte M. Biomechanical
characteristics of adults walking in shallow water and on
land. J Electromyogr Kinesiol 2006;16:250-256.

Carneiro LC, Michaelsen SM, Roesler H, et al. Vertical
reaction forces and kinematics of backward walking
underwater. Gait Posture 2012;35:225-230.

Orselli MIV, Duarte M. Joint forces and torques when
walking in shallow water. ] Biomech 2011;44:1170-1175.
Gehlsen GM, Grigsby SA, Winant DM. Effects of an
aquatic fitness program on the muscular strength and
endurance of patients with multiple sclerosis. Phys Ther
1984;64:653-657.

Dias Quiterio AL, Carnero EA, Baptista FM, Sardinha LB.
Skeletal mass in adolescent male athletes and nonathletes:
relationships with high-impact sports. J Strength Cond Res
2011;25:3439-3447.

Roehrs TG, Karst GM. Effects of an aquatics exercise
program on quality of life measures for individuals with
progressive multiple sclerosis. ] Neurol Phys Ther
2004;28:63—71.

Salem Y, Scott AH, Karpatkin H, et al. Community-
based group aquatic programme for individuals with
multiple sclerosis: a pilot study. Disabil Rehabil
2011;33:720-728.

Kargarfard M, Etemadifar M, Baker P, et al. Effect of
aquatic exercise training on fatigue and health-related
quality of life in patients with multiple sclerosis. Arch Phys
Med Rehabil 2012;93:1701-1708.

Marandi SM, Nejad VS, Shanazari Z, Zolaktaf V. A
comparison of 12 weeks of pilates and aquatic training on
the dynamic balance of women with mulitple sclerosis. Int
J Prev Med. 2013;4(Suppl 1):S110-7.

22.

23.

24.

25.

26.

27.

28.

29.

A. N. Frohman et al.

Bansi ], Bloch W, Gamper U, Kesselring J. Training in MS:
influence of two different endurance training protocols
(aquatic versus overland) on cytokine and neurotrophin
concentrations during three week randomized controlled
trial. Mult Scler 2013;19:613-621.

Hughson RL, Shoemaker JK. Autonomic responses to
exercise: deconditioning/inactivity. Auton Neurosci
2015;188:32—-35. doi: 10.1016/j.autneu.2014.10.012

Ellis T, Motl RW. Physical activity behavior change in
persons with neurologic disorders: overview and examples
from Parkinson disease and multiple sclerosis. ] Neurol
Phys Ther 2013;37:85-90.

Plow MA, Finlayson M, Cho C. Correlates of stages of
change for physical activity in adults with multiple
sclerosis. Res Nurs Health 2011;34:378-388. doi: 10.1002/
nur.20447

Kosma M, Ellis R, Bauer JJ. Longitudinal changes in
psychosocial constructs and physical activity among adults
with physical disabilities. Disabil Health J 2012;5:1-8.
White L], Dressendorfer RH. Exercise and multiple
sclerosis. Sports Med 2004;34:1077-1100.

Sutherland G, Andersen MB. Exercise and multiple
sclerosis: physiological, psychological, and quality of life
issues. ] Sports Med Phys Fitness 2001;41:421-432.

Glass JM, Lyden AK, Petzke F, et al. The effect of brief
exercise cessation on pain, fatigue, and mood symptom
development in healthy, fit individuals. ] Psychosom Res
2004;57:391-398.

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Video S1
Video S2.
Video S3.
Video S4.
ing.

Video S5.
Video S6.
Video S7.
Video S8.
Video S9.

. Groin adductor stretching.

Hip abductor/adductor resistance training.
Hamstring stretch.

Dynamic and fixed quadriceps (Quads) stretch-

Core-muscle-complex training.
Hand-finger-intrinsic muscle-complex training.
Shoulder-chest side swiping.

Shoulder-chest bilateral swiping.

Arm flexion-extension.

Video S10. Arm extensor “push-downs”.
Video S11. Bicep curls.

Video S12. Prone kicking.

Video S13. Hip flexor cycling.

Video S14. Jogging in place.
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