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A B S T R A C T

Background: Respiratory training using Threshold Inspiratory Muscle Trainer (IMT) has not been examined
adequately in multiple sclerosis (MS). The primary objective in this study of persons with advanced MS was to
investigate the training effect of IMT. The secondary objective was to evaluate the retention of IMT benefits.
Methods: This study was a repeated measures within-subject design (before-after trial).. Participants were re-
cruited from a long-term care facility specialized in progressive neurologic conditions. Thirty-six non-ambula-
tory persons with advanced MS volunteered. Inspiratory muscle exercise using the threshold IMT were per-
formed daily for 10 weeks at 3 sets of 15 repetitions per day. Resistance was progressed weekly based on
perceived rate of exertion and symptoms. Primary outcome measures were maximum inspiratory pressure (MIP)
and maximum expiratory pressure (MEP) that were measured at baseline, after 5 and 10 weeks of IMT exercises
(training period), and at 4 and 8 weeks after the IMT training ended (retention). Linear mixed-effect regression
models with time (i.e. weeks from baseline) as the fixed factor and participants as the random effect factor were
applied separately to test each hypothesis. Effect size was calculated using partial eta square (η2p). Two-tailed
significance level was p < 0.05.
Results: Participants were 60.5 ± 8.6 years old. Expanded Disability Status Scale was 8.5 ± 0.4. Baseline MIP
were 25.9 ± 16.4 cmH2O (33.2% %± 19.8% of predicted values) and MEP were 23.5 ± 15.7 cmH2O
(25.8% %± 14.4% of predicted values). Compared to the baseline, MIP increased significantly to 30.1 ± 17.9
cmH2O (38.9% %± 22.4% of predicted values) and 30.6 ± 17.6 cmH2O (39.6% %± 22.3% of predicted
values) after 5 (p < 0.05) and 10 weeks (p < 0.05) of IMT exercises. MIP improvements were retained in an 8-
week washout period. MEP did not differ significantly by time.
Conclusion: In persons with advanced MS, 10-week IMT training increased inspiratory muscle strength. This
study is the first to demonstrate the retention of benefits following daily IMT exercises at 8 weeks after training
ended.

1. Introduction

Multiple sclerosis (MS) is a chronic debilitating disorder with pa-
thological hallmarks of demyelination, axonal or neuronal loss, and
astrocytic gliosis (Reich et al., 2018; Thompson et al., 2018). Clinical
features of MS vary widely, depending on the areas of central nervous
system affected and the extent of inflammation process and axonal
demyelination (Reich et al., 2018). Weakness of respiratory muscles
occurs frequently and early in the course of MS, even when pulmonary
function is normal or near normal (Fry et al., 2007; Altintas et al.,
2007). Among ambulatory persons with MS, more than 60% were found

to have impairments in respiratory muscle strength (Fry et al., 2007).
Weakness of respiratory muscle is a significant problem in advanced
MS. Among hospitalized patients with MS (median Expanded Disability
Status Scale (EDSS) score of 6.5), 84% and 98% had impaired in-
spiratory and expiratory muscle strength, respectively (Buyse et al.,
1997). The reduction of respiratory muscle strength correlates with
impairments in pulmonary function (Levy et al., 2017; Mutluay et al.,
2005), limitations in functional capacity (Bosnak-Guclu et al., 2012),
and severity of MS disability (Mutluay et al., 2005; Bosnak-Guclu et al.,
2012; Smeltzer et al., 1992; Gosselink et al., 2000). Respiratory muscle
weakness ultimately leads to respiratory dysfunction (Tzelepis and
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McCool, 2015), which is the most common cause of critical illness and
death in MS (Karamyan et al., 2016; Hirst et al., 2008). Additionally,
mortality from respiratory diseases is 5–11 times higher in persons with
MS compared to those without MS (Hirst et al., 2008). In light of these
severe consequences, interventions to improve respiratory muscle
function in MS are imperative.

Respiratory muscle weakness in MS is related to multiple factors,
including demyelination of respiratory motor pathways, physical in-
activity and deconditioning, and fatigue (Tzelepis and McCool, 2015;
Motl and Goldman, 2011). Strengthening respiratory muscles through
exercises may enhance respiratory function (Sapienza and
Wheeler, 2006) and promote neuroplastic changes (Johnson and
Mitchell, 2013). Research evidence of neuroplasticity and specificity
and overload principles of exercises suggests that respiratory muscle
training needs to be specific to inspiratory or expiratory muscles and
delivered at sufficient intensity and loads (Flachenecker, 2015;
Smeltzer et al., 1996; Rietberg et al., 2017). Training of respiratory
muscles typically utilizes threshold devices that provides resistance
during inspiration or expiration, thereby strengthening respiratory
muscles (Fry et al., 2007; Smeltzer et al., 1996). Currently there is a
lack of clear guidelines for respiratory rehabilitation in MS
(Rietberg et al., 2017; Haselkorn et al., 2015). Few studies have re-
ported outcomes of inspiratory muscle exercises in MS. In ambulatory
persons with mild-moderate MS (EDSS = 2.0–6.5), a 10-week daily
exercise program using a threshold inspiratory trainer (IMT) demon-
strated significant gains in inspiratory muscle strength (Fry et al.,
2007). Only one study has examined inspiratory muscle training using
IMT in advanced MS (EDSS = 6.5–9.0) (Klefbeck and Hamrah
Nedjad, 2003). After performing the exercises every other day for 10
weeks, participants significantly improved inspiratory muscle strength,
and the benefit was retained one month after the intervention ended
(Klefbeck and Hamrah Nedjad, 2003). More research evidence is ne-
cessary in order to inform clinical recommendations on effective pro-
tocols of respiratory rehabilitation in MS. Respiratory interventions are
particularly critical for persons with severe disability from MS who are
most susceptible to respiratory dysfunction and complications.

The purposes of this study were to investigate: (1) the training effect
of 10-week, daily IMT exercises on respiratory muscle strength, and (2)
retention of IMT training benefits over an 8-week non-treatment
washout period in non-ambulatory persons with MS. It was hypothe-
sized that participants would (1) improve respiratory muscle strength at
the end of IMT program, and (2) retain the gains in respiratory muscle
strength at 8 weeks after IMT training ended.

2. Material and methods

2.1. Design

This study is a repeated measures within-subject design.

2.2. Participants

We recruited patients at The Boston Home, a long-term care facility
specializing in providing care for individuals with MS and progressive
neurologic conditions. Inclusion criteria were age > 18 years, MS di-
agnosis confirmed from medical records, and EDSS ≥ 6.5. Exclusion
criteria were hospitalization for MS exacerbation within two months
before or during enrollment, acute illness, unstable cardiovascular or
medical conditions, and current smoking history. All participants pro-
vided consent prior to enrolling in the study. Information of partici-
pants’ characteristics was collected via interview and review of medical
records at baseline, including demographics, comorbidity measured by
Functional Comorbidity Index (Groll et al., 2005), body mass index,
EDSS score (Kurtzke, 1983), and years post MS diagnosis. The Uni-
versity of Michigan-Flint Institutional Review Board approved the
study.

2.3. Sample size

G* Power (Faul et al., 2007) was used to estimate the sample size,
with alpha level = 0.05, power = 0.80, and effect size = 0.69 (Cohen's
d based on published data (Fry et al., 2007)). For a study design of
within-subject comparison, a minimum of 34 participants would be
required, and 37 participants were recruited to increase the power and
account for attrition.

2.4. Intervention

Each participant was given a Threshold Inspiratory Muscle Trainer
(IMT) (Philips, Andover, MA)a for the 10-week inspiratory exercise
program. The progression of IMT exercises followed a published pro-
tocol in mild-moderate MS (Table 1) (Fry et al., 2007).

The original protocol was a home-based program using telephone to
communicate with participants (Fry et al., 2007). In this study, how-
ever, participants were contacted in person to monitor and progress
their exercises. Participants performed 3 sets of 15 repetitions of IMT
exercises daily for 10 weeks from a seated position (Fig. 1).

An exercise log was provided to each participant to document the
number of repetitions completed every day. Research personnel gave
exercise instructions to participants prior to starting the training, and
rehabilitation aides provided supervision and assistance as necessary
during exercises. The initial IMT resistance was set at 30% of partici-
pant's baseline MIP values, or at the minimum setting (9 cmH2O) when

Table 1
Ten-week home IMT exercise training protocol.*

Frequency: IMT exercises performed daily for 10 weeks.
Overload: Repetition and Set: Three sets of 15 repetitions†

Resistance: Initial resistance (cmH2O) of the IMT was set at 30% of the subjects
pretest MIP.
Progression: Subjects were called once per week by one the investigators to assist
with IMT pressure resistance training progression. IMT pressure resistance was
progressed weekly according to the subject's baseline MIP pressure and RPE as well
as the subject's symptoms.

Resistance: Initial resistance (cmH2O) of the IMT was set at 30% of the participant's
baseline MIP.

Profession: Resistance was adjusted weekly according to the participant’ baseline MIP,
Borg RPE, and symptoms.

Subject's Baseline MIP Pressure < 50 cmH2O
Borg RPE < 13 13 – 15 16 – 17 > 17
Pressure resistance

(cmH2O)
Increase by
2

Increase by 1 Maintained at
same level

Reduce
by 2

Subject's Baseline MIP > 50 cmH2O
Borg RPE < 13 13 – 15 16 – 17 > 17
Pressure resistance

(cmH2O)
Increase by
4

Increase by 2 Maintained at
same level

Reduce
by 2

If subjects developed symptoms (ie, dizziness, lightheadedness, or shortness of breath)
while performing IMT exercises, the resistance was adjusted as follows until no
symptoms persisted.

Symptoms Two or more
symptomatic episodes in
a row per week.

1–2 isolated symptomatic episodes
per week

IMT Resistance: Reduce by 2, subjects
were called back 3 days
later to monitor subject's
response

Held constant, subjects were called
back 3 days later to monitor subject's
response

*If a subject achieved the maximum IMT trainer pressure resistance of 41 cmH2O and
resistance could no longer be increased, a fourth set of exercises was added along
with an increased number of repetitions up to a maximum of 15 repetitions.

Abbreviations: IMT, inspiratory muscle strength training, MIP, maximum inspiratory
pressure; RPE, rating of perceived exertion.

⁎
Reproduced with permission from Fry et al., Randomized control trial of

effects of a 10-week inspiratory muscle training program on measures of pul-
monary function in persons with multiple sclerosis. Journal of Neurologic
Physical Therapy, 2007;31(4):162–172. The original protocol shown in the
Table was for a home-based program using telephone to monitor and progress
the exercises. Participants in this study, however, were contacted in person by
research personnel.

M.H. Huang, et al. Multiple Sclerosis and Related Disorders 37 (2020) 101492

2



the participant's 30% of baseline MIP was below the lowest resistance
possible on the IMT device. The resistance of IMT was adjusted weekly
based on each participant's baseline MIP, symptoms (e.g. discomfort,
shortness of breath, dizziness, or lightheadedness) reported during the
week, and tolerance of the exercise evaluated by Borg Rate of Perceived
Exertion (RPE) on the last day of the week (Borg, 1982).

2.5. Primary outcomes

Inspiratory and expiratory muscle strength was evaluated by max-
imal inspiratory pressure (MIP) and maximum expiratory pressures
(MEP), respectively (Fig. 2) (ATS/ERS Statement on respiratory muscle
testing, 2002).

A MicroRPM Pressure Meter (Micro Direct, Inc. Lewiston, ME)b was
used to measure MIP and MEP five times in the study: prior to the start
of IMT training (baseline), after 5 (post-test 1) and 10 weeks (post-test

2) of IMT training, and at 4 (retention test 1) and 8 weeks (retention
test 2) after completing IMT training. All testers completed training of
the standardized measurement protocol of MicroRPM (ATS/
ERS Statement on respiratory muscle testing, 2002). To measure MIP
and MEP, participants placed the device (with a flanged mouthpiece)
within mouth, wore a nose clip to prevent air leak, and then inhaled or
exhaled as much as possible and sustained a maximal inspiration or
expiration for at least 1.5 s (ATS/ERS Statement on respiratory muscle
testing, 2002). Three trials of MIP and 3 trials of MEP were obtained.
The best values from the 3 trials were used for statistical analysis. MIP
and MEP values were also expressed as percentages of age- and gender-
adjusted predicted values (Evans and Whitelaw, 2009).

2.6. Statistical analysis

IBM-SPSS version 24 (Armonk, NY) was used for statistical analysis.
Descriptive statistics were calculated for participant characteristics and
primary outcomes. The independent variable was time, i.e. weeks from
baseline. A linear mixed-effects regression model was applied sepa-
rately to test each hypothesis, with time as a fixed effect factor and
participants as a random effect factor. To test hypothesis 1 for the IMT
training effects, dependent variables for the model were MIP and MEP
at baseline, post-test 1, and post-test 2. To test hypothesis 2 for the
retention of IMT training benefits, dependent variables for the model
were MIP and MEP at post-test 2, retention test 1, and retention test 2.
Post-hoc comparisons were adjusted by the Bonferroni correction.
Effect size was calculated using partial eta square (η2p). Criteria for
evaluating the effect size were 0.01 = small, 0.06 = medium, and
0.14 = large (Fritz et al., 2012). Two-tailed significance level was
p < 0.05.

3. Results

3.1. Participant characteristics

A total of 37 patients participated. One dropped out due to declining
health and prolonged illness. One participant did not complete reten-
tion tests as a result of acute hospitalization from non-respiratory re-
lated conditions. Data from 9 men and 27 women were retained for
analysis. All participants were breathing room air without supplemen-
tary oxygen or mechanical ventilation, and were able to cooperate to
complete measurements during the study period. The participants were
60.5 ± 8.6 years old and 27.6 ± 10.4 years post-MS diagnosis.
Functional comorbidity index was 2.3 ± 2.0. Body mass index was
26.5 ± 6.1. Disability related to MS was severe as evidenced by the
EDSS score of 8.5 ± 0.4 (range 8.0–9.5). At baseline, MIP and MEP
were well below age- and gender-adjusted predicted values (Table 2).
Specifically 92% (n=33) and 97% (n=35) of participants had MIP
and MEP below 60% of predicted values, respectively, indicating im-
paired inspiratory and expiratory muscle strength (Evans and
Whitelaw, 2009).

3.2. Progression of IMT exercises

The initial IMT resistance was set at 30% of each individual's
baseline MIP, or at the lowest resistance setting of 9 cmH2O if the in-
dividual's 30% baseline MIP was less than 9 cmH2O. Ten subjects in-
itiated IMT exercises at 30% of baseline and the remaining 26 subjects
initiated IMT exercises at 9 cmH2O. Two participants had baseline MIP
values above 50 cmH2O and increased weekly IMT resistance at greater
increments than other participants per the study protocol. Overall,
participants increased the IMT resistance from 10.3 ± 3.1 cmH2O
during week 1–25.4 ± 4.2 cmH2O during week 10 (Fig. 3).

Only one participant achieved the maximum IMT resistance of
41 cmH2O and added a fourth set of exercise at the end of week 5. Borg
RPE was 9.1 ± 2.5 (range 6–15) at the end of week 1 and increased to

Fig. 1. Participant positioning for inspiratory muscle exercises.
Participant performed the exercises using a hand-held inspiratory muscle
trainer from a seated position.

Fig. 2. Participant positioning and equipment for maximum inspiratory and
expiratory pressure testing.
Maximum inspiratory pressure (MIP) and maximum expiratory pressure (MEP)
were measured from a seated position. A MicroRPM Pressure Meter (Micro
Direct, Inc. Lewiston, ME) with a flanged mouthpiece was used. Participants
wore a nose clip to prevent air leak and then inhaled or exhaled as much as
possible through the device. Three trials of MIP and 3 trials of MEP were ob-
tained. The best values from the 3 trials were analyzed.

M.H. Huang, et al. Multiple Sclerosis and Related Disorders 37 (2020) 101492

3



11.2 ± 2.6 (range 6–15) at the end of week 9 (Fig. 4).
The highest Borg RPE was 17 reported by two participants (once per

participant). Participants tolerated the inspiratory exercises well
without adverse events. The exercise logs documented that participants
completed 47% %± 29% of prescribed repetitions during the 10-week
IMT training.

3.3. Training effect of IMT exercises

As shown in Table 2, MIP actual and predicted values increased
after IMT exercises. After 10 weeks of IMT, MIP increased by
4.7 ± 10.9 cmH2O and 6.4 ± 13.9% of predicted value from baseline.
These improvements were approximately 18% and 19% of participants’
baseline MIP actual and predicted values, respectively. Results of linear
mixed-effects model showed that MIP differed significantly by time
(p=0.013 for MIP actual values; p=0.011 for MIP predicted values).
Post-hoc tests with Bonferroni corrections revealed that in comparison
with baseline, MIP was significantly higher after 5 weeks of IMT ex-
ercises (p=0.046, η2p = 0.16 for MIP actual values; p=0.042,
η2p=0.18 for MIP predicted values) and after 10 weeks of IMT

exercises (p=0.022, η2p = 0.16 for MIP actual values; p=0.019,
η2p=0.18 for MIP predicted values). The effect sizes for gains in MIP
after 5 weeks and 10 weeks of IMT were large. Table 2 also presents
MEP actual and predicted values at baseline, after 5 weeks and 10
weeks of IMT exercises. Linear mixed-effects model analysis indicated
that MEP did not differ significantly by time.

3.4. Retention of IMT training benefits

Table 3 presents MIP and MEP actual and predicted values at the
end of 10-week IMT exercises, and at 4 weeks and 8 weeks after com-
pleting IMT. Results of linear mixed-effects model showed that MIP and
MEP did not differ significantly by time. The improvements in MIP
attained at the end of 10-week IMT exercises were retained at 4 weeks
and 8 weeks after IMT training ended.

4. Discussion

In advanced MS, daily inspiratory muscle exercises using threshold
loading with progressive resistance for 10 weeks significantly improved
MIP but not MEP, suggesting a task-specific training effect of IMT on
inspiratory muscles. This study was the first to demonstrate the reten-
tion of improvements in MIP at 8 weeks post IMT training in non-am-
bulatory persons with advanced MS. More importantly, participants
reported no adverse events, supporting the feasibility of IMT training at
3 sets of 15 repetitions every day for 10 weeks.

Table 2
Maximum inspiratory pressure (MIP) and maximum expiratory pressure (MEP)
at baseline, after 5 weeks and 10 weeks of Threshold Inspiratory Muscle Trainer
(IMT) exercises.

Variable Baseline 5 Weeks of IMT 10 Weeks of IMT p-value

MIP (cmH2O) 25.9 ± 16.4 30.1 ± 17.9a 30.6 ± 17.6a 0.013
MIP (% of

predicted
value)

33.2 ± 19.8 38.9 ± 22.4a 39.6 ± 22.3a 0.011

MEP (cmH2O) 23.5 ± 15.7 25.0 ± 13.7 24.4 ± 12.9 0.639
MEP (% of

predicted
value)

25.8 ± 14.4 27.8 ± 15.0 27.4 ± 13.4 0.330

Values are expressed as mean ± SD.
p-values are for the effect of time for the variable.

a p < 0.05 for post-hoc pairwise comparisons of MIP after 5 weeks and 10
weeks of IMT in comparison with baseline after adjustment using Bonferroni
correction.

Fig. 3. Progression of IMT resistance during training.
The average resistance of inspiratory muscle trainer (IMT) for participants from
week 1 to week 10 is shown. The initial IMT resistance was set at 30% of each
individual's baseline maximum inspiratory pressure (MIP), or at the lowest
resistance setting of 9 cmH2O if the individual's 30% baseline MIP was less than
9 cmH2O. At the end of each week, the IMT resistance was adjusted based on
the Borg rate of perceived exertion (RPE) on the last day of the week and
symptoms reported during the week, such as discomfort, shortness of breath,
dizziness, or lightheadedness. The weekly IMT resistance was increased or de-
creased by 1 to 4 cmH2O, or remained unchanged depending on each partici-
pant's RPE and symptoms. Refer to the Methods section for detailed descriptions
about the progression of weekly IMT resistance.

Fig. 4. Changes in Borg rate of perceived exertion during training.
The average weekly Borg rate of perceived exertion (RPE) of participants during
the 10 weeks of inspiratory exercises is shown. Participants rated RPE on the
last day of each week. The average weekly RPE values for participants during
training were between 9 and 12.

Table 3
Maximum inspiratory pressure (MIP) and maximum expiratory pressure (MEP)
immediately after 10 weeks of Threshold Inspiratory Muscle Trainer (IMT)
exercises, and at 4 weeks and 8 weeks after IMT ended.

Variable Post-IMT 4 Weeks Post-
IMT

8 Weeks Post-
IMT

p-value

MIP (cmH2O) 31.0 ± 17.6 29.4 ± 18.2 29.2 ± 18.7 0.314
MIP (% of predicted

value)
40.1 ± 22.4 38.3 ± 23.9 37.7 ± 23.9 0.308

MEP (cmH2O) 24.6 ± 12.9 24.5 ± 12.6 24.5 ± 14.3 0.982
MEP (% of

predicted
value)

27.5 ± 13.5 27.1 ± 12.8 26.7 ± 14.3 0.827

Values are expressed as mean ± SD.
p-values are for the effect of time for the variable.
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Previous research has documented impaired respiratory muscles in
MS and expiratory muscles were more affected than inspiratory mus-
cles. (Levy et al., 2017; Smeltzer et al., 1992; Gosselink et al., 2000)
Consistent with past research, this study also found that in advanced
MS, respiratory muscle strength was severely limited as evidenced by
low MIP and MEP at baseline. Nearly all of the participants had in-
spiratory and expiratory muscle weakness, as indicated by MIP ad MEP
below 60% of predicted values (Evans and Whitelaw, 2009).
Levy et al. (2017) reported that among non-ambulatory
(EDSS = 7.5–8.5), medically stable, hospitalized MS patients without
MS relapses, pneumonias, or other infections, MIP and MEP were
33.1 ± 23.7% and 26.9% ± 22.1% of predicted values, respectively.
Similarly, Gosselink et al. (2000) reported low MIP (27% ± 11%) and
MEP (18% ± 8%) in MS patients with EDSS ranging from 6.5 to 9.5.
These findings taken together with ours suggest that, impairments in
both inspiratory and expiratory respiratory muscle strength are severe
and highly prevalent in advanced MS, highlighting the need to in-
vestigate interventions to improve respiratory muscle function.

To date only two studies had examined the effects of inspiratory
exercises using threshold loading in MS (Fry et al., 2007; Klefbeck and
Hamrah Nedjad, 2003). Following the IMT training, positive outcomes
on MIP were observed consistently across studies (Fry et al., 2007;
Klefbeck and Hamrah Nedjad, 2003) and improvements in MEP were
reported in one study (Klefbeck and Hamrah Nedjad, 2003). The IMT
training protocol used in this study had previously demonstrated effi-
cacy in increasing MIP by 23.5 cmH2O and 40.6% of predicted values
in mild-moderate MS (EDSS ≤ 6.5) (Fry et al., 2007). Klefbeck and
Hamrah Nedjad (2003) reported that in advanced MS
(EDSS = 6.5–9.0), a 10-week IMT exercises performed twice every
other day, at 3 sets of 10 repetitions per session, significantly improved
MIP by 25 cmH2O and MEP by 17 cmH2O. In this study, the IMT
training did not impact MEP, but increased MIP significantly by nearly
20% of baseline MIP values with large effect sizes. Minimal clinically
important differences for MIP and MEP in MS have not yet been es-
tablished, therefore precluding the interpretation of current findings in
the context of clinically meaningful changes. The retention of im-
provements in MIP had been reported in MS at 4 weeks after IMT
training ended (Klefbeck and Hamrah Nedjad, 2003). During the 8-
week retention period, our participants retained gains in MIP attained
after training, supporting the benefits of IMT exercises.

IMT training parameters and participant characteristics, such as
practice setting, age, impairments and disability from MS varied among
current and previous studies (Fry et al., 2007; Klefbeck and Hamrah
Nedjad, 2003). The numbers of IMT training sessions (n=70) and
exercise repetitions per session (n=30) were equivalent across IMT
protocols being reported (Fry et al., 2007; Klefbeck and Hamrah
Nedjad, 2003). Our participants on average completed about 47% of
exercise repetitions prescribed during the 10-week IMT training, which
was approximately half of the exercise dosage reported in previous
protocols (Fry et al., 2007; Klefbeck and Hamrah Nedjad, 2003). It
cannot be ruled out that some participants had not recorded the ex-
ercise repetitions being completed in the daily log. The initial IMT re-
sistance was higher in the study by Klefbeck et al. (40%–60% of pre-
training MIP) (Klefbeck and Hamrah Nedjad, 2003) in comparison with
this study (30% of pre-training MIP or 9 cmH2O). Additionally, we
recruited individuals who were functionally dependent with advanced
MS and required specialized residential care at a long-term care facility.
Participants in previous studies were recruited from the community
(Fry et al., 2007) or outpatient clinics (Klefbeck and Hamrah
Nedjad, 2003), and were likely functioning at a higher level with less
disability. Indeed, participants with advanced MS in the previous study
had higher pre-training MIP predicted values (59% ± 25%)
(Klefbeck and Hamrah Nedjad, 2003) compared to our participants
(33.2% ± 19.8%). Whether exercise dosage, pre-training MIP and
MEP levels, or other clinical features influence IMT training outcomes
remains to be examined. A recent study indicated that responses to

exercise training were highly heterogenic in persons with MS
(Baird and Motl, 2018). Genetics, pre-training functional level, para-
meters of training protocols, MS disease-specific characteristics and
symptom burden, and damage to the nervous system are possible fac-
tors influencing individual responses to exercises (Baird and
Motl, 2018).

Current findings support that similar to skeletal muscles, respiratory
muscles can adapt to resistance exercises and improve strength in ad-
vanced MS. Respiratory muscle training outcomes may depend on the
task performed during exercises. The IMT training specifically en-
hanced inspiratory muscle strength, which was targeted during in-
spiratory exercises. Muscular and neural mechanisms likely have con-
tributed to IMT training outcomes. Progressive resistance training is
known to increase muscle strength, muscle fiber cross sectional area,
and efferent output of spinal motor neurons in persons with MS
(Wens et al., 2015; Kjølhede et al., 2012). Furthermore, existing evi-
dence suggests that active and task-related motor rehabilitation may
enhance function and structure of the brain in persons with MS
(Prosperini et al., 2015). Studies showed that in mild-moderate MS,
high-intensity and task-specific motor training led to changes in activ-
ities and structures of white matter tracts as evaluated using advanced
neuroimaging techniques (Bonzano et al., 2014; Prosperini et al.,
2014). These brain changes correlated with improvements in clinical
outcomes, such as bimanual coordination (Bonzano et al., 2014) and
standing balance (Prosperini et al., 2014). Similarly, it may be plausible
that IMT training led to task-related neuroplastic changes. Future re-
search is warranted to examine the link between improvements in re-
spiratory function and changes in the structure and activities of the
central nervous system.

One limitation of this study is the lack of a control group. However,
we had a larger sample size than the only other study of advanced MS
that compared 7 subjects in the IMT training group with 8 subjects in
the control group (Klefbeck and Hamrah Nedjad, 2003). Our sample
size was adequate based on a priori power analysis. Repeated measure
design chosen for this study is suitable for a chronic stable condition,
particularly when randomization may not be acceptable or feasible for
participants (Hulley et al., 2013). Generalization of current findings
may be limited to non-ambulatory individuals with advanced MS living
in long-term care facilities.

More research is necessary to investigate the impact of IMT training
on other clinical outcomes, such as fatigue, cognition, respiratory in-
fection, activity and participation. Data analyses to elucidate these re-
lationships are ongoing. Future studies also need to evaluate the out-
comes of different IMT protocols, specifically the resistance, frequency,
duration, and progression criteria, in order to establish the appropriate
training dosage in persons with advanced MS. Factors that potentially
impact the responses to respiratory training in persons with MS need to
be investigated to inform the design of individualized exercise pro-
grams.

5. Conclusions

Non-ambulatory persons with advanced MS in this study showed a
positive, task-specific change in inspiratory muscle strength after 5 and
10 weeks of exercises using a low-cost, threshold loading inspiratory
training device. These improvements were still evident at 8 weeks after
the training ended. Current findings filled the knowledge gap in re-
spiratory muscle training and have important clinical implications by
demonstrating the benefits and feasibility of inspiratory exercises with
progressive resistance in advanced MS. The optimal IMT training
parameters and its impact on clinical outcomes, other than inspiratory
muscle strength, is not known and warrants future research.

Declaration of Competing Interest

The authors declared no conflict of interest.

M.H. Huang, et al. Multiple Sclerosis and Related Disorders 37 (2020) 101492

5



Acknowledgments

The research team would like to thank the participants and The
Boston Home for their support of this study.

Funding source

This work was supported by the National Multiple Sclerosis Society
(Grant number: PP-1703-27264) funded this study.

References

Altintas, A., Demir, T., Ikitimur, H.D., Yildirim, N, 2007. Pulmonary function in multiple
sclerosis without any respiratory complaints. Clin. Neurol. Neurosurg. 109 (3),
242–246.

ATS/ERS Statement on respiratory muscle testing, 2002. Am. J. Respir. Crit. Care Med.
166 (4), 518–624.

Baird, J.F., Motl, R.W, 2018. Response heterogeneity with exercise training and physical
activity interventions among persons with multiple sclerosis [published online ahead
of print December 26. Neurorehabil. Neural Repair. https://doi.org/10.1177/
1545968318818904.

Bonzano, L., Tacchino, A., Brichetto, G., et al., 2014. Upper limb motor rehabilitation
impacts white matter microstructure in multiple sclerosis. Neuroimage 90, 107–116.

Borg, G.A., 1982. Psychophysical bases of perceived exertion. Med. Sci. Sports Exerc. 14
(5), 377–381.

Bosnak-Guclu, M., Gunduz, A.G., Nazliel, B., Irkec, C, 2012. Comparison of functional
exercise capacity, pulmonary function and respiratory muscle strength in patients
with multiple sclerosis with different disability levels and healthy controls. J.
Rehabil. Med. 44 (1), 80–86.

Buyse, B., Demedts, M., Meekers, J., Vandegaer, L., Rochette, F., Kerkhofs, L, 1997.
Respiratory dysfunction in multiple sclerosis: a prospective analysis of 60 patients.
Eur. Respir. J. 10 (1), 139–145.

Evans, J.A., Whitelaw, W.A, 2009. The assessment of maximal respiratory mouth pres-
sures in adults. Respir. Care 54 (10), 1348–1359.

Faul, F., Erdfelder, E., Lang, A.G., Buchner, A, 2007. G*Power 3: a flexible statistical
power analysis program for the social, behavioral, and biomedical sciences. Behav.
Res. Methods 39 (2), 175–191.

Flachenecker, P., 2015. Clinical implications of neuroplasticity – The role of rehabilita-
tion in multiple sclerosis. Front. Neurol. 6, 36.

Fritz, C.O., Morris, P.E., Richler, J.J, 2012. Effect size estimates: current use, calculations,
and interpretation. J. Exp. Psychol. Gen. 141 (1), 2–18.

Fry, D.K., Pfalzer, L.A., Chokshi, A.R., Wagner, M.T., Jackson, E.S, 2007. Randomized
control trial of effects of a 10-week inspiratory muscle training program on measures
of pulmonary function in persons with multiple sclerosis. J. Neurol. Phys. Ther. 31
(4), 162–172.

Gosselink, R., Kovacs, L., Ketelaer, P., Carton, H., Decramer, M, 2000. Respiratory muscle
weakness and respiratory muscle training in severely disabled multiple sclerosis
patients. Arch. Phys. Med. Rehabil. 81 (6), 747–751.

Groll, D.L., To, T., Bombardier, C., Wright, J.G, 2005. The development of a comorbidity
index with physical function as the outcome. J. Clin. Epidemiol. 58 (6), 595–602.

Haselkorn, J.K., Hughes, C., Rae-Grant, A., et al., 2015. Summary of comprehensive
systematic review: rehabilitation in multiple sclerosis. Report of the guideline de-
velopment, dissemination, and implementation subcommittee of the American
Academy of neurology. Neurology 85 (21), 1896–1903.

Hirst, C., Swingler, R., Compston, D.A.S., Ben-Shlomo, Y., Robertson, N.P, 2008. Survival
and cause of death in multiple sclerosis: a prospective population-based study. J.
Neurol. Neurosurg. Psychiatry 79 (9), 1016.

Hulley, S.B., Cummings, S.R., Browner, W.S., Grady, D.G., Newman, T.B, 2013. Designing
Clinical Research, fourth ed. Lippincott Williams & Wilkins, Philadelphia, PA, pp.
155–166.

Johnson, R.A., Mitchell, G.S, 2013. Common mechanisms of compensatory respiratory
plasticity in spinal neurological disorders. Respir. Physiol. Neurobiol. 189 (2),
419–428.

Karamyan, A., Dunser, M.W., Wiebe, D.J., et al., 2016. Critical illness in patients with
multiple sclerosis: a matched case-control study. PLoS One 11 (5), e0155795.

Kjølhede, T., Vissing, K., Dalgas, U, 2012. Multiple sclerosis and progressive resistance
training: a systematic review. Mult. Scler. 18 (9), 1215–1228.

Klefbeck, B., Hamrah Nedjad, J, 2003. Effect of inspiratory muscle training in patients
with multiple sclerosis. Arch. Phys. Med. Rehabil. 84 (7), 994–999.

Kurtzke, J.F., 1983. Rating neurologic impairment in multiple sclerosis: an expanded
disability status scale (EDSS). Neurology 33 (11), 1444–1452.

Levy, J., Bensmail, D., Brotier-Chomienne, A., et al., 2017. Respiratory impairment in
multiple sclerosis: a study of respiratory function in wheelchair-bound patients. Eur.
J. Neurol. 24 (3), 497–502.

Motl, R.W., Goldman, M, 2011. Physical inactivity, neurological disability, and cardior-
espiratory fitness in multiple sclerosis. Acta Neurol. Scand. 123 (2), 98–104.

Mutluay, F.K., Gurses, H.N., Saip, S, 2005. Effects of multiple sclerosis on respiratory
functions. Clin. Rehabil. 19 (4), 426–432.

Prosperini, L., Fanelli, F., Petsas, N., et al., 2014. Multiple sclerosis: changes in micro-
architecture of white matter tracts after training with a video game balance board.
Radiology 273 (2), 529–538.

Prosperini, L., Piattella, M.C., Gianni, C., Pantano, P, 2015. Functional and structural
brain plasticity enhanced by motor and cognitive rehabilitation in multiple sclerosis.
Neural Plast. 2015, 481574.

Reich, D.S., Lucchinetti, C.F., Calabresi, P.A, 2018. Multiple sclerosis. N. Engl. J. Med.
378 (2), 169–180.

Rietberg, M.B., Veerbeek, J.M., Gosselink, R., Kwakkel, G., van Wegen, E.E, 2017.
Respiratory muscle training for multiple sclerosis. Cochrane Database Syst. Rev. 12,
Cd009424.

Sapienza, C.M., Wheeler, K, 2006. Respiratory muscle strength training: functional out-
comes versus plasticity. Semin. Speech Lang. 27 (4), 236–244.

Smeltzer, S.C., Lavietes, M.H., Cook, S.D, 1996. Expiratory training in multiple sclerosis.
Arch. Phys. Med. Rehabil. 77 (9), 909–912.

Smeltzer, S.C., Skurnick, J.H., Troiano, R., Cook, S.D., Duran, W., Lavietes, M.H, 1992.
Respiratory function in multiple sclerosis. Utility of clinical assessment of respiratory
muscle function. Chest 101 (2), 479–484.

Thompson, A.J., Baranzini, S.E., Geurts, J., Hemmer, B., Ciccarelli, O, 2018. Multiple
sclerosis. Lancet 391 (10130), 1622–1636.

Tzelepis, G.E., McCool, F.D, 2015. Respiratory dysfunction in multiple sclerosis. Respir.
Med. 109 (6), 671–679.

Wens, I., Dalgas, U., Vandenabeele, F., et al., 2015. High intensity exercise in multiple
sclerosis: effects on muscle contractile characteristics and exercise capacity, a ran-
domised controlled trial. PLoS One 10, e0133697.

M.H. Huang, et al. Multiple Sclerosis and Related Disorders 37 (2020) 101492

6

http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0001
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0001
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0001
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0002
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0002
https://doi.org/10.1177/1545968318818904
https://doi.org/10.1177/1545968318818904
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0004
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0004
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0005
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0005
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0006
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0006
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0006
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0006
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0007
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0007
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0007
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0008
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0008
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0009
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0009
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0009
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0010
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0010
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0011
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0011
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0012
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0012
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0012
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0012
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0013
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0013
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0013
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0014
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0014
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0015
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0015
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0015
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0015
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0016
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0016
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0016
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0017
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0017
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0017
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0018
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0018
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0018
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0019
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0019
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0020
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0020
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0021
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0021
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0022
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0022
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0023
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0023
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0023
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0024
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0024
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0025
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0025
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0026
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0026
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0026
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0027
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0027
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0027
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0028
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0028
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0029
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0029
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0029
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0030
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0030
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0031
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0031
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0032
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0032
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0032
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0033
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0033
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0034
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0034
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0035
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0035
http://refhub.elsevier.com/S2211-0348(19)30481-X/sbref0035

	Effects of inspiratory muscle training in advanced multiple sclerosis
	Introduction
	Material and methods
	Design
	Participants
	Sample size
	Intervention
	Primary outcomes
	Statistical analysis

	Results
	Participant characteristics
	Progression of IMT exercises
	Training effect of IMT exercises
	Retention of IMT training benefits

	Discussion
	Conclusions
	mk:H1_16
	Acknowledgments
	mk:H1_19
	Funding source
	mk:H1_21
	References




