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Abstract.

PURPOSE: Respiratory muscle weakness is a primary therapeutic challenge for patients with infantile Pompe disease. We
previously described the clinical implementation of a respiratory muscle training (RMT) regimen in two adults with late-onset
Pompe disease; both demonstrated marked increases in inspiratory and expiratory muscle strength in response to RMT. However,
the use of RMT in pediatric survivors of infantile Pompe disease has not been previously reported.

METHOD: We report the effects of an intensive RMT program on maximum inspiratory pressure (MIP) and maximum expira-
tory pressure (MEP) using A-B-A (baseline-treatment-posttest) single subject experimental design in two pediatric survivors of
infantile Pompe disease. Both subjects had persistent respiratory muscle weakness despite long-term treatment with alglucosidase
alfa.

RESULTS: Subject 1 demonstrated negligible to modest increases in MIP/MEP (6% increase in MIP, d = 0.25; 19% increase in
MEP, d = 0.87), while Subject 2 demonstrated very large increases in MIP/MEP (45% increase in MIP, d = 2.38; 81% increase
in MEP, d = 4.31). Following three-month RMT withdrawal, both subjects maintained these strength increases and demonstrated
maximal MIP and MEP values at follow-up.

CONCLUSION: Intensive RMT may be a beneficial treatment for respiratory muscle weakness in pediatric survivors of infantile
Pompe disease.
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1. Introduction

Pompe disease (glycogen storage disease type II) is

a rare autosomal recessive neuromuscular disease. It

occurs in approximately 1 of 40,000 births due to a de-

*Corresponding author: Harrison Jones, Duke University, Depart- ficiency of the lysosomal enzyme acid alpha glucosi-
ment of Surgery, 155 Baker House, Trent Dr., DUMC 3887, Durham,

NC, USA. Tel: +1 919 681 1852; Fax: +1 919 846 1565: E-mail: dase (GAA) [1]. The most severe phenotype, infantile-
harrison.jones @duke.edu. onset Pompe disease, results from an almost com-

1874-5393/14/$27.50 (© 2014 — 10S Press and the authors. All rights reserved



256 H.N. Jones et al. / Effects of respiratory muscle training (RMT) in children with infantile-onset Pompe disease

plete lack of GAA. Historically, the natural course of
infantile-onset Pompe disease has resulted in death
prior to one year of age [2—4].

The advent of treatment with enzyme replacement
therapy (ERT) with alglucosidase alfa (Myozyme™)
has resulted in marked improvements in overall and
ventilator-free survival, and cardiac disease [5-12].
However, respiratory muscle involvement is often se-
vere by the time of diagnosis [13], and at least 50%
of individuals with infantile-onset Pompe disease still
eventually require the need for mechanical ventila-
tion [14]. Thus, despite treatment with ERT, respira-
tory muscle response is often suboptimal. Respiratory
muscle weakness and associated morbidity and mortal-
ity remain a primary therapeutic challenge for patients
with this condition.

It has long been recognized that the respiratory mus-
cles respond to strength training regimens in a man-
ner similar to other spinal musculature. That is, when
an appropriate training stimulus is provided over time,
increases in respiratory muscle strength can be es-
tablished. Although methods vary, respiratory muscle
training (RMT) is generally accomplished with hand-
held, pressure-threshold respiratory trainer devices, as
seen in Fig. 1. These devices provide a training stim-
ulus in the form of pressure-thresholds against in-
spiration (inspiratory muscle training [IMT]), expi-
ration (expiratory muscle training [EMT]), or both
(RMT). Pressure-thresholds may be individualized and
adjusted over time [15-19].

We previously described the clinical implementa-
tion of a RMT regimen in two adults with late-onset
Pompe disease. Both patients demonstrated marked in-
creases in inspiratory and expiratory muscle strength
in response to RMT [17]. However, the use of RMT in
pediatric survivors of infantile Pompe disease has not,
to our knowledge, been previously described. We re-
port the results of an intensive 12-week RMT program
in two subjects with infantile Pompe disease and sub-
stantial associated respiratory muscle weakness. We
used a single-subject experimental design replicated
across subjects. Based upon our experience in adults
with Pompe disease, our a priori hypotheses were that
our RMT regimen would result in: 1) increased respira-
tory muscle strength as measured via maximum inspi-
ratory pressure (MIP) and maximum expiratory pres-
sure (MEP), 2) changes that were at least large in mag-
nitude (d > 1.00), and 3) maximal increases in respira-
tory muscle strength at posttest, followed by decreases
in MIP/MEP due to detraining effects from posttest to
three-month follow-up.

2. Materials and methods
2.1. Subjects

Two subjects diagnosed with infantile-onset Pompe
disease participated in the research. Subject 1 was a
6.5 year-old white male who initiated ERT at 2 months
of age via biweekly infusions of alglucosidase alfa
at 20 mg/kg every other week. At approximately
36 months of age, dosage was increased to 40 mg/kg
every other week. Subject 2 was a 5.75 year-old white
female who began ERT infusions at 7 months of age at
20 mg/kg every other week. At a little over 12 months
of age, dosage was increased to 40 mg/kg every other
week. The ERT regimens of both subjects and all other
aspects of their care remained consistent throughout
their participation in RMT research, including ongo-
ing physical therapy. These participants were the only
pediatric subjects from a larger investigation into the
effects of RMT in Pompe disease. The study was ap-
proved by the Duke University Health System Insti-
tutional Review Board, and informed consent was ob-
tained from the parent or guardian of each subject after
explaining the purpose and procedures of the study.

2.2. Experimental design

We used an A-B-A single-subject experimental de-
sign in order to allow for statistical analysis of effect
size while controlling for threats to internal and ex-
ternal validity [20-22]. MIP and MEP were selected
as co-primary dependent variables due to their non-
invasive nature and high correlation with invasive mea-
sures of respiratory strength [23]. During the first A
phase, repeated observations of MIP and MEP were
obtained over two days (i.e., baseline). During the B
phase, an intensive 12-week RMT regimen was im-
plemented that required the completion of 9,000 total
prescribed repetitions. During this time, subjects were
seen for RMT therapy sessions every other week. Im-
mediately following 12-weeks of RMT, repeated mea-
sures of MIP and MEP were obtained. During the sec-
ond A stage, repeated observations of MIP and MEP
were again obtained over two days (i.e., posttest). Ad-
ditionally, RMT withdrawal was completed for three
months to assess detraining effects. Effect sizes to
compare performance at baseline, posttest, and follow-
up were determined using Cohen’s d [24]. Additional
descriptive data were obtained at baseline, posttest, and
follow-up including pulmonary function testing, as-
sessment of gross motor function, and measurement of
peak cough flow (PCF; Subject 2 only).
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2.3. Procedures

2.3.1. Measurement of primary dependent variables

During baseline and posttest, a total of eight mea-
sures of both MIP and MEP were obtained over two
consecutive days of assessment (i.e., four per day).
During withdrawal, one measure each of MIP and
MEP were obtained at one- and two-months to moni-
tor detraining effects. At three-month follow-up, four
measures of MIP and MEP were obtained over a single
day. Each of these single data points represents mul-
tiple trials with minimal variability. That is, MIP and
MEP maneuvers were both completed a minimum of
three times with less than 10% variability. If this could
not be achieved, a maximum of six trials were com-
pleted to prevent excessive fatigue regardless of vari-
ability. The mean of the three measures that exhibited
the highest values and the least amount of variabil-
ity served as one data point. A 30-minute rest period
was enforced following each MIP and MEP measure-
ment session during which time subjects remained in
their wheelchairs. Measurements were completed us-
ing a standard protocol and calibrated digital pressure
gauge (RPM-001, Micro Direct; Lewistown, ME) by a
trained clinician not otherwise involved in the research.
A flanged mouthpiece and nose clips were used. Sub-
jects were presented with standard verbal instructions
and verbal encouragement was provided to elicit best
performance. Subjects completed maximum inhalation
from forced residual volume during measurement of
MIP and maximum exhalation from total lung capacity
during measurement of MEP [25].

2.3.2. Other testing procedures

A pulmonologist with expertise in infantile-onset
Pompe disease performed a patient/family interview
and physical examination during baseline to ensure
medical optimization for safe and meaningful partic-
ipation in the study, including interpretation of up-
right spirometry performed twice during baseline and
posttest and once at follow-up. The 6 Minute Walk
Test (6MWT) [26] was completed under the supervi-
sion of a licensed physical therapist with experience in
working with patients with infantile-onset Pompe dis-
ease at baseline, posttest, and follow-up. Additionally,
by the time of enrollment of Subject 2, the study had
been amended to allow measurement of PCF at base-
line, posttest, and follow-up. A calibrated oral pneu-
motoachograph with a flanged mouthpiece and nose
clips was used (MLT1000L, ADInstruments; Colorado
Springs, CO) to measure PCF during volitional cough.

Three PCF measures were obtained during each day of
baseline, posttest, and follow-up testing; thus, PCF was
obtained a total of six times each during baseline and
posttest, and three times at follow-up (Subject 2 only).
Measures of PCF were obtained by a trained clinician
not otherwise involved in the research.

2.3.3. Respiratory muscle training (RMT) therapy

One MIP and MEP data point were established every
other week during the treatment phase prior to RMT
therapy. Over the 12-weeks of treatment, subjects were
seen for 30—60 minute therapy sessions every other
week (six RMT therapy sessions/subject). These ther-
apy sessions allowed for provision of progressive resis-
tance in terms of inspiratory and expiratory pressure-
thresholds, review of self-reported adherence and ac-
curacy of performance with the home-based RMT reg-
imen, an opportunity to problem solve challenges that
interfered with home-based RMT, and safety and tol-
erance of RMT in terms of adverse events and side ef-
fects.

RMT was initiated following completion of base-
line assessment at the end of day two via handheld
pressure-threshold respiratory trainer devices set to
provide a pressure-threshold of 60-70% of MIP and
MEP. During RMT therapy sessions, subjects first
completed 5 sets of 5 repetitions of EMT for a total of
25 repetitions at 70% pressure-threshold. Following 25
repetitions, subjects were queried regarding negative
side effects and accuracy of performance was deter-
mined. Targeted performance was 88% or greater ac-
curacy in performing EMT successfully with negative
side effects that were no worse than mild in severity.
If this was not achieved over the first 25 EMT repe-
titions at 70% pressure-threshold, this was reduced to
60% pressure-threshold for the next set of 25 repeti-
tions. Subjects next repeated these procedures with 5
sets of 5 repetitions of IMT for a total of 25 repetitions.
EMT and IMT alternated in this manner until 75 total
repetitions of each were completed. Instructions for the
home-based RMT program were reviewed at the end of
each visit which prescribed 75 repetitions of both IMT
and EMT (3 sets of 25) five days per week for a total
of 750 RMT repetitions weekly (375 IMT repetitions,
375 EMT repetitions). The subjects’ parents/guardians
were trained to determine successful versus unsuccess-
ful repetitions during RMT therapy visits. They were
provided with home-based treatment logs to document
adherence and accuracy and these were returned at the
next RMT therapy session.

Commercially available pressure-threshold respira-
tory trainer devices that provide a calibrated training
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Fig. 1. Commercially available pressure-threshold respiratory trainer
devices used in the present research (Threshold PEP, Threshold
IMT-Phillips Respironics, Andover, MA; EMST 150-Aspire Prod-
ucts, Gainesville, FL). (Colours are visible in the online version of
the article; http://dx.doi.org/10.3233/PRM-140294)

stimulus were used (Fig. 1; Threshold PEP, Thresh-
old IMT-Phillips Respironics, Andover, MA; EMST
150-Aspire Products, Gainesville, FL). In Subject 1,
pressure-thresholds were established by setting the de-
vices to the target value using the device calibration
markings. However, over the course of the larger re-
search study, concerns over the calibration accuracy
of the prescribed pressure-thresholds emerged based
on testing in our laboratory. We therefore developed
a novel system for the hand-calibration of pressure-
thresholds with these devices comprising three prin-
cipal components to create a gas pressure circuit: 1)
an air delivery system to introduce positive or nega-
tive pressures, 2) a differential atmospheric pressure
meter, and 3) the respiratory trainer device that re-
quires calibration. Depending on whether and IMT or
EMT trainer was being calibrated, positive or negative
pressure was applied via a 3L syringe. The pressure-
threshold was determined based on the positive or
negative differential atmospheric pressure necessary to
overcome the air seal and set accordingly. This method
of hand-calibration was used for Subject 2.

2.4. Data analysis

The magnitude of change between baseline and
posttest, posttest and follow-up, and baseline and

follow-up for the primary endpoints of MIP and MEP
was determined using a variation of Cohen’s measure
of effect size (d) [24]. Simply stated, d is obtained by
subtracting the mean of the first session from the mean
of the second session, divided by the standard devia-
tion of the first session. Conservatively, we established
an effect size < 0.6 to be negligible, > 0.6 modest, >
1.0 large, and > 2.0 very large. Descriptive statistics
are also provided.

3. Results

Subject 1 and Subject 2 each completed 12 weeks
of RMT targeting 4,500 repetitions of IMT and 4,500
repetitions of EMT for a total cumulative goal of 9,000
RMT repetitions during the B phase. Subject 1 com-
pleted a total of 3,605 IMT repetitions and 3,605 EMT
repetitions for an overall total of 7,210 RMT repeti-
tions, demonstrating an overall adherence rate of 80%
with the prescribed RMT regimen. Subject 2 com-
pleted a total of 3,525 IMT repetitions and 3,450 EMT
repetitions for an overall total of 6,975 RMT repeti-
tions, demonstrating an overall adherence rate of 78%
with the prescribed RMT program. On average, both
subjects completed their home therapy programs ap-
proximately 4 days per week with a mean percent ac-
curacy of greater than 90% with both IMT and EMT.

3.1. Subject 1

3.1.1. Maximum inspiratory pressure

Based on values established in healthy controls, pre-
dicted MIP for Subject 1 was 73.5 cm H3O [27]. As
seen in Fig. 2, Subject 1’s mean MIP was 17 cm HyO
at baseline, 18 cm H»O at posttest, and 26 cm HyO
at follow-up. Between baseline and posttest, MIP in-
creased 6%, from 17 to 18 cm H2O (d = 0.25). From
posttest to follow-up, MIP increased 44 %, from 18 to
26 cm H2O (d = 1.57). When comparing baseline and
follow-up, MIP increased a total of 53%, from 17 to
26 cm HyO (d = 2.25), over the entire duration of
the study. Percent predicted MIP was 23% at baseline,
24% at posttest, and 35% at follow-up.

3.1.2. Maximum expiratory pressure

Predicted MEP for Subject 1 was 85.67 cm H2O [27].
As seen in Fig. 2, Subject 1’s mean MEP was 16 cm
H>O at baseline, 19 cm H»O at posttest, and 20 cm
H5O at follow-up. Between baseline and posttest, MEP
increased 19%, from 16 to 19 cm HsO (d = 0.87).
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Fig. 2. Subject 1’s inspiratory and expiratory muscle strength as measured by maximum inspiratory strength (MIP) and maximum expiratory
muscle strength (MEP) throughout research study and associated effect sizes. (cm H2O: centimeters water pressure; x? mean; sd: standard
deviation; RMT: respiratory muscle training, MIP: maximum inspiratory pressure; MEP: maximum expiratory pressure (MEP); d: Cohen’s d
[effect size]; BL: baseline; F/U: follow-up). (Colours are visible in the online version of the article; http://dx.doi.org/10.3233/PRM-140294)

From posttest to follow-up, MEP increased 5%, from
19 to 20 cm H2O (d = 0.20). When comparing base-
line and follow-up, MEP increased a total of 25% (d =
1.16), from 16 to 20 cm H5O, over the entire duration
of the study. Percent predicted MEP was 19% at base-
line, 22% at posttest, and 23% at follow-up.

3.1.3. Descriptive data
3.1.3.1. Spirometry

Mean upright FVC was 1.07 L at baseline (70% pre-
dicted; REF = 1.53 L), 1.25 L at posttest (82% pre-
dicted), and 1.39 L at follow-up (88% predicted; REF
= 1.58L). From baseline and posttest, mean FVC in-
creased 17% and an 11% increase was seen between
posttest and follow-up. Overall, when comparing base-
line and follow-up, FVC increased 30% over the entire
study duration and percent predicted FVC increased
18%, from 70 to 88%.

Mean upright FEV1 was 0.96 L at baseline (71%
predicted; REF = 1.35L), 1.00 L at posttest (74% pre-
dicted), and 1.19 L at follow-up (93% predicted; REF
= 1.28). Between baseline and posttest, mean FEV1
increased 4% and a 19% increase was seen between
posttest and follow-up. Overall, when comparing base-
line and follow-up, FEV1 increased 24% over the en-
tire study duration, from 0.96 to 1.19 L.

3.1.3.2. 6 Minute walk test

Distance walked on the 6GMWT was 233.6 m at base-
line, 120.0 m at posttest, and 159.0 m at follow-up.
From baseline to posttest, distance walked declined
113.6 m (49%), with the subject stopping at posttest
at 4 minutes and 52 seconds due to fatigue. Between
posttest and follow-up, distance walked increased 39 m
(33%). However, overall, when comparing baseline to
follow-up, distance walked on the 6MWT decreased
74.6 m (32%), from 233.6 m to 159.0 m over the entire
study duration.

3.2. Subject 2

3.2.1. Maximum inspiratory pressure

Predicted MIP for Subject 2 was 51.6 cm H2O [28].
As seen in Fig. 3, Subject 2’s mean MIP was 22 cm
H>O at baseline, 32 cm H2O at posttest, and 34 cm
H»O at follow-up. Between baseline and posttest, MIP
increased 45%, from 22 to 32 cm HsO (d = 2.38).
From posttest to follow-up, MIP further increased 6%,
from 32 to 34 cm H2O (d = 1.16). When comparing
baseline to follow-up, MIP increased a total of 55%,
from 22 to 34 cm HyO (d = 2.86), over the total
study duration. Percent predicted increased from 43%
at baseline to 62% at posttest and 66% at follow-up.
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Fig. 3. Subject 2’s inspiratory and expiratory muscle strength as measured by maximum inspiratory strength (MIP) and maximum expiratory
muscle strength (MEP) throughout research study and associated effect sizes. (cm H2O: centimeters water pressure; x? mean; sd: standard
deviation; RMT: respiratory muscle training, MIP: maximum inspiratory pressure; MEP: maximum expiratory pressure (MEP); d: Cohen’s d
[effect size]; BL: baseline; F/U: follow-up). (Colours are visible in the online version of the article; http://dx.doi.org/10.3233/PRM-140294)

3.2.2. Maximum expiratory pressure

Predicted MEP for subject 2 was 52.8 cm H2O [28].
As seen in Fig. 3, mean MEP was 43 cm H,O at
baseline, 78 cm HyO at posttest, and 80 cm HoO at
follow-up. Between baseline and posttest, MEP in-
creased 81%, from 43 to 78 cm HyO (d = 4.31). From
posttest to follow-up, MEP further increased 3%, from
78 to 80 cm H20 (d = 0.59). When comparing base-
line to follow-up, MEP increased a total of 86%, from
43 to 80 cm HyO (d = 4.56), over the total study dura-
tion. Percent predicted increased from 81% at baseline
to 147% at posttest and 152% at follow-up.

3.2.3. Descriptive data
3.2.3.1. Spirometry

Mean upright FVC was 0.82 L at baseline (75% pre-
dicted; REF = 1.09L), 0.81 L at posttest (74% pre-
dicted), and 0.92 L at follow-up (85% predicted). Be-
tween baseline and posttest, FVC decreased 1% and a
14% increase was seen between posttest and follow-
up. Overall, when comparing baseline and follow-up,
FVC increased 12% over the entire study with percent
predicted FVC increasing from 75 to 85%.

Mean upright FEV1 was 0.74 L at baseline (75%
predicted; REF = 0.99L), 0.79 L at posttest (80% pre-

dicted), and 0.86 L at follow-up (87% predicted). Be-
tween baseline and posttest, FEV1 increased 7% and
a 9% increase was seen between posttest and follow-
up. Overall, when comparing baseline and follow-up,
FEV1 increased 16% over the entire study duration,
from 0.74 to 0.86 L.

3.2.3.2. 6 Minute walk test

Distance walked on the 6BMWT was 30 m at base-
line, 62.4 m at posttest, and 74.9 m at follow-up. The
subject used a supportive walker (Rifton Pacer) dur-
ing all assessments. Between baseline and posttest, dis-
tance walked increased 32.4 m (108%) and a 12.5 m
increase (20%) was exhibited between posttest and
follow-up. Overall, when comparing baseline and
follow-up, distance walked on the 6BMWT increased by
150% from 30 m to 74.9 m, over the total study dura-
tion.

3.2.3.3. Peak cough flow
Mean PCF was 2.92 L/sec (sd = 0.51) at base-

line, 3.51 L/sec (sd = 0.30) at posttest, and 3.44
L/sec (sd = 0.50) at follow-up. Between baseline and
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posttest, PCF improved by 0.59 L/sec (20%) and a
0.07 L/sec decline (2%) was seen between posttest
and follow-up. Overall, when comparing baseline to
follow-up, mean PCF increased 0.52 L/sec (18%),
from 2.92 to 3.44 L/s over the entire study duration.

4. Discussion

Our a priori hypotheses were that our 12-week RMT
regimen would: 1) result in increased respiratory mus-
cle strength as measured via MIP and MEP, 2) the mag-
nitude of these changes would be at least large (d >
1.00); and 3) maximal increases in respiratory muscle
strength would be achieved at posttest, followed by de-
creases in respiratory muscle strength due to detrain-
ing effects associated with withdrawal at three-month
follow-up.

Regarding our first hypothesis, RMT was indeed
associated with increases in respiratory strength be-
tween baseline and posttest, though there was consid-
erable variability across the two participants. Negligi-
ble to modest respiratory strength increases were seen
in Subject 1 (6% increase in MIP and a 19% increase
in MEP, respectively) and remarkably large increases
in respiratory strength were noted in Subject 2 (45%
increase in MIP and an 81% increase in MEP, respec-
tively). Our second hypothesis was true at posttest in
Subject 2 only. The effect sizes in Subject 1 were neg-
ligible to modest (inspiratory strength effect size: d =
0.25; expiratory strength effect size: d = 0.87), while
Subject 2 demonstrated very large effect sizes (inspira-
tory strength effect size: d = 2.38; expiratory muscle
strength effect size: d = 4.31).

The data, which inform our third hypothesis, were
unexpected. Rather than the detraining effects and
negative effect sizes from posttest to follow-up that
might be expected with RMT withdrawal, both sub-
jects maintained and even increased their respiratory
muscle strength at three-month follow-up. In fact, both
subjects demonstrated their peak MIP/MEP values at
follow-up, after three-month RMT withdrawal. Over
the entire study duration, Subject 1 increased inspi-
ratory strength by 53% (d = 2.25) and expiratory
strength by 25% (d = 1.16), corresponding to very
large and large effect sizes, respectively. Subject 2’s
response surpassed that of Subject 1, with inspiratory
strength increases of 55% (d = 2.86) and expiratory
strength increases of 86% (d = 4.56), corresponding
to very large effect sizes.

Overall, these Phase I data provide initial indica-
tion that RMT may offer benefit for the treatment of

respiratory muscle weakness in pediatric survivors of
infantile Pompe disease. Comparative data on the ef-
fects of RMT in children with infantile-Pompe dis-
ease are not available, though results from our previ-
ous case study of two adult patients with late-onset
Pompe disease may be informative. Similar to the chil-
dren in the present report, these adults had each re-
ceived long-term ERT and had persistent baseline res-
piratory weakness. Over 16-32 weeks of IMT, inspi-
ratory muscle strength increased 73 to 74% and expi-
ratory muscle strength increased 31 to 48% over 12—
22 weeks of EMT [17]. These previous clinical data
support the notion that RMT may result in increases in
respiratory muscle strength in individuals with Pompe
disease.

Our data are also consistent with previous reports on
the use of RMT in subjects with other forms of neu-
romuscular disease, such as Duchene muscular dystro-
phy (DMD) and spinal muscular atrophy (SMA). For
example, Wanke and colleagues [29] employed IMT in
15 individuals with DMD ages 10-24 years. Inspira-
tory strength was measured following one, three, and
six months of IMT and again after six-month with-
drawal. In ten of 15 participants, strength improve-
ments were seen at one month and IMT continued
for six months. Continued strength increases were ob-
served after three and six months of IMT. Moreover,
these strength enhancements were generally persistent
following six-month withdrawal. Koessler et al. [30]
studied IMT in 27 patients with DMD or SMA over
24 months. These subjects demonstrated large, sta-
tistically significant increases in inspiratory muscle
strength over the first ten months of IMT. At that time,
plateau was achieved, though no decline in inspiratory
muscle strength was evident over the course of the ad-
ditional 14 months of training. Gozal and Thiriet [31]
employed a RMT program in 21 children with DMD
or SMA with a mean age of 12 years. Statistically sig-
nificant increases in both inspiratory and expiratory
muscle strength, as well as decreases in self-perceived
effort when overcoming inspiratory and expiratory
pressure-thresholds, were demonstrated. Overall, these
and other studies suggest that RMT may effect in-
creases in respiratory muscle strength, even in the set-
ting of progressive neuromuscular disease [32].

Although previous data in patients with neuromus-
cular disease have suggested that retention of respi-
ratory strength increases is possible following RMT
withdrawal [29], we predicted a decline of respira-
tory muscle strength from posttest to follow-up due
to detraining effects. Detraining, or the principle of
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reversibility, states that discontinuing training causes
a partial or complete reversal of effects [33]. Previ-
ous data have demonstrated detraining effects after
one- to three- month withdrawal in healthy and dis-
ordered populations following RMT-induced respira-
tory muscle strength enhancements [31,34-38]. How-
ever, in the present study, both subjects maintained,
and even slightly increased, their respiratory muscle
strength over three-month withdrawal. Certainly, fur-
ther exploration of the detraining effects associated
with the discontinuation of RMT regimens requires
much additional study [39].

The persistence of the respiratory muscle strength
increases exhibited by our subjects may also be re-
lated to methodological differences across studies, in-
cluding important aspects of the training regimen re-
lated to the intensity of RMT. Although intensity can
be challenging to define in behavioral treatments, War-
ren and colleagues [40] provide a model in which cu-
mulative intervention intensity is defined as the dose
x dose frequency X total intervention duration. There-
fore, the cumulative intervention intensity of our RMT
regimen was a dose of 150 repetitions (75 of IMT, 75
of EMT) per day x dose frequency of 5x/week X a to-
tal intervention duration of 12 weeks for a cumulative
intervention intensity of 9,000 total RMT repetitions
(4,500 repetitions of both IMT and EMT). This cumu-
lative intervention intensity is markedly increased in
comparison to most previous RMT research. For exam-
ple, the cumulative intervention intensity in the study
from Baker and colleagues [34] was either 500 or 1000
EMT repetitions, depending on randomization alloca-
tion. Chiara and colleagues [35] similarly targeted 960
EMT repetitions. These studies are typical of the in-
tervention intensities encountered in the RMT litera-
ture. In contrast, our cumulative intervention intensity
was at least nine times greater. This increased cumula-
tive intervention intensity may provide at least partial
explanation for the lack of detraining effects observed
in these two subjects over the course of three-month
withdrawal.

The benefits of increased training intensity in stren-
gth training regimens are well-recognized. In the RMT
literature, Topin et al. [41] reported that RMT was
dose-dependent in terms of both pressure-thresholds
and the number of repetitions. More studies are needed
to determine the effects of the multiple training vari-
ables related to intensity (pressure-thresholds, number
of repetitions, frequency of repetitions, total interven-
tion duration) that may be manipulated to influence
RMT outcomes. The effects of these variables may

differ depending on the population of interest and in-
tended outcomes. Ultimately, however, the optimal in-
tensity of a RMT regimen is presently unknown and
requires additional research.

We intended for the overall intensity of our RMT
regimen to be greater than reported in prior research
studies. Our rationale for this was due, at least in part,
to the severity of the respiratory weakness present in
patients with Pompe disease. This increased intensity
may have also fostered generalization of motor learn-
ing to respiration independent of the training regi-
men to facilitate experience-dependent plasticity over
time [42]. It is well-established that motor skill learn-
ing results in functional and structural cortical and sub-
cortical reorganization associated with long-term re-
tention of motor skills [43]. Long-term motor learn-
ing may also provide an explanation for the lack of de-
training effects demonstrated by these subjects during
withdrawal. Future research is warranted in order to
determine the mechanism(s) of strength increases with
RMT, including the central and peripheral neuromotor
adaptations that occur over time.

The overall intensity of our RMT regimen was also
increased by the combined use of both IMT and EMT
to comprehensively address respiratory weakness. Al-
though data are limited, combined RMT may be supe-
rior to IMT or EMT in isolation [15,18,44]. Subjects
in the present study may have benefitted from the com-
bination of IMT and EMT to comprehensively address
respiratory muscle weakness.

The very young age of the present participants also
merits discussion. Upon entry into the study, these two
subjects were 6.5 and 5.75 years of age. Based on re-
view of the literature, these subjects appear to be some
of the youngest individuals with neuromuscular dis-
ease to ever participate in a RMT research study. In
prior studies with patients with neuromuscular disease
in which the age range of participants is described,
the youngest experimental participants were between 7
and 10 years of age [29,31,44—-46]. However, age did
not appear to substantially interfere with our subjects’
adherence to the intensive home RMT program that re-
quired 9,000 total repetitions over 12-weeks, as Sub-
jects 1 and 2 had adherence rates of 80 and 78%, re-
spectively. While both subjects had supportive and en-
couraging caregivers, this level of adherence is com-
parable, though slightly reduced, to the 90% or better
adherence demonstrated by most adult Pompe research
subjects we have studied.

The negative consequences of respiratory muscle
weakness in neuromuscular disease are well-docum-
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ented. Inspiratory muscle weakness leads to chronic
alveolar hypoventilation and increasingly severe respi-
ratory disease, including chronic and acute respiratory
failure. Expiratory muscle weakness leads to decreased
strength of the cough, which causes an inadequate pul-
monary toilet. Current treatments for respiratory weak-
ness in Pompe disease and other neuromuscular dis-
eases are compensatory (e.g., mechanical ventilation).
Such treatments do not address underlying respiratory
muscle weakness. Considering that respiratory muscle
weakness is the primary cause of morbidity and mor-
tality in Pompe disease, treatments that directly target
and treat respiratory weakness have clear clinical ap-
peal, though the functional implications require further
study. In the present study, changes in the primary out-
come variables of MIP and MEP did not appear to be
strongly associated with changes in FVC, FEV1, and
6MWT. Although both subjects continued their partic-
ipation in physical therapy during their involvement, a
worsening in performance on the 6MWT was noted in
Subject 1. During this period, the subject underwent a
great deal of growth (57th percentile to the 81st per-
centile in height), which may have negatively influ-
enced his ambulation.

Although not measured in Subject 1, PCF data from
Subject 2 provide direction for further study. In this
subject, mean PCF increased 20% from baseline to
posttest, from 2.92 to 3.51 L/s. Following three-month
withdrawal, mean PCF remained 18% increased in
comparison to baseline. These findings suggest that
cough strength may be enhanced with RMT in Pompe
disease, as has been reported in other conditions [47].

Other explanations for the present findings must be
considered. Possible alternative explanations include
learning effects associated with MIP and MEP testing
and subject maturation. With regard to potential learn-
ing effects, every attempt was made to control for this.
Subjects received training regarding MIP and MEP
testing before testing was initiated. A standard set of
instructions was provided during each trial. Addition-
ally, each data point used to represent MIP and MEP
throughout the study involved a minimum of three tri-
als with < 10% variability (with a maximum of 6 trials
regardless of variability). Thirty minute enforced rest
breaks were also used between each MIP/MEP test-
ing session. Overall, these controls appear sufficient to
mitigate concerns regarding learning effects. Matura-
tion effects also appear unlikely to explain the strength
enhancements exhibited by these subjects due to the
progressive course of infantile Pompe disease, even
when treated.

Interactions between RMT and ERT must also be
considered. For example, it is known that ERT pro-
vides an improved therapeutic response in type I (slow-
oxidative) versus type II (fast-oxidative glycolytic)
muscle fibers [48]. Additionally, some research sug-
gests that conversions between type I and II muscle
fibers are possible with certain manipulations of train-
ing variables [49]. Such adaptations to muscle fiber
composition could be hypothesized to interact with
the glycogen clearing properties of ERT. However, the
RMT regimen we utilized is a strength training ap-
proach, which appears more likely to increase the pro-
portion of type II versus type I muscle fibers. There-
fore, improved response to ERT due to a shift of mus-
cle fiber composition to a greater proportion of type
I fibers with RMT appears to be an unlikely explana-
tion for the strength gains exhibited by these subjects.
Nevertheless, the possibility of unknown interactions
between RMT and ERT to increase respiratory mus-
cle strength must be acknowledged and is an important
consideration for future research in this area.

In conclusion, two pediatric survivors of infantile-
onset Pompe disease demonstrated increases in inspi-
ratory and expiratory muscle strength following an in-
tensive 12-week RMT regimen. In one subject these
changes were negligible to modest in magnitude and
in the other they were very large. Increases in MIP
and MEP were maintained and slightly increased over
three-month RMT withdrawal and both subjects ex-
hibited their peak inspiratory and expiratory muscle
strength at follow-up after three-month withdrawal.
Both children demonstrated good adherence with the
intensive RMT regimen without evidence of adverse
events or side effects. Larger studies to confirm these
findings and provide indication of the expected re-
sponse in children with Pompe disease, as well as with
other neuromuscular disorders, are needed. Future re-
search in this area must investigate the effects of in-
creased inspiratory and expiratory muscle strength on
ventilation and cough. Additionally, improved under-
standing of the short- and long-term neural and muscu-
lar adaptations associated with RMT is needed to max-
imize response and promote long-term retention.
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