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The Effects of Respiratory Muscle Training
on Resting-State Brain Activity and

Thoracic Mobility in Healthy Subjects:
A Randomized Controlled Trial

Naciye Vardar-Yagli, PT, PhD,1* Melda Saglam, PT, PhD,1 Hacer Dasgin, PhD,2

and Kader Karli-Oguz, MD2,3

Background: Although inspiratory muscle training (IMT) is an effective intervention for improving breath perception, brain
mechanisms have not been studied yet.
Purpose: To examine the effects of IMT on insula and default mode network (DMN) using resting-state functional MRI
(RS-fMRI).
Study Type: Prospective.
Population: A total of 26 healthy participants were randomly assigned to two groups as IMT group (n = 14) and sham IMT
groups (n = 12).
Field Strength/Sequence: A 3-T, three-dimensional T2* gradient-echo echo planar imaging sequence for RS-fMRI was
obtained.
Assessment: The intervention group received IMT at 60% and sham group received at 15% of maximal inspiratory pres-
sure (MIP) for 8 weeks. Pulmonary and respiratory muscle function, and breathing patterns were measured. Groups under-
went RS-fMRI before and after the treatment.
Statistical Tests: Statistical tests were two-tailed P < 0.05 was considered statistically significant. Student’s t test was used to
compare the groups. One-sample t-test for each group was used to reveal pattern of functional connectivity. A statistical thresh-
old of P < 0.001 uncorrected value was set at voxel level. We used False discovery rate (FDR)-corrected P < 0.05 cluster level.
Results: The IMT group showed more prominent alterations in insula and DMN connectivity than sham group. The MIP
was significantly different after IMT. Respiratory rate (P = 0.344), inspiratory time (P = 0.222), expiratory time (P = 1.000),
and inspiratory time/total breath time (P = 0.572) of respiratory patterns showed no significant change after IMT. All DMN
components showed decreased, while insula showed increased activation significantly.
Data Conclusion: Differences in brain activity and connectivity may reflect improved ventilatory perception with IMT with
a possible role in regulating breathing pattern by processing interoceptive signals.
Evidence Level: 2
Technical Efficacy: Stage 4

J. MAGN. RESON. IMAGING 2023;57:403–417.

Understanding of the sensory perception of breathing pat-
terns in healthy individuals and chronic diseases has

increased owing to advances in neuroimaging.1 The link
between learned associations and respiration has been well
proven in several experimental studies that used conditioning
to show how associative learning affects respiratory perception

and brain processing.2,3 Information and predictions about
the body status and emotions, such as breath perception, are
generated in the anterior insula, anterior cingulate cortex
(ACC), orbitofrontal cortex, and ventromedial prefrontal cor-
tex. The periaqueductal gray matter feed sensory information
into these networks.2 Blood oxygen level-dependent (BOLD)
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contrast is used in functional MRI (fMRI) as an indirect indi-
cator of brain neuronal activity.4 The default mode network
(DMN) is one of the well-studied resting-state networks.
During a wide range of cognitive or goal-directed processes,
DMN is a set of brain areas that are often found
deactivated.5

Inspiratory muscle training (IMT) is one of the most effec-
tive interventions for improving breath perception in healthy
people. The IMT has shown benefits including maintaining
pressure generation, promoting inspiratory muscle hypertrophy
and increasing the proportion of type I fibers, attenuating the
respiratory muscle metaboreflex, reducing the rating of dyspnea
or perceived exertion, improving respiratory muscle economy,
and reducing the work of breathing.6–8 It improves respiratory
muscle function, lung function, and exercise capacity.9 The effi-
cacy of IMT has been investigated extensively both in healthy
people and patients with chronic respiratory illnesses, although
the results are still controversial.10,11 Hart et al conducted a
6-week prospective randomized controlled trial in which
12 healthy volunteers were randomly assigned to either IMT or
sham IMT training. The training group’s maximal inspiratory
pressure (MIP) increased, but there was no change in exercise
performance.11 In chronic diseases such as chronic obstructive
pulmonary disease (COPD), however, the perception of breath-
lessness has been shown to decrease after IMT intervention.12

Exercise training reduced dyspnea intensity and anxiety in
COPD patients, with associated alterations in the brain’s
processing of breathlessness-related words, according to a study.2

In healthy individuals or people with chronic respiratory dis-
eases, the brain mechanisms underpinning this issue have yet to
be studied.13

After IMT, the measurement of breathing pattern provides
vital information on respiratory mechanics and breathing con-
trol.14 Structured light plethysmography (SLP) is a unique light-
based technology that allows for extensive analysis of breathing
patterns.14 The SLP is a noncontact, noninvasive procedure that
does not involve the use of a mouthpiece, nasal clip, or any
other equipment. SLP technology allows clinicians to acquire
breathing pattern measurements that are more ecologically rele-
vant than those obtained by spirometry.15 Current pulmonary
function testing methods are unable to distinguish the contribu-
tion rates of different areas of the lungs during breathing.
Through movement of the chest wall, the SLP provides real-
time regional respiratory function.15 A clinically meaningful
indicator of the relative contribution of the right and left sides of
the thoracoabdominal wall in these individuals could help guide
the effectiveness of interventions as IMT.

Hence, the present study aimed to determine the occur-
rence of alterations in brain activity after high-intensity IMT in
DMN and insula networks of resting-state fMRI (RS-fMRI)
compared with sham treatment and if so, the interaction
between these network activation changes and lung function,
respiratory muscle strength and endurance.

Materials and Methods
Participants
The research was approved by the local ethics committee and carried
out in accordance with the Declaration of Helsinki. The participants
signed a written informed consent. The inclusion criteria were ages
of 18–65 years, right-handed, and healthy. Only right-handed par-
ticipants were included in this study to keep uniformity within the
groups and use the standard knowledge existing in the literature
where the majority of studies were performed on right-handed sub-
jects. The exclusion criteria were as follows: chronic or recurrent
bronchial/lung disease, smokers, pregnancy, respiratory tract infec-
tion in the last 6 weeks, restrictive disease, neurological disease,
chronic pain conditions, mental health problems, use of drugs that
may affect the respiratory system or introspective focus in the last
7 days, alcohol use in the last 2 days, drug/substance use with a cen-
tral nervous system stimulants or depressive effect, physical condi-
tions that may have high basal breathing capacity and thus brain
activity, claustrophobia, or contraindication for MRI.

Study Design
This study was a randomized controlled trial with a prospective
design. It was conducted at Hacettepe University, Faculty of Physical
Therapy and Rehabilitation, Department of Cardiorespiratory Phys-
iotherapy and Rehabilitation Unit and National Magnetic Resonance
Research Center between September 2019 and January 2021. IMT
was given to the intervention group, whereas sham IMT was defined
as the control group. An inspiratory threshold-loading device was
used to train the individuals (Powerbreathe®, Southam, UK). The
IMT group was given to the intervention group at 60% of MIP.
The sham IMT group was given to the control group at a pre-
determined workload of 15% of MIP. For 8 weeks, both groups
trained for 30 minutes a day, 5 days a week.

The required sample size for each group comprised a minimum
of 12 subjects based on type I error of 0.05 and type II error of 0.20
with the power 80% by a power analysis program (G*Power, version
3.1., Universität Düsseldorf, Düsseldorf, Germany). A total of 39 healthy
individuals (27.15 � 4.02 years, 20 females, 19 males) were enrolled
according to the inclusion and exclusion criteria. All individuals were
evaluated clinically prior to randomization. Based on a program (www.
randomizer.org) to generate random numbers using simple random
sampling, subjects were randomly assigned to either the intervention
(n = 21) or sham group (n = 18). Three subjects from the sham group
and two subjects from the intervention group withdrew, and three sub-
jects from each group did not continue to treatment, and fMRI of three
subjects from IMT group could not be analyzed because of unaccept-
able head motion with maximum translation error exceeding 2 mm.
Therefore, 14 subjects in the IMT group and 12 subjects in the sham
group were included in the analyses (Fig. 1). Neither the participants
nor the clinicians were aware of the groups to which patients had been
allocated. Neither the participants nor the clinicians were aware of the
groups to which patients had been allocated. The research was reported
in line with the Consolidated Standards of Reporting Trials
(CONSORT) guidelines.

Demographic data including the participants’ age, gender,
weight, height, and body mass index were recorded. Pulmonary
function, respiratory muscle strength, respiratory muscle endurance,
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chest and abdominal wall movements, and fMRI were all assessed
before and after the training.

Pulmonary Function Testing
The pulmonary function testing was carried out using a portable spi-
rometer (MIR II Spirolab™, Medical International Research, Italy)
in accordance with the American Thoracic Society and the European
Respiratory Society’s guidelines. The percentages of predicted values
for forced vital capacity (FVC), forced expiratory volume in 1 second
(FEV1), FEV1/FVC, and peak expiratory flow (PEF) were
measured.16

Respiratory Muscle Strength and Endurance
Testing
A mouth pressure device (MicroRPM, CareFusion UK 232 Ltd.,
Basingstoke, UK) was used to measure the MIP and maximal expira-
tory pressure (MEP). The MIP was measured near residual volume

following a maximal expiration while the MEP was assessed near
total lung capacity after a maximal inspiration. The tests were
repeated until no further improvements were obtained and the dif-
ference between the two best values was less than 10%.17

A threshold loading inspiratory muscle trainer (Powerbreathe®)
was used to perform the respiratory muscle endurance testing. The
inspiratory threshold load was set to 60% of MIP in this study. During
loaded breathing, they were told to inhale deeply and maintain a con-
stant respiratory rate. During loaded breathing, individuals were told to
inhale deeply and maintain a constant respiratory rate. When the subject
was unable to open the limit valve for three consecutive breaths, or
when the subject was unable to continue the test and had to evacuate
the mouthpiece, the test was over. The total time was recorded and the
maximum duration of the test was limited to 10 minutes.17

The dynamic inspiratory pressure (strength index) was mea-
sured using a handheld loading device, named Powerbreathe K5
inspiratory muscle trainer (HaB Ltd, Southam, UK). All patients

FIGURE 1: Flowchart of the participants.

TABLE 1. Demographic Characteristics of Healthy Subjects

Characteristics
IMT Group (n = 14)

Mean (SD)
Sham Group (n = 12)

Mean (SD) P value

Age, year 25.6 (1.9) 28.8 (5.6) 0.118

Female; male (n) 7/7 8/4 0.453

Weight, kg 67 (14.1) 65.4 (11.1) 0.860

Height, cm 172.1 (9.5) 166.3 (8.2) 0.176

Body mass index, kg/m2 22.4 (2.7) 23.7 (3.6) 0.274

IMT = inspiratory muscle training.
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performed at least 30 consecutive maximal inspiratory attempts from
residual volume to total lung capacity. Based on peak inspiratory
flow (PIF), the strength index (S-index) was calculated using the
software included with the device (Breathe-Link, Version 1.0,
2012).18

Chest and Abdominal Wall Movements
The SLP device (Thora-3Di, PneumaCare Ltd, Cambridge, UK)
was used to quantify chest and abdominal wall movements during
5 minutes of silent tidal breathing.19 For SLP data acquisition, sub-
jects were requested to change into a close-fitting white t-shirt that
followed the contours of their bodies and SLP data were collected
on the bare chest. Participants were instructed to sit in a high-backed
chair with their necks in a neutral position and their backs as straight
as possible. This produced a one-dimensional signal that was viewed
on a computer using PneumaView-3D™ software (PneumaCare
Ltd, Cambridge, UK) and corresponded to an individual’s tidal
breathing pattern. Respiratory rate, inspiratory, and expiratory time
(TI and TE), TI/TE, and total breath time (Ttot), and TI/Ttot (duty
cycle) were among the measurements acquired from SLP.19,20 Inspi-
ratory to expiratory thoracoabdominal displacement rate ratio (IE50)
was the flow-based parameter.

fMRI Studies

PROTOCOL. After the individuals participating in the study were
evaluated with fMRI, they were taken to IMT for 8 weeks. They were
reassessed within 2 days after the training was over. MRI was performed
at National Magnetic Resonance Research Center (UMRAM, Bilkent
University, Turkey) using a 3-T scanner (Siemens Trio, Germany) mag-
net equipped with a 32-channel phased array head coil. Structural data
included a three-dimensional gradient-echo sequence (3D T1-weighted,

magnetization-prepared rapid gradient-recalled echo,
TR/TE = 2600/3.02 msec; FOV = 256 � 256; 176 volumes) with an
in-plane resolution (voxel size) of 1 � 1 � 1 mm3. An axial T2 turbo
spin-echo (TR/TE = 3600/100 msec; FOV = 220 mm) imaging was
also obtained to rule out any brain lesion and thus to confirm eligibility
of the subjects for this study. All the structural data were evaluated by a
neuroradiologist with an experience over 20 years (K.K.O.).

Radiological evaluation revealed no abnormality on structural
3DT1W and axial T2W images of the participants. Resting state-
fMRI was obtained using a T2*-weighted gradient echo planar
imaging (TR/TE = 2000/35 msec; matrix = 64 � 64, flip
angle = 75�; 184 volumes, voxel size = 3 � 3 � 3 mm3; acquisi-
tion time = 6.12 minutes).

FMRI PREPROCESSING. Preprocessing of RS-fMRI images was
performed with statistical parametric mapping12 (SPM12) (www.fil.
ion.ucl.ac.uk/spm/software/spm12, University College London,
London, United Kingdom) implemented in Matlab2020 (https://
www.mathworks.com) using standard procedure. First four images
of the run were discarded followed by realignment, co-registration,
segmentation of functional and structural images, and normalization
to the Montreal Neurological Institute (MNI) template using a
participant-specific transformation generated by fitting the mean
functional images to the echo-planar imaging standard toolbox tem-
plate. These images were interpolated to 3 � 3 � 3 mm3 voxels.
Smoothing using an 8 mm Gaussian kernel was performed to reduce
spatial noise and increase the signal-to-noise ratio. Component-based
noise correction method was applied for the reduction of noise in
images. Temporal frequencies below 0.008 Hz or above 0.09 Hz
were removed from the BOLD signal in order to focus on slow-
frequency fluctuations while minimizing the influence of physiologi-
cal, head-motion, and other noise sources.

TABLE 3. Effects of IMT on SLP Parameters Between the Groups

IMT Group (n = 14) Sham Group (n = 12)

Baseline After
Group

Differences Baseline After
Group

Differences
Between
Groups

Variables Mean (SD) Mean (SD) P value Mean (SD) Mean (SD) P value P value

Respiratory rate
(breaths/minute)

16.9 (4.0) 17.5 (3.4) 0.937 19.1 (4.1) 18.6 (2.8) 0.722 0.344

Ti 1.5 (0.3) 1.6 (0.3) 0.638 1.5 (0.2) 1.4 (0.2) 0.965 0.222

TE 2.2 (0.8) 1.9 (0.4) 0.480 1.9 (0.3) 1.9 (0.3) 0.959 1

Ti/TE 0.7 (0.1) 0.8 (0.1) 0.155 0.8 (0.1) 0.8 (0.1) 0.656 0.609

Ttot 3.7 (1.0) 3.5 (0.7) 0.724 3.3 (0.5) 3.3 (0.5) 1 0.501

Ti/Ttot 0.4 (0.04) 0.5 (0.04) 0.227 0.4 (0.04) 0.4 (0.04) 0.572 0.572

RCA (%) 52.9 (8.4) 52 (11.7) 0.814 51.3 (8.5) 51.3 (8.5) 0.759 0.851

IE50 1.5 (0.4) 1.3 (0.3) 0.859 1.3 (0.4) 1.3 (0.4) 0.033 1

T _I = inspiratory time; TE = expiratory time; Ttot = total breath time; RCA = relative contribution of abdomen to each breath;
IE50 = inspiratory to expiratory thoraco–abdominal displacement rate.
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TABLE 4. Significant Clusters (P < 0.05 FDR corrected) Within Default Mode Network in the Groups are Shown in
Terms of Cluster Size and Strengths of Activation and Deactivations With MNI x, y, z Coordinates

Groups Regions Cluster t value x y z

Positive

MPFC 823 11.9 �6 56 �6

Left LP 2236 18.2 12 �54 26

Baseline variables Right LP 1884 18.9 46 �64 32

PCC 1773 18.2 12 �54 26

Negative

Right insula 638 �9.9 58 12 6

Left insula 676 �10.6 �48 14 2

Positive

MPFC 610 10.9 �12 48 �06

Left LP 850 5.5 �54 �60 18

Sham group Right LP 1751 7.2 52 �60 14

PCC 1234 8.2 06 �46 08

Negative

Right jnsula 433 �8.7 40 8 8

Left insula 400 �8.9 �44 02 02

Positive

MPFC 603 8.9 4 60 �06

Left LP 1372 7.5 �42 �72 30

Right LP 1307 8.9 52 �58 20

IMT group PCC 1047 9.4 16 �52 20

Right insula - - - - -

Left insula - - - - -

Positive

Left postcentral gyrus 65 4.15 �38 �30 54

Sham vs. baseline Right postcentral gyrus 28 3.42 34 �34 54

Positive

Left insula 241 3.44 �42 �2 6

Right insula 14 3.65 46 2 6

Left putamen 241 4.46 �30 �4 8

IMT vs. baseline Right IFG 20 3.75 62 14 26

Left IFG 31 3.38 �44 14 8

Left cerebellum 10 3.49 �26 �58 �58

Negative

Left middle temporal gyrus 70 �3.67 �48 �64 26
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GENERAL LINEAR MODEL AND SEED-BASED
CONNECTIVITY ANALYSIS. Following preprocessing, the data
were analyzed using the general linear model, and these results were
used for group analysis using the CONN toolbox (SPM-based cross-
platform software for the computation, display, and analysis of func-
tional connectivity).21 Seed-based connectivity (SBC), which
reveals the connectivity patterns with a pre-defined seed, was
applied to the data in group analysis for RS networks. SBC maps
were computed as the Fisher-transformed bivariate correlation
coefficients between a region-of-interest (ROI, which are part of
the DMN and Insula) and each individual voxel in the time
series. SBC mapping was performed for DMN and bilateral
insula network and also for connectivities of these networks with
other regions of the brain.

In this study, as defined by the CONN toolbox, the DMN
consisted of the posterior cingulate cortex (PCC), medial prefrontal
cortex (MPFC), left–right lateral parietal (LP) cortex, while the
insula network was composed of right and left insula. The one-
sample t-test for each group was used to reveal the pattern of func-
tional connectivity including the DMN regions and insula network.
Within these networks, brain regions showing correlations with
MIP, MEP, S-index, IE50, TI/Ttot tests also were calculated with
regression analysis. Positive and negative correlated regions were
marked with red and blue colors, respectively.

Statistical Analysis
Data were analyzed using the statistical software package SPSS ver-
sion 23.0 (IBM Corp., Armonk, NY, USA) and tested using the
Kolmogorov–Smirnov calculation for normality. Statistical tests were
two-tailed and P < 0.05 was considered statistically significant. Anal-
ysis of continuous variables between the groups was completed using
the Student’s t test or Mann–Whitney U test and analysis between
IMT and sham groups was performed using the chi-square test
(nominal data). Wilcoxon signed rank test was performed for com-
parison within group before and after the treatment.

A statistical threshold of P < 0.001 uncorrected value was set at
voxel level across the whole-brain. For multiple comparison, we used
FDR-corrected P < 0.05 cluster-level as recommended by CONN tool-
box guide (https://web.conn-toolbox.org/fmri-methods/cluster-level-
inferences#h.p_CNRvEwPa1Xy2). Regions that survived these thresh-
olds were reported as active regions along with their cluster size and x, y,
z coordinates according to the MNI atlas. Activation maps and tables
were created including t values and cluster sizes for both groups. We
also compared IMT and sham IMT groups with baseline fMRI results
before the training defined as baseline including both groups’ subjects.
Differences in connectivity of DMN between-groups were tested using
a two-sample t test and the results were displayed on template anatomic
images in neurologic convention. Regions were automatically labeled
using the anatomy toolbox atlas x, y, and z MNI coordinates in the
left–right anterior–posterior and inferior–superior dimensions,
respectively.

Results
Demographic characteristics of the subjects are presented in
Table 1. As it can be observed, there were no significant dif-
ferences in age (P = 0.118), gender (P = 0.453), weight
(P = 0.860), height (P = 0.176), and body mass index
(P = 0.274) between the groups.

Table 2 shows the effects of IMT on lung and respiratory
muscle function. There were no significant changes in FEV1

(P = 0.648), FVC (P = 0.480), FEV1/FVC (P = 0.802), PEF
(P = 0.101) as pulmonary function testing variables, MEP
(p = 0.110), and respiratory muscle endurance time
(P = 0.705) between IMT and sham groups after the training.
The MIP, S-index and PIF were significantly improved in the
IMT group compared to the sham group at the end of 8th
week. Table 3 shows the results obtained from SLP before and
after the training. No statistically significant differences were
observed in respiratory rate (P = 0.344), Ti (P = 0.222),

TABLE 4. Continued

Groups Regions Cluster t value x y z

Positive

Right insula 80 4.41 46 2 6

Left insula 8 3.52 �44 0 2

IMT vs. sham Left IFG 51 4.44 �38 26 2

Right IFG 24 4.37 40 26 �6

Left cerebellum 18 3.86 �38 �58 �22

Negative

Right cerebellum 35 �4.48 52 �60 �40

Positive: Activated brain regions to the DMN. Negative: Deactivated brain regions to the DMN.
MPFC = medial prefrontal cortex; LP = lateral parietal; PCC = posterior cingulate cortex; IFG = inferior frontal gyrus;
IMT = inspiratory muscle training.
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FIGURE 2: DMN activation maps are shown (in neurologic convention) in groups separately before (a), and after IMT (b, sham; c,
IMT). After 8 weeks of IMT, insula deactivations with DMN regions show significant reduction (P < 0.001). Comparison of groups
increased activation in bilateral postcentral gyrus in sham group than baseline (d). Comparison of IMT and baseline, IMT group
reveals greater activation in the bilateral insula, left putamen, bilateral inferior frontal gyrus, and left cerebellum in the IMT group
than baseline and deactivation in the left middle temporal gyrus (e). Greater activation in bilateral inferior frontal gyrus, right insula,
left cerebellum and decreased activation right cerebellum in IMT group than sham (f).
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TE (P = 1.000), Ti/TE (P = 0.609), Ttot (P = 0.501), Ti/Ttot

(P = 0.572), relative contribution of abdomen to each breath
(P = 0.851), and IE50 (P = 1.000) of thoracic mobility param-
eters after IMT.

Imaging

DEFAULT MODE NETWORK. Table 4 presents the anatomi-
cal regions along with x, y, z coordinates, cluster size and

strength of the significant clusters at P < 0.05 (p-FDR
corrected) for DMN.

Default mode network pattern was similar in groups
(Fig. 2a–c). However, there were alterations in DMN in
terms of activation strengths and cluster sizes following train-
ing, more prominent in the IMT group (Table 4). Significant
cluster sizes and activation strengths at each defined compo-
nent of the DMN showed reduction in both sham and inter-
vention groups, more prominently in the IMT group.

FIGURE 3: Activation maps showing the regions (in neurologic convention) having positive (red) and negative (blue) correlations with
MEP test within DMN in the sham group. Left ACC, right ACC, left Superior temporal gyrus show positive correlation (from red to
orange color). Right middle frontal gyrus, right insula, show negative correlation (blue color) (a). Left IFG (pars triangularis) and left
IFG (pars opercularis) show positive correlations with TI/Ttot test within DMN in the IMT (b).
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FIGURE 4: Bilateral insula network and connectivity maps are shown (in neurologic convention) in the groups separately before (a),
and after IMT (b, sham; c, IMT). Insula activation shows reduction and ACC shows increased strength and extent of activation in the
IMT group after training (c) compared to baseline map (a) (P < 0.001). Comparison of groups increased activation in rectal gyrus and
decreased activation in right cerebellum in sham than baseline (d). IMT group reveals greater activation in right rectal gyrus, right
paraHippocampal gyrus, right IFG and decreased activation in left cerebellum than baseline (e). It shows greater activation of left
cerebellum, right superior medial gyrus, rectal gyrus, right parahippocampal gyrus, right middle orbital gyrus, left hippocampus, and
greater deactivation of right thalamus, right pallidum, right IFG and left middle temporal pole in IMT group than sham (f).
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TABLE 5. Significant Clusters (P < 0.05 FDR Corrected) Within Bilateral Insula Network in the Groups Are Shown in
Terms of Cluster Size and Strengths of Activation and Deactivations With MNI x,y,z Coordinates

Groups Regions Cluster t value x y z

Positive

Right insula 34,471 26.9 44 12 �4

Left insula 33,471 28.2 �38 12 �4

Baseline variables ACC 4931 11.7 �6 14 32

Negative

MPFC 4294 �8.2 0 54 �12

Right LP 7592 �8.9 54 �64 26

Left LP 7592 �8.0 �42 �64 30

PCC 7592 �8.4 0 �54 32

Positive

Right insula 16,760 25.0 50 8 0

Left insula 16,760 13.1 �30 10 �6

Sham group MPFC 1144 6.9 4 20 �22

Right LP - - - - -

Left LP - - - - -

ACC 1005 7.2 0 18 30

Negative

PCC 990 �8.3 6 �44 14

Positive

Right insula 9512 19.8 48 12 0

Left insula 8884 12.8 �42 8 �6

MPFC - - - - -

IMT group Right LP - - - - -

Left LP - - - - -

ACC 2877 9.1 10 12 36

Negative

PCC 156 �5.6 4 �46 18

Positive

Right rectal gyrus 10 3.47 12 18 �10

Sham vs. baseline

Negative

Right cerebellum 12 �4.09 38 �34 �34

Positive

Right rectal gyrus 296 4.62 12 24 �6
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Deactivation of bilateral insula with DMN also showed sig-
nificant reduction in both groups, profoundly in the IMT
group compared to baseline. Group comparisons of DMN
following IMT revealed greater activations in bilateral post-
central gyrus in sham compared to baseline results (Fig. 2d).
Bilateral insula, left putamen, bilateral inferior frontal gyrus
(IFG), and left cerebellum showed increased activation in
IMT group compared to baseline results (Fig. 2e). Right
insula, bilateral IFG, and left cerebellum, showed increased
activation while the right cerebellum showed lesser deactiva-
tion in the IMT group than sham (Fig. 2f).

In addition, there were common regions which showed
positive and negative correlations with MEP test in sham group
(Fig. 3a). Those regions include right and left ACC, left superior
temporal gyrus for positive correlations and right middle frontal
gyrus, right insula for negative correlations within DMN
(Fig. 3a). But there was no correlation between brain regions
with MIP, Sindex, IE50, Ti/Ttot tests within DMN. In IMT
group left IFG (pars triangularis) and left IFG (pars opercularis)
showed positive correlations with Ti/Ttot test within DMN
(Fig. 3b).

INSULA (BILATERAL) NETWORK. Insula activation and con-
nectivity with the other brain regions differed across the
groups. Significant clusters at P < 0.05 FDR corrected were
shown in Fig. 4a–c, Table 5. Expectantly, there were deacti-
vation areas including PCC, LP, MPFC within the insula
network, which are DMN components. Although to a lesser
extent, significant diminished deactivation occurred in these
regions (Table 5) after treatment especially in the IMT group.
The PCC deactivations showed the most remarkable reduc-
tion in the IMT group.

Insula activation was reduced and ACC activation was
increased in terms of both activation strength and cluster size
in the IMT group after the training (Fig. 4c). Group compar-
ison of the insula following IMT revealed greater activations
in rectal gyrus and decreased activation in right cerebellum in
sham than baseline results (Fig. 4d). The IMT group revealed
greater activation in right rectal gyrus, right parahippocampal
gyrus, right IFG and decreased activation in left cerebellum
than baseline (Fig. 4e). The IMT group revealed greater acti-
vation in the left cerebellum, right superior medial gyrus, rec-
tal gyrus, right parahippocampal gyrus, right middle orbital

TABLE 5. Continued

Groups Regions Cluster t value x y z

IMT vs. baseline Right parahippocampal gyrus 22 4.26 24 �40 0

Right IFG 16 3.56 58 �10 �22

Negative

Left cerebellum 13 �3.79 �18 �60 �60

Positive

Right superior medial gyrus 137 5.02 6 50 6

Medial frontal cortex 163 4.84 0 30 �24

IMT vs. sham Right parahippocampal gyrus 28 4.76 28 �40 �4

Left hippocampus 12 4.24 �14 �40 8

Left cerebellum 16 3.93 �6 �52 �40

Right rectal gyrus 13 3.57 4 48 �12

Right middle orbital gyrus 137 3.46 4 50 4

Negative

Right thalamus 47 �4.57 16 �12 6

Right pallidum 51 �4.31 28 �16 2

Right IFG 54 �3.87 52 18 20

Left medial temporal pole 16 �3.64 �26 14 �34

Positive: Activated brain regions to the insula network. Negative: Deactivated brain regions to the insula network.
ACC = anterior cingulate cortex; MPFC = medial prefrontal cortex; LP = lateral parietal; PCC = posterior cingulate cortex;
IMT = inspiratory muscle training.
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gyrus, left hippocampus and greater deactivation in the right
thalamus, right pallidum, right IFG than the sham group
(Fig. 4f, Table 5).

Within the insula network, there were no correlating
brain regions with MIP, MEP, S-index, IE50, Ti/Ttot tests.

Discussion
The results of this study showed that IMT enhanced respiratory
muscle strength and caused significant brain changes in the
DMN and insula networks assessed by RS-fMRI in healthy sub-
jects. Following the intervention, all DMN components showed
decreased activation, but the insula, which has an anticorrelation
with the DMN, showed increased activation. After IMT, how-
ever, there was no change in respiratory patterns as measured by
SLP. Respiratory muscle strength was positively correlated with
activity changes in the brain’s stimulus network (ACC, left supe-
rior temporal gyrus) but were negatively correlated with activity
in the right middle frontal gyrus, right insula. Breathing patterns
were positively correlated with left IFG. There have been neuro-
imaging studies investigating brain activity in different breathing
patterns (slow breathing, quick breathing, breath holding, single
breath loading, and so on),22–25 but this study investigates brain
activity in long-term respiratory muscle training. Raux et al.22

discovered that persistent inspiratory stress in a single session can
aid motor reorganization by reducing phrenic motoneuron
recruitment. This adaptive technique may improve the efficiency
of the respiratory muscles during inspiration by optimizing respi-
ratory muscle recruitment during persistent inspiratory loads.
Sustained inspiratory muscle loading was shown to diminish cor-
tical activation in premotor, motor, and sensory cortical areas in
one investigation using fMRI23. These findings imply that after
inspiratory loading, the central respiratory drive undergoes signif-
icant reconfiguration, which could explain some of the changes
in respiratory muscle efficiency.26 How S et al.27 assessed acute
and chronic effects of IMT on upper airways using a MRI in
healthy subjects. They found changes in upper airway morphol-
ogy and narrowing after IMT. However, we evaluated the
responses of IMT on brain activity using a fMRI.

In this work, the insula network showed greater activa-
tion after the IMT intervention. This result corroborates the
fact that the insula is a region of a brain network that pro-
cesses interoceptive information and hedonic appraisal and
combines sensory inputs with conscious and unconscious pro-
cesses like decision-making, emotions, pain, memory, motiva-
tion, and arousal.26 Additionally, anticipatory changes in
brain activity in other areas for emotion processing, such as
the cingulate cortex, prefrontal cortex, amygdala, cerebellum,
and midbrain/periaqueductal gray matter, have been identi-
fied28 and investigated in various neuroimaging studies of
breathlessness perception.29,30 The sensation of being out of
breath stimulates the upper airway and other respiratory mus-
cles, which can provide a huge source of motivation for

inspiring initiatives.31 This suggests that increasing respiratory
muscle strength aided healthy people in this study in improv-
ing the accuracy of their breathing predictions for a forthcom-
ing stimulus. These expectations are matched with sensory
input from the peripheral, allowing the brain to generate the
appropriate perception. Attention and interoceptive ability are
also thought to influence this system by altering prior expec-
tations and experiences or incoming sensory information.3,32

In addition, inspiratory muscle exercise increases hippocampal
gyrus responsiveness. Although the role of the hippocampi in
breathing perception is unknown, stimulation affected breath-
ing patterns and revealed linkages between neuronal discharge
and breathing patterns. The findings point to the hippocam-
pus acting as an auxiliary or compensation mechanism to help
the brain cope with the protracted challenge.33 Therefore,
IMT may develop breathlessness expectations and pay more
attention to breathing perception, as well as improve the
processing of respiratory signals for more accurate ventilator
interoception in healthy individuals.

In this study, the deactivated regions were found in the
MPFC, LP, and PCC after IMT. Activation of the insula
reduces DMN activation.34,35 The DMN competes with the
majority of task-related networks, and suppression of the
DMN is frequently associated with the activation of a cogni-
tive task-related network.23 In task-fMRI investigations, it has
been shown that connection within DMN areas helps to
facilitate or monitor cognitive performance, and changes in
functional coupling within DMN regions can predict differ-
ences in cognitive performance.36 The DMN deactivates dur-
ing cognitive tasks, with a magnitude that varies depending
on the task’s difficulty.23 DMN deactivation following IMT
in our subjects may have occurred because of their improved
attention to the task. Furthermore, DMN deactivation could
be linked to the interoceptive processing of dyspnea sensa-
tions.37 Breathing muscle performance may be affected by
changes in breathlessness perception. Deactivation of corollary
discharge between the motor and sensory cortices can help to
improve respiratory muscle strength.26

The correlation between respiratory muscle strength and
changes in brain activity seen in the right and left ACC, left
superior temporal gyrus with DMN after IMT suggests that
reappraisal of learned associations may also influence lower-order
sensory processing. With parasympathetic outflow, the left insula
has a large influence on autonomic regulation.38 The activation
of the left-side anterior insula, a region associated with inter-
oception, or the conscious awareness of physiological sensations,
was linked to breathlessness scores.39 In the right middle frontal
gyrus, right insula, left superior temporal gyrus of fMRI activity
was negatively linked with respiratory muscle strength. The
inverse connection between brain activity and respiratory param-
eters suggests a significant difference in prior, anticipatory brain
activity directed toward subjective perceptions following IMT
administration.24 These alterations in brain activity could
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indicate a shift in expectation in the direction of healthy con-
trols.40 It is possible that the IMT’s 8-week loading helped
reshape connections. This changed connectivity between the
interoceptive attention network and the primary sensorimotor
cortex aids in the processing of incoming and outgoing respira-
tory information, which could be linked to more accurate venti-
latory perceptions.

SLP measurements revealed no significant differences in
breathing patterns or regional respiratory functioning between
the two groups. The impact of IMT on breathing patterns
measured using SLP is feasible and easy to implement in
healthy individuals. Healthy people have normal tidal breath-
ing characteristics, and we have observed no change following
the training. Ideal efficiency of SLP in patients with
thoracoabdominal synchronization caused by greater work of
breathing requires further investigation.

Limitations
A potential limitation of the present study is not assessing
cognitive effects of IMT intervention. However, our primary
purpose was to understand brain networks of group effects of
IMT compared with sham-treated subjects. Furthermore, our
findings, which were based on young healthy subjects not in
large numbers, cannot be applied to patients with lung dis-
eases, particularly those with chronic dyspnea. We could have
done a thorax MRI instead of a spirometry assessment to see
the improvement in lung ventilation. However, we use SLP
as a novel technique for thoracic activity. More research is
needed to better understand brain activity in patients with
chronic respiratory disease after IMT intervention.

Conclusion
IMT showed positive achievements as a training method on
physiologic brain mechanisms in healthy subjects. IMT
improved respiratory muscle strength and caused significant
brain activity and connectivity changes in the default mode
network and insula networks assessed by RS-FMRI. These
changes may improve in ventilatory perception and may regu-
late breathing pattern by processing interoceptive signals with
high-intensity IMT. It may have an important role in adapta-
tion in respiratory health.
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