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Abstract

Objective Respiratory muscle dysfunction in patients with idiopathic pulmonary fibrosis (IPF) is a big challenge for
treatment and rehabilitation. To quantitatively assess diaphragm and chest wall dysfunction using dynamic Magnetic
Resonance Imaging (Dyn-MRI) in patients with IPF.

Methods Ninety-six patients with IPF and 50 gender- and age-matched controls were prospectively included and
underwent D-MRI with a dynamic fast spoiled gradient-recalled echo sequence. Respiratory muscles function were
assessed with thoracic anterior-posterior (AP), left-right (LR), cranial-caudal (CC) metrics. Moreover, lung area ratios,
height (DH), and area (DA) of diaphragm curvature between end-inspiration and end-expiration during both quiet
and deep breathing.

Results During quiet breathing, the functional metrics of the diaphragm and chest wall were comparable between
IPF patients and controls. However, during deep breathing, IPF patients exhibited significantly reduced ratios of AP,
CC, and lung area compared to controls. Moreover, the median ratios of DH and DA were higher in IPF patients than in
controls (DH: 0.96 vs. 0.81, p < 0.001; DA: 1.00 vs. 0.90, p < 0.001). Furthermore, the ratios of AP, CC, and lung area during
deep breathing were found to correlate with pulmonary function, total lung volume, and 6-minute walk distance.

Conclusion D-MRI demonstrated dysfunction in the diaphragm and chest wall among IPF patients, with respiratory
muscle dysfunction showing a correlation with the severity of disease.
Trial registration This article presents a prospective observational study that does not include the outcomes of

any healthcare interventions on human participants. The study was registered on September 11, 2018, under the
registration number NCT03666234.
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Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic and
progressive disorder with an estimated median survival
time of 3-5 years after diagnosis [1]. Patients with IPF
are characterized by restrictive ventilatory dysfunction,
progressively deteriorated exercise tolerance, impaired
health-related quality of life (HRQoL), and poorer sur-
vival [1]. Evaluation of respiratory muscle function is
helpful for the treatment and nursing of patients with
deteriorated dyspnea and exercise intolerance [2].

Conventional pulmonary function tests (PFTs) can
indirectly indicate mobility of the respiratory muscles;
however, it is impossible to quantitatively visualize the
chest wall and diaphragmatic motion. Recent studies
with CT and diaphragmatic ultrasound indicated that the
decrease in skeletal muscle mass and strength was associ-
ated with increased mortality and a worse prognosis in
interstitial lung disease (ILD) patients [3—-6]. With dia-
phragmatic ultrasound, fibrosis ILD (FILD) patients were
shown to have decreased diaphragmatic mobility during
deep breathing which is associated with reduced lung
volumes [7]. However, both CT and ultrasound possess
have inherent limitations. CT is associated with exposure
to ionizing radiation and 4D-CT with significant image
artifacts, which may affect the shape representation of
normal anatomy. In addition, ultrasound lacks the capa-
bility to synchronously measure the chest wall and dia-
phragmatic motion.

Magnetic resonance imaging (MRI) allows for non-
ionizing radiation and enables simultaneous visualization
of the diaphragmatic and chest wall motion during the
respiratory cycle. Yang et al. assessed the diaphragmatic
and chest wall motion in healthy population [8]. Several
studies evaluated diaphragmatic motion with Dynamic-
MRI (Dyn-MRI) in patients with idiopathic scoliosis
and neuromuscular diseases [9-12]. The structure and
motion of the diaphragm and chest wall also have been
applied to assess healthy people and some chronic respi-
ratory diseases, such as chronic obstructive pulmonary
disease (COPD) and asthma [13-15]. However, dia-
phragmatic and chest wall motion in IPF patients and
the correlation of respiratory muscle dysfunction and the
severity of IPF have not been reported.

Therefore, we aimed to assess the diaphragmatic and
chest wall function in IPF patients during quiet and deep
breathing using D-MRI, and to explore the relationship
between the diaphragmatic and chest wall motion with
and severity indicators of IPF including dyspnea, PFTs,
HRQoL, exercise tolerance, and the extent of pulmonary
fibrosis observed on high- resolution CT (HRCT).

Methods

Study cohort and design

This single-center prospective observational study was
approved by our Institutional Ethics Committee (2019-
123-K85-1). All participants provided written informed
consent. From August 2020 to April 2022, patients with
IPF and gender-and age-matched healthy controls were
prospectively enrolled. IPF was diagnosed by the mul-
tidisciplinary consensus based on the international
standard of 2011 ATS/ERS/JRS/ALAT criteria [1]. All
patients underwent HRCT, PFTs, a 6-minute walk dis-
tance test (6MWD), and chest MRI within 48 h. Figure 1
is the flowchart detailing how participants were selected
and how the research was conducted. Patients with other
lung diseases, such as malignancy, acute infection, neu-
romuscular disease, a history of chest or abdominal sur-
gery, or renal dysfunction were excluded. Subjects who
had MRI contraindications or failed to undergo MRI
or PFTs were also excluded. Gender and age-matched
people with normal HRCT and PFTs were included as
the control group. They also underwent HRCT, PFTs,
6MWD, and chest MRI within 48 h.

For assessment of the severity of IPF patients, in addi-
tion to PFTs, HRCT, and 6MWD, dyspnea was quanti-
fied by the Medical Research Council (MRC) scale [16].
Dyspnea was classified as mild (MRC=1), moderate
(MRC=2 or 3), and severe (MRC =4 or 5). HRQoL was
quantified using the St. George’s Respiratory Question-
naire (SGRQ) [17], a respiratory-specific Questionnaire
including respiratory symptoms, activity, and psycho-
social impact of the disease [17]. Higher scores (ranging
from 0 to 100) correspond to worse quality of life.

Pulmonary function test

All participants underwent PFTs according to the stan-
dards of ATS/ERS [18]. PFT measurements included the
percentage of predicted forced vital capacity (FVC%),
percentage of forced expiratory volume in one second
(FEV1%), FEV1/FVC%, percentage of predicted total lung
capacity (TLC%), and percentage of predicted DLco cor-
rected for measured hemoglobin (DLco%).

High-resolution CT

All participants underwent HRCT using multidetector
CT systems (Toshiba Aquilion ONE TSX-301 C/320;
Philips iCT/256). The whole chest was craniocaudally
scanned in the supine position from the lung apex to
the lowest hemidiaphragm in deep breathing. Acquisi-
tion parameters and reconstruction parameters were by
CT standards: tube voltage of 100-120 kV, tube current
of 100-300 mAs, section thickness of 0.625—-1 mm, table
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Fig. 1 The flowchart of inclusion and exclusion criteria of idiopathic pulmonary fibrosis (IPF) patients to this study

speed of 39.37 mm/s, gantry rotation time of 0.8 s, and
reconstruction increment of 1-1.25 mm.

MRI protocol

Before the MRI scan, all participants were trained to
practice quiet breathing and deep breathing in the
supine position. Non-contrast chest MRI was performed
on a 1.5T MRI scanner (MAGNETOM Aera; Siemens
Healthcare, Erlangen, Germany) with an 18-channel
phased-array body coil and 12-channel spine coil. To
monitor whether subjects cooperated with breath-
ing instructions (quiet breathing and deep breathing),
the respiratory cushion was attached to the right upper
abdomen using the respiratory belt. Free-breathing
Dynamic MRI(D-MRI) was acquired using a 2D dynamic
fast spoiled gradient-recalled echo sequence with paral-
lel imaging acceleration(r=2). The key parameters were
as follows: TR=868ms; TE=46ms; Flip Angle=160°
FOV =340 x 340 mm; resolution=0.8x0.8x10.0 mm. A
total of 40 frames for each slice were sampled with a time
of 16s.

According to Yang et al. [19], D-MRI was respectively
obtained in one coronal, one right sagittal, and three
transversal planes during free quiet-breathing and free
deep-breathing with a breathing navigator to monitor

the respiratory situation (Fig. 2). The transversal images
were respectively acquired at the level of the aortic arch,
tracheal carina, and the right diaphragmatic dome which
represent the upper, middle, and lower part of the chest
wall (Supplement Fig. 1). The coronal and sagittal images
were obtained in a coronal plane through tracheal bifur-
cation, and a right sagittal plane passing through the lung
apex and right diaphragmatic dome (Supplement Fig. 1),
respectively. For each imaging plane, D-MRI acquired the
cine of respiratory muscle motion of multiple breathing
cycles in both quiet breathing (16 s) and deep breath-
ing (16 s) without reathing hold. The total scanning time
including quiet breathing and deep breathing in one
coronal, one right sagittal, and three transversal planes is
160s.

Segmentation of MR images

Each frame on the transversal, coronal, and sagittal planes
among two to four respiratory cycles was manually seg-
mented by two cardiothoracic radiologists with 20 years
and 7 years of experience together using InferScholar
(https://www.infervision.com/). Lung was extracted from
each plane along the inner chest wall (Fig. 2). Both the
anteroposterior diameter (AP) and left to right trans-
versal diameter (left-right, LR) were measured on three
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Fig. 2 Segmentation of dynamic MRI. Lung on the transversal plane in end-expiration(a) and end-inspiration(d) were segmented along the inner chest
wall. Right lung on the sagittal plane in end-expiration(b) and end-inspiration(e) were segmented along the inner chest wall. Lung on the coronal plane
in end-expiration(c) and end-inspiration(f) were segmented along the inner chest wall

a b

Fig.3 Chest wall and diaphragm dimensions on MRI analyses. The anteroposterior diameter (AP) and transversal diameter (left-right, LR) were measured
on the transversal plane(a). The height of thorax was measured on the coronal cranial-caudal directions (CC) (b). The distance between the lung apex and
anterior diaphragm (AND), diaphragm apex (APD), and posterior diaphragm (POD) on sagittal plane(c). R/LAP=the anterior-posterior distance of right
and left lung, LR=the left-right distance, R/LCC=the cranial-caudal distance of right and left lung on coronal plane

transversal slices (Fig. 3a). The height of the thorax was
measured on the coronal cranial-caudal directions (CC)
(Fig. 3b and ¢) [12, 19, 20].

Evaluation of the motion of the chest wall

The motion of the chest wall during quiet breathing and
deep breathing was respectively by right and left AP
ratio, LR ratio, and thoracic area ratio at the end-inspi-
ration and end-expiration on three transversal planes at
the aortic arch, tracheal carina, and the right diaphrag-
matic dome levels [12, 19, 20]. The AP is defined as the

longest distance between the anterior inner chest wall
and the posterior inner chest wall and the LR is defined
as the longest distance between the right inner chest wall
and the left inner chest wall (Fig. 3a). We calculated right
and left AP, LR, and thoracic area ratios by dividing end-
inspiration data by end-expiration data.

Evaluation of diaphragmatic motion

The diaphragmatic motion was evaluated with the left
and right cranial-caudal (CC) distance measured as the
distance between the lung apex and diaphragmatic dome
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on the coronal slice [19] (Fig. 3b). Furthermore, the dis-
tance between the lung apex and the anterior diaphragm
(AND), diaphragm apex (APD), and posterior diaphragm
(POD) on the sagittal plane was also measured (Fig. 3c).
Moreover, to evaluate the shape of the diaphragm, the
area below the diaphragmatic curvature (DA) and the
height of the diaphragmatic curvature (DH) was mea-
sured to calculate the DA ratio and DH ratio at the end-
inspiration and end-expiration on the right diaphragm
(Fig. 4). The DA is the area between the diaphragm and
the line connecting between the anterior and posterior
diaphragmatic corners and the DH is the perpendicular
distance between the diaphragm apex and the line con-
necting between the anterior and posterior diaphrag-
matic angle.

Quantification of fibrosis on HRCT

According to Sun et al. [21, 22], lung segmentation was
performed with the software InferScholar (https://www.i
nfer-vision.com/) and manually corrected by one 15-year
experienced chest radiologist. Then ground-glass opaci-
ties (GGO), reticulation, and honeycombing signs on
HRCT were manually outlined in each CT slice, as shown
in Supplement Fig. 2. The extent of fibrosis was expressed
as the percentage of segmented reticulation and honey-
combing signs in the total lung volume (TLV).

Statistical analysis

All statistical analyses were performed with SPSS 26.0
(IBM Corp, Armonk, NY, USA). Data were assessed for
normal distribution before further statistical calculations.
Normally distributed data are presented as mean+SD
and non-normally distributed data are presented as
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median with interquartile ranges. Data of IPF patients
and healthy controls were compared in an unpaired t-test
and Mann-Whitney U test for continuous variables and
Fisher’s exact test or chi-square test for categorical vari-
ables. The Spearman correlation coefficient was used to
calculate the association between the clinical and MRI
metrics. The intraclass coefficients (ICC) were used to
determine the inter-observer agreement. ICCs were clas-
sified from null (=0) to very good (>0.80) and almost per-
fect (>0.95) [23]. The significance level was set at p <0.05.

Results

Baseline characteristics of all participants

Ninety-six patients with IPF (92 men, mean age: 61+7
years) and 50 healthy controls (46 men, mean age:
58+6 years) were enrolled. Demographic and clinical
data of IPF patients and healthy controls are depicted
in Table 1. In comparison to healthy controls, the TLV
of IPF patients was significantly reduced (4.3+0.9 L vs.
47+0.5 L, p=0.013). The mean values of FVC% pre-
dicted (82.9 £16.6), and FEV1% (86.0 + 15.8) predicted of
IPF patients were worse than those of healthy controls.
Moreover, the TLC% predicted (69.4+13.9) and DLco%
predicted (54.9+17.3) of IPF patients were significantly
lower than healthy controls. The 6MWD of IPF patients
was 495.5+74.7 m which was significantly worse than
the normal controls (775.6+49.5 m, p<0.001). Dyspnea
score was in MRC 1(47.9%) MRC 2(41.7%) and MRC 3
(10.4%). The extent of fibrosis of IPF measured on HRCT
was19.8 £11.3%.

Fig. 4 Measurements of the height (DH) and area (DA) of the diaphragm curvature (). The height of the diaphragm (DH) was measured to calculate
the DA ratio and DH ratio. The DA is the area between the diaphragm and the line connecting the anterior and posterior diaphragmatic corners and
the DH is the perpendicular distance between the diaphragm apex and the line connecting between the anterior and posterior diaphragmatic angle
between end-inspiration and end-expiration on the right diaphragm(a). Measurements of the height (DH) and area (DA) of the diaphragm curvature in

end-expiration(b) and end-inspitation(c)
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Table 1 The characteristics of all participants

patients IPF(N=96) Control(N=50) T/F P
Mean 61+7 58+6 2819 0.057
age(range)

Gender, male,  92(95.8%) 46(92.0%) 0.002 0.962
n (%)

Smoking, n (%) 80(83.3%) 16(32.0%) 4587 <0.001
Height(cm) 168.1+£59 1695+64 -1.370 0.173
Weight(kg) 729491 71.00+82 1.259 0.210
BM\(m/kgz) 258+26 247423 1.792 0.077
TLVon HRCT (L) 4.3+09 47+0.5 -2.511 0.013
Pulmonary function

FVC % 829+166 1033+£11.0 -7.895 <0.001
predicted

FEV1% 86.0+15.8 99.1+125 -5.118 <0.001
predicted

FEV1/FVC% 826+59 83.1+£99 -0.340 0.734
predicted

TLC% predicted 69.4+13.9 98.5+9.7 -13.325 <0.001
DLCO % 5494173  1000+14.1 -15.976 <0.001
predicted

6MWD(m) 49554747 77561495 -12.405 <0.001
Resting dyspnea (MRC), n (%)

1 46(47.9%) \

2 40(41.7%) \

3 10(10.4%) \

4 0 \

5 0 \

HRQoL

Respiratory 426+237 \

symptoms

Activity 518+743 \

Psychosocial 195+176  \

impact

Total 300+£173  \

GAP score,

n (%)

I 66(45.2%) \
Il 26(17.8%) \
Il 4(2.7%) \
HRCT, n (%)

ulp 78(81.3%) \

Possible UIP 18(18.7%) \
The percentage of ILD find-

ings on HRCT

GGO (%) 0.18+£09 \
Reticulation (%) 11.1+£89 \
Honeycomb-  87+103 \
ing (%)

Pulmonary 198+£113  \
fibrosis (%)

NOTE: IPF, idiopathic pulmonary fibrosis; BMI, body mass index; TLV: total lung
volume from HRCT; FEV1, forced expiratory volume; FVC, forced vital capacity;
TLC, total lung capacity; DLCO, diffusing capacity of the lungs for carbon
monoxide; 6 MWD, 6 min-walk distance; UIP, usual interstitial pneumonia; GAP,
gender-age-physiology variables (FVC and DLco); GGO, ground-glass opacity
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Evaluation of chest wall function

Table 2 indicated that the median AP ratio, LR ratio,
and lung area ratio on three transversal planes during
quiet breathing were comparable between IPF patients
and the control group (p>0.05). During deep breathing,
the median AP ratios on three transversal planes of IPF
patients significantly decreased in comparison with the
control group. Meanwhile, the median lung area ratios
of IPF patients on the aortic arch, tracheal carina, and
right diaphragmatic dome, respectively were also lower
than those of healthy controls (1.16vs 1.26, p<0.001;
1.11vs 1.19, p<0.001; 1.09 vs. 1.16, p<0.001). However,
the median LR ratio was similar between the IPF and
control group at each transversal plane during deep
breathing. The ICC were as follows: quiet breathing: AP
ratio: ICC=0.98; LR ratio: ICC=0.95; lung area ratio on
3 transversal planes: ICC=0.82; ICC=0.91; ICC=0.88.
Deep breathing: AP ratio: ICC=0.96;LR ratio: ICC =0.98;
lung area ratio on 3 transversal planes: ICC=0.88;
ICC=0.89; ICC=0.86.

Evaluation of diaphragmatic function
The diaphragmatic motion of the IPF and control group
during quiet and deep breathing were shown in Supple-
ment Figs. 3 and 4. Table 3 shows that the median CC
ratios, DA, DH, and lung area ratios in patients with IPF
were comparable to healthy controls during quiet breath-
ing. During deep breathing, the median CC ratios of IPF
patients on the coronal plane were lower than those of
healthy controls( left thorax 1.20 vs. 1.34, p<0.001; right
thorax 1.28 vs. 1.42, p<0.001) (Fig. 5). The median lung
area ratio of IPF patients decreased in comparison with
the control group (1.56 vs. 1.76, p<0.002). Meanwhile,
the median lung area ratio of IPF patients was lower
than healthy controls (1.38 vs. 1.60, p<0.001). More-
over, the median DH and DA ratios of IPF patients were
higher than healthy controls (DH: 0.96 vs. 0.81, p<0.001;
DA: 1.00 vs. 0.90, p<0.001). The ICC between manual
measurements was good (Quiet breathing, CC ratios
ICC=0.84, DA ICC=0.87, DH ICC=0.91, lung area ratio
ICC=0.88; Deep breathing, CC ratios ICC=0.89, DA
ICC=0.86, DH ICC=0.90, lung area ICC=0.91).
Furthermore, the thoracic area-time curves in the cor-
onal and sagittal planes (Fig. 6) indicated that the ampli-
tude of diaphragm movement during quiet breathing in
IPF patients was slightly lower than that in the control
group (Fig. 6a and b). However, the amplitude of dia-
phragm movement during deep breathing in IPF patients
was significantly lower than that in the control group
(Fig. 6c and d). By comparing the amplitude of motion
curves between two groups during quiet and deep
breathing, the mobility reserve of respiratory muscles in
IPF patients significantly reduced.
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Table 2 Comparison of chest wall motion on three transversal planes on dynamic MRI between IPF patients and control group

Ratios Quiet breathing Deep breathing
Controls IPF P Controls IPF P
The arcus aortae level
Left AP 1.02 (1.01,1.05) 1.02 (1.01,1.03) 0.151 1.17(1.12,1.25) 1(1.06,1.18) <0.001*
Right AP 1.01 (O 99 1 03) 1.02 (1.00, 1.03) 0.252 1.15(1.12,1.22) 1.09 (1.06, 1.14) <0.001*
LR 1.01 (1.00, 1.02) 1.01(1.00, 1.02) 0432 1.06 (1.04, 1.08) 1.04 (1.02,1.08) 0.067
Area 1.02 (1.01,1.04) 1.02 (1.01,1.04) 0.252 1.26 (1.16,1.34) 6(1.08,1.27) <0.001*
The tracheal carina level
Left AP 1.01 (1.01,1.02) 1.02 (1.01, 1.04) 0.054 1.14(1.08,1.18) 09 (1.06, 1.14) 0.004*
Right AP 1.01 (1 OO 1 03) 1.01(1.01,1.02) 0322 1.13(1.07 1.17) 1.07 (1.04,1.11) <0.001*
LR 1.01 (1.00, 1 01) 1.01 (1.00, 1.01) 0.462 1.04 (1.03,1 05) .03 (1.02,1.05) 0.068
Area 1.02 (1.01,1.03) 1.02 (1.01,1.03) 0.864 1.19(1.121.28) 1(1.06,1.17) <0.001*
The diaphragm dome Ievel
Left AP 1.02(1.01,1.03) 1.01 (1.01,1.02) 0.092 1.12(1.06, 1.15) 1.07 (1.03,1.09) <0.001*
Right AP 1.01(1.00,1.02) 1.01(1.01,1.02) 0.056 1.10(1.06,1.12) 1.06 (1.04, 1.09) <0.001*
LR 1.00 (1.00, 1.01) 1.00 (1.00, 1.01) 0.527 1.03 (1.02, 1.05) 1.03 (1.02, 1.05) 0438
Area 1.01 (1.00, 1.02) 1.01(1.00, 1.02) 0.051 1.16(1.08,1.22) 09 (1.06, 1.15) <0.001*
NOTE: *p <0.05. IPF, idiopathic pulmonary fibrosis; AP, anterior-posterior (AP) distance; LR, left-right (LR) distance
Table 3 Comparison of diaphragm motion of dynamic MRI between IPF patients and control group
Ratios Quiet breathing Deep breathing
Controls IPF P Controls IPF P
The coronal plane
Left CC 1.08 (1.07,1.10) 1.08 (1.06,1.11) 0.905 1.34(1.24,1.48) 1.20(1.15,1.30) <0.001*
Right CC 1.09 (1.07,1.12) 1.10(1.07,1.12) 0.505 142(1.29,1.55) 1.28(1.17,1.36) <0.001*
Area 1.15(1.12,1.18) 1.18(1.13,1.27) 0.057 1.76 (1.55,2.02) 1.56 (141, 1.73) <0.002*
The right sagittal plane
AND 04 (1.02,1.06) 1.04 (1.02, 1.06) 0.297 1(1.08,1.23) 1.10(1.05, 1.16) 0.062
APD 08 (1.06,1.10) 1.09 (1.06, 1.10) 0.946 0(1.2 142) 1.20(1.13,1.26) <0.001*
POD 08(1.07,1.11) 1.09(1.07,1.11) 0.831 1 32( ,1.38) 1.23(1.16, 1.29) <0.001*
Area 2(1.09,1.16) 1.12(1.10,1.15) 0.932 1.60 (1.36,1.73) 1.38(1.25, 1.50) <0.001*
DH 0.97(0.92,1.02) 0.96 (0.92, 1.00) 0.798 81(0.78,0.97) 0.96 (0.88,1.02) <0.001*
DA 0.98 (0.96,1.02) 0.98 (0.96,1.02) 0.228 0.90 (0.76, 1.02) 1.00 (0.89, 1.11) <0.001*

Note: *p <0.05.IPF, idiopathic pulmonary fibrosis; CC, the cranial-caudal distance; DH, the height of diaphragm; DA, the area of diaphragm; AND, APD, POD, the
distance between the lung apex and anterior Diaphragm, Diaphragm apex, and posterior Diaphragm on sagittal plane, respectively

a b
The coronal plane The right sagittal plane

4 2.5 = |IPF

2044 H H H H
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Fig.5 The box showed the difference of ratios between inspiration(IN) and expiration(EX) among idiopathic pulmonary fibrosis (IPF) patients and healthy
controls about diaphragm-related outcomes on the coronal(a) and sagittal planes(b). The cranial-caudal distance of right and left lung on coronal plane(R/
LCC).The lung area on the coronal plane(CA). The distance between the lung apex and anterior (AND), apex (APD), and posterior (POD) of diaphragm on
sagittal plane. The lung area on the coronal plane(SA). The height (DH) and area (DA) of the diaphragm curvature. *indicated p<0.05
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Fig. 6 The thoracic area time curves during quiet breathing and deep breathing. The coronal curve amplitude of idiopathic pulmonary fibrosis (IPF)
patients during quiet breathing is slightly lower than that of the control group(a). The sagittal curve amplitude of IPF patients during quiet breathing is
slightly lower than that of the control group(b). The coronal curve amplitude of IPF patients during deep breathing is significantly lower than that of the
control group(c). The sagittal curve amplitude of IPF patients during deep breathing is significantly lower than that of the control group(d)

Correlations of diaphragmatic and chest wall function with
severity of IPF patients

Table 1 shows that TLV on HRCT in patients with IPF
was smaller than in normal controls (t=-2.511, p=0.013).
Table 4 indicates that the AP ratios, CC ratios, and lung
areas ratios of each plane during deep breathing corre-
lated with TLV on HRCT (0.208-0.488, p<0.05), FVC%
predicted(0.227-0.467, p<0.05), FEV1% predicted
(0.276-0.462, p<0.05), TLC% predicted (0.264—0.453,
p<0.05), DLco% predicted (0.240-0.445, p<0.05) and
6MWD (0.305-0.481, p<0.05). In addition, the DH and
DA ratios of the diaphragm during deep breathing nega-
tively correlated with TLV (DH: r=-0.306, p<0.05; DA: r=-
0.281, p<0.05), FVC% predicted (DH: r=-0.385, p<0.01;
DA: r=-0.347, p<0.01), FEV1% predicted (DH: r=-0.429,
p<0.01; DA: r=-0.378, p<0.01), TLC% predicted (DH:
r=-0.395 p<0.01; DA: r=-0.398, p<0.01), and DLco% pre-
dicted (DH: r=-0.309, p<0.01; DA: r=-0.270, p<0.05).
However, neither diaphragmatic nor chest wall motion
metrics correlated with the extent of fibrosis on HRCT
(Supplement Table 1). Table 5 shows that the median
LR and lung area ratios, right CC ratio, and APD in IPF
patients were significantly different between MRC 1,

MRC 2, and MRC3. However, neither diaphragmatic nor
chest wall motion metrics correlate with HRQoL (Sup-
plement Table 1).

Discussion

In this study, we conducted a detailed evaluation of dia-
phragmatic and chest wall motion in IPF patients using
Dyn-MRI and there several findings as follow: (I) the
motion of the diaphragm and chest wall during deep
breathing in IPF patients had a significant reduction
when compared to the control group. (II) The motion
metrics of the diaphragm and chest wall during the deep
breathing were found to be correlated with TLV, FVC%,
FEV1%, TLC%, and DLco%; (III) The motion metrics
of the diaphragm and chest wall during deep breathing
showed correlations with 6-MWD and the level of dys-
pnea of IPF patients.

The diaphragm is the main breathing muscle and the
normal diaphragmatic motion is vital for ventilation. In
ILD, diaphragm dysfunction is related to hypoxia, mal-
nutrition, and overload due to the increased elastic recoil
of the lung [2, 24]. By ultrasound or CT, Savtana et al.
showed the diaphragmatic motion in ILD patients was
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Table 4 Correlations between motion metrics and pulmonary function in IPF patients
TLV (L) 6MWD(m) FVC% FEV1% TLC% DLco%

Chest Wall motional metrics

AAL Left AP 0.347%* 0.469%* 0.434** 0.377%* 0.386** 0.327%*
Right AP 0.355* 0.464* 0.454** 0.383** 0.371** 0.299*
LR 0.334* 0413* 0.278* 0.278* 0.267* 0.240*
Area 0.466** 0.447** 0.458** 0.406** 0.329** 0.375%*

TCL Left AP 0.355** 0.353* 0.259* 0.309* 0.267* 0.240*
Right AP 0.512%* 0.305* 0.472%* 0.425** 0.453** 0.367**
LR 0.188 0.443* 0227 0.161 0.206 0.367**
Area 0.444** 0.463** 0.458** 0410* 0.265* 0.389**

LDL Left AP 0.208* 0.401** 0.279* 0.276* 0.264* 0171
Right AP 0.425** 0.398** 0.388** 0416** 0.385** 0.395**
LR 0.366* 0.417** 0.164 0.104 0.104 0.109
Area 0.488** 0.481** 0.467** 0.462** 0.422** 0.347%*

Diaphragm motional metrics

CcpP Left CC 0.342** 0.269* 0.391** 0.351** 0.345** 0.445**
Right CC 0.292* 0.217* 0.366** 0.341** 0.328** 0.434**
Area 0.383** 0.383* 0.329** 0.276** 0.269* 0.400*

RSP AND 0.167 0.167 0.143 0.153 0.169 0.145
APD 0.205 0.205* 0.335** 0.350** 0.359** 0.340**
POD 0.341* 0.341* 0.325** 0.333** 0.305* 0.320**
Area 0.390** 0.390** 0.403** 0416** 0.391** 0.429**
DH -0.306* 0. 240* -0.385** -0.429** -0.395** -0.309**
DA -0.281* 0.138 -0.347** -0.378** -0.398** -0.270*

Note: * indicated p<0.05; ** indicated P<0.01.TLV, total lung volume; 6-MWD, 6 min-walk distance; FVC, forced vital capacity; FEV1, forced expiratory volume; TLC,
total lung capacity; DLCO, diffusing capacity of the lungs for carbon monoxide; AAL, the arcus aortae level; TCL, the tracheal carina level; LDL, the liver dome level;
CP, the coronal plane; RSP, the right sagittal plane. AP, anterior-posterior (AP) distance; LR, left-right (LR)distance; CC, the cranial-caudal distance; AND, APD, POD,
the distance between the lung apex and anterior, apex, and posterior of diaphragm on sagittal plane, respectively. DH, the height of diaphragm; DA, the area of

diaphragm

reduced, compared to the healthy controls during the
deep breathing [7, 25, 26]. However, by ultrasound, He et
al. found that the motion of the diaphragm was similar
between IPF patients and healthy controls [27]. By Dyn-
MR, our results indicated that the diaphragmatic motion
was decreased during deep breathing in IPF patients,
compared with the normal control. Furthermore, we
also found that the reduced motion of the diaphragm in
IPF patients was prominent in the posterior diaphragm
and diaphragm apex, but not in the anterior diaphragm.
This is consequent to lower APD and POD values in
patients with IPF, particularly in cases with more severe
symptoms. Moreover, this also may be related to the dis-
tribution of fibrosis, because the fibrosis of IPF is most
severe in subpleural regions of the lower lung, especially
prominent in the dorsal side of the lung bottom and the
contribution of central and posterior diaphragm motion
to ventilation is higher than the anterior part of the dia-
phragm [20]. Moreover, the area below the diaphragmatic
curvature (DA) and the height of the diaphragmatic cur-
vature (DH) in IPF patients during deep inspiration are
higher than those in the control group, which may be
explained by the progressively reduced lung volume of
IPF leading to a lower flattening of the diaphragm dur-
ing inspiration and a globally limited excursion [7]. In

contrast, the diaphragmatic curvature of COPD patients
was decreased and demonstrated more flattening due to
increased lung volume because of air trapping and airway
obstruction [28, 29].

According to a previous study [30], diaphragmatic
mobility was found to increase during quiet breathing in
COPD patients. In contrast, diaphragm motion during
quiet breathing in IPF patients was comparable to that of
control individuals. However, the amplitude of thoracic
area-time curves in IPF patients decreased, particularly
during deep breathing. By comparing the amplitude of
motion curves between the two groups during quiet and
deep breathing, we found a significant reduction of the
motion reserve in the respiratory muscles of IPF patients
which has not been reported in previous study. This may
be attributed to the increased lung elastic recoil experi-
enced in IPF, which places an excessive burden on the
respiratory muscles during deep breathing.

In addition to diaphragmatic motion, chest wall motion
also plays a role in active ventilation. However, there
have been few studies exploring the relationship between
chest wall motion and the severity of IPF. We observed a
significant reduction in chest wall motion in the dorsal-
ventral (anteroposterior) direction during deep breath-
ing in IPF patients, which is in line with findings from a
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Table 5 Diaphragm and chest wall motion in IPF patients with
the score of dyspnea

Patients MRC=1 MRC=2 MRC=3 F/(P)
(N=46) (N=40) (N=10)
Chest wall functional metrics
AAL LeftAP  1.11(1.05, 1110106, 1.12(1.07, 1643
ratio 1.20) 1.18) 1.18) (0.440)
Right AP 1.09(1.0 1.10(1.06, 1.11(1.08 8.761
ratio 1.13) 1.17) 1.22) (0.013)*
LRratio  1.07(1.02, 1.04(1.01, 1.03(1.02 6.859
1.10) 1.07) 1.08) (0.032) *
Area ratio  1.18(1.09, 1.15(1.06, 1.16(1.13 11.301
1.34) 1.28) 1.28) (0.004) *
CL Left AP 1.09(1.0 1.09(1.07, 1.09(1.07 0.012
ratio 1.15) 1.14) 1.13) (0.994)
Right AP 1.09(1.04, 1.07(1.03, 1.07(1.06 3476
1.11) 1.11) 1.11) (0.176)
LRratio  1.03(1.01, 1.03(1.02, 1.03(1.02,  4.188(0.123)
1.05) 1.05) 1.05)
Area ratio  1.15(1.06, 1.12(1.06, 1.11(1.08, 7.046
1.25) 1.16) 1.16) (0.030) *
DDL Left AP 1.07(1.0 1.06(1.02, 1.06(1.02 1.395
ratio 1.10) 1.09) 1.09) (0.498)
Right AP 1.06(1.04, 1.06(1.03, 1.06(1.03 3.777
ratio 1.09) 1.08) 1.08) (0.151)
LRratio  1.03(1.02, 1.03(1.02, 1.03(1.02 3.434(0.180)
1.06) 1.05) 1.05)
Area ratio  1.12(1.0 1.09(1.03, 1.10(1.06 9.615
1.17) 1.12) 1.12) (0.008) *
Diaphragm functional metrics
CcpP Left CC 1.21(1.13, 1.20(1.15, 1.20(1.15, 1.065(0.587)
ratio 1.38) 1.25) 1.25)
Right CC  1.31(1.17 127(1.15, 1.18(1.14,  9.091
ratio 1.39) 1.31) 1.25) (0.011)*
RSP AND 1.10(1.04 1.09(1.05, 1.08(1.05  5.175(0.075)
ratio 1.20) 1.14) 1.14)
APDratio  1.23(1.13, 1.19(1.12, 1.20(1.10, 7211
1.29) 1.24) 1.25) (0.027) *
PODratio 1.24(1.18, 1.21(1.15,  1.23(1.16, 4.116(0.128)
1.31) 1.27) 1.28)
DHratio  0.98(0.88 0.93(0.89, 0.95(0.87, 2.501(0.286)
1.04) 1.00) 1.00)
DAratio  0.96(0.87 1.03(091, 1.06(093, 6353
1.11) 1.11) 1.13) (0.052)

Note: *p <0.05.IPF, idiopathic pulmonary fibrosis; AAL, the arcus aortae level;
CL, the tracheal carina level; DDL, the diaphragm dome level; CP, the coronal
plane; RSP, the right sagittal plane. AP, anterior-posterior (AP) distance; LR, left-
right (LR) distance; CC, the cranial-caudal distance; AND, APD, POD, the distance
between the lung apex and anterior, apex, and posterior of diaphragm on
the sagittal plane, respectively; DH, the height of diaphragm; DA, the area of
diaphragm

study that utilized HRCT [26]. This can be explained by
the fact that the primary motion of the chest wall during
the respiratory cycle occurs in the dorsal ventral direc-
tion [19, 31].

In healthy volunteers [32-35] and patients with COPD
[36], diaphragm motion has been shown to correlate with
pulmonary function. In IPF patients, we found that both
the diaphragm and chest wall functional metrics during
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deep breathing measured using Dyn-MRI, were associ-
ated with FVC%, FEV1%, and TLC%. Additionally, there
was a negative correlation between increased diaphrag-
matic curvature and TLV, FVC%, FEV1%, and TLC%.
These findings suggest that diaphragm and chest wall
dysfunction correlate with PFTs in IPF patients.

Diaphragmatic weakness is associated with respira-
tory symptoms, especially exercise intolerance, dys-
pnea, sleep disturbances, and in the most severe cases,
a negative impact on survival [37]. By diaphragmatic
ultrasound, Santana PV et al. suggested that the lower
diaphragmatic mobility during deep breathing corre-
lated to increased dyspnea, worse HRQoL, and lung
function in patients with fibrotic ILD [25]. In this study,
the decreased diaphragm and chest wall motion cor-
related with the reduced 6MWD and severe dyspnea.
These indicated respiratory muscle dysfunction corre-
lated with the severity of IPF patients. Although impaired
HRQoL was observed in FILD patients, our study did not
find a correlation between diaphragmatic or chest wall
motion metrics and HRQoL. This may be attributed to
the absence of patients with poorer HRQoL in our pop-
ulation. Moreover, there was no significant correlation
between diaphragmatic and chest wall functional metrics
and the extent of pulmonary fibrosis, suggesting that the
dysfunction of respiratory muscles in IPF patients is not
solely influenced by the extent of fibrosis in the lungs.
Other factors such as hypoxia, exercise intolerance, and
malnutrition may contribute to the impaired function of
respiratory muscles in IPF patients. It highlights the com-
plex nature of respiratory muscle dysfunction in IPF and
the need to consider multiple factors when assessing its
impact.

There are several limitations of this study. This is a sin-
gle-center observational study, the distribution of cases
is unbalanced, such as a lack of patients with severe dys-
pnea (MRC=4 or 5) or poor HRQoL which may limit
the generalizability of results. Another limitation was
that we did not measure diaphragm thickness and force,
the correlation of diaphragm thickness and force with
diaphragmatic motion remains unknown. In addition,
Dyn-MRI was obtained in the supine position and PFTs
were obtained in the sitting position which may weaken
the correlation of respiratory muscle function and pul-
monary function. The correlation of respiratory muscle
dysfunction with the prognosis of IPF patient needs
further observation. Finally, the therapy with steroids
may certainly cause respiratory muscle weakness, while
the details about special treatment in IPF patients were
limited in this study. Together with the other potential
confounders, such as smoking will also be studied in the
future with larger sample sizes.
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Conclusions

Patients with IPF exhibited a significantly reduced
motion of the posterior diaphragm, diaphragm apex, and
chest wall in the dorsal-ventral direction during the deep
breathing. Additionally, the weaker diaphragm and chest
wall motion correlated with the clinical severity of IPFE.
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