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Abstract

Background and objectives

Respiratory muscles dysfunction has been reported in COPD. Transcranial magnetic stimu-

lation (TMS) has been used for assessing the respiratory corticospinal pathways particularly

of diaphragm. We aimed to study the cortico-diaphragmatic motor system changes in

COPD using TMS and to correlate the findings with the pulmonary function.

Methods

A case control study recruited 30 stable COPD from the out-patient respiratory clinic of Main

Alexandria University hospital- Egypt and 17 healthy control subjects who were subjected to

spirometry. Cortical conduction of the diaphragm was performed by TMS to all participants

followed by cervical magnetic stimulation of the phrenic nerve roots. Diaphragmatic resting

motor threshold (DRMT), cortical motor evoked potential latency (CMEPL), CMEP ampli-

tude (CMEPA), peripheral motor evoked potential latency (PMEPL), PMEP amplitude

(PMEPA) and central motor conduction time (CMCT) were measured.

Results

66.7% of COPD patients had severe and very severe COPD with median age of 59 (55–63)

years. There was statistically significant bilateral decrease in DRMT, CMEPA and PMEPA

in COPD group versus healthy subjects and significant increase in CMEPL and PMEPL

(p <0.01). Left CMCT was significantly prolonged in COPD group versus healthy subjects

(p <0.0001) but not right CMCT. Further, there was significant increase in CMEPL and

CMCT of left versus right diaphragm in COPD group (p = 0.003 and 0.001 respectively) that

inversely correlated with FEV1% and FVC% predicted. Right and left DRMT were insignif-

icantly different in COPD group (p >0.05) but positively correlated with FEV1/FVC, FEV1%

and FVC% predicted.

PLOS ONE | https://doi.org/10.1371/journal.pone.0217886 December 18, 2019 1 / 13

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Elnemr R, Sweed RA, Shafiek H (2019)

Diaphragmatic motor cortex hyperexcitability in

patients with chronic obstructive pulmonary

disease. PLoS ONE 14(12): e0217886. https://doi.

org/10.1371/journal.pone.0217886

Editor: Giuseppe Lanza, Universita degli Studi di

Catania, ITALY

Received: May 20, 2019

Accepted: November 18, 2019

Published: December 18, 2019

Copyright: © 2019 Elnemr et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: The manuscript files

(abstract, keywords, individual data points with

exclusion of personal data including age, sex,

anthropometric measures, comorbidities and some

laboratory tests were not added for respecting of

the participants confidentiality according to the

guidelines of Ethical committee of Faculty of

Medicine Alexandria University, IRB number

00012098 and FWA number 00018699) are

available from the Dryad database. DOI: https://doi.

org/10.5061/dryad.8sf7m0ch6 URL:https://

datadryad.org/stash/share/

SkvrxJtB8KsopwzckOUclEjA_v6blE8uR2bNfJlB9jI.

http://orcid.org/0000-0001-9604-4937
https://doi.org/10.1371/journal.pone.0217886
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0217886&domain=pdf&date_stamp=2019-12-18
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0217886&domain=pdf&date_stamp=2019-12-18
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0217886&domain=pdf&date_stamp=2019-12-18
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0217886&domain=pdf&date_stamp=2019-12-18
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0217886&domain=pdf&date_stamp=2019-12-18
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0217886&domain=pdf&date_stamp=2019-12-18
https://doi.org/10.1371/journal.pone.0217886
https://doi.org/10.1371/journal.pone.0217886
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.5061/dryad.8sf7m0ch6
https://doi.org/10.5061/dryad.8sf7m0ch6
https://datadryad.org/stash/share/SkvrxJtB8KsopwzckOUclEjA_v6blE8uR2bNfJlB9jI
https://datadryad.org/stash/share/SkvrxJtB8KsopwzckOUclEjA_v6blE8uR2bNfJlB9jI
https://datadryad.org/stash/share/SkvrxJtB8KsopwzckOUclEjA_v6blE8uR2bNfJlB9jI


Conclusion

Central cortico-diaphragmatic motor system is affected in COPD patients with heterogeneity

of both sides that is correlated with pulmonary function.

Significance

Coticospinal pathway affection could be a factor for development of diaphragmatic dysfunc-

tion in COPD patients accordingly its evaluation could help in personalization of COPD man-

agement especially pulmonary rehabilitation programs.

Introduction

Chronic obstructive pulmonary disease (COPD) is mainly presented with dyspnea and exer-

cise limitation secondary to irreversible airflow obstruction; however, nowadays COPD is con-

sidered as multi-systemic inflammatory disorder rather than simple respiratory disease. [1]

Respiratory muscles dysfunction, including the diaphragm which is considered the main inspi-

ratory muscle, has been reported in COPD compared to healthy elderly individuals [2] and has

been implicated in the development of dyspnea. Diaphragmatic dysfunction in COPD is either

mechanically secondary to air trapping and hyperinflation in COPD leads to chronic reduc-

tion of the apposition zone of the diaphragm [3] and shorten of the diaphragm fiber sarcomere

[4]; or local activation of muscle proteases and oxidative stress due to inspiratory loading

induces structural muscular injury. [5,6]

Transcranial magnetic stimulation (TMS) aims at measuring neuronal electrical activity [7]

using a stimulation device and a transducing coil. [8] The principle of TMS is based on induc-

tion of an electromagnetic field in the brain of sufficient magnitude and density to depolarize

the neurons. [9] TMS pulse applied over the primary motor cortex, using the stimulation coil

placed tangentially on the head, induces action potentials in cortical axons that spreads trans-

synaptically to neurons along the corticospinal tract and peripheral motor nerve. [10,11] These

excitation signals elicit responses in those muscles that receive corticomotor input from the

stimulated motor cortical area which are recorded as motor evoked potentials (MEPs). [10]

TMS has been used as an investigation tool for assessing the respiratory corticospinal pathways

and studying of diaphragmatic MEPs. [7,12,13]

In the last decade, a study demonstrated increased excitability of the motor cortex control-

ling respiratory muscles in COPD especially diaphragm which could be secondary to increased

inspiratory load and subsequent elevated respiratory drive. [14] Recently, other studies found

dysfunction of the corticospinal motor pathway assessed by TMS during acute exacerbation of

COPD patients with or without respiratory failure. [15,16] TMS was also used to assess the

response of genioglossus and diaphragm during inspiratory maneuvers in awake patients of

obstructive sleep apnea syndrome (OSAS) as well as asleep. [17] Further, increased motor cor-

tex inhibition in OSAS with abnormal plasticity related TMS phenomena has been demon-

strated in another study. [18] However, still little research has been conducted in COPD to

assess central neural drive to the diaphragm and its possible involvement in physiological

derangement in COPD patients. Accordingly, we aimed to study the cortico-diaphragmatic

motor system changes in COPD patients using TMS compared to healthy subjects as primary

outcome. In addition, we aimed to correlate between the MEPs changes and the pulmonary

function; and to detect possible cut-off value for corticospinal diaphragmatic pathway affection

that could be a reference in this group of patients as secondary outcomes.
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Material and methods

Study design and characterization of studied population

A case-control study that recruited stable COPD patients according to GOLD guidelines 2017

[1] attended the out-patient respiratory clinic of Main Alexandria University hospital, Egypt as

well as healthy control subjects between February 2017 to April 2018. Fifty-six COPD patients

and 30 healthy control subjects were invited to participate in the study, however, only 30

COPD patients and 17 healthy controls accepted to participate and complete all the tests.

All COPD patients were stable i.e. no COPD exacerbation in last 4 weeks, and were proved

to have airway obstruction using spirometry (post-bronchodilator FEV1/FVC< 0.70) accord-

ing to GOLD guidelines 2017. [1] The patients were further classified based on GOLD classifi-

cation into: mild (GOLD 1: FEV1� 80% predicted), moderate (GOLD 2: 50%� FEV1 < 80%

predicted), severe (GOLD 3: 30%� FEV1 < 50% predicted), and very severe disease (GOLD 4:

FEV1 < 30% predicted). [1] All patients who were known to have COPD exacerbation, current

oral corticosteroids therapy or within last 30 days, bronchial asthma, interstitial lung diseases,

metabolic diseases (mainly diabetes mellitus, uremia and hepatic failure), neurological diseases

(as cerebrovascular stroke, epilepsy, peripheral neuropathy and muscle diseases), body mass

index (BMI) more than 40 kg/mm2, history of drug abuse, history of any neoplasm, or any

contraindications for magnetic stimulation were excluded from the study. Further, 17 healthy

control subjects with normal lung function referred for check-up were recruited from other

clinics.

All the participants underwent detailed history taking specifically age, sex, smoking habits,

respiratory symptoms, current medications including inhalers, followed by clinical full exami-

nation and chest X-ray. Spirometry was performed to all participants according to ATS / ERS

guidelines [19] as post- bronchodilator FVC, FEV1 and FEV1/FVC ratio were recorded; at

least 3 acceptable trials were recorded for each participant and the best values were considered.

For COPD patients, arterial blood gases (ABG) were assessed for COPD patients, and venous

blood sample was taken for measurement of fasting blood glucose, liver function testing, renal

function testing, complete blood picture, and serum electrolytes (sodium and potassium).

Computed tomography of chest was performed if indicated clinically. The study has been

approved by the scientific committee of faculty of medicine, Alexandria University, Egypt, and

a written informed consent was obtained from all participants.

Diaphragmatic neural function assessment

Firstly, TMS of the diaphragm was carried out using Neuropack electrophysiological apparatus

(Nihon Kohden MEB-7102K Tokyo, Japan) and a 90-mm circular coil (with peak magnetic

field strength of 2 Tesla) that has an outer diameter of 115 mm and inner diameter of 55 mm.

The coil was applied tangentially to the scalp of patient at diaphragmatic motor cortical area, a

point of optimal excitability, located 3 cm lateral to midline and 2–3 cm anterior to auricular

plane [12] with face A of the coil visible from above (anticlockwise coil current) for left hemi-

sphere stimulation and face B (clockwise coil current) for right hemisphere stimulation

recording cortical MEPs responses. Surface electrodes were placed in the 7th and 8th right and

left intercostal spaces respectively within the anterior axillary line, and the reference electrode

on the corresponding lower rib for recording diaphragmatic cortical MEPs response contralat-

eral to the stimulation site. A ground electrode was placed on the manubrium sterni. [20] The

recording conditions utilized were: filter setting high at 3K Hz and low at 3Hz, vertical gain

0.2- 2mV/ division, and sweep speed 5 msec/ division. TMS was performed at 80% of the max-

imal magnetic output at the end of expiration by observing chest movement with the patients
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in the supine position during which diaphragmatic electromyograph was continuously moni-

tored on the device screen (Fig 1). The angle of the coil around the stimulation site was

changed until the highest MEPs response during inspiratory phase was recorded. All stimula-

tions were repeated 5 times with time interval of 45 to 60 seconds where the best 3 recordings

were selected for measurement. The values corresponded to the average of 3 stimulations.

TMS testing was performed during the morning between 8–9 a.m. The following parameters

were measured from central stimulation: cortical motor evoked potential latency (CMEPL) in

milliseconds (ms), CMEP amplitude (CMEPA) in microvoltage (μv). Further, the diaphrag-

matic resting motor threshold (DRMT) was measured and expressed as percentage of mag-

netic stimulator output. DRMT was defined as the lowest intensity level that evoked three or

more diaphragmatic CMEPs in a consecutive sequence of six stimuli after decreasing the mag-

netic field output in 10% steps, starting from 80% of the maximum strength. [21]

Fig 1. Demonstration example of CMEP and PMEP diaphragmatic signals in COPD and normal Subject. (A) CMEP of diaphragm in COPD patient noticing that

there is delayed latency and low amplitude of the response versus Fig 1B which represents healthy subject; (C) PMEP of diaphragm in COPD patient with low amplitude

of the response versus Fig 1D which represents healthy subject.

https://doi.org/10.1371/journal.pone.0217886.g001
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Secondly, cervical magnetic stimulation of the phrenic nerve roots in the neck was per-

formed bilaterally. The periphery of the circular coil of the apparatus was placed 2 cm lateral to

mid-line and 1–2 cm above the 5th cervical spine while the patient head slightly bent forward.

The diaphragmatic peripheral motor evoked potentials (PMEPs) were recorded using the

same recording electrodes setting previously discussed whereas peripheral motor evoked

potential latency (PMEPL) and PMEP amplitude (PMEPA) were measured. Central motor

conduction time (CMCT) was then calculated as follow: CMCT = CMEPL–PMEPL. [22]

Statistical analysis

Quantitative data were expressed as mean ± standard deviation (SD) or median (interquartile

range “IQR” = 25–75 percentile) according to the normal distribution of data while qualitative

data were expressed as number and percentage (n, %). Mann—Whitney test, Kruskal—Wallis

test, student t-test, Chi-square test and Spearman rho correlation were used as appropriate.

Post-hoc power analysis was performed and the average calculated power was 82% considering

the alpha error 0.05. ROC (receiver operating characteristic) curve and area under the curve

(AUC) has been used to detect cutoff values for diaphragmatic CMEPs that could differentiate

COPD from healthy individuals. All the analysis has been performed using MedCalc1 (version

9.2.1.0, Acacialaan 22, B-8400 Ostend, Belgium) and SPSS package (PASW Statistics for Win-

dows, Version 22.0. Chicago: SPSS Inc.).

Results

Participants’ characteristics

All the baselines characteristics of COPD patients and healthy control are shown in Table 1.

All the recruited patients (30 COPD patients and 17 healthy subjects) were males with no sta-

tistically significant difference between both groups regarding age, BMI, and smoking status

(p> 0.05). However, the median smoking index was significantly higher in COPD group vs.

healthy subjects (60 (45–80) vs. 20 (10–30) pack /year, p< 0.0001). Also 33.3% of COPD

patients had associated comorbidities–namely hypertension, ischemic heart diseases, obesity

and OSA–vs. 0% among healthy controls (p = 0.029).

Baseline FVC%, FEV1% and FEV1/FVC were significantly lower in COPD group

(p< 0.0001) where 2 COPD patient (6.7%) had mild airway obstruction, 8 patients (26.7%)

had moderate airway obstruction, 12 patients (40%) had severe airway obstruction and 8

patients (26.7%) had very severe airway obstruction according to GOLD classification.

Regarding the ABG, the median SaO2 was 96% (IQR = 94.8–97.0%) with mean PaO2 of

78.43 ± 20.8 mmHg. The mean PaCO2 was 40.5 ± 8.9 mmHg as 7 patients were hypercapneic

(23.3%).

Diaphragmatic neural function assessment

Both CMEPs and PMEPs of studied population are illustrated in Table 2 with demonstration

example in Fig 1. Regarding CMEPs, there was a statistically significant bilateral decrease in

DRMT and CMEPA in COPD group vs. healthy subjects (p< 0.0001). Further, there was a sta-

tistically significant increase in CMEPL bilaterally in COPD group vs. healthy subjects

(p< 0.0001 and p = 0.006 for CMEPL on left and right side respectively). Left CMCT was sig-

nificantly prolonged in COPD group vs. healthy subjects (p< 0.0001) but not for right CMCT

(p = 0.376).
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Regarding PMEPs, PMEPA on left and right were significantly decreased in COPD vs.

healthy controls (p< 0.0001 and p = 0.001 respectively). Also, bilateral recorded PMEPL was

significantly increased in COPD group vs. healthy subjects (p< 0.0001).

Table 3 shows the comparison between the right and left diaphragmatic neural function.

There was statistically significant increase in CMEPL and CMCT of left vs. right diaphragm in

COPD group (p = 0.003 and 0.001 respectively); but there was no statistically significant differ-

ence between right and left diaphragm in control group (p> 0.05).

Correlations

Left diaphragmatic CMEPL and CMCT inversely correlated with different pulmonary func-

tion parameters (i.e. FVC% predicted, FEV1% predicted and FEV1/FVC); and left diaphrag-

matic CMEPA positively correlated with pulmonary function parameters among the studied

Table 1. Demographic and baseline clinical characteristics of study population.

Character COPD (n = 30) Control (n = 17) p value

Age (years); median (IQR) 59 (55–63) 55 (50–59.5) 0.055

Gender; n (%)

Male / Female 30 (100) / 0 (0) 17 (100) / 0 (0) 1.0

BMI (Kg/mm2); mean ± SD 24.3 ± 4.7 22.8 ± 3.6 0.338

Smoking history; n (%)

smoker / ex-smoker 14 (46.7) / 16 (53.3) 11 (64.7) / 6(35.3) 0.375

smoking index (PYI) 60 (45–80) 20 (10–30) <0.0001�

Comorbidities; n (%) 10 (33.3) 0 (0) 0.029�

Hypertension / IHD / Obesity and OSA 6 (20) / 1 (3) / 3 (10) 0 (0)

Spirometry

FVC% predicted; median (IQR) 56 (50.3–66.3) 109 (98–123) < 0.0001�

FEV1% predicted; median (IQR) 42.9 (29–54) 123 (112–136.5) < 0.0001�

FEV1/FVC %; mean ± SD 57.6 ± 8.7 86.6 ± 8.5 < 0.0001�

ABG

pH; mean ± SD 7.43 ± 0.048 NA NA

PaO2 (mmHg); mean ± SD 78.43 ± 20.8

PaCO2 (mmHg); mean ± SD 40.5 ± 8.9

HCO3 (mmol/L); median (IQR) 25 (22–30)

SaO2%; median (IQR) 96 (94.8–97.0)

Laboratory tests

FBS (mg/dl); median (IQR) 101.5 (72–111) NA NA

Hb (g/dl); mean ± SD 13.9 ± 1.3

BUN (mg/dl); median (IQR) 15 (12–20)

Cr (mg/dl); mean± SD 0.81 ± 0.24

Na (mmol/L); median (IQR) 140 (137–144)

K (mmol/L); mean ± SD 4.1 ± 0.35

AST (U/L); median (IQR) 29.5 (22–41)

ALT (U/L); median (IQR) 27.5 (20–41)

Albumin (g/dl); median (IQR) 3.0 (2.9–3.4)

�: Statistically significant at p� 0.05

BMI: body mass index, OSA: obstructive sleep apnea, IHD: ischemic heart disease, PYI: pack/year index, PaO2: arterial partial pressure of oxygen, PaCO2: arterial partial

pressure of carbon dioxide, HCO3: bicarbonate, SaO2: oxygen saturation, FBS: fasting blood sugar, Hb: hemoglobin, BUN: blood urea nitrogen, Cr: creatinine, Na:

sodium, K: potassium, AST: aspartate transferase, ALT: alanine transferase, NA: not assessed.

https://doi.org/10.1371/journal.pone.0217886.t001
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population (p< 0.01; Fig 2A–2F). However, right diaphragmatic CMCT did not correlate with

pulmonary function parameters (p> 0.05) while right CMEPL is inversely correlated with

FVC% predicted (p = 0.036) but neither FEV1% predicted or FEV1/FVC (p> 0.05) among the

studied population. Both right and left diaphragmatic peripheral conduction (PMEPL and

PMEPA) were positively correlated with different pulmonary function parameters (p< 0.01).

In addition, both right and left DRMT were positivity correlated with FVC% predicted,

FEV1% predicted and FEV1/FVC (p< 0.001).

On the other hand, there was no statistically significant association between CMEPs,

PMEPs or DRMT and COPD severity according to GOLD classification (p> 0.05). Similarly,

there was no statistically significant correlation between diaphragmatic CMEPs, PMEPs or

Table 2. Comparison between the two studied groups regarding diaphragmatic CMEP and PMEP parameters.

Parameter COPD (n = 30) Control (n = 17) p value

Right diaphragm conduction

DRMT (%); mean ± SD 66.9 ± 8.2 89.5 ± 5.2 < 0.0001�

CMEPL (ms); median (IQR) 14.4 (11.9–16.5) 11.2 (10.5–12.4) 0.006�

CMEPA (μv); median (IQR) 120 (110–140) 177 (158.3–180.0) < 0.0001�

PMEPL (ms); mean ± SD 6.99 ± 1.05 5.4 ± 0.6 < 0.0001�

PMEPA (μv); median (IQR) 135.0 (117.0–160.0) 190 (179.5–196.3) < 0.0001�

CMCT (ms); median (IQR) 7.7 (4.9–9.2) 5.9 (5.6–6.6) 0.376

Left diaphragm conduction

DRMT (%); mean ± SD 68.6 ± 7.6 89 ± 4.4 < 0.0001�

CMEPL (ms); median (IQR) 16.8 (14.5–18.0) 10.9 (10.6–12.8) < 0.0001�

CMEPA (μv); mean ± SD 127.1 ± 23.8 173.9 ± 34.2 < 0.0001�

PMEPL (ms); median (IQR) 7.4 (6.0–8.4) 5.1 (4.7–5.75) < 0.0001�

PMEPA (μv); mean ± SD 147.3 ± 21.7 183.0 ± 35.9 0.001�

CMCT (ms); median (IQR) 9.3 (8.1–10.1) 6.2 (5.5–6.95) < 0.0001�

�: Statistically significant at p� 0.05

DRMT: diaphragmatic resting motor threshold, CMEPL: cortical motor evoked potential latency in milliseconds (ms), CMEPA: cortical motor evoked potential

amplitude in microvoltage (μv), PMEPL: peripheral motor evoked potential latency, PMEPA: peripheral motor evoked potential amplitude, CMCT: central motor

conduction time.

https://doi.org/10.1371/journal.pone.0217886.t002

Table 3. Comparison between right and left diaphragmatic CMEPs and PMEPs in both groups.

Parameter COPD group (n = 30) Control group (n = 17)

Right Left p value Right Left p value

DRMT (%) 66.9 ± 8.2 68.6 ± 7.6 0.417 89.5 ± 5.2 89 ± 4.4 0.778

CMEPL (ms) 14.4 (11.9–16.5) 16.8 (14.5–18.0) 0.003� 11.2 (10.5–12.4) 10.9 (10.6–12.8) 0.783

CMEPA (μv) 122.8 ± 22.3 127.1 ± 23.8 0.472 177 (158.3–180.0) 173.9 ± 34.2 0.959

PMEPL (ms) 6.99 ± 1.05 7.4 (6.0–8.4) 0.427 5.2 (4.9–5.8) 5.1 (4.7–5.8) 0.593

PMEPA (μv) 138.3 ± 25.7 147.3 ± 21.7 0.147 190 (179.5–196.3) 190 (147.5–196.5) 0.986

CMCT (ms) 7.7 (4.9–9.2) 9.3 (8.1–10.1) 0.001� 5.9 (5.6–6.6) 6.2 (5.5–6.95) 0.629

The data are presented as mean ± SD for DRMT of both groups, CMEPA, PMEPA and PMEPL of COPD group or median (IQR) for the remaining

�: Statistically significant at p� 0.05

DRMT: diaphragmatic resting motor threshold, CMEPL: cortical motor evoked potential latency in milliseconds (ms), CMEPA: cortical motor evoked potential

amplitude in microvoltage (μv), PMEPL: peripheral motor evoked potential latency, PMEPA: peripheral motor evoked potential amplitude, CMCT: central motor

conduction time.

https://doi.org/10.1371/journal.pone.0217886.t003
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DRMT and age, smoking status, smoking index, BMI, serum albumin or ABG parameters

(p> 0.05).

ROC analysis

According to ROC analysis, DRMT� 80% had diagnostic accuracy of 98.6% to differentiate

COPD from healthy control individuals with a sensitivity of 92% and specificity of 94%

(AUC = 0.986, CI95% = 0.936–0.998, p = 0.0001; Fig 3A). CMEPL > 12.9 ms had diagnostic

accuracy of 83% and sensitivity of 77% and specificity of 85% for differentiating COPD from

healthy subjects (AUC = 0.828, CI95% = 0.737–0.898, p = 0.0001; Fig 3B). CMCT > 6.7 ms

had diagnostic accuracy of 71.5% and sensitivity of 77% and specificity of 80% for differentiat-

ing COPD from healthy subjects (AUC = 0.715, CI95% = 0.612–0.803, p = 0.0001; Fig 3C).

CMEPA� 160 μv had 92% diagnostic accuracy, 98% sensitivity and 73.5% specificity for dif-

ferentiating COPD from healthy subjects (AUC = 0.916, CI95% = 0.841–0.963, p = 0.0001; Fig

3D).

Fig 2. Correlations between spirometric parameters (FEV% predicted and FVC% predicted) and left CMEPs (A-F).

https://doi.org/10.1371/journal.pone.0217886.g002

Cortico-diaphragmatic changes in COPD

PLOS ONE | https://doi.org/10.1371/journal.pone.0217886 December 18, 2019 8 / 13

https://doi.org/10.1371/journal.pone.0217886.g002
https://doi.org/10.1371/journal.pone.0217886


Discussion

In the current study, there was a statistically significant delayed diaphragmatic CMEP and

PMEP latencies as well as decreased CMEP / PMEP amplitudes and bilateral DRMT in COPD

patients compared to the healthy subjects. In addition, COPD patients had a statistically signif-

icant difference between right and left central motor diaphragmatic conduction — that to our

knowledge has not been discussed in previous publications — and inversely correlated with

pulmonary function testing.

Hopkinson et al [14] found that diaphragmatic PMEPL was significantly longer in COPD

patients than healthy controls. Similarly, Hamed et al [23] reported bilateral increase in

CMEPL and CMCT in their studied COPD patients compared to healthy control group. Yu

Wang et al [15] found prolonged CMCT and CMEPL evoked by TMS in patients with acute

exacerbation of COPD and respiratory failure as well as prolonged PMEPL and lower PMEPA

evoked by cervical magnetic stimulation. Further, El-Tantawi et al [24] found peripheral

phrenic nerve conduction abnormalities in 42.5% of their studied COPD patients that did not

correlate with disease severity. These results are in accordance with the current results and

Fig 3. ROC analysis in COPD patients for predicting cutoff for CMEPs. (A) for DMRT% (AUC = 0.986, CI95% =

0.936–0.998, p = 0.0001). (B) for CMEPL (AUC = 0.828, CI95% = 0.737–0.898, p = 0.0001). (C) CMEPA (AUC = 0.715,

CI95% = 0.612–0.803, p = 0.0001). (D) CMCT (AUC = 0.916, CI95% = 0.841–0.963, p = 0.0001).

https://doi.org/10.1371/journal.pone.0217886.g003
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could be explained by increased excitation of motor cortex and corticospinal pathways to the

respiratory muscles [25] and less excitability of intracortical facilitatory circuits at long inter-

stimulus intervals in the COPD patients. [14]

Interestingly, we found significant prolonged CMEPL and CMCT of left versus right dia-

phragm in COPD group which inversely correlated with FEV1% and FVC% predicted but not

ABG parameters. This denotes that there is heterogeneity in affection of respiratory muscles

which is in accordance with disease heterogeneity. [26] Moreover, increased inspiratory load

of respiratory muscles has been associated with significant activation of several motor cortical

areas as demonstrated by increased regional cerebral blood flow using positron emission

tomography [27] which could be affected asymmetrically. More recently, Dodd et al [28] dem-

onstrated by magnetic resonance imaging techniques that generalized functional activation of

resting-state networks in COPD patients compared to controls.

On the other hand, right and left DMRT were insignificantly different despite being dimin-

ished in COPD patients compared to healthy subjects that correlated positively with different

pulmonary function parameters. Hopkinson et al [14] and Hamed et al [23] found that DRMT

was significantly lower in stable COPD than healthy controls. Also, Hopkinson et al [25] in

another study found that DRMT did not change after the use of non-invasive ventilation for

stable COPD either in short or long term. The stability of DRMT could represent cortical

metaplasticity (i.e. change in the capacity of plasticity expression secondary to prior exposure)

[29] which could be due to load capacity imbalance of respiratory muscle pump in COPD

patients. [25]

Further, we proposed cut-off point for CMEPs (i.e. CMEPL, CMCT, CMEPA, and DRMT)

that had good diagnostic accuracy and sensitivity for predicting corticospinal pathway affec-

tion in case of COPD men patients. Lissens [7] demonstrated values for diaphragmatic

CMEPs in 10 healthy man only, which were close to the values recorded in our healthy sub-

jects. However, to our knowledge, there are no specific values proposed to date that could be

reference for CMEPs responses in COPD. We suppose that these values might be considered

as reference, however, further studies with larger population should be considered to confirm

these values.

Diaphragmatic dysfunction is strongly correlated with FEV1 in COPD [30] and correlated

with the perception of dyspnea among this group of patients. [31] Coticospinal pathway dys-

function could be another factor for the development of diaphragmatic dysfunction in COPD

patients. Accordingly its evaluation could help in the personalization of COPD management

especially pulmonary rehabilitation programs. Chun et al found significant improvement of

diaphragmatic motility after pulmonary rehabilitation using sonography. [32]

Further, assessment of diaphragmatic corticospinal pathway could be of value in evaluation

noninvasive ventilation use in stable severe and very severe COPD. [33] This has been demon-

strated by Hopkinson et al [25] who found that the excitability of the corticospinal pathway to

the diaphragm was reduced in 6 COPD patients after acute noninvasive ventilation use. This

could be explained by the fact that noninvasive ventilation reduced inspiratory muscles loads

[33] through reduces the cortical motor areas excitability supplying the respiratory muscles

especially the diaphragm. [34] Accordingly, TMS could be a good applicable tool for the evalu-

ation of central and peripheral diaphragmatic neural pathway which may affect the future

management of COPD patients.

The current study has some limitations. Firstly, we studied only the diaphragm as the main

respiratory muscle and we did not study the intercostals or abdominal muscles. This could be

because the cortical area for the diaphragm has been previously validated in healthy man

[12,13] rather than other respiratory muscles. Secondly, we used surface electrodes for dia-

phragm CMEPs recording and we did not use diaphragm needle electromyography. However,
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intercostal surface electrodes have been validated previously [20] and needle electromyography

is more invasive and could be associated with complications as pneumothorax. Thirdly, we did

not study the diaphragmatic CMEPs response at different intervals of time of at maximal inspi-

ratory efforts in COPD patients. However, Sharshar et al [35] studied before the response to

cortical stimulations at different points of time or inspiratory efforts in healthy men and they

concluded that cortical motor control of diaphragm is identical during different inspiratory

tasks. Fourthly, the studied population were only males with different severity of pulmonary

function. COPD is more prevalent in men worldwide that is caused mainly by smoking

[36,37] and it was not surprising to have more prevalence of COPD in men in our community.

Further, COPD is a complex heterogeneous disease with various severity of airway obstruction

that is associated with respiratory muscle dysfunction, contribute to their disease prognosis

irrespective of the lung function. [38] Lastly, the studied population was relatively small; how-

ever, the post-hoc power analysis was 82%, CI 95% was narrow with AUC > 0.8 in most of

tested CMEPs which supports the relevance of the analyzed data and its good power.

Conclusions

Central cortico-diaphragmatic motor system is affected in COPD patients with heterogeneity

of both sides that is correlated with airway obstruction but not with COPD severity or ABG

changes. Moreover, the current study suggests that if the CMEPs shows prolonged latency and

conduction time, this might predict diaphragmatic corticospinal affection in COPD patients.

These findings could be a step for future studies directed towards the evaluation of the dia-

phragm in COPD especially after various therapeutic interventions using a noninvasive tool as

the TMS.

Acknowledgments

The authors would like to thank the technicians/nurses in the pulmonary function unit for

their willing to help in the current manuscript. Dr. Shafiek is the guarantor of the manuscript.

Author Contributions

Data curation: Rania Ahmad Sweed.

Formal analysis: Hanaa Shafiek.

Investigation: Rania Ahmad Sweed.

Methodology: Rehab Elnemr.

Supervision: Hanaa Shafiek.

Validation: Hanaa Shafiek.

Writing – original draft: Rehab Elnemr, Hanaa Shafiek.

Writing – review & editing: Hanaa Shafiek.

References
1. Vogelmeier CF, Criner GJ, Martinez FJ, Anzueto A, Barnes PJ, Bourbeau J, et al. (2017) Global Strat-

egy for the Diagnosis, Management, and Prevention of Chronic Obstructive Lung Disease 2017 Report.

GOLD Executive Summary. Am J Respir Crit Care Med 195: 557–582. https://doi.org/10.1164/rccm.

201701-0218PP PMID: 28128970

2. Dos Santos Yamaguti WP, Paulin E, Shibao S, Chammas MC, Salge JM, Ribeiro M, et al. (2008) Air

trapping: The major factor limiting diaphragm mobility in chronic obstructive pulmonary disease

Cortico-diaphragmatic changes in COPD

PLOS ONE | https://doi.org/10.1371/journal.pone.0217886 December 18, 2019 11 / 13

https://doi.org/10.1164/rccm.201701-0218PP
https://doi.org/10.1164/rccm.201701-0218PP
http://www.ncbi.nlm.nih.gov/pubmed/28128970
https://doi.org/10.1371/journal.pone.0217886


patients. Respirology 13: 138–144. https://doi.org/10.1111/j.1440-1843.2007.01194.x PMID:

18197925

3. Cassart M, Pettiaux N, Gevenois PA, Paiva M, Estenne M (1997) Effect of chronic hyperinflation on dia-

phragm length and surface area. Am J Respir Crit Care Med 156: 504–508. https://doi.org/10.1164/

ajrccm.156.2.9612089 PMID: 9279231

4. Smith J, Bellemare F (1987) Effect of lung volume on in vivo contraction characteristics of human dia-

phragm. J Appl Physiol (1985) 62: 1893–1900.

5. Orozco-Levi M, Lloreta J, Minguella J, Serrano S, Broquetas JM, Gea J (2001) Injury of the human dia-

phragm associated with exertion and chronic obstructive pulmonary disease. Am J Respir Crit Care

Med 164: 1734–1739. https://doi.org/10.1164/ajrccm.164.9.2011150 PMID: 11719318

6. Reid WD, Huang J, Bryson S, Walker DC, Belcastro AN (1994) Diaphragm injury and myofibrillar struc-

ture induced by resistive loading. J Appl Physiol (1985) 76: 176–184.

7. Lissens MA (1994) Motor evoked potentials of the human diaphragm elicited through magnetic tran-

scranial brain stimulation. J Neurol Sci 124: 204–207. https://doi.org/10.1016/0022-510x(94)90327-1

PMID: 7964872

8. Jalinous R (1991) Technical and practical aspects of magnetic nerve stimulation. J Clin Neurophysiol 8:

10–25. https://doi.org/10.1097/00004691-199101000-00004 PMID: 2019644

9. Mills KR, Boniface SJ, Schubert M (1992) Magnetic brain stimulation with a double coil: the importance

of coil orientation. Electroencephalogr Clin Neurophysiol 85: 17–21. https://doi.org/10.1016/0168-5597

(92)90096-t PMID: 1371739

10. Groppa S, Oliviero A, Eisen A, Quartarone A, Cohen LG, Mall V, et al. (2012) A practical guide to diag-

nostic transcranial magnetic stimulation: report of an IFCN committee. Clin Neurophysiol 123: 858–

882. https://doi.org/10.1016/j.clinph.2012.01.010 PMID: 22349304

11. Barker AT, Jalinous R, Freeston IL (1985) Non-invasive magnetic stimulation of human motor cortex.

Lancet 1: 1106–1107. https://doi.org/10.1016/s0140-6736(85)92413-4 PMID: 2860322

12. Maskill D, Murphy K, Mier A, Owen M, Guz A (1991) Motor cortical representation of the diaphragm in

man. J Physiol 443: 105–121. https://doi.org/10.1113/jphysiol.1991.sp018825 PMID: 1822523

13. Khedr EM, Trakhan MN (2001) Localization of diaphragm motor cortical representation and determina-

tion of corticodiaphragmatic latencies by using magnetic stimulation in normal adult human subjects.

Eur J Appl Physiol 85: 560–566. https://doi.org/10.1007/s004210100504 PMID: 11718285

14. Hopkinson NS, Sharshar T, Ross ET, Nickol AH, Dayer MJ, Porcher R, et al. (2004) Corticospinal con-

trol of respiratory muscles in chronic obstructive pulmonary disease. Respir Physiol Neurobiol 141: 1–

12. https://doi.org/10.1016/j.resp.2004.04.003 PMID: 15234671

15. Wang Y, Liu N, Zhang Z (2019) Respiratory electrophysiologic studies in chronic obstructive pulmonary

disease. Medicine (Baltimore) 98: e13993.

16. Mohamed-Hussein AA, Hamed SA, Abdel-Hakim N (2007) Cerebral cortical dysfunction in chronic

obstructive pulmonary disease: role of transcranial magnetic stimulation. Int J Tuberc Lung Dis 11:

515–521. PMID: 17439674

17. Series F, Wang W, Similowski T (2009) Corticomotor control of the genioglossus in awake OSAS

patients: a transcranial magnetic stimulation study. Respir Res 10: 74. https://doi.org/10.1186/1465-

9921-10-74 PMID: 19678922

18. Lanza G, Cantone M, Lanuzza B, Pennisi M, Bella R, Pennisi G, et al. (2015) Distinctive patterns of cor-

tical excitability to transcranial magnetic stimulation in obstructive sleep apnea syndrome, restless legs

syndrome, insomnia, and sleep deprivation. Sleep Med Rev 19: 39–50. https://doi.org/10.1016/j.smrv.

2014.04.001 PMID: 24849846

19. Miller MR, Hankinson J, Brusasco V, Burgos F, Casaburi R, Coates A, et al. (2005) Standardisation of

spirometry. Eur Respir J 26: 319–338. https://doi.org/10.1183/09031936.05.00034805 PMID:

16055882

20. Demoule A, Verin E, Locher C, Derenne JP, Similowski T (2003) Validation of surface recordings of the

diaphragm response to transcranial magnetic stimulation in humans. J Appl Physiol (1985) 94: 453–

461.

21. Zifko U, Remtulla H, Power K, Harker L, Bolton CF (1996) Transcortical and cervical magnetic stimula-

tion with recording of the diaphragm. Muscle Nerve 19: 614–620. https://doi.org/10.1002/(SICI)1097-

4598(199605)19:5<614::AID-MUS9>3.0.CO;2-E PMID: 8618559

22. Hallett M (2000) Transcranial magnetic stimulation and the human brain. Nature 406: 147–150. https://

doi.org/10.1038/35018000 PMID: 10910346

23. Hamed SA, Youssef AH, Abd-Elaal RF, Hassan MM (2013) Evaluation of central diaphragmatic neural

function in early stages of chronic obstructive pulmonary disease. J Neur Aand Neuroscience 4: 4.

Cortico-diaphragmatic changes in COPD

PLOS ONE | https://doi.org/10.1371/journal.pone.0217886 December 18, 2019 12 / 13

https://doi.org/10.1111/j.1440-1843.2007.01194.x
http://www.ncbi.nlm.nih.gov/pubmed/18197925
https://doi.org/10.1164/ajrccm.156.2.9612089
https://doi.org/10.1164/ajrccm.156.2.9612089
http://www.ncbi.nlm.nih.gov/pubmed/9279231
https://doi.org/10.1164/ajrccm.164.9.2011150
http://www.ncbi.nlm.nih.gov/pubmed/11719318
https://doi.org/10.1016/0022-510x(94)90327-1
http://www.ncbi.nlm.nih.gov/pubmed/7964872
https://doi.org/10.1097/00004691-199101000-00004
http://www.ncbi.nlm.nih.gov/pubmed/2019644
https://doi.org/10.1016/0168-5597(92)90096-t
https://doi.org/10.1016/0168-5597(92)90096-t
http://www.ncbi.nlm.nih.gov/pubmed/1371739
https://doi.org/10.1016/j.clinph.2012.01.010
http://www.ncbi.nlm.nih.gov/pubmed/22349304
https://doi.org/10.1016/s0140-6736(85)92413-4
http://www.ncbi.nlm.nih.gov/pubmed/2860322
https://doi.org/10.1113/jphysiol.1991.sp018825
http://www.ncbi.nlm.nih.gov/pubmed/1822523
https://doi.org/10.1007/s004210100504
http://www.ncbi.nlm.nih.gov/pubmed/11718285
https://doi.org/10.1016/j.resp.2004.04.003
http://www.ncbi.nlm.nih.gov/pubmed/15234671
http://www.ncbi.nlm.nih.gov/pubmed/17439674
https://doi.org/10.1186/1465-9921-10-74
https://doi.org/10.1186/1465-9921-10-74
http://www.ncbi.nlm.nih.gov/pubmed/19678922
https://doi.org/10.1016/j.smrv.2014.04.001
https://doi.org/10.1016/j.smrv.2014.04.001
http://www.ncbi.nlm.nih.gov/pubmed/24849846
https://doi.org/10.1183/09031936.05.00034805
http://www.ncbi.nlm.nih.gov/pubmed/16055882
https://doi.org/10.1002/(SICI)1097-4598(199605)19:5<614::AID-MUS9>3.0.CO;2-E
https://doi.org/10.1002/(SICI)1097-4598(199605)19:5<614::AID-MUS9>3.0.CO;2-E
http://www.ncbi.nlm.nih.gov/pubmed/8618559
https://doi.org/10.1038/35018000
https://doi.org/10.1038/35018000
http://www.ncbi.nlm.nih.gov/pubmed/10910346
https://doi.org/10.1371/journal.pone.0217886


24. El-Tantawi GA, Imam MH, Morsi TS (2015) Phrenic Nerve Conduction Abnormalities Correlate with

Diaphragmatic Descent in Chronic Obstructive Pulmonary Disease. COPD 12: 516–524. https://doi.

org/10.3109/15412555.2014.993465 PMID: 25774441

25. Hopkinson NS, Sharshar T, Dayer MJ, Lofaso F, Moxham J, Polkey MI (2012) The effect of acute non-

invasive ventilation on corticospinal pathways to the respiratory muscles in chronic obstructive pulmo-

nary disease. Respir Physiol Neurobiol 183: 41–47. https://doi.org/10.1016/j.resp.2012.05.018 PMID:

22652437

26. Wedzicha JA (2000) The heterogeneity of chronic obstructive pulmonary disease. Thorax 55: 631–

632. https://doi.org/10.1136/thorax.55.8.631 PMID: 10899236

27. Isaev G, Murphy K, Guz A, Adams L (2002) Areas of the brain concerned with ventilatory load compen-

sation in awake man. J Physiol 539: 935–945. https://doi.org/10.1113/jphysiol.2001.012957 PMID:

11897862

28. Dodd JW, Chung AW, van den Broek MD, Barrick TR, Charlton RA, Jones PW (2012) Brain structure

and function in chronic obstructive pulmonary disease: a multimodal cranial magnetic resonance imag-

ing study. Am J Respir Crit Care Med 186: 240–245. https://doi.org/10.1164/rccm.201202-0355OC

PMID: 22652026

29. Abraham WC, Bear MF (1996) Metaplasticity: the plasticity of synaptic plasticity. Trends Neurosci 19:

126–130. https://doi.org/10.1016/s0166-2236(96)80018-x PMID: 8658594

30. Scheibe N, Sosnowski N, Pinkhasik A, Vonderbank S, Bastian A (2015) Sonographic evaluation of dia-

phragmatic dysfunction in COPD patients. Int J Chron Obstruct Pulmon Dis 10: 1925–1930. https://doi.

org/10.2147/COPD.S85659 PMID: 26392767

31. Rocha FR, Bruggemann AK, Francisco DS, Medeiros CS, Rosal D, Paulin E (2017) Diaphragmatic

mobility: relationship with lung function, respiratory muscle strength, dyspnea, and physical activity in

daily life in patients with COPD. J Bras Pneumol 43: 32–37. https://doi.org/10.1590/S1806-

37562016000000097 PMID: 28380186

32. Chun EM, Han SJ, Modi HN (2015) Analysis of diaphragmatic movement before and after pulmonary

rehabilitation using fluoroscopy imaging in patients with COPD. Int J Chron Obstruct Pulmon Dis 10:

193–199. https://doi.org/10.2147/COPD.S74438 PMID: 25670895

33. Diaz O, Begin P, Torrealba B, Jover E, Lisboa C (2002) Effects of noninvasive ventilation on lung hyper-

inflation in stable hypercapnic COPD. Eur Respir J 20: 1490–1498. https://doi.org/10.1183/09031936.

02.00034402 PMID: 12503709

34. Sharshar T, Ross ET, Hopkinson NS, Porcher R, Nickol AH, Jonville S, et al. (2004) Depression of dia-

phragm motor cortex excitability during mechanical ventilation. J Appl Physiol (1985) 97: 3–10.

35. Sharshar T, Hopkinson NS, Ross ET, Jonville S, Dayer MJ, Nickol AH, et al. (2005) Motor control of the

costal and crural diaphragm—insights from transcranial magnetic stimulation in man. Respir Physiol

Neurobiol 146: 5–19. https://doi.org/10.1016/j.resp.2004.10.010 PMID: 15733775

36. Ntritsos G, Franek J, Belbasis L, Christou MA, Markozannes G, Altman P, et al. (2018) Gender-specific

estimates of COPD prevalence: a systematic review and meta-analysis. Int J Chron Obstruct Pulmon

Dis 13: 1507–1514. https://doi.org/10.2147/COPD.S146390 PMID: 29785100

37. Adeloye D, Chua S, Lee C, Basquill C, Papana A, Theodoratou E, et al. (2015) Global and regional esti-

mates of COPD prevalence: Systematic review and meta-analysis. J Glob Health 5: 020415. https://

doi.org/10.7189/jogh.05-020415 PMID: 26755942

38. Gea J, Pascual S, Casadevall C, Orozco-Levi M, Barreiro E (2015) Muscle dysfunction in chronic

obstructive pulmonary disease: update on causes and biological findings. J Thorac Dis 7: E418–438.

https://doi.org/10.3978/j.issn.2072-1439.2015.08.04 PMID: 26623119

Cortico-diaphragmatic changes in COPD

PLOS ONE | https://doi.org/10.1371/journal.pone.0217886 December 18, 2019 13 / 13

https://doi.org/10.3109/15412555.2014.993465
https://doi.org/10.3109/15412555.2014.993465
http://www.ncbi.nlm.nih.gov/pubmed/25774441
https://doi.org/10.1016/j.resp.2012.05.018
http://www.ncbi.nlm.nih.gov/pubmed/22652437
https://doi.org/10.1136/thorax.55.8.631
http://www.ncbi.nlm.nih.gov/pubmed/10899236
https://doi.org/10.1113/jphysiol.2001.012957
http://www.ncbi.nlm.nih.gov/pubmed/11897862
https://doi.org/10.1164/rccm.201202-0355OC
http://www.ncbi.nlm.nih.gov/pubmed/22652026
https://doi.org/10.1016/s0166-2236(96)80018-x
http://www.ncbi.nlm.nih.gov/pubmed/8658594
https://doi.org/10.2147/COPD.S85659
https://doi.org/10.2147/COPD.S85659
http://www.ncbi.nlm.nih.gov/pubmed/26392767
https://doi.org/10.1590/S1806-37562016000000097
https://doi.org/10.1590/S1806-37562016000000097
http://www.ncbi.nlm.nih.gov/pubmed/28380186
https://doi.org/10.2147/COPD.S74438
http://www.ncbi.nlm.nih.gov/pubmed/25670895
https://doi.org/10.1183/09031936.02.00034402
https://doi.org/10.1183/09031936.02.00034402
http://www.ncbi.nlm.nih.gov/pubmed/12503709
https://doi.org/10.1016/j.resp.2004.10.010
http://www.ncbi.nlm.nih.gov/pubmed/15733775
https://doi.org/10.2147/COPD.S146390
http://www.ncbi.nlm.nih.gov/pubmed/29785100
https://doi.org/10.7189/jogh.05-020415
https://doi.org/10.7189/jogh.05-020415
http://www.ncbi.nlm.nih.gov/pubmed/26755942
https://doi.org/10.3978/j.issn.2072-1439.2015.08.04
http://www.ncbi.nlm.nih.gov/pubmed/26623119
https://doi.org/10.1371/journal.pone.0217886

