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Abstract

In chronic obstructive pulmonary disease (COPD), the diaphragm may contribute to
respiratory decompensation. The aim of this study was to investigate the function
of central neural diaphragmatic pathways in mild and moderate grades of COPD
(Gold I/1) and its related factors. This study included 20 COPD patients (mean age:
52.80+3.30 years) and 20 matched healthy subjects. All were tested by applying
transcranial magnetic stimulation (TMS) of the diaphragmatic motor cortex area
and cervical magnetic stimulation (CMS) of the phrenic nerve roots in the neck.
Diaphragmatic resting motor threshold (DRMT), cortical motor evoked potential la-
tency (CMEPL), cortical MEP amplitude (CMEPA), peripheral motor evoked potential
latency (PMEPL) and amplitude (PMEPA), were recorded from both sides. Central
motor conduction time (CMCT) was estimated as follow: CMCT = CMEPL — PMEPL.
Compared to controls, patients had increase in CMEPL and CMCT (P<0.0001), while
DRMT was decreased (P<0.0001). Among patients, 9 (45%) had delayed CMEPL, 6
(30%) had lower CMEPA, 3 (15%) had delayed PMEPL, 5 (25%) had lower PMEPA,
9 (75%) had prolonged CMCT and 11 (55%) had reduced DRMT. Significant cor-
relations were identified between CMEPA and FVC% (r=0.326,P<0.038), FEV,%
(r=0.563,P<0.0001) and FEV;%/FVC% (r=0.710,P<0.0001); between CMEPL and
FEV,% (r=-0.368,P<0.020), FEV,%/FVC% (r =-0.463,P<0.003) and between CMCT
and FVC% (r=-0.316,P<0.047), FEV;% (r=-0.397,P<0.011), FVV,/FVC % (r=-0.395,
P<0.012) and between DRMT and CMCT (r = -0.337,P<0.034). This study indicates
that central impairment (corticospinal dysfunction) occurs early in stable COPD.

Key words: Chronic obstructive pulmonary disease; diaphragm; transcranial mag-
netic stimulation; phrenic nerve conduction; corticospinal pathways.

Abbreviations: COPD: chronic obstructive pulmonary disease; TMS: transcranial
magnetic stimulation; MEP: motor evoked potential; CMCT: central motor conduc-
tion time; CMS: cervical magnetic stimulation; PMEPL: peripheral motor evoked
potential latency; CMEPL: cortical motor evoked potential latency; GOLD: Global
Initiative for Chronic Obstructive Lung Disease; DRMT: diaphragmatic resting motor
threshold; BMI: body mass index; FVC%: predicted forced vital capacity; FEV,%:
predicted forced expiratory volume in the 1t second; PaCO,: partial pressure of
arterial carbon dioxide; PaO,: partial pressure of arterial oxygen; HCO_5: bicarbon-
ate; Nat: sodium; K*: potassium; CI™: chloride.

Introduction

Chronic obstructive pulmonary disease (COPD) is the sixth
cause of death in the world and affects 4-6% of people
more than 45 years of age. Ventilatory failure remains the
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most common cause of death with COPD. COPD is a chronic
medical illness characterized by partial reversible obstruction
of large and small airways and effort-independent limitation
of expiratory airways with forced exhalations (that do not
change markedly over periods of several months of observa-
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tion), frequent attacks of exacerbation and hospital admis-
sions ended by respiratory failure. Fixed airway limitation in
COPD is caused by destruction of alveolar walls and peribron-
chiolar fibrosis with reduced lung elastic recoil [1]. Diaphragm
is the main inspiratory muscle agonist. There are several evi-
dences that the diaphragm and other respiratory muscles are
able to express adaptive changes early in the disease course
in response to pulmonary hyperinflation [2]. However, imbal-
ance between respiratory muscle overload and adaptation
may occur in response to persistent hyperinflation, increase
of disease severity, increments of mechanical or metabolic
loads, poor energy supply and recurrent infection and ex-
acerbations [3]. The imbalance between inspiratory muscle
load and capacity, places the muscles at mechanical disad-
vantage resulting in diaphragmatic fatigue or weakness [4],
shortness of breath, exertion intolerance and hypoventilation
[5]. This myogenic phenomenon was commonly accepted as
a mechanism of hypercapnic respiratory failure in COPD [6].
However, the discrepancy between in vivo and in vitro results
makes this myogenic assumption with COPD less likely as a
sole mechanism and the exact pathophysiology of diaphragm
dysfunction is still unclear [7].

It has been suggested that the contractile function of dia-
phragm fibers may be impaired in early stages of COPD [8].
This is supported by the following findings: a) many patients
develop respiratory failure and require hospital admission
even if the cause of the exacerbation is less dramatic as in
the presence of bronchial infection, pain of any nature, etc.,
which means that loss of balance between respiratory muscle
overload and adaptation is not always associated with ex-
treme situations [7-9]. This can be explained by the fact that,
the diaphragm contractile performance in vivo is also deter-
mined by many factors which include: the corticospinal neural
drive, phrenic nerve function, neuromuscular transmission,
contractile function of a single fiber, muscle fiber recruitment,
calcium homeostasis and others [8, 10-12].

Little is known about the efficacy of the neural drive to the
diaphragm and its possible involvement in diaphragmatic de-
compensation in patients with COPD [10-12, 13]. Through-
out the past decade, magnetic stimulation has proved to be
technically easier to apply and can be performed repeatedly
in elderly patients with respiratory disease [8-12]. Diaphrag-
matic contractile function had been previously assessed by
magnetic stimulation of the phrenic nerve roots in the neck
in COPD patients [8, 14-17]. Transcranial magnetic stimulation
(TMS) evokes a motor evoked potential (MEP) that expresses
corticospinal pathway function [18].

Finding the triggers for diaphragmatic dysfunction in COPD

is especially challenging because several demographic, clinical
and laboratory variables (as age, duration of illness, smoking
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habits, degree of hypoxemia and electrolyte disturbance) and
structural and functional diaphragmatic abnormalities may be
present early in the course of the disease. This information
may help in improving the quality of life and decrease mor-
bidity and mortality among patients with COPD.

Aim of the study

Due to dearth of evidence, we systematically assessed the
cortical response of the diaphragm (an indicator of its neural
pathway function) in patients with mild and moderate and
stable COPD using magnetic stimulation.

Materials and methods

This case-control study included 20 male patients (mean age:
52.80 + 3.30 years) with mild-to-moderate COPD [Global Ini-
tiative for Chronic Obstructive Lung Disease (GOLD) grade
I/Il] [19]. COPD was diagnosed on the basis of clinical his-
tory, physical examination, pulmonary function tests, chest
radiograph and chest computed tomography. Patients were
recruited from the out-patients clinic of Internal Medicine
department of Assiut University Hospital, Assiut, Egypt.,
during their follow up visits. Twenty age-matched (mean age:
54.40+3.35 years) healthy male subjects randomly selected
from the general population were included as controls for
comparison. Patients were on their usual medications includ-
ing inhaled bronchodilators and were clinically stable for at
least 3 months prior to the time of study. Excluded were
patients with: 1) bronchial asthma, bronchiectasis, and inter-
stitial lung diseases, 2) other medical illness (as diabetes mel-
litus, uremia, hepatic failure, etc), 3) neurological disease (as
a complication of cerebrovascular stroke, dementia, epilepsy,
peripheral neuropathy, muscle disease, etc), 4) psychiatric ill-
ness, 5) morbid obesity, 6) drug abuse, 7) neoplasm, 8) neu-
rosurgical operation, 9) chronic medications other than that
used for COPD that might have effect on muscle function and
structure (as systemic corticosteroids, calcium channel block-
ers, etc) and 10) presence of contraindications for magnetic
stimulation (as skull defects, metal in head or neck, electronic
devices as pace makers, etc).

The study protocol was approved by the local ethics Com-

mittee of Assiut and Al-Azhar faculties of medicine, Assiut,
Egypt and informed consent was given by all participants.

Methods

Patients and control subjects underwent: 1) detailed medi-
cal and neurological histories and examinations. The respi-
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ratory history included questions related to smoking habit,
productive cough, breathlessness and use of bronchodilators.
2) chest X- ray, 3) pulmonary function tests were performed
with conventional spirography using Sensor Medics Corpora-
tion Spirometer (Model CA92687, SN 54065, Osaka, Japan).
The predicted forced vital capacity (FVC%), predicted forced
expiratory volume in the 15t second (FEV, %) and FEV,/FVC%
ratio, were measured [20], 4) arterialized capillary blood gases
tension was determined using instrumental laboratory equip-
ment (ABL 600 Radiometer, Copenhagen Denmark) as fol-
low: arterial blood sample was taken from the radial artery
to measure pH, partial pressure of arterial oxygen (PaO,),
partial pressure of arterial carbon dioxide (PaCO,) and serum
bicarbonate (HCOs). Absolute values of PaO, >75 mmHg and
PaCO, ranged from 40 to 42 mmHg, were considered normal
[21], 5) serum sodium (Na™*), potassium (K*) and chloride (CI")
levels were measured, 6) brain computed tomography (CT)
or magnetic resonance imaging (MRI) scanning were done
whenever indicated, and 7) electromyography (EMG) was
done using needle electrode to lower limb muscles (quad-
riceps, gluteus maximus and extensor digitorum brevis) to
determine whether there was evidence of myopathy or not.
Nerve conduction velocity study (NCVS) (motor and sensory)
and F-waves were done in both upper and lower limbs as de-
scribed before [22] to determine whether there was evidence
of peripheral neuropathy or not.

Assessment of diaphragmatic neural function

Transcranial magnetic stimulation (TMS) of the diaphragm
motor cortex area and cervical magnetic stimulation (CMS) of
the phrenic nerve roots in the neck were performed bilater-
ally. Cortical motor evoked (MEP) response of the diaphragm
was recorded contralateral to the stimulated hemisphere.

Device

A commercially available stimulator, Dantec Maglite TM with
a flat figure of eight coil (the outer diameter of each wing is
9 cm; peak magnetic field strength is 1.5 Tesla) was used for
magnetic stimulation (Dantec Medical, Skovelund, Denmark).
The current in the central axis (0) had twice the magnitude
of the current flowing in the two arms of the coil [23]. The
recording equipment was utilized with a sensitivity of 20u\V/
division and filters of 2-2000 Hz.

Procedures

Subjects were seated comfortably in an armchair. For mag-
netic stimulation of the motor cortex, the coil was applied
to the scalp region and a flexible thin plastic grid with co-
ordinates marked 1 cm apart from each other was attached
to the scalp, for stimulation of the areas corresponding to
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the diaphragm. The coil was held tangentially to the skull.
C, point of the International 10-20 electroencephalography
(EEG) system is located at the vertex. The stimulus intensity
was adjusted to obtain the largest reproducible responses
(range: 65-100% stimulator output). Ten stimuli were deliv-
ered at each site at a frequency of about 0.3 Hz. The angle
of the coil around an optimal site was changed until the high-
est diaphragmatic compound motor potential was recorded.
After establishing the threshold intensity, sites adjacent to
this point were stimulated in order to exclude the possibility
that other consistent or larger responses could be obtained.
If any larger responses occurred, the threshold was again de-
termined at that point and the procedure was repeated. The
largest response was obtained at a stimulus coil orientation
of 0-90 degrees. The average point of optimal excitability was
determined to be 3 cm lateral to mid-line and 2-3 cm anterior
to auricular plane [24]. Magnetic trans-cervical stimulation
was delivered while the center of the figure of eight was 2
cm lateral to mid-line 1-2 cm above 5t cervical spine with
the handle pointing towards the feet and the patient head
slightly bent forward to stimulate the phrenic nerve.

Recording

MEPs were recorded from the contralatral diaphragm during
the TMS using active surface electrodes placed in the 7th
and 8 right and left intercostal spaces, respectively, approxi-
mately on the anterior axillary line, with the reference elec-
trode positioned on the corresponding lower rib. A ground
electrode was placed on the lower portion of the manubrium
sterni [25]. The following parameters were measured: a) Dia-
phragmatic resting motor threshold (DRMT) reflects the inten-
sity of lowest stimulus needed to activate the most excitable
corticospinal elements and evokes a clear MEP of 100 pV
in 50% of 10-20 consecutive stimuli when the muscle is at
rest. It is expressed as a percentage of the magnetic stimula-
tor maximal output (equal 100%), b) cortical motor evoked
potential latency (CMEPL) (millisecond or ms) was measured at
the onset of first negative deflection of the evoked response,
C) CMEP amplitude (CMEPA) was measured peak-to-peak.
CMEPs variables were recorded at deep inspiration (facilita-
tion), d) peripheral motor evoked potential latency (PMEPL)
and PMEP amplitude (PMEPA) were also recorded from both
sides, and e) central motor conduction time (CMCT) was cal-
culated as follow: (CMCT = CMEPL — PMEPL) [18].

We studied hand muscles in the milder grades of COPD as
described before [26] to evaluate whether the neural func
tion of the diaphragm plays a role in the pathophysiology of
exacerbation and whether there was subclinical muscle or
neuronal involvement before the occurrence of ventilatory
insufficiency.
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Statistical analysis

Statistical Science for Social Package (SPSS version 12, SPSS
Inc., Chicago, IL) was used for data analysis. Data were pre-
sented as mean (SD), or number (%). For comparison of two
groups, the parametric student “t” test for independent vari-
ables was used. Pearson’s correlation coefficient was used
to correlate parametric variables. For all tests, a probability
P<0.05 was considered significant.

Results

Table (1) showed demographic, spirometric, gasometric and
electrolytes findings of the studied groups. It showed that
half of the patients (n = 10) had mild COPD (stage I) (FEV,%:
60-79%, and FEV,%/FVC%: <0.7) and the other half (n =
10) had moderate COPD (stage II) (FEV,%: 40-59%; FEV,%/
FVC%: <0.7). Patients had normal EMGs, NCVSs and brain
neuroimaging (CT or MRI). Although, we found abnormalities
in TMS results of the hand muscles, however, they did not
reach statistically significant levels (data not shown). Table
(2) showed the results of CMEP and PMEP variables of the
studied groups. It showed that compared to control sub-
jects, patients had significant bilateral increase in CMEPL and
CMCT (P<0.0001), while DRMT was significantly decreased
(P<0.0001). while no differences were identified in CMEPA,
PMEPL and PMEPA. Among patients, 45% (n = 9) had delayed
CMEPL, 30% (n = 6) had reduced CMEPA, 15% (n = 3) had
delayed PMEPL, 25% (n = 5) had reduced PMEPA. For com-
parison between patients and controls in CMCT and DRMT,
only 12 patients were included. As we excluded patients with
delayed PMEPL (n = 3) and reduced PMEPA (n = 5). It is pos-
sible that slow conduction of the intra-canalicular part of
the cervical roots might result in prolonged PMEPL and thus
prolonged CMCT. Also for the same reason, patients with
reduced PMEPA are not suitable to calculate DRMT. Table (3)
showed the correlations between clinical, functional, gaso-
metric values and CMEPs variables in patients with COPD (n =
12). It showed significant correlations between: 1) CMEPL and
FEV,% (r=-0.368, P<0.020) and FEV,%/FVC% (r = -0.463, P
<0.003), 2) CMEPA and FVC% (r = 0.326, P<0.038), FEV,% (r
= 0.563, P<0.0001), FEV;%/FVC% (r = 0.710, P<0.0001) and
CMEPL (r = -0.417, P<0.007), and 3) CMCT and FVC% (r =
-0.316, P<0.047), FEV,% (r = -0.397, P<0.011), FEV,%/FVC%
(r = -0.395, P <0.012), CMEPL (r = 0.741, P<0.0001) and
DRMT (r = -0.337, P<0.034).
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Table 1. Demographic, spirometric, gasometric and electro-
lytes findings of the studied groups.

Variables

Age; years

Height; cm

BMI; kg/m2

Disease duration;

years
Current smokers

# of patients on
bronchodilators

FVC%
FEV1 %
FEV1%/FVC%
pH
PaCO2; mmHg
Pa02 ; mmHg

HCO3-; mmol/L

Na+; mmol/L

K+ mmol/L

Cl-; mmol/L

Patients
(n=20)
49.00-60.00
52.80+3.30

152.00-175.00
164.75+6.90

20.00-23.60
21.84+1.08

10.00-21.00
13.7£2.56

18 (90%)
20 (100%)
70.00-89.00

81.35+7.26

42.00 - 62.00
53.85 + 7.91

55.00-70.00
65.95+5.06

7.34-7.45
7.41 £ 0.03

44.00-49.00
46.90+1.41

75.00-84.00
79.05+2.33

20.00-44.00
29.25+8.08

142.00-158.00
149.25+4.46

3.50-4.80
4.04 £0.32

103.00-115.00
107.90+3.19

Controls
(n=20)

49.00-60.00
54.40+3.35

152.00-
178.00
166.20+6.95

20.00-25.90
22.56+1.38

14 (70%)

94.00-99.00
97.05£1.05

90.00-96.00
94.25+1.29

96.00-98.00
97.11+£0.79

7.35-7.47
7.41+£0.04

42.00-46.00
44.05+1.10

94.00-99.00
96.50+1.36

20.00-33.00
25.15+4.37

142.00-
159.00
147.85+4.07

3.40-4.60
4.23+0.36

102.00-
126.00
111.20+7.12

Data are expressed as range, mean+SD; number (%).
COPD: chronic obstructive pulmonary disease; BMI: body mass
index; FVC%: predicted forced vital capacity; FEV;%: predicted
forced expiratory volume in the 15t second; PaCO,: partial
pressure of arterial carbon dioxide; PaO,: partial pressure of
arterial oxygen; HCO3™ bicarbonate; Na*: sodium; K*: potassium;

ClI™: chloride.

P-value

0.123

0.512

0.075

0.480

0.0001

0.0001

0.0001

0.425

0.0001

0.0001

0.057

0.306

0.084

0.066
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Table 2. Results of CMEP and PMEP variables of the studied groups.

Patients Controls
: : : : : : P-value
Right side Left side Right side Left side
CMEP
(Patients # = 20; Controls # = 20)
Latency; ms
9 (45%) 9 (45%) . .
14.00-19.90 12.10-17.20 10.20-16.00 10.20-16.00 P1<0.0001
16.45+1.43 15.64+1.47 13.53+£1.50 13.53+£1.45 P2<0.0001
Amplitude; pVv
6 (30%) 6 (30%) = _
66.00-170.00 70.00-150.00 70.00-150.00 70.00-140.00 P1>0.894
102.00+27.09 100.65+17.48 103.00+19.47 102.00+16.30 P2>0.802
PMEP
(Patients # = 20; Controls # = 20)
Latency; ms
3 (15%) 3 (15%)
5.30-7.60 2.50-8.50 2.50-8.00 5.50-7.60 P1>0.154
6.20+0.73 5.84+1.48 5.78+1.06 6.40+0.63 P2>0.131
Amplitude; pVv
5 (25%) 5 (25%) - .
112.10-144.00 110.00-139.00 128.07+13.95 105.00-154.20 P1>0.241
132.46+8.68 121.96+8.51 105.00-154.20 126.08+14.08 P2>0.270
CMCT; ms
(Patients # = 12, Controls # = 20)
8.10-13.00 5.40-12.70 3.70-10.00 3.50-9.00 P1<0.0001
10.25+1.26 9.80+2.06 7.75+£1.48 7.13+1.50 P2<0.0001
DRMT (%)
(patients # = 12, controls # = 20)
60.00-93.00 47.00-105.00 64.00-93.50 64.00-97.00 P1<0.0001
68.90+7.31 67.25+11.31 81.60+7.99 81.30+7.91 P2<0.0001

CMEP: cortical motor evoked potential; PMEP: phrenic motor evoked potential; CMCT: central motor conduction time; DRMT:
diaphragmatic resting motor threshold.
Data are expressed as number (%) of patients with abnormal neurophysiological variable; range; mean+SD

P1 and P2: right and left for patients versus right and left for controls, respectively.

Discussion modate the increase in volume, and adaptations of muscle
fibers to preserve strength and increase endurance particu-
larly during periods of exacerbation and hypoxia [12]. These
limit the impact of hyperinflation on the diaphragm’s ability
to generate flow and volume changes [27]. This is also con-

First: hyperexcitability of the diaphragm motor area: which sistent with the followings: a) in animal models of inspiratory
was evidenced by reduced DRMT and inverse correlation resistive loading to apnea, central fatigue [which occurred

between CMCT and DRMT. It has been suggested that chron- prior to sighificant periphelral diaphragm fatigue] was found
ic increase in respiratory load is a result of hyperinflation. The to play an important role in the development of ventilatory

latter reduces the flow and pressure-generating capacity of failure [28], b) using twitch interpolation intervention, some
the diaphragm. This is compensated by increase in neural authors reported presence of normal or increased levels of
drive (leading to increase in firing rates and recruitment), ad- ~ diaPhragm voluntary activation with stable COPD [29]. The

aptations of the chest wall and diaphragm shape to accom-  Presence of ‘a ceiling’ may render patients with COPD more
vulnerable to increase in load during acute exacerbations

The results of this study indicate functional impairment of the
central corticospinl pathways to the diaphragm in patients
with mild/moderate COPD as evidenced by the followings:

© Copyright iMedPub 5
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Table 3. Correlations between clinical, functional, gasometric values and CMEPs variables in patients with COPD.

Variables FVC FEV, FEV,/FVC CMEPA PMEPA CMEPL PMEPL cmcT
0.913*%*
FE
0.0001
FVC% 0.0001 0.0001
-0.329* 20563%% -0, 710%*
CMEPA
0.038 0.0001 0.0001
0.011 0.072 0127 -0.275
g 0.944 0.660 0.434 0.086
-0.217 -0.368* -0.463** 0.417%* -0.022
CMEPL
0180 0.020 003 0.007 0.894
0185 0111 _014 0.205 0.000 0193
PMEPL
0.252 0.497 0.932 0.204 0.999 0.233
-0.316* -0.397* -0.395* 0.224 -0.019 0.741%+ -0.515%*
cmcT
0.047 0.011 0.012 0.164 0.908 0.0001 0.001
0109 0.152 0171 0.107 0.238 -0178 0.265 -0.337*
DRMT
0.504 0.351 0.293 0.511 0140 0.273 0.098 0.034

COPD: chronic obstructive pulmonary disease; CMEPs: cortical motor evoked potentials; FVC%: predicted forced vital capacity; FEV,%:
predicted forced expiratory volume in the 15t second; CMEPA: cortical motor evoked potential amplitude; PMEPA: peripheral motor
evoked potential amplitude; CMEPL: cortical motor evoked potential latency; PMEPL: peripheral motor evoked potential latency; CMCT:
central motor conduction time; DRMT: diaphragmatic resting motor threshold.

*Mildly significant; **moderately significant.

[30], €) In humans, it was shown that nearly 50% of force
reduction [which occurs during a fatiguing inspiratory task]
is due to failure of voluntary motor and central drives [31] as
assessed by twitch interpolation techniques after failure of
weaning from mechanical ventilation [32], and d) It was ob-
served that when work of breathing is reduced or abolished
in healthy subjects, there was decrease in excitability and
increase in intra-cortical facilitation which is opposite to what
was observed with COPD [33]. Second: we reported bilateral
prolongation in CMEPL and CMCT in 45% and reduction in
CMEPA in 30% with COPD [10] which were also correlated
to the severity of airflow limitation. Third: we and others
showed that hypoxemia and hypercarbia [in which smoking
is a main risk factor] were associated with impairment of cor-
ticospinal pathway and brain excitability in COPD [12-26, 34).

Despite the strengths observed in our study, the relevance of
data is limited by the followings: a) the small sample size. This
is explained by the long list of inclusion and exclusion criteria,
b) caution should be considered in generalizing that dys-
function of diaphragmatic neural drive occur early in COPD,
because important variables have to be considered including
age, smoking habits, number of exacerbations and presence
or absence of respiratory failure, ¢) CMEPL was delayed about
2-2.5 ms in respect to the control population. Within this
range of abnormalities, CMCT prolongation could be due to
a delay in the corticospinal tract or by a reduced possibility to
recruit | waves, and d) DRMT was higher than controls and it
was abnormal in 55% (n = 11) of COPD patients. A possible
interpretation is the failure to properly recruit | waves during
TMS due to higher threshold.

© Copyright iMedPub
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Conclusions

The results of this study indicate that central impairment (cor-
ticospinal dysfunction) occurs early in stable COPD. This is
important for predicting disease outcome and emphasizes
the importance of early therapeutic interventions before the
occurrence of manifest ventilatory insufficiency.
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