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Introduction

ABSTRACT

Objective: To investigate the repercussions of traumatic brachial plexus injury (TBPI) on diaphragmatic
mobility and exercise capacity, compartmental volume changes, as well as volume contribution of each
hemithorax and ventilation asymmetry during different respiratory maneuvers, and compare with healthy
individuals. The velocity of shortening of the diaphragm, inspiratory, and expiratory muscles were also
assessed.
Participants: The cross-sectional study was conducted with 40 male individuals (20 with TBPI who have
not undergone nerve transfer surgery [mean age 30.1 £ 5.3] and 20 healthy paired by age and body mass
index). Only patients with C8-T1 root avulsion were studied.
Main outcome: Compartmental and hemithoracic volumes, as well as asymmetry between the affected
and unaffected sides were assessed using optoelectronic plethysmography. The 6 minute walking test was
performed to evaluate exercise capacity, while diaphragm mobility was assessed during quiet breathing
(QB) using an ultrasound device.
Results: TBPI patients with mean lesion time of 174 + 45.24 days showed a decreased pulmonary func-
tion, respiratory muscle strength, exercise capacity, and diaphragm mobility (all p < .001) compared with
healthy. The pulmonary ribcage compartment of the affected side was the main contributor to the reduc-
tion in volume during inspiratory capacity, vital capacity, and inspiratory load imposition (all p < .05).
This compartment also exhibited a higher ventilation asymmetry with reduced shortening velocity of the
inspiratory ribcage muscles.
Conclusion: Compared with healthy, TBPI patients who have not undergone nerve transfer surgery present
low exercise capacity and diaphragmatic mobility, as well as reduced volume of the upper ribcage com-
partment on the affected side that leads to reduced shortening velocity and ventilation asymmetry.

© 2022 Elsevier Inc. All rights reserved.

hicle accidents.! This kind of injury leads to motor and sensory le-
sions in the upper limbs that usually culminates with neuropathic

Half of the traumatic brachial plexus injuries (TBPI) are caused pain, joint stiffness, and muscular weakness.2~*
by stretch and/or contusions, with the majority due to motor ve- As the trauma predominantly affects the upper limbs, most

studies regarding the consequences of TBPI focus on motor re-
covery.*® Conversely, the repercussions of TBPI on exercise ca-

Conflict of interest: All named authors hereby declare that they have no con- pacity and diaphragm mobility in those patients who have not

flicts of interest to disclose.

undergone nerve transfer surgery is still unknown. Also, there
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are no studies describing the pattern of compartmental volume
changes, the contribution of each hemithorax to the chest wall vol-
ume (Vcw), and possible asymmetrical hemithoracic volume vari-
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ation at rest or during different respiratory maneuvers in these
patients.

For this reason, we aimed to study the impact of TBPI on pa-
tients before nerve transfer surgery. The study evaluated only pa-
tients who had the phrenic nerve as a donor and C8-T1 root avul-
sion. Specifically, pulmonary function, respiratory muscle strength,
exercise capacity, and diaphragmatic mobility were studied in TBPI
patients and compared with matched healthy individuals. Addi-
tionally, 1) the pattern of compartmental volume changes, 2) the
volume contribution of each hemithorax, and 3) hemithoracic ven-
tilation asymmetry were evaluated. We using an optoelectronic
plethysmography under four respiratory maneuvers: spontaneous
quiet breathing [QB], inspiratory capacity [IC], vital capacity [VC],
and inspiratory threshold load [ITL].

Furthermore, considering that the velocity of shortening of the
respiratory muscles can be estimated from volumes displaced by
the abdomen and ribcage compartments,®'° and alterations in res-
piratory muscle strength lead to a reduction in the velocity of
muscle contraction;'! the velocity of shortening of the diaphragm,
inspiratory, and expiratory muscles were estimated. We hypothe-
sized that all the above-mentioned parameters would be altered in
TBPI patients compared with healthy individuals, and the reduction
in the volume of the affected side would be the main determinant
for the low compartmental volume changes, ventilation asymme-
try, and exercise capacity.

Methods
Design

This is a cross-sectional study conducted following the Declara-
tion of Helsinki and approved by the Ethics and Research Commit-
tee of the Federal University of Pernambuco (number 1.798.996).
An informed consent form was signed by all individuals who
agreed to participate in the study.

Participants, therapists, centres

A convenience sample of male patients with a confirmed diag-
nose of TBPI (by an experienced neurologist and using only elec-
troneuromyography) with avulsion of the C8-T1 root followed in
the outpatient peripheral nerve clinic of the Hospital da Restau-
racdo (Recife, Brazil) was studied. Patients were selected for the
study from November 2016 to November 2018. Those with TBPI
due to motorcycle accident in a period from three to nine months
of the injury, aging between 20 and 50 years, and who were not in
a rehabilitation program were included in the study. Patients who
had undergone any kind of plexus surgery, with multiple costal
fractures, pulmonary contusions, cognitive alterations, as well as
those with cardiopulmonary or metabolic diseases associated, were
excluded. Self-reported healthy individuals paired by age and body
mass index with no previous cardiovascular or pulmonary diseases
composed the control group. Those healthy who presented forced
vital capacity (FVC) and forced expiratory volume in the first sec-
ond (FEV1) <80% of predicted were excluded.

Outcome measures

Pulmonary function

Spirometry was performed to assess pulmonary function using
a portable spirometer (Micro Medical, Microloop MKS8, England).
Forced vital capacity (FVC), forced expiratory volume in the first
second (FEV1), peak expiratory flow (PEF), and the FEV1/FVC ra-
tio were performed according to ATS/ERS recommendations.'? The

highest values obtained were compared with predicted ones for
the Brazilian population.’?

Respiratory muscle strength

A digital manovacuometer (MVD-300, Globalmed, Brazil) con-
nected to a mouthpiece with a 2 mm hole was used to assess res-
piratory muscle strength according to ATS/ERS recommendations.'?
Three maximal inspiratory (MIP) and expiratory pressure maneu-
vers starting from residual volume and total lung capacity, respec-
tively, were requested. The highest value obtained was compared
with reference values for the Brazilian population'* and included
in statistical analysis.

Diaphragmatic mobility

An ultrasound device (Sonoace R3, Samsung Medison, South Ko-
rea) was used in M mode with the patient in dorsal decubitus with
an inclination of 45°. A convex transducer (3.5 MHz) was placed
perpendicular to the right chest wall, at the midaxillary line be-
tween the 9th and 10th right intercostal spaces (at the level of the
zone of apposition). After positioning the patients, at least three
deep inspirations from functional residual capacity up to total lung
capacity were requested, and diaphragmatic excursions were cap-
tured by displaying sinusoidal curves. An average of the three ma-
jor excursions with a difference of less than 10% was calculated
and represented as diaphragmatic mobility (in millimeters).!>16

Exercise capacity

The six-minute walking test (6MWT) was used to evaluate exer-
cise capacity. Subjects were asked to walk as far as possible along
a corridor for six minutes, while standard phrases of encourage-
ment were used every minute.!”” At the end of the test, the dis-
tance walked was recorded in meters and percentage of predicted
values.'®

Chest wall and compartmental volumes

Vew and compartmental (pulmonary ribcage [Vgcp|, abdominal
ribcage [Vgca], and abdominal [Vag]) volumes were measured using
optoelectronic plethysmography (BTS-Bioengineering, Milan, Italy).
Eight infrared cameras (four in front and four behind the patient)
captured the movement of 89 retro-reflexive markers positioned
in the patients’ thorax according to precise anatomical reference
points.'® The calibration of the apparatus was carried out before
each data acquisition using a frequency of 60 frameses—!, while
volumes were obtained following an experimental model according
to the Gauss theorem.?’

From optoelectronic plethysmography data, total and compart-
mental volume variation (AVcw, AVgep, AVgea, and AVug) and
the percentage of contribution of each compartment to Vqy (%RCp,
%RCa, and %AB) were assessed. Shortening velocity index of the di-
aphragm, inspiratory, and expiratory muscles (Vap/Ti, Vrcp/Ti, and
Vag/Te, respectively)'?-?! were calculated during QB and ITL.

For data analysis, the chest wall and its compartments were
also partitioned into right and left hemithoraces (Fig. 1); and its
volumes, as well as the percentage of volume contribution to
each compartment, were assessed. Expansion asymmetry between
hemithoraces was calculated as proposed by Lima et al.>? Sides
were defined as left and right in healthy individuals; while for TBPI
patients, sides were defined as unaffected and affected by the trau-
matic injury.
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Fig. 1. Representative figure of the placement of reflective markers on the ventral (left upper panel) and dorsal (left lower panel) aspects of the chest wall, as well as right
(R) and left (L) compartmental subdivision (middle panels). The right panel shows the volume traces of the chest wall (CW), pulmonary ribcage (RCp), abdominal ribcage
(RCa), and abdominal (AB) compartments. Black lines indicate total compartmental volume and grey lines indicate the hemithoracic volumes.

Table 1
Anthropometric, lung function, respiratory muscle strength, distance walked in the six-minute walking test, and diaphragmatic ultrasonog-
raphy data of healthy subjects and traumatic brachial plexus injury patients included

Healthy TBPI ES p

Subjects (5 20 20 -

Age (years) 28.20 + 4.60 30.10 + 5.30 0.38 0.246
Height 1.75 + 0.05 1.73 £ 0.05 1.2 0.101
Weight ) 74.95 + 8.97 69.4 + 13 0.49 0.125
BMI (g/m?) 24.5 + 4.1 243 +£ 4.0 0.04 0.993
FVC () 4.67 + 0.66 3.61 + 047 1.85 <0.001
FVC g%pred 89 + 8.2 75.6 £ 12.1 1.29 <0.001
FEV; () 3.82 +£ 047 2.99 + 0.45 1.80 <0.001
FEV/ %pred 914 £ 2.5 75.25 £ 14.5 0.66 0.002
FEV,/FVC 0.80 + 0.07 0.84 + 0.09 0.49 0.227
FEV [FVC gpreq 949 4+ 9.9 98.7 + 10.3 0.37 0.243
PEF (5) 8.33 £ 0.92 5.94 + 1.61 1.82 <0.001
PEF 3pred 72.7 + 8.3 53.1 + 14.1 1.69 <0.001
MIP (cmi20) 120 + 22.42 86.5 + 22.6 1.49 <0.001
MIP gpreq 61 £ 11 44 £+ 11 1.54 <0.001
MEP (cmhz0) 135.45 + 26.46 99.8 + 26.31 1.35 <0.001
MEP ypreq 98.2 + 18 68 + 17.2 1.71 <0.001
Diaphragm Mobility (cm) 6.67 £ 0.94 5.72 £ 1.37 0.81 <0.001
Distance walked () 583.95 + 64.38 390.4 + 154.95 1.63 <0.001
Distance walked (ypreq) 90.39 + 10.60 67.69 + 10.8 2.12 <0.001

Data shown as mean =+ SD.

BMI = Body mass index; FVC = Forced vital capacity; FEV1 = Forced expiratory volume in the first second; PEF = Peak expiratory flow;
MIP = Maximum inspiratory pressure; MEP = Maximum expiratory pressure; n: number; m = meters; cm = centimeters; L = Liters;
%pred = percentage of predicted values; cmH,0 = centimeters of water.
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Fig. 2. Velocity of shortening velocity of the ribcage muscles (Vrcp/Ti), diaphragm (Vag/Ti), and expiratory muscles (Vag/Te) during quiet breathing (A) and inspiratory
threshold load (B). Dots indicate individual values of both traumatic brachial plexus injury patients (TBPI) and healthy individuals.

Inspiratory threshold load

To explore possible alterations between affected and unaffected
sides in the face of an inspiratory effort, the individuals were asked
to breathe against an inspiratory threshold valve (PowerBreathe
Classic IMT, Warwickshire-UK) with a constant load set at 30% of
the highest MIP. This threshold was used because it is the mini-
mum load that can effectively cause an increase in tidal volume
and velocity of contraction of the inspiratory muscles).?3-24

Study protocol

After anthropometric, pulmonary function and respiratory mus-
cle strength data acquisition, the subjects included in the study un-
derwent the ultrasound and exercise capacity assessments with an
interval of 30 minutes in between. Right after, the subjects were
positioned seated, feet supported, knees and hips at 90°, upright
column, and arms supported with 45° abduction of their shoul-
ders. Optoelectronic plethysmography acquisition was performed
in the following order with an interval of five minutes between
each moment: 1) Three minutes of QB, 2) three vital capacity (VC)
maneuvers with 30 seconds of QB in between, and 3) three min-
utes breathing against the inspiratory threshold load.

Inspiratory capacity (IC) was calculated by analyzing the as-
cending portion of the VC curve (ie, the difference between maxi-
mal inspiratory and end-expiratory volumes). The highest VCW of
three attempts generated during the VC maneuver was included
in data analysis. Conversely, data analysis during QB and ITL were
carried out during the whole three minutes of the protocol. All as-
sessments were performed by a single trained, blinded assessor.

Data analysis

Vcw data derived from the IC maneuver of a previous study
using optoelectronic plethysmography was used to guide a sam-
ple size calculation.?> Thus, using the means and SD of the study
(0.647 + 0.467 L and 1438 + 0.704 L, affected and unaffected
sides, respectively), an alpha error of .01 and statistical power of
99%, a total sample of 19 TBPI subjects was estimated for this
study.

Data are shown as mean + SD, otherwise stated. Shapiro-Wilk
test was used to assess data normality. Comparisons between TBPI
and healthy were studied using Mann-Whitney or unpaired t-test,

[mNS;April 28, 2022;10:1]

Table 2

Chest wall and compartmental volume variation as well as its percent-
age of contribution during quiet breathing (QB), inspiratory capacity
(IC), vital capacity (VC) and inspiratory threshold load (ITL) between
healthy subjects and traumatic brachial plexus injury patients (TBPI)

Healthy TBPI ES p
Quiet Breathing
AVew (L) 0.717 £ 0.267  0.664 + 0.218 022  0.496
AVgep (L) 0.278 £ 0.133  0.190 + 0.064 0.84 0.01
AVge, (L) 0.135 + 0.058  0.136 + 0.062 0.01  0.958
AVag (L) 0.306 + 0.130  0.340 £ 0.137 0.25 0434
RCp (%) 38.1 £94 29.1 £ 7.7 1.04 0.002
RCa (%) 188 £5.3 203 £ 5.6 0.27  0.292
AB (%) 43.1 + 11.7 50.6 + 10.8 0.66  0.04
Inspiratory Capacity
AVew (L) 2.604 + 0.563  2.084 + 0.414 1.05  0.002
AViep (L) 1.263 + 0.479  0.811 + 0.293 1.14  0.001
AVge, (L) 0.592 + 0.177  0.456 + 0.118 0.90  0.007
AVpg (L) 0.748 + 0.283  0.817 £ 0.351 0.06  0.693
RCp (%) 475 + 11.8 38.6 + 10.1 0.80 0.01
RCa (%) 22.6 + 4.9 22.1 + 4.6 010 075
AB (%) 299 + 134 39.2 £ 119 0.73  0.02
Vital Capacity
AVew (L) 3.774 £ 0.783  2.996 + 0.758 1.01  0.002
AVgep (L) 1.637 £ 0.555  1.055 + 0.409 1.19  0.001
AVge, (L) 0.754 + 0.221 0.610 + 0.177 0.72  0.02
AVpg (L) 1.382 +£0.328  1.329 + 0.450 0.13  0.673
RCp (%) 42.6 + 88 349 + 8.1 0.90  0.007
RCa (%) 19.7 £ 34 20.5 + 3.6 022  0.492
AB (%) 37.7 £ 95 44.5 + 9.2 0.73  0.02
Inspiratory Load
AVew (L) 1.290 + 0.448  1.048 + 0.427 0.55  0.08
AVgep (L) * 0.521 £ 0.231 0.335 + 0.231 0.40 0.01
AVge, (L) 0.239 + 0.118  0.205 + 0.109 030 0351
AVpg (L) 0.528 + 0.210  0.508 + 0.168 0.01  0.920
RCp (%) 393 £ 11.2 29.8 +10.8 0.85 0.01
RCa (%) 182 £5.2 19.1 £ 5.1 0.17  0.581
AB (%) 42.6 + 13.7 51.1 £ 11.7 0.66  0.04

Data is shown as mean + SD. Volume variation of the chest wall
(AVcw), pulmonary ribcage (AVgcp), abdominal ribcage (AVgc,), and
abdomen (AVjg);
ES = Effect-size; L = Liters; % = percentage of contribution;

* non-parametric data distribution.

while Wilcoxon or paired t-test was used to compare data derived
from hemithoraces. Right and left CW and compartmental sides
were compared for healthy individuals, while affected and unaf-
fected sides were compared for TBPI patients. As low MIP values

Please cite this article as: H.K.B. Fuzari, A.D. de Andrade, ].d.M. Barcelar et al., Ventilation asymmetry, diaphragmatic mobility and exer-
cise capacity in men with traumatic brachial plexus injury, Journal of Hand Therapy, https://doi.org/10.1016/j.jht.2022.03.010



https://doi.org/10.1016/j.jht.2022.03.010

JID: HANTHE

[mNS;April 28, 2022;10:1]

H.K.B. Fuzari, A.D. de Andrade, J.d.M. Barcelar et al./Journal of Hand Therapy xxx (XxXx) XXx

A Quiet Breathing

25 p=0.01

154 p=004

CW RCp RCa AB

C Vital Capacity

p =0.001

[ —
N -r'—\ -’_L‘ -r_|
0——-!_'_'
cw RCp RCa AB

B

40-
35+
30-
25-
20-
15

Inspiratory Capacity

B TBPI
3 Healthy

p=0.01

p =0.003
| — |

40-
35+
30-
25
20-

'ﬁ .ﬂ
RCp RCa AB

Inspiratory Threshold Load

Cw

p=0.01

5

00
154
10
0
CW RCp RCa AB

Fig. 3. Ventilation asymmetry of the chest wall (CW), pulmonary ribcage (RCp), abdominal ribcage (RCa), and abdominal (AB) compartments between healthy and traumatic
brachial plexus injury patients (TBPI) during different respiratory maneuvers. %: percentage.

would interfere in the ITL load adjustment of the TBPI patients,
the ANCOVA was used to analyze data regarding shortening veloc-
ity during ITL, with MIP as a covariate. Relationships between di-
aphragmatic mobility, functional capacity, and chest wall and com-
partmental volumes during QB, VC, IC, and ITL maneuvers were
studied using Pearson’s r or Spearman’s rho correlations.

To avoid type II error, effect-sizes were calculated for para-
metric data using Cohen’s d, and interpreted as small (<0.50),
moderate (between 0.50 and 0.80), and large (>0.80).26 For non-
parametric data distribution, Cohen’s r was calculated and inter-
preted as (<0.25), moderate (between 0.25 and 0.38), and large
(>0.38).27 For relationships, coefficients of correlation (r) and de-
termination (r2) were computed.

Effects sizes were calculated using the G*Power software (ver-
sion 3.1.9.2, Kiel, Germany), while inferential data analyzes were
performed using the Statistical Package for Social Sciences soft-
ware, version 22 (SPSS; IBM Corp.). All analyses were performed
assuming a p value < .05 (two-tailed).

Results
Flow of participants, therapists, and centers through the study

Twenty male patients with TBPI, only C8-T1 root avulsion
(mean age 30.10 + 5.30, mean lesion time 174 4+ 45.24 days) and
twenty healthy subjects (mean age 28.2 + 4.6) were included. It is
worth mentioning that it took two years of follow-up at the pe-
ripheral nerves outpatient clinic to capture the entire sample of
patients, concomitantly, for the pairing, healthy individuals were
also selected. All patients complained of pain in the arm of the af-

fected side; however, no additional discomfort was reported during
the assessments.

For spirometric and respiratory muscle strength data between
groups, only FEV{/FVC (in liters and percentage of predicted val-
ues) was not significant. Exercise capacity and diaphragm mo-
bility were found to be low in TBPI patients (all p < .001)
(Table 1) when compared with matched-paired healthy. Diaphrag-
matic mobility was correlated significantly with FVCq in TBPI pa-
tients (r = 0.490, r2 = 0.240, p = .02).

A post hoc analysis considering the calculated effect size for
volumes of ICCW (Cohen’s d=1.05) showed a statistical power (1-
B) of 0.95 for this study.

Chest wall volumes and velocity of shortening TBPI and healthy

The AVgcp was significantly lower in TBPI patients during QB
and ITL maneuvers but with no changes in AVcy when compared
with healthy individuals. Conversely, AV was significantly lower
during both the VC and IC maneuvers, mainly due to reduced
AVRCp and AVRCa (Table 2).

Independently of the maneuver requested, the %AB was always
increased, probably compensating the significant decreases in %RCp
(Table 2). The magnitude of the reduction in %RCp was higher dur-
ing QB (Cohen’s d=1.04), while the increase in %¥AB was higher dur-
ing both IC (Cohen’s d=0.73) and VC (Cohen’s d=0.73) maneuvers.

Regarding the velocity of shortening, Vrcp/Ti was found to be
significantly reduced during both QB (Cohen’s d=0.85, p = .01) and
ITL maneuvers (Cohen’s d=0.87, p = .001) when compared with
healthy subjects (Fig. 2).
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Table 3

Right-left* chest wall and compartmental volume variation as well as its percentage of contribution during quiet breathing (QB), inspiratory
capacity (IC), vital capacity (VC) and inspiratory threshold load (ITL) between healthy subjects and traumatic brachial plexus injury patients

(TBPI)
Healthy TBPI
Right Left ES Affected Unaffected ES
Quiet Breathing
AVew (L) 0.355 + 0.130 0.364 + 0.139 0.06 0.326 + 0.110 0.339 + 0.121 0.11
AVgep (L) 0.140 + 0.066 0.140 + 0.069 0.00 0.091 + 0.037 0.098 + 0.035 0.19
AVpe, (L) 0.066 + 0.029 0.070 + 0.031 0.13 0.066 + 0.029 0.069 + 0.033 0.09
AVpg (L) 0.151 + 0.068 0.156 + 0.063 0.07 0.169 + 0.064 0.171 + 0.079 0.02
RCp (%) 50.71 + 4.22 49.29 + 4.22 0.23 47.32 £ 9.51 52.68 + 9.51 0.56
RCa (%) 48.80 + 4.56 51.20 + 4.56 0.32 49.68 + 7.16 50.32 + 7.16 0.08
AB (%) 48.81 + 3.90 51.19 + 3.90 0.30 50.68 + 5.54 49.32 + 554 0.24
Inspiratory Capacity
AVew (L) 1.316 + 0.265 1.286 + 0.309 0.10 0.997 + 0.213 1.086 + 0.243 0.38
AVgep (L) 0.642 + 0.238 0.620 + 0.246 0.09 0.385 + 0.1407 0.425 + 0.161 0.26
AVpc, (L) 0.301 + 0.086 0.289 + 0.096 0.13 0.208 + 0.069" 0.247 + 0.069 0.56
AVpg (L) 0.372 + 0.122 0.375 + 0.167 0.02 0.403 + 0.152 0.415 + 0.207 0.06
RCp (%) 51.12 + 2.31 48.88 + 2.31 0.56 47.85 + 4.441 52.15 + 4.44 0.96
RCa (%) 51.51 + 4.34 48.49 + 434 0.59 45.55 + 8.06' 54.45 + 8.06 1.11
AB (%) 50.07 + 10.13 49.93 + 10.13 0.01 50.40 + 6.23 49.60 + 6.23 0.12
Vital Capacity
AVew (L) 1.926 + 0.387 1.878 + 0.383 0.12 1.498 + 0.377 1.564 + 0.427 0.16
AVggep (L) 0.817 + 0.276 0.799 + 0.277 0.06 0.507 + 0.195" 0.549 + 0.220 0.20
AVpe, (L) 0.379 + 0.109 0.365 + 0.117 0.12 0.288 + 0.087" 0.321 + 0.099 0.35
AVjg (L) 0.684 + 0.166 0.700 + 0.174 0.09 0.672 + 0.211 0.670 + 0.248 0.01
RCp (%) 50.59 + 1.21 49.41 + 1.21 0.54 48.39 + 4.27 51.61 + 4.27 0.75
RCa (%) 51.34 + 2.95 48.66 + 2.95 0.60 47.38 + 4.111 52.62 + 4.11 1.27
AB (%) 49.48 + 3.44 50.52 + 3.44 0.30 50.53 + 4.30 49.47 + 4.30 0.24
Inspiratory Load
AVew (L) 0.649 + 0.228 0.640 + 0.224 0.03 0.509 + 0.217 0.540 + 0.224 0.14
AVgep (L) 0.267 + 0.121 0.253 + 0.114 0.11 0.154 £+ 0.119" * 0.181 + 0.119 0.22
AVgea (L) 0.123 + 0.062 0.117 + 0.057 0.10 0.098 + 0.052 0.106 + 0.061 0.14
AVpg (L) 0.259 + 0.112 0.270 + 0.104 0.10 0.257 + 0.085 0.253 + 0.093 0.04
RCp (%) 50.72 + 5.18 49.28 +5.18 0.27 4322 + 11571 ¢ 56.78 + 11.57 1.17
RCa (%) 48.78 + 4.27 51.23 + 4.27 0.47 48.49 + 8.39 51.51 + 8.39 0.35
AB (%) 50.20 + 2.53 49.80 + 2.53 0.15 50.98 + 5.87 49.02 + 5.87 0.33

Data is shown as mean + SD. Volume variation of the chest wall (AVcy), pulmonary ribcage (AVgc,), abdominal ribcage (AVgc,), and

abdomen (AVpp);

ES = Effect-size; L = Liters; % = percentage of contribution;
* Healthy (right-left) and TBPI (Affected-Unaffected);
T p < .05 when compared with unaffected side;
 non-parametric data distribution.

Hemithoraces analyzes

During QB, neither the volumes nor the percentage of contribu-
tion of both hemithoraces differed significantly in healthy and TBPI
patients. On the other hand, both the AVgc, and AVgc, on the af-
fected side of TBPI patients were significantly lower compared with
the unaffected side during IC (p = .03, Cohen’s d=0.51; p = .03,
Cohen’s d=0.52, respectively) and VC maneuvers (p = .04, Cohen’s
r = 0.54; p = .01, Cohen’s d=0.61, respectively). As shown in
Table 3, these differences accounted for a significant reduction of
about 4.3% in volume of the affected RCp (p = .04, Cohen’s d=0.74)
and 8.9% of the affected RCa (p = .01, Cohen’s d=1.10) during IC
maneuver; as well as 3.2% in the RCp (p = .04, Cohen’s d=0.75)
and 5.2% of the RCa (p = .01, Cohen’s d=1.27) during VC.

During ITL, only the AVpc, on the affected side was signif-
icantly lower (p = .01, Cohen’s r = 0.47), and a difference of
13.56% in the percentage of contribution between sides was ob-
served (p = .006, Cohen’s r = 1.17). Despite these reductions, no
significant changes were observed in AVcy.

Ventilation asymmetry

As shown in Figure 3, TBPI patients presented a significantly
higher expansion asymmetry of the RCp during all conditions stud-
ied when compared with healthy subjects. Chest wall asymmetry

showed to be significantly higher in TBPI patients only during QB
(p = .04, Cohen’s r = 0.71) and IC (p = .01, Cohen’s r = 0.66) ma-
neuvers. No correlations were found regarding asymmetry data.

Discussion

The main findings of the present study were that compared
with matched healthy subjects, patients with TBPI due to traumatic
lesion and who have not undergone nerve transfer repair present
lower diaphragmatic mobility and exercise capacity, as well as de-
creased volume variation of the upper ribcage compartments dur-
ing different respiratory maneuvers. In TBPI, the affected side was
the main contributor to the reduction in volume, and expansion
asymmetry of the RCp compartment was present in all maneuvers
performed. Additionally, the velocity of shortening of the inspira-
tory ribcage muscles was lower in TBPI patients during quiet spon-
taneous breathing and inspiratory load imposition compared with
healthy.

Both the pulmonary function and respiratory muscle strength
values were reduced in TPBI patients. Although some patients may
present normal values before surgical procedures,’?® the restric-
tive pattern observed in this study was probably the result of neu-
romuscular injury by trauma, uncooperativeness of the patients
and/or muscular adaptations due to the antalgic posture adopted
after the accident. Moreover, since a reduction of 14% in diaphragm

Please cite this article as: H.K.B. Fuzari, A.D. de Andrade, ].d.M. Barcelar et al., Ventilation asymmetry, diaphragmatic mobility and exer-
cise capacity in men with traumatic brachial plexus injury, Journal of Hand Therapy, https://doi.org/10.1016/j.jht.2022.03.010
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mobility was found to be correlated with FVC, the alteration in
the contractile force of the inspiratory muscles may have trig-
gered muscle imbalance and thus contributed to the decreased
pulmonary function and respiratory muscle strength.>+2%-30

Diaphragm mobility depends directly on the strength of the
inspiratory muscles and impacts on respiratory mechanics.>! Ev-
idence shows that diaphragm mobility is impaired before nerve
transfer repair, while exercise performance is reduced in TBPI pa-
tients with altered minute ventilation.> Although exercise capacity
is associated with diaphragmatic dysfunction in patients with iso-
lated unilateral diaphragm paresis®? and weakness,>> no correla-
tions were observed between these parameters in our cohort. This
may have occurred because TPBI patients may experience decondi-
tioning rather than ventilatory limitation, which is most likely re-
lated to restricted daily activity and exercise after the accident.”>*

The reduced volume of the affected side was the main contrib-
utor to the differences in volume observed in the upper ribcage
compartments during ITL, IC, and VC. This was likely the result
of muscle damage caused by the trauma since greater action of
the accessory inspiratory muscles3>:36 is required to perform these
maneuvers. Moreover, the avulsion of the C8-T1 roots may have af-
fected the activity of the latissimus dorsi (C6-C8 roots), and both
the pectoralis major (C5-T1 roots) and minor (C8-T1 roots). As
these muscles are progressively recruited during inspiratory load
imposition,?”-38 their impairment may have contributed to the ob-
served difference in volume and ventilation asymmetry. Another
important contributing factor could be a decrease in the compli-
ance of the upper ribcage on the side of the injury. We believe
that these alterations, together with decreased ribcage mobility,'!
also led to the reduction in velocity of shortening of the inspiratory
ribcage muscles. It is worth noting that, although diaphragmatic
mobility was lower in TBPI patients, the abdominal compartment
contributed most to chest wall volume, indicating a compensation
of the diaphragm to cope with the reduced action of the inspira-
tory ribcage muscles. As the altered diaphragm mobility had no ef-
fects on volume distribution between the affected and unaffected
abdominal sides, it can be hypothesized that its reduced mobil-
ity was probably a consequence of the trauma and/or decondition;
and would explain why no associations were observed with exer-
cise capacity in our cohort. In this sense, the upper ribcage com-
partments were the primary site of volume impairment in our TBPI
patients.

According to De Troyer et al.>® the volume changes of the af-
fected and unaffected sides become asymmetrical during voluntary
breathing when muscle action in uncoordinated. In this sense, it
can be speculated that all the above-mentioned alterations led to
an imbalance between the mechanical properties of the chest wall,
inducing incoordination of the ribcage muscles during inspiration
that altered the motion of the affected side and induced an asym-
metrical ribcage expansion.?>-4? Also, as the electromyographic ac-
tivity of the affected side decreases during progressive voluntary
increases in tidal volume,*! the exacerbation of the RCp asym-
metry during ITL was probably the result of an increased mus-
cle loading on the unaffected side. Another possible explanation
for this disharmonious motion is related to the influence of the
diaphragm in the upper ribcage. Since contraction of this mus-
cle usually results in expansion of the lower ribcage (the por-
tion of the ribcage apposed to the diaphragm),®#2-%4 any altered
displacement may contribute to asymmetry of the upper ribcage
compartments.

This study is not free of limitations. The major limitation is that
diaphragm mobility was assessed in all subjects on the right side.
However, we found no differences when comparing diaphragmatic
mobility between TBPI patients with a left side injury and those
with a right side injury (p = .939, data not shown). Apart from be-

ing the first study that assessed exercise capacity using the 6MWT
in TBPI patients, the level of dyspnea, respiratory rate, blood pres-
sure, heart rate, SpO,, as well as respiratory and metabolic require-
ments were not evaluated during the test. Furthermore, some pa-
rameters could provide valuable information regarding the func-
tion of the respiratory system in these patients, such as the elec-
tromyographic activity of respiratory muscles, absolute lung vol-
umes, chest wall compliance, gastric and esophageal pressures.
Non-volitional tests (ie, twitch Pmouth or twitch Pdi) and elec-
troneuromyography of the diaphragm could be useful in assessing
muscle function and concomitant phrenic nerve involvement, re-
spectively.

In conclusion, TBPI patients, specifically with C8-T1 root avul-
sion, who have not undergone nerve transfer surgery present
restrictive pulmonary function, and reduced respiratory muscle
strength and diaphragmatic mobility, as well as exercise intoler-
ance compared to matched healthy individuals. The ventilation
asymmetry observed and the reduced velocity of shortening of the
inspiratory ribcage muscles were probably the result of the lesion
on the structures of the affected side and alteration in respiratory
mechanics. Further longitudinal studies are needed to identify the
underlying mechanisms and observe if these alterations remain af-
ter surgery.

Clinical Implications

The main clinical implications of is that 174 days after the
trauma, TBPI patients who had not been treated with nerve trans-
fer surgery present a decrease in inspiratory muscle strength, exer-
cise capacity, diaphragmatic mobility, as well as a reduced volume
variation and ventilation asymmetry of the upper ribcage compart-
ment. This suggests a need respiratory assessment and potentially
for respiratory exercises or of incentive spirometry which may de-
crease the level of ventilation asymmetry.?>-#>-47 This issue needs
further investigation.
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