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Clinical Implications of Routine Monitoring
of Pulmonary Function and Ventilation in Patients
with Duchenne Muscular Dystrophy

Han Eol Cho'*, Jang Woo Lee**, Won Ah Choi', and Seong-Woong Kang'

'Department of Rehabilitation Medicine, Gangnam Severance Hospital, Rehabilitation Institute of Neuromuscular Disease, Yonsei University
College of Medicine, Seoul;
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Purpose: To investigate the effect of regular monitoring of pulmonary function and ventilatory status on the initiation of non-inva-
sive ventilation (NIV) between patients who were routinely monitored before receiving NIV and those who were not.

Materials and Methods: This retrospective cohort study included subjects with Duchenne muscular dystrophy (DMD) who first re-
ceived NIV between 2010 and 2019. The subjects were assigned to either the regular-follow-up (REG) group or the non-REG group,
according to their follow-up status, before initiating NIV. We compared the number of emergent cases, the results of nocturnal ventila-
tory monitoring, and the pulmonary function of each group at initial ventilatory support.

Results: In total, 73 subjects were enrolled in the REG group and 47 subjects in the non-REG group. There were significantly more
emergency cases due to respiratory insufficiency in the non-REG group (12/47, 25.5%) than in the REG group (3/73, 4.1%). At the
time of initial ventilatory support, hypoventilatory symptoms were more common and relatively severe in the non-REG group
(37/47, 78.7%) than in the REG group (18/73, 24.7%). The average age at initial ventilatory support of the non-REG group was 2.15
years older than that of the subjects in the REG group. Moreover, subjects who were not regularly monitored exhibited greater deteri-
oration in pulmonary function compared to those who were regularly followed up.

Conclusion: Regular evaluation of pulmonary function and ventilatory status before the onset of ventilatory insufficiency is crucial

to reduce the risk of patients with DMD requiring emergency care due to ventilatory insufficiency.
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INTRODUCTION

In the past, respiratory insufficiency has been considered to be
responsible for most of the deaths in patients with Duchenne
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muscular dystrophy (DMD), one of the most common X-
linked genetic disorders worldwide.! However, life expectancy
and the quality of life in patients with DMD have shown sig-
nificant improvements through active pulmonary rehabilita-
tion using means such as non-invasive ventilation (NIV).>* Sev-
eral studies have suggested the optimal time to initiate NIV in
patients with DMD,*” as hypoventilation should be diagnosed
atan early stage to prevent deleterious effects of acute respira-
tory failure. However, in clinical practice, it is difficult to deter-
mine the optimal time to initiate NIV, due to two main reasons.
One is that patients often miss symptoms associated with re-
spiratory insufficiency. Patients with DMD are often unaware
of symptoms related to respiratory failure since dyspnea rarely
affects them as their mobility is severely restricted; moreover,
other hypoventilatory symptoms may be subtle and non-spe-
cific in early stages of ventilatory insufficiency.? The other reason
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is that symptoms of ventilatory insufficiency initially presents
during sleep, and hypercapnia due to ventilatory insufficiency
extends throughout sleep and finally into waking hours.® To
overcome these difficulties and provide mechanical ventilatory
support at an accurate time, regular evaluation at hospitals that
have special clinics for pulmonary rehabilitation and neuro-
muscular disease are recommended. However, the effective-
ness and importance of regular examinations of pulmonary
function and ventilatory status in patients with DMD have not
been systematically investigated.

Therefore, this study aimed to investigate the clinical impli-
cation of regular pulmonary function and ventilatory status
evaluation by comparing subjects with DMD who were rou-
tinely monitored prior to the initiation of NIV to those who were
not regularly followed up.

MATERIALS AND METHODS

Monitoring of pulmonary function and ventilatory
status

Patients with DMD are recommended to visit the outpatient
department (OPD) every 3 to 12 months, based on their age
and pulmonary function, at our center. Routine pulmonary
evaluation at our center includes assessment of forced vital
capacity (FVC), peak cough flow (PCF), maximal inspiratory
pressure (MIP), maximal expiratory pressure (MEP), and end-
tidal CO. (EtCO,). Recommendation for admission to perform
continuous monitoring of ventilatory status overnight was
considered if the subject reported possible symptoms of ven-
tilatory insufficiency including nightmares, morning head-
aches, daytime sleepiness, fatigue, dyspnea, and orthopnea®
over the course of detailed interviews; the FVC of the subject
is much less when the subject is in the supine position com-
pared to being in the sitting position; the subject requires two
or more pillows to fall asleep; the FVC is below -40% of the pre-
dicted normal value in any position; the EtCO, indicates day-
time hypoventilation (EtCO, when awake is greater than 44
mm Hg); and the daytime oxygen (O.) saturation decreases be-
low 95% without suspected lung disease."!

Criteria for NIV application

According to previous consensus indications for mechanical
ventilation, we determined NIV application based on the arte-
rial partial pressure of carbon dioxide (PaCO,) over 45 mm Hg
with the presence of symptoms of ventilatory insufficiency® or
results from nocturnal continuous monitoring of the subject’s
ventilatory status [peak transcutaneous partial pressure of car-
bon dioxide (TcCO,) > 48.7 mm Hg|” with or without symptoms
of ventilatory insufficiency.

Study population
This retrospective cohort study included subjects with DMD
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who first received mechanical ventilation due to ventilatory
insufficiency at tertiary hospital between January 2010 and
December 2019. We excluded subjects who obtained NIV im-
mediately after surgery to correct scoliosis since the subjects
may need NIV during acute stage of post-operative recovery.’***
We also excluded subjects who could not be evaluated accu-
rately due to intellectual disability.

The subjects included in the study were categorized into two
groups according to their follow-up status before NIV initia-
tion. The regular-follow-up (REG) group had been followed-
up regularly at least twice a year and their pulmonary function
evaluated at the OPD over 1 year before applying NIV. The non-
REG group comprised of subjects who had never visited the
hospital for ventilatory insufficiency until the initiation of NIV
or those who missed OPD follow-up for more than 1 year before
applying NIV.

We defined severe cases as subjects who had been applied
mechanical ventilation in the emergency room (ER) due to
emergent conditions, such as severe desaturation or loss of con-
sciousness due to CO, narcosis.

Clinical variables and nocturnal hypercapnia
measurement

We collected the following clinical data at initial ventilatory
support: age at initial ventilatory support, height, weight, body
mass index (BMI, kg/m?), existence of scoliosis (cases with a
Cobb’s angle over 20 degrees or having already received scolio-
sis correction operation), hypoventilatory symptoms, pulmo-
nary function parameters, and nocturnal ventilatory status.
Height was measured in joint segments with the patient posi-
tioned supine on an examination table with the hip and knee
joints straightened as much as possible. Using a straight edge,
the following segments were measured: top of the head to the
right greater trochanter, right greater trochanter to the right
femoral condyle, and right femoral condyle to the distal point
of the calcaneus. The median of the three measurements was
recorded. BMI was calculated as body weight divided by the
square of height. We categorized hypoventilatory symptoms as
“presence of breathing difficulty,” “difficulties with sputum ex-

”u

pectoration or recurrent chest infections,” “morning headaches,’
“fatigue/daytime somnolence,” “poor sleep quality,” “anxiety,’
“chest discomfort,” and “general weakness or poor oral intake”
The pulmonary function parameters, including FVC, PCE,
MIP, and MEP, were evaluated. FVC was measured in the sitting
positions using a hand-held spirometer (Micro Medical Ltd.,
Rochester, Kent, UK). PCF was measured using a peak-flow
meter (Philips Respironics, Guildford, UK). MIP and MEP were
measured in the sitting positions using a mouth pressure meter
(Micro Medical Ltd.). Percentages of the normal predicted val-
ues were calculated for FVC, MIP, and MEP.'*!'? Arterial blood
gas analysis (ABGA) was performed prior to ventilatory sup-
port upon initial admission while the patient was still awake.
Those who performed intubation on initial ventilatory support
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were excluded from the result analysis of ABGA, as it could not
be done in some emergency situations.

Nocturnal TcCO, and O, saturation were measured continu-
ously and noninvasively using a transcutaneous method (Sen-
Tec System, SenTec AG, Therwill, Switzerland) during the first
night of hospitalization without ventilatory support.

Statistical analysis

The chi-square test was used to compare the number of severe
cases in each group at initial ventilatory support and existence
of scoliosis. Independent t-test was used to compare the re-
sults of nocturnal ventilatory monitoring between the groups.
However, severe cases were excluded since they required
emergency management and it was usually impossible to ac-
curately evaluate spirometric data or perform nocturnal ven-
tilatory monitoring, before applying ventilatory support. All
statistical analyses were performed using SPSS (version 25,
IBM Corp., Armonk, NY, USA).

Ethical approval

This study was approved by the Institutional Review Board of
Gangnam Severance Hospital, Seoul, Republic of Korea (IRB
number 3-2019-0371-001). The study protocol was in accor-
dance with the Declaration of Helsinki.

Importance of Regular Pulmonary Checkup in DMD

RESULTS

Among the 136 subjects with DMD who received ventilatory
support during the study period, 16 subjects were excluded
from our analysis as NIV was applied immediately after scoli-
osis correction surgery (n=13) and intellectual disability (n=3).
Finally, 120 subjects were included in the study (Fig. 1).

There were 73 subjects in the REG group and 47 subjects in
the non-REG group. The non-REG group consisted of 39 pa-
tients who never visited a hospital that have special clinics for
pulmonary rehabilitation and neuromuscular disease and eight
patients who had not visited one of these hospitals for more
than 3 years since the most recent visit. Patient characteristics
are presented in Table 1. The average age at starting mechanical
ventilatory support was 20.77+4.75, and 93.3% (112/120) of the
patients were applied with NIV from initial ventilatory support.
When the two groups were compared, the average age at ini-
tial ventilatory support in the non-REG group was 2.15 years
older than that of the REG group. The non-REG group showed
significant deterioration of FVC, PCE and MIP compared to
the REG group. In ABGA, PaCO, (REG group 40.55+6.02 vs. non-
REG group 48.34+15.05, p=0.003) and bicarbonate (REG group
25.30+3.36 vs. non-REG group 28.92+6.02, p=0.001) were sig-
nificantly high in the non-REG group than in the REG group,
while O, saturation, arterial partial pressure of oxygen, and pH
showed no significant differences.

A comparison of the nocturnal ventilatory status of subjects

Patients with DMD who first applying
NIV from 2010-2019 (n=136)

\ 4

NIV application immediately after scoliosis
correction operation (n=13)

A

Patients who could not be evaluated accurately
because of intellectual disability (n=3)

A4

Subject who included in this study
(n=120)

v

¥

REG group (n=73)

Non-REG group (n=47)

Subjects who followed-up
regularly and evaluated for
pulmonary function via the
outpatient clinic over 1 year

Subjects who had never visit
the hospital for ventilatory
insufficiency until starting NIV
or who missed OPD follow-up
for more than 1 year

Fig. 1. Flow diagram of subject grouping. DMD, Duchenne muscular dystrophy; NIV, non-invasive ventilation; REG, regular-follow-up; OPD, outpatient de-

partment.
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Table 1. Basic Characteristics of Study Population at the Time of Ventilatory Support

Parameters Total (n=120) REG group (n=73) Non-REG group (n=47) pvalue

Age at mechanical ventilation (years) 20.77+4.75 19.90+4.02 22.05+5.46 0.024
Height (cm) 159.54+9.06 159.78+9.61 159.19+8.22 0.730
Weight (kg) 45.81+15.63 45.46+15.80 46.37+15.51 0.757
BMI (kg/m?) 17.82+5.36 17.62+5.34 18.13+5.45 0.613
Scoliosis’ 80(66.7) 51(69.9) 29(61.7) 0.428
Apply NIV from initial ventilatory support 112 (93.3) 72(98.6) 40 (85.1) 0.004
Pulmonary function

FVC (%) 19.63+10.42 21.69£9.10 16.61+11.53 0.009

PCF (L/min) 153.19+71.24 167.97+63.44 130.0+77.16 0.005

MIP (%)* 19.97+16.86 22.58+18.02 15.49+13.74 0.034

MEP (%)* 14.58+9.70 15.29+8.82 13.36+11.06 0.319
ABGA* (n=112) (n=72) (n=40)

0, saturation (%) 97.16+3.47 97.57+2.78 96.46+4.38 0.151

p0; 106.39+32.40 107.55+31.32 104.42+34.47 0.630

pH 7.39+0.04 7.40+0.03 7.39+0.05 0.142

PaCO; (mm Hg) 43.43+10.93 40.55+6.02 48.34+15.05 0.003

HCOs 26.64+4.83 25.30+3.36 28.92+6.02 0.001

BMI, body mass index; NIV, non-invasive ventilation; pO., arterial partial pressure of oxygen; PaCO,, arterial partial pressure of carbon dioxide; FVC, forced vital
capacity; PCF, peak cough flow; MIP, maximal inspiratory pressure; MEP, maximal expiratory pressure; REG, regular-follow-up; ABGA, arterial blood gas analysis.

Data are presented as meanzstandard deviation or n (%).

*Excluded emergency intubation; 'Cobb’s angle over 20 degrees or had already undergone scoliosis correction operation; “These values were calculated to the

percentage of normal predictive values.

Table 2. Comparison of Overnight Monitoring of Ventilatory Status Be-
fore the Application of Non-invasive Ventilation (Without Considering
Severe Cases)

Overnight monitoring RE(ﬁ:];((}))up Non-(?li(;sg;roup pvalue
Mean O, saturation (%) 96.87+1.58 94.50+4.48 0.004
Maximum TcCO; (mm Hg) 52.49+5.13 57.81+10.16 0.006
Mean TcCO, (mm Hg) 4550+4.39 50.22+8.80 0.005

TcCO,, transcutaneous partial pressure of carbon dioxide; REG: regular-fol-
low-up.

in the REG groups and non-REG groups without including se-
vere cases revealed that the REG group exhibited average O,
saturation of 96.87+1.58%, maximum TcCO, of 52.49+5.13 mm
Hg, and average TcCO, of 45.50+4.39 mm Hg, whereas the non-
REG group exhibited average O, saturation of 94.50+4.48%, max-
imal TcCO, of 57.81+10.16 mm Hg, and average TcCO. of 50.22+
8.80 mm Hg, according to the data obtained immediately be-
fore initial ventilatory support. Additionally, the non-REG group
showed significantly higher average and maximum TcCO, val-
ues compared to the REG group (Table 2).

Table 3 shows the hypoventilatory symptoms that the pa-
tients had when they initiated ventilatory support. In the REG
group, 55/73 (75.3%) were asymptomatic, while 10/47 (21.3%)
were asymptomatic in the non-REG group (p<0.001). A total of
27 hypoventilatory symptoms were observed in 18/73 patients
(24.7%) in the REG group, and 108 hypoventilatory symptoms
were observed in 37/47 patients (78.7%) in the non-REG group.
In the REG group, headaches were the most common symp-

https://doi.org/10.3349/ym;.2022.63.6.578

Table 3. Hypoventilatory Symptoms of Initial Ventilatory Support

REG Non- ,
group

. group value
(0=13) " (n=t1)

No symptoms 55(75.3) 10(21.3)<0.001
Presence of hypoventilatory symptoms 18(24.7) 37 (78.7)

Total number of initial hypoventilatory symptoms® 27 108
Category

Presence of breathing difficulty
(discomfort in breathing, dyspnea, orthopnea, 4 24
cyanosis, decreased 0, saturation, etc.)

Difficulties with sputum expectoration or

recurrent chest infections : 12
Morning headaches 9 15
Fatigue/daytime somnolence 6 22
Poor sleep qgality (ingomniq, nightmar_es, wakes 5 15

up several times a night, night sweating, etc.)

Anxiety 2 4
Chest discomfort 1 2
General weakness or poor oral intake 0 1

REG, regular-follow-up.
Data are presented as n (%) or n.
*Symptoms were allowed to overlap.

tom. In the non-REG group, breathing difficulty and fatigue/
daytime somnolence were the two most common hypoventi-
latory symptoms.

At the time of initial ventilatory support, the non-REG group
was more often in emergency condition. In the REG group,
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REG group

0059 TR

Non-REG group

35(74.5%)

Importance of Regular Pulmonary Checkup in DMD

1(1.4%) }Average 7 days in intensive care unit

Average 5 days in invasive ventilation

Non-severe cases

[ Mechanical ventilation in the emergency room

[ Using non-invasive ventilation at initial ventilatory support
Intubation at initial ventilatory support

7(14.9%)

Average 11 days in intensive care unit
Average 29 days in invasive ventilation

Fig. 2. Initial admission status of subjects at the initiation of mechanical ventilation. REG, regular-follow-up.

3 (4.1%) subjects required emergency initiation of ventilation
while 12 (25.5%) subjects received mechanical ventilation in
the ER in the non-REG group (p=0.001). Only 1 (1.4%) in the
REG group required intubation and intensive care unit (ICU)
care, and 7 (14.9%) were intubated at initial ventilatory sup-
port and needed ICU care in the non-REG group (p=0.004).
The severe patient in REG group stayed in the ICU for 7 days,
and maintained invasive ventilation for 5 days. However, se-
vere patients in non-REG group stayed in the ICU for 11 days
(7 to 18 days) on average, and used invasive ventilation for 29
days (6 to 91 days) (Fig. 2).

DISCUSSION

Among individuals who had their pulmonary function and
ventilatory status checked regularly, those without REG were
more prone to emergent situations due to ventilatory insuffi-
ciency. This indicates that regular pulmonary monitoring be-
fore NIV application is important in patients with DMD who
do not require the use of ventilators yet.

Mechanical ventilatory support is inevitable, as ventilatory in-
sufficiency eventually occurs in DMD. However, deciding when
to initiate ventilatory support is like an art. Appropriate timing
is important since applying the NIV too early wastes medical
resources and increases discomfort for patients, whereas late
initiation places the patients at risk. There have been several
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studies regarding the level of hypercapnia that determines
whether to initiate ventilatory support. For example, Ward, et
al.” suggested peak TcCO. >6.5 kPA (48.8 mm Hg) as nocturnal
hypoventilation, as it is easy to define and predictive of wors-
ening nocturnal hypoventilation. Our study emphasized that
continuous and regular observation is required to apply those
criteria accurately in clinical fields, since patients with DMD
tend to gradually deteriorate with aging.

In this study, the REG group received adequate ventilatory
support at proper timing through annual follow-up observa-
tion, while the non-REG group did not. Most patients in the REG
group had no or only one mild symptom; however, a significant
number of patients in the non-REG group showed multiple
symptoms that were relatively severe. This can also be inferred
by checking PaCO, on ABGA and TcCO,. Patients with DMD
develops nocturnal hypercapnia first, which is followed by
daytime hypercapnia as the disease progresses.” For this rea-
son, measuring nocturnal hypercapnia is a major criterion for
determining ventilatory assistance.”® In our results, PaCO, of
ABGA was measured in the awake state in the afternoon, while
TcCO, was measured during sleep. PaCO, was out of the nor-
mal range with an average of 48.34 mm Hg only in the non-REG
group, whereas the maximal TcCO, value was high in both
REG and non-REG groups. In other words, the REG group be-
gan with ventilatory support at early stage of hypoventilation
where hypercapnia only occurred at night, while the non-REG
group began ventilatory support after nocturnal and daytime

https://doi.org/10.3349/ymj.2022.63.6.578
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hypercapnia.

Our results demonstrate that the application of ventilator sup-
port in the non-REG group has been significantly delayed, by at
least 2 years on average, compared to that of the REG group.

This delay of the ventilatory support period made the pa-
tients in the non-REG group more prone to emergency situa-
tions. Compared to the REG group, the non-REG group started
mechanical ventilation in the ER six times more, and experi-
enced invasive ventilation 10 times more. Subjects in the non-
REG group missed their hypoventilatory symptoms for a long
time which resulted in severe events such as respiratory arrest,
whereas the REG-group visited the ER due to acute events that
had occurred on the same day. In detail, only one patient from
the REG group required intubation following cardiopulmo-
nary resuscitation due to an (aspiration pneumonia from) un-
foreseen choking event. This demonstrates a clear difference
from the non-REG group, as severe cases in the non-REG group
showed gradual progression due to the lack of appropriate care,
which subsequently led to respiratory arrest with mental change
or severe desaturation events (Supplementary Table 1, only
online). This difference resulted as severe cases in the non-
REG group might not have been able to take appropriate ac-
tion, since they did not know that their symptoms were due to
the lack of ventilation. Another interesting point is that severe
patients in the non-REG group tended to stay in the ICU and
were more likely to require invasive ventilation for a longer
period of time. This suggests the possibility that patients who
have been previously managed will be able to recover easily
from serious situations.

In addition, the period of exposure to hypoventilation with
hypercapnia may adversely affect patients with DMD. Uncor-
rected hypercapnia caused by the weakness of respiratory
muscles further exacerbates respiratory muscle weakness. In
animal experiments, hypercapnic conditions were shown to
change the contractile properties of the diaphragm and the
activity of ATPase."” In human studies, hypercapnia has been
demonstrated to increase the workload of respiratory muscles
in healthy adults as well as in patients with chronic obstructive
pulmonary disease.>**! In other words, it can increase the work-
load and cause fatigue in inspiratory muscles.

This study had some limitations. First, even after the exclu-
sion of severe cases, subjects in the non-REG group showed sig-
nificant deterioration in pulmonary function. However, this is
because non-REG subjects visited the hospital to receive NIV
about 2 years later on average compared to the REG group.
Therefore, it is understandable that the pulmonary function
was worse in the older group. The other limitation is that the ef-
fect of management on weakened cough may have been ig-
nored. Subjects in the REG group received comprehensive pul-
monary rehabilitation, including assistive cough method,
which might affect the incidence of pneumonia. Various addi-
tional disease management techniques, such as steroid use,
nutritional support, and physical therapy, may have been better
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fulfilled in subjects in the REG group, which could have affect-
ed the time at which patients need ventilatory support. How-
ever, it is clear that patients with DMD cannot avoid ventilatory
support on some days, even with all of these treatments. The
present study focused on the effects of regular evaluation of
pulmonary function and ventilatory status to evaluate the ap-
propriate timing of ventilatory support and patient safety.
Therefore, the effect of additional therapy did not undermine
the importance of our results. Lastly, and perhaps most impor-
tantly, this study did not investigate why the non-REG group
failed to receive REG in hospitals that have special clinics for
pulmonary rehabilitation and neuromuscular disease. Fur-
ther research is needed to establish strategies to increase the
rate of regular ventilatory follow-up observation.

In conclusion, regular evaluation of pulmonary function and
ventilatory status before the onset of ventilatory insufficiency is
crucial in patients with DMD to reduce the risk of emergen-
cies due to ventilatory insufficiency. In addition, appropriate
ventilatory support can potentially reduce the deterioration of
pulmonary function due to hypercapnia.
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