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ABSTRACT In Duchenne muscular dystrophy (DMD), it is still to be determined if specific timepoints
can be identified during the natural evolution of respiratory dysfunction from childhood to adulthood and
if scoliosis, steroid therapy and nocturnal noninvasive mechanical ventilation (NIMV) have any effect on it.

In a 7-year retrospective study performed on 115 DMD patients (6–24 years), evaluated once or twice
per year, with 574 visits in total, evolution mean curves of spirometry, lung volumes, spontaneous
breathing and thoraco-abdominal pattern (measured by optoelectronic plethysmography) parameters were
obtained by nonlinear regression model analysis.

While predicted values of forced vital capacity, forced expiratory volume in 1 s, and peak expiratory flow
decline continuously since childhood, during spontaneous breathing the following parameters become
significantly different than normal in sequence: abdominal contribution to tidal volume (lower after
14.8 years), tidal volume (lower after 17.2 years), minute ventilation (lower after 18.1 years) and respiratory
rate (higher after 22.1 years). Restrictive lung pattern and diaphragmatic impairment are exacerbated by
scoliosis severity, slowed by steroids treatment and significantly affected by NIMV.

Spirometry, lung volumes, breathing pattern and thoraco-abdominal contributions show different
evolution curves over time. Specific timepoints of respiratory impairment are identified during disease
progression. These should be considered when defining outcome measures in clinical trials and treatment
strategies in DMD.
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Introduction
Duchenne muscular dystrophy (DMD) is an X-linked myopathy resulting in progressive wasting of
locomotor and respiratory muscles, with consequent chronic ventilatory failure that is the main cause of
death. In these patients it is extremely important, therefore, to measure lung function and respiratory
muscle action in order to monitor the progression of the disease, to identify early signs of ventilatory
insufficiency, to plan optimal interventions for improving the quality of life and to quantify the effects of
novel gene-modifying strategies and pharmacological therapies [1–9].

At present, the outcome measures consider mainly motor function, namely of lower and upper limbs.
Specific respiratory outcome measures are needed to objectively evaluate the effects of interventions in
DMD, not only regarding spirometric and lung volume indexes but also respiratory muscle function.
Forced vital capacity (FVC), when expressed in litres, follows a pathognomonic pattern characterised by an
ascending phase, a plateau and a descending phase during the course of the disease [10–15]. When FVC is
instead expressed as percentage of predicted value, it linearly declines with age indicating a progressive
increase of lung restriction [10–13, 15–17]. The deterioration of lung function can be stabilised with
steroid therapy [5, 18–21], which helps in delaying the loss of ambulation and the consequent
development of scoliosis, an additional contributor to the restrictive lung pattern [5, 21–27].

Spirometry is recommended by current guidelines for routine lung function evaluation in DMD [1, 2],
since FVC has prognostic value for survival [11] and provides useful guidance for treatment [11, 15, 28, 29].
Nevertheless, spirometry has inherent limitations. A high level of patient cooperation is needed; thus, it
cannot be applied in early childhood and it becomes difficult in adulthood due to the fatigue induced by
repeated maximal manoeuvres and/or the presence of macroglossia [30–32]. It provides only a global
evaluation of lung restriction, irrespectively of its possible causes, such as alterations in lung, chest wall
and respiratory muscles or a combination thereof. Moreover, it does not provide any specific information
on the impairment of ribcage muscles, diaphragm and abdominal muscles.

The detailed analysis of spontaneous breathing at rest including thoraco-abdominal contributions to tidal
volume (breathing pattern), represents a useful approach for noninvasive and non-volitional assessment of
respiratory function feasible in all patients [10, 33]. Abdominal contribution to tidal volume progressively
decays with age [33] being a strong predictor of nocturnal hypoxaemia [34] and inefficient cough [35].

We hypothesised that breathing pattern can provide information complementary to spirometry, regarding
the natural course of the disease and the effects of given treatments. The specific aims were to study the
natural evolution of respiratory function in terms of spirometry, lung volumes and breathing pattern from
childhood to adulthood, to identify possible key points and to investigate possible effects of scoliosis,
nocturnal noninvasive mechanical ventilation (NIMV) and steroid therapy.

Materials and methods
Patients
This is a 7-year retrospective study of respiratory function in 115 patients, with a defined diagnosis of
DMD [3], ranging in age from 6 to 24 years and with data collected on least at three different visits, out of
the 167 patients followed at the IRCCS (Istituto di Ricovero e Cura a Carattere Scientifico) “E.Medea”.
Patients were evaluated once per year until wheelchair bounding and thereafter twice per year, for 574
visits. At each visit, anthropometric and clinical (scoliosis, ambulation, steroid therapy and use of assistive
respiratory devices) data were documented. All patients or parents signed a consent form, approved by the
local ethics committee according to the declaration of Helsinki.

56 age-matched healthy male subjects were enrolled as control group. The control group was composed of
healthy brothers of DMD patients, relatives of the researches and students of the laboratory who
volunteered to take part to the study.

Pulmonary function test
At each visit, FVC, forced expiratory volume in 1 s (FEV1), peak expiratory flow (PEF) and subdivisions of
lung volume (functional residual capacity (FRC), residual volume (RV) and total lung capacity (TLC)) by
the nitrogen washout technique were measured (Vmax series 22, SensorMedics, Yorba Linda, CA, USA).
Spirometric data were presented both as absolute and expressed as percentage of the predicted values [36].
Nocturnal oxygen saturation (SpO2) was measured in all patients not under nocturnal NIMV by pulse
oximetry (Nonin, 8500, Quitman, TX, USA) and only recordings >8 h were considered acceptable.

Assessment of spontaneous breathing pattern at rest
Breathing pattern was measured in supine position using opto-electronic plethysmography (OEP System;
BTS, Milan, Italy) and a geometrical model based on 52 markers [37, 38].
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After a short period of adaptation to the recording conditions, total and compartmental volumes were
continuously measured during five minutes of quiet breathing. An average period of 90 s of stable breathing
was then selected during which the following parameters were calculated breath-by-breath: tidal volume
(VT), respiratory rate (RR), minute ventilation, rapid and shallow breathing index (RSBi; calculated as RR/
VT) and ribcage and abdominal tidal volumes (ΔVRC and ΔVAB, respectively, expressed both in litres and as
percentage contribution to VT). Tidal volume was analysed also normalised according to weight. The ribcage
was in turn split into compartments, namely pulmonary ribcage and abdominal ribcage [37, 38]. The
volume variations of the two ribcage components were presented both as absolute and percentage values.

Effects of scoliosis, steroids and NIMV
To study the effect of scoliosis, patients were grouped accordingly to the severity of scoliosis: null, mild
(Cobb angle <20°), moderate (20–40°), severe (>40°) and after spinal fusion. To study the effect of steroids,
patients were grouped as “naive” (never treated or treated for <1 year), “current” (under treatment or
stopped since <1 year before the visit) or “past” (not under treatment, but previously treated for >1 year).
To study the effect of NIMV, patients were grouped as “NIMV” (currently under treatment) and
“no-NIMV” (patients never treated with NIMV within the period of the study). Patients who underwent
NIMV treatment within the period of the study were identified and the data before the start of the
treatment constituted a third group called “pre-NIMV”.

Statistical data analysis
Data were analysed using the following regression model:

yiG(t) ¼
XS

k¼1

bkGfk(t)þ
XS

k¼1

bkiGfk(t)þ 1iG(t) (1)

where: i) yiG(t) is the datum that one would have recorded if the i-th subject in the group G were
measured at age t [ (6, 24). The group G can be one of the following: the whole population of DMD
patients, the whole population of healthy controls, or one of the categories of the steroid or the scoliosis

subgroups; ii)
PS

k¼1
bkGfk(t) indicates the population mean curve; iii)

PS

k¼1
bkiGfk(t) indicates the

subject-specific correction such that
PS

k¼1
bkGfk(t)þ

PS

k¼1
bbkiGfk(t) indicates the subject-specific evolution

curve, and finally iv) 1iG(t) indicates the session-specific measurement error.

TABLE 1 Anthropometric and clinical data of Duchenne muscular dystrophy patients

Age years Visits n Patients n Weight kg Height cm Wheelchair
bound %

Using
CAD %

Under
NIMV
%

Current
steroid
users %

Scoliosis %

NU M MO S SF

6 23 23 21.1 (20.6–24.9) 116.5 (112.6–121.5) 9 0 0 78 100 0 0 0 0
7 31 28 25.0 (22.5–30.5) 121.0 (118.5–125.0) 11 4 0 79 96 4 0 0 0
8 28 25 29.0 (25.2–35.0) 127.0 (122.0–131.0) 24 12 0 80 88 12 0 0 0
9 31 28 31.0 (27.0–36.0) 132.0 (129.8–135.5) 43 4 4 68 79 14 4 4 0
10 33 28 37.0 (31.5–45.0) 140.0 (134.0–142.0) 68 11 4 50 54 32 11 4 0
11 37 35 45.0 (38.0–51.5) 144.0 (138.0–149.0) 80 17 0 49 40 34 20 6 0
12 39 34 49.0 (38.0–57.0) 151.0 (138.0–155.5) 85 24 0 26 29 32 18 18 3
13 41 35 54.5 (44.0–66.5) 155.0 (148.0–158.5) 97 29 0 20 26 29 17 23 6
14 42 35 55.0 (50.0–65.0) 160.0 (155.0–165.0) 97 31 3 9 14 17 20 26 23
15 35 27 57.0 (48.3–65.0) 162.0 (157.0–165.0) 96 41 11 4 4 26 33 11 26
16 34 28 56.5 (42.0–68.8) 164.0 (159.3–167.3) 96 57 21 4 7 18 29 25 21
17 39 26 60.0 (47.5–70.0) 165.0 (160.5–168.0) 96 54 27 4 8 19 31 12 31
18 37 26 53.0 (44.0–63.0) 165.0 (160.0–167.0) 100 46 35 4 8 12 23 27 31
19 27 20 58.0 (45.3–73.5) 166.0 (162.8–171.0) 100 60 35 5 10 10 25 35 20
20 37 24 58.0 (46.0–67.9) 165.5 (164.0–168.3) 100 54 33 4 4 17 13 50 17
21 26 18 57.0 (50.0–72.3) 166.5 (165.0–170.3) 100 33 17 6 6 11 17 56 11
22 27 18 54.0 (46.1–64.0) 165.0 (164.0–168.8) 100 83 50 6 0 17 22 44 17
23 19 15 58.0 (42.0–78.0) 167.0 (164.5–176.5) 100 73 33 0 0 27 27 47 0
24 11 8 64.5 (46.5–78.8) 174.5 (165.0–177.3) 100 75 63 0 0 13 38 38 13

Data are presented as median (interquartile range), unless otherwise stated. CAD: cough assistive device; NIMV: noninvasive mechanical
ventilation; NU: null; M: mild; MO: moderate; S: severe; SF: spinal fusion.
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To estimate the effects of scoliosis, steroid therapy and NIMV, we separately performed asymptotic
likelihood-based tests to pairwise compare the population means of all the categories of the steroid and the
scoliosis subgroups. Finally, for every acquired datum and for every group G, we assessed the significance
of the random effects related to the subject with a likelihood ratio test, which compared the full model
with the one that excluded all the random effects. Significance was determined by p<0.05. The proposed
model was implemented in R (version 3.2.3 R Core Team (2015). A language and environment for
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FIGURE 1 Evolution with age of the maximum-likelihood estimation population mean curve (thick line) and its
95% pointwise asymptotic confidence intervals (thinner lines) of forced vital capacity (FVC), forced expiratory
volume in one second (FEV1) and peak expiratory flow (PEF) expressed as percentage predicted (a, c, e,
respectively) and absolute values (b, d, f, respectively) in Duchenne muscular dystrophy patients. Black lines:
measured values; grey lines: predicted values; light grey areas: values significantly different from predicted
with 0.01<p<0.05; dark grey areas: values significantly different from predicted with p<0.01.
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statistical computing. R Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-
project.org/) with the package “lme4”[39]. Additional details are reported on the online supplement.

Results
Patients
In table 1, anthropometric and clinical data of the 115 enrolled DMD patients are reported for each age.
At the age of 13 years, all patients but one were wheelchair bound. More than one-third of the patients
older than 14 years were using cough assistive-devices. In the study group, 28 patients were regularly using
nocturnal NIMV (since a mean age of 19.1±3.5 years). The youngest patient using NIMV was 15.6 years
old. Scoliosis worsened with age. Steroid treatment was prevalent among younger patients.

In the course of the study, nine patients died: four due to respiratory and/or swallowing insufficiency
(mean age 16.7±2.3 years); and five to cardiac failure (mean age 17.6±4.5 years).

Median (interquartile range) age of the control group age was 16.1 (7.7–22.7) years, height was 1.7 (1.3–
1.8) m, weight was 60 (29–75) kg and body mass index was 19.6 (16–23) kg·m−2.

Spirometry, lung volumes and nocturnal oxygen saturation
Evolutions with age of FVC, FEV1 and PEF are shown in figure 1. These parameters, when expressed as
percentage of the predicted values, linearly declined by 4.6% per year (age range 11–22 years), 5.4% per
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FIGURE 2 Evolution with age of the maximum-likelihood estimation population mean curve (thick line) and its
95% pointwise asymptotic confidence intervals (thinner lines) of total lung capacity (TLC; a), functional
residual capacity (FRC; b), residual volume (RV; c), inspiratory capacity (IC, d) and expiratory reserve volume
(ERV, e) expressed as absolute values in Duchenne muscular dystrophy patients. Black lines: measured
values; grey lines: predicted values; light grey areas: values significantly different from predicted with
0.01<p<0.05; dark grey areas: values significantly different from predicted with p<0.01.
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year (age range 11–22 years) and 3.8% per year (age range 6–20 years), respectively. All absolute and
predicted values were significantly reduced after the age of 7 years. The reduction of FVC was due to both
inspiratory capacity and expiratory reserve volume, being significantly lower than predicted after the age of
6 and 8 years, respectively (figure 2). The reduction of TLC and FRC began at the age of 7.7 and 9.3 years,
respectively, while residual volume became greater than predicted after the age of 11.3 years (figure 2).

In figure 3, the mean curves of nocturnal saturation data are reported in terms of night time spent with
SpO2 in the ranges 95–100%, 90–94% and <90%, number and average time of desaturation events.
Peripheral oxygenation during sleep worsened with age. Desaturation events were already present in
childhood.

Spontaneous breathing pattern at rest
The evolution curves of minute ventilation, RSBi and their two components (i.e. respiratory rate and VT)
are shown in figure 4. When compared with healthy peers, DMD patients started to hypoventilate at the
age of 18.1 years because of a reduced VT (after the age of 17.2 years), being respiratory rate similar
between the two groups almost all throughout the considered age span. Respiratory rate became
significantly higher than normal after 22.1 years and rapid and shallow breathing occurred after the age of
20.7 years. When normalised to actual body weight, VT was similar between DMD and healthy peers in
the whole considered age range.

The mean curves of ΔVRC and ΔVAB, both expressed in litres and as %VT, are shown in figure 5. When
expressed in litres, ΔVRC was similar between DMD and healthy controls at all ages, whereas ΔVAB
became lower in DMD after the age of 16 years. Thoraco-abdominal volume variations in DMD, when
instead expressed as %VT, showed a pattern starting to be significantly different than normal after the age
of 14.8 years, when ribcage and abdominal contribution became significantly greater and lower than
normal. The predominance of rib cage compared with abdomen in the relative contribution to VT

progressively increased with age.

Similarly to the ribcage considered as a whole, the expansion of both pulmonary and abdominal ribcage in
DMD was almost similar to healthy subjects. The expansion of the abdominal ribcage became lower than
controls starting from the age of 22 years. The percentage contribution of pulmonary and abdominal
ribcage started to be significantly higher than the control group at the age of 13.2 and 19 years,
respectively (see supplementary data).

Figure 6 shows the relationship between the night time spent with SpO2 <95% and FVC (% pred) and
ΔVAB (%VT).

Effect of scoliosis
The mean curves of FVC (% pred) and ΔVAB (%VT), grouped by the severity of scoliosis, are shown in
figure 7. Both parameters were negatively associated with the severity of scoliosis, with patients with severe
scoliosis and spinal fusion showing the lowest values.
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FIGURE 3 Evolution with age of the maximum-likelihood estimation population mean curve (thick line) and its 95% pointwise asymptotic
confidence intervals (thinner lines) of the night time spent with nocturnal saturation in the ranges 95–100%, 90–94% and <90% (a), of the number
(b) and the average time (c) of desaturation events in Duchenne muscular dystrophy patients.
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Effect of steroids
The mean curves of FVC (% pred) and ΔVAB (%VT), in the different steroid therapy groups, are shown in
figure 8. In currently steroid-treated patients, FVC (% pred) was significantly higher than naïve and past
patients in the age range 15.1–21.3 years and ΔVAB (%VT) in the age range 13–17.3 years.

Effect of NIMV
The mean curves of FVC (% pred) and ΔVAB (%VT), grouped by the NIMV use, are shown in figure 9.
Compared with the no-NIMV group, patients belonging to pre-NIMV group were characterised by lower
values of both FVC (% pred) and ΔVAB (%VT) from the age of 13 years. After the start of NIMV, FVC
(% pred) and ΔVAB (%VT) in treated (NIMV group) and untreated (no-NIMV) patients remained
significantly different until 21.1 and 18.4 years, respectively.
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FIGURE 4 Evolution with age of the maximum-likelihood estimation population mean curve (thick line) and its
95% pointwise asymptotic confidence intervals (thinner lines) of minute ventilation (V′E; a), tidal volume (VT;
b), respiratory rate (RR; c), rapid and shallow breathing index (RSB; d), and tidal volume normalised to body
weight (e), during spontaneous breathing in supine position in DMD patients (black lines) and healthy controls
(grey lines). Light grey areas: values significantly different from predicted with 0.01<p<0.05; dark grey areas:
values significantly different from predicted with p<0.01.
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Discussion
In the present study, an original and comprehensive description of the evolution of respiratory function in
patients with DMD over the age span 6–24 years is provided. Noninvasive measurements were taken on a
group of 115 subjects during 574 observations.

The main result is that a detailed analysis of breathing pattern is able to provide information regarding
specific key time points during the natural course of the disease. While predicted values of FVC, FEV1 and
PEF decline since childhood, during spontaneous breathing, the following parameters become significantly
different than normal in sequential order: contribution of abdominal compartment to tidal volume (lower
after 14.8 years), tidal volume (lower after 17.3 years), minute ventilation (lower after 18.1 years) and
respiratory rate (higher after 22 years).

The progressive decline of minute ventilation observed during awake spontaneous breathing at rest, that
becomes significant after the age of 18.1 years, is due to progressively reduced VT caused, in turn, by a
decreased abdominal expansion with ribcage volume variations similar to normal all over the considered
age span. As a result, the percentage contributions of ribcage and abdomen to tidal volume become
increasingly higher and lower, respectively, after the age of 14.8 years. It must be noted that, when
normalised to weight, the differences in VT are no longer present. This is presumably due to the
pathological thinness that can develop in adulthood, rather than to a preserved ventilatory pump.

Another novel feature provided by the present study is that both spirometry and lung volumes have been
longitudinally measured and analysed in a large cohort of patients. This allowed assessing the
determinants of the decay of FVC, namely the relevant reduction of TLC, inspiratory capacity and
expiratory reserve volume since childhood, suggesting that the impairment of both inspiratory and
expiratory muscles as a whole represents a clear hallmark of DMD.
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lines) and in healthy controls (grey lines). Light grey areas: values significantly different from predicted with
0.01<p<0.05; dark grey areas: values significantly different from predicted with p<0.01.
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It is important to emphasise that both spirometry and lung volume assessment, which are traditionally
used to evaluate respiratory impairment in DMD patients, represent volitional tests that require a high
level of patient’s cooperation that is not always possible. In addition, these tests do not evaluate the patient
under his normal conditions, represented by spontaneous breathing at rest, but only during maximal
manoeuvres. In addition, they provide global indexes of respiratory system function, without being able to
differentiate between decreased respiratory system compliance and/or increased respiratory muscle
weakness. Finally, they cannot be specific also in differentiating the relative impairment of each respiratory
muscle functional group, namely ribcage muscles, diaphragm and abdominal muscles.

During inspiration, rib cage expansion is the result of the action of all inspiratory rib cage muscles, namely
the scalene, the external intercostals, the parasternals and the sternocleidomastoid whilst abdominal
expansion is due to the action of the diaphragm. Therefore, although in our DMD patients the rib cage
expansion remains within the normal range, it can be supposed that inspiratory rib cage muscles are also
impaired, being unable to compensate for the insufficient action of the diaphragm that becomes unable to
provide an adequate VT. In this scenario, the impairment of the inspiratory muscles is unbalanced with
the diaphragm impacting more substantially than the inspiratory rib cage muscles.

A further evidence of the earlier impairment of the diaphragm with respect to the ribcage muscles derives
from the analysis of the abdominal ribcage expansion that becomes significantly lower only at late ages.
This is probably due to the fact that this compartment is submitted to both inspiratory ribcage muscles
and diaphragm. Therefore, diaphragmatic impairment is masked in the age range 15–22 years by the
relatively preserved ribcage muscles becoming evident also in this compartment only after the age of
22 years.

The diaphragmatic action in DMD can be affected in opposite directions by the presence of scoliosis and
by corticosteroid therapy. Regarding scoliosis, we have now demonstrated that the worsening of scoliosis
exacerbates not only the restrictive lung pattern, but also the action of the diaphragm as well. The reduced
contribution of abdominal compartment to tidal volume with increasing severity is a result somehow
surprising, as the main effects were expected to be on the rib cage. However, we can speculate that the
presence of scoliosis determines a compression of the abdomen and increases diaphragmatic load, shifting
chest wall expansion toward the ribcage. Regarding steroids treatment, our results are in agreement with
those reported by several recent studies [5, 6, 15, 40] which have demonstrated that current
corticosteroid-using patients have better spirometric values than the other two groups. In the present study
we report, in addition, that there is a significant effect on abdominal contribution to tidal volume in the
age range between 13 and 17.3 years.
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A limitation of the study is related to the lack of complete availability of measurements at the extremities
of the considered age range of DMD patients, i.e. children younger than 6 years and adults older than
24 years. In these patients, although breathing pattern was easily evaluated by opto-electronic
plethysmography, the availability and/or reliability of spirometry and lung volumes was very poor due to
the lack of collaboration in the youngest and the presence of macroglossia and/or facial muscular weakness
in the oldest. In addition, most of the patients under current steroid treatment were the younger ones, with
very few old patients. The reason of this bias is that in the clinical practice steroid treatment is gradually
stopped after the loss of ambulation because of the side effects [3, 20, 41].

Nevertheless, the study has several strengths. This is the largest data set to date including serial spirometry,
lung volumes, nocturnal oxygen saturation and breathing pattern assessment, with data collected at
different time points for each subject in the interval 6–24 years. Although this did not allow a direct
time-matched data comparison, we dealt with this irregular and subject-specific timing by adopting a
regression model based on natural cubic splines with mixed effects. Similar models have been employed in
the longitudinal data analysis literature and used in a wide range of applications [42, 43]. Our proposed
regression model allows us to obtain estimated values at any time point of our domain taking into account
the possible effects of scoliosis and steroids (i.e. fixed effects), the specific temporal evolution of each
subject (i.e. random effects), and the session-specific measurement errors (i.e. error term).

The study has clinical implications. Firstly, we have shown that after the age of 14.8 years the diaphragm
shows early evidence of weakness, starting to be unable to contribute to an adequate VT and minute
ventilation. Noteworthy, in the same period, the percentage of patients under NIMV becomes significant
(table 1). In addition, we have shown that when night time spent with oxygen saturation <95% is >12–
13%, its relationship with ΔVAB (%VT) is more linear than with FVC (% pred). ΔVAB (%VT), therefore,
seems to be more strongly related than FVC (% pred) to the presence of significant nocturnal desaturation,
as already shown in a previous paper focusing only a subgroup of adolescent DMD patients [34].
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Moreover, we have shown that those patients who started NIMV during the period of the study were
characterised by a faster decline of FVC (% pred) and ΔVAB (%VT). After the start of NIMV, FVC (%
pred) and ΔVAB (%VT) continued to decline for about 3 years, then these parameters increased until the
age of 21 years, and then declined again, similarly to untreated patients.

On the basis of these results, we believe that the specific involvement of the diaphragm should be
considered in addition to the FVC decline and nocturnal oxygen desaturation for the definition of
treatment guidelines, including the timing of starting NIMV [1–4]. Our results, therefore, suggest that
technological developments should be addressed in order to provide simple but accurate measurement of
abdominal kinematics during spontaneous breathing that could be available in all clinical centres.

In addition, we have shown original evidence that scoliosis represents a burden to the dystrophic
diaphragm of these patients and that steroid treatment has efficacy on spirometry and the diaphragm’s
contribution to tidal volume, supporting the relevance of steroid treatment as part of DMD patients’ care.

In conclusion, the evolution curves of spirometry, lung volumes and breathing pattern parameters here
presented might be considered to better define outcome measures in the forthcoming clinical trials both in
non-ambulant and ambulant DMD patients.

Acknowledgements
The authors thank the patients and the parents for their collaboration in the study; E. Marchi, D. Colombo (Istituto E.
Meda, Bosiso Parini LC, Italy) for clinical evaluations; G.P. Comi and N. Bresolin (IRCCS Foundation Ca’ Granda
Ospedale Maggiore Policlinico, University of Milan, Milan, Italy) for intellectual and fund-raising support.

Authors’ contributions: conception and design: A. LoMauro, M. Romei, M.G. D’Angelo and A. Aliverti; acquisition of
data: A. LoMauro, M. Romei; clinical evaluation: S. Gandossini and M.G. D’Angelo; analysis and interpretation:
A. LoMauro, M. Romei, M.G. D’Angelo and A. Aliverti; statistical analysis: R. Pascuzzo and S. Vantini; drafting of the
manuscript for important intellectual content: A. LoMauro, R. Pascuzzo, S. Vantini, M.G. D’Angelo and A. Aliverti;
final approval of the version to be published: A. LoMauro, M. Romei, S. Gandossini, R. Pascuzzo, S. Vantini, M.G.
D’Angelo and A. Aliverti.

References
1 Finder JD, Birnkrant D, Carl J, et al. Respiratory care of the patient with Duchenne muscular dystrophy: ATS

consensus statement. Am J Respir Crit Care Med 2004; 170: 456–465.
2 Bushby K, Finkel R, Birnkrant DJ, et al. Diagnosis and management of Duchenne muscular dystrophy, part 2:

implementation of multidisciplinary care. Lancet Neurol 2010; 9: 177–189.
3 Bushby K, Finkel R, Birnkrant DJ, et al. Diagnosis and management of Duchenne muscular dystrophy, part 1:

diagnosis, and pharmacological and psychosocial management. Lancet Neurol 2010; 9: 77–93.
4 Birnkrant DJ, Bushby KMD, Amin RS, et al. The respiratory management of patients with Duchenne muscular

dystrophy: a DMD care considerations working group specialty article. Pediatr Pulmonol 2010; 45: 739–748.
5 Henricson EK, Abresch RT, Cnaan A, et al. The cooperative international neuromuscular research group

Duchenne natural history study: glucocorticoid treatment preserves clinically meaningful functional milestones
and reduces rate of disease progression as measured by manual muscle testing and other commonly used clinical
trial outcome measures. Muscle Nerve 2013; 48: 55–67.

6 McDonald CM, Henricson EK, Abresch RT, et al. The cooperative international neuromuscular research group
Duchenne natural history study – a longitudinal investigation in the era of glucocorticoid therapy: design of
protocol and the methods used. Muscle Nerve 2013; 48: 32–54.

7 Bushby K, Finkel R, Wong B, et al. Ataluren treatment of patients with nonsense mutation dystrophinopathy.
Muscle Nerve 2014; 50: 477–487.

8 Mendell JR, Goemans N, Lowes LP, et al. Longitudinal effect of eteplirsen versus historical control on ambulation
in Duchenne muscular dystrophy. Ann Neurol 2016; 79: 257–271.

9 Buyse GM, Voit T, Schara U, et al. Efficacy of idebenone on respiratory function in patients with Duchenne
muscular dystrophy not using glucocorticoids (DELOS): a double-blind randomised placebo-controlled phase 3
trial. Lancet 2015; 385: 1748–1757.

10 Khirani S, Ramirez A, Aubertin G, et al. Respiratory muscle decline in Duchenne muscular dystrophy. Pediatr
Pulmonol 2014; 49: 473–481.

11 Phillips MF, Quinlivan RCM, Edwards RHT, et al. Changes in spirometry over time as a prognostic marker in
patients with Duchenne muscular dystrophy. Am J Respir Crit Care Med 2002; 164: 2191–2194.

12 Hahn A, Bach JR, Delaubier A, et al. Clinical implications of maximal respiratory pressure determinations for
individuals with duchenne muscular dystrophy. Arch Phys Med Rehabil 1997; 78: 1–6.

13 Gayraud J, Ramonatxo M, Rivier F, et al. Ventilatory parameters and maximal respiratory pressure changes with
age in Duchenne muscular dystrophy patients. Pediatr Pulmonol 2010; 45: 552–559.

14 Tangsrud S, Petersen IL, Lødrup Carlsen KC, et al. Lung function in children with Duchenne’s muscular
dystrophy. Respir Med 2001; 95: 898–903.

15 Humbertclaude V, Hamroun D, Bezzou K, et al. Motor and respiratory heterogeneity in Duchenne patients:
implication for clinical trials. Eur J Paediatr Neurol 2012; 16: 149–160.

16 Mayer OH, Finkel RS, Rummey C, et al. Characterization of pulmonary function in Duchenne Muscular
Dystrophy. Pediatr Pulmonol 2015; 50: 487–494.

17 Roberto R, Fritz A, Hagar Y, et al. The natural history of cardiac and pulmonary function decline in patients with
duchenne muscular dystrophy. Spine (Phila Pa 1976) 2011; 36: E1009–E1017.

https://doi.org/10.1183/13993003.01418-2017 12

LUNG FUNCTION | A. LOMAURO ET AL.



18 Buyse GM, Goemans N, Van Den Hauwe M, et al. Effects of glucocorticoids and idebenone on respiratory
function in patients with duchenne muscular dystrophy. Pediatr Pulmonol 2013; 48: 912–920.

19 Biggar WD, Gingras M, Fehlings DL, et al. Deflazacort treatment of Duchenne muscular dystrophy. J Pediatr
2001; 138: 45–50.

20 Biggar WD, Harris VA, Eliasoph L, et al. Long-term benefits of deflazacort treatment for boys with Duchenne
muscular dystrophy in their second decade. Neuromuscul Disord 2006; 16: 249–255.

21 Moxley RT, Pandya S, Ciafaloni E, et al. Change in natural history of Duchenne muscular dystrophy with
long-term corticosteroid treatment: implications for management. J Child Neurol 2010; 25: 1116–1129.

22 Mendell JR, Moxley RT, Griggs RC, et al. Randomized, double-blind six-month trial of prednisone in Duchenne’s
muscular dystrophy. N Engl J Med 1989; 320: 1592–1597.

23 Fenichel GM, Florence JM, Pestronk A, et al. Long-term benefit from prednisone therapy in Duchenne muscular
dystrophy. Neurology 1991; 41: 1874–1877.

24 Griggs RC, Moxley RT, Mendell JR, et al. Prednisone in Duchenne dystrophy. A randomized, controlled trial
defining the time course and dose response. Clinical Investigation of Duchenne Dystrophy Group. Arch Neurol
1991; 48: 383–388.

25 Connolly AM, Schierbecker J, Renna R, et al. High dose weekly oral prednisone improves strength in boys with
Duchenne muscular dystrophy. Neuromuscul Disord 2002; 12: 917–925.

26 Shapiro F, Zurakowski D, Bui T, et al. Progression of spinal deformity in wheelchair-dependent patients with
Duchenne muscular dystrophy who are not treated with steroids: coronal plane (scoliosis) and sagittal plane
(kyphosis, lordosis) deformity. Bone Joint J 2014; 96–B: 100–105.

27 Hsu JD. The development of current approaches to the management of spinal deformity for patients with
neuromuscular disease. Semin Neurol 1995; 15: 24–28.

28 Gauld LM, Boynton A. Relationship between peak cough flow and spirometry in Duchenne muscular dystrophy.
Pediatr Pulmonol 2005; 39: 457–460.

29 Toussaint M, Chatwin M, Soudon P. Mechanical ventilation in Duchenne patients with chronic respiratory
insufficiency: clinical implications of 20 years published experience. Chron Respir Dis 2007; 4: 167–177.

30 American Thoracic Society/European Respiratory Society. ATS/ERS Statement on respiratory muscle testing. Am J
Respir Crit Care Med 2002; 166: 518–624.

31 Miller MR, Crapo R, Hankinson J, et al. General considerations for lung function testing. Eur Respir J 2005; 26:
153–161.

32 Miller MR, Hankinson J, Brusasco V, et al. Standardisation of spirometry. Eur Respir J 2005; 26: 319–338.
33 Lo Mauro A, D’Angelo MG, Romei M, et al. Abdominal volume contribution to tidal volume as an early indicator

of respiratory impairment in Duchenne muscular dystrophy. Eur Respir J 2010; 35: 1118–1125.
34 Romei M, D’Angelo MG, Lomauro A, et al. Low abdominal contribution to breathing as daytime predictor of

nocturnal desaturation in adolescents and young adults with Duchenne Muscular Dystrophy. Respir Med 2012;
106: 276–283.

35 LoMauro A, Romei M, D’Angelo MG, et al. Determinants of cough efficiency in Duchenne muscular dystrophy.
Pediatr Pulmonol 2014; 49: 357–365.

36 Quanjer PH, Tammeling GJ, Cotes JE, et al. Lung volumes and forced ventilatory flows. Report Working Party
Standardization of Lung Function Tests, European Community for Steel and Coal. Official Statement of the
European Respiratory Society. Eur Respir J 1993; 6: Suppl. 16, 5–40.

37 Cala SJ, Kenyon CM, Ferrigno G, et al. Chest wall and lung volume estimation by optical reflectance motion
analysis. J Appl Physiol 1996; 81: 2680–2689.

38 Aliverti A, Dellacà R, Pelosi P, et al. Compartmental analysis of breathing in the supine and prone positions by
optoelectronic plethysmography. Ann Biomed Eng 2001; 29: 60–70.

39 Bates D, Mächler M, Bolker B. Fitting linear mixed-effects models using lme4. J Stat Soft 2015; 67: 1–48.
40 Machado DL, Silva EC, Resende MB, et al. Lung function monitoring in patients with Duchenne muscular

dystrophy on steroid therapy. BMC Res Notes 2012; 5: 435.
41 Moxley RT, Ashwal S, Pandya S, et al. Practice parameter: corticosteroid treatment of Duchenne dystrophy: report

of the Quality Standards Subcommittee of the American Academy of Neurology and the Practice Committee of
the Child Neurology Society. Neurology 2005; 64: 13–20.

42 Rice JA, Wu CO. Nonparametric mixed effects models for unequally sampled noisy curves. Biometrics 2001; 57:
253–259.

43 Edwards LJ, Stewart PW, MacDougall JE, et al. A method for fitting regression splines with varying polynomial
order in the linear mixed model. Stat Med 2006; 25: 513–527.

https://doi.org/10.1183/13993003.01418-2017 13

LUNG FUNCTION | A. LOMAURO ET AL.


	Evolution of respiratory function in Duchenne muscular dystrophy from childhood to adulthood
	Abstract
	Introduction
	Materials and methods
	Patients
	Pulmonary function test
	Assessment of spontaneous breathing pattern at rest
	Effects of scoliosis, steroids and NIMV
	Statistical data analysis

	Results
	Patients
	Spirometry, lung volumes and nocturnal oxygen saturation
	Spontaneous breathing pattern at rest
	Effect of scoliosis
	Effect of steroids
	Effect of NIMV

	Discussion
	References


