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Abstract

Purpose Osteogenesis Imperfecta (OI) is a rare group of congenital genetic disorders that consists of a collagen synthesis
defect. The most severe phenotype is type III OI. Characterized by progressive bone deformity, fragility and pulmonary
impairment, causing significant morbidity and mortality. Also, multilevel spine deformities are observed, such as scoliosis.
The literature on the pathophysiology of pulmonary impairment in relation to scoliosis in these patients is scarce and conflict-
ing. This study aims to determine the prevalence of scoliosis and its relation to pulmonary function in type III OI patients.
Methods This retrospective cohort study took place between April 2020 and November 2021. Forty-two patients with type
III OI were included. Anterior—posterior spine radiographs were evaluated for scoliosis. Pulmonary function was assessed
using spirometry and partial pressure of carbon dioxide.

Results All 42 patients had scoliosis, with a mean curve of 66° (95% CI of range). Vital lung capacity was decreased, com-
pared to a non-OI population (mean 1.57 L). This was correlated to the degree of scoliosis (st. § — 0.40, P=0.03), especially
in increasing thoracic curves. Restrictive lung pathophysiology was shown in our study population with a mean FEV1/FVC
ratio of 0.85.

Conclusions Increasing thoracic scoliosis was correlated with decreased vital lung capacity in our study population of type
III OI patients. High FEV1/FVC ratios found in this study population show restrictive lung pathophysiology. Therefore, it
is plausible that the pulmonary impairment found in type III OI patients is a combined issue, partly associated to scoliosis
and partly intrinsic to OI.

Keywords Osteogenesis imperfecta - Scoliosis - Pulmonary function

Introduction

Osteogenesis Imperfecta (OI) is a rare group of congeni-
tal genetic disorders that consists of a collagen synthesis
defect. This disease is characterized by altered architecture
of the patients’ connective tissue, usually caused by an
inherited type I collagen mutation. The altered connective
tissue architecture leads to low bone mineral density, with
defective bone structure and strength, often with multiple
associated fractures that are typically obtained after low-
impact trauma [1-3]. Depending on the clinical presenta-
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tion and severity of the disease, OI is currently classified
into five different phenotypes [1, 2, 4, 5]. Type III OI is
one of the most severe manifestations and is characterized
by progressive bone deformity and fragility. It has an auto-
somal recessive inheritance and has neonatal manifesta-
tions of bone deformity. Patients with type III OI develop a
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short statue, multiple fractures, spine deformities, cardio-
vascular insufficiency and progressive bowing of the long
bones [5-7]. Subsequently, quality of life is reduced by
these factors [8]. Pulmonary impairment is a leading cause
of morbidity and mortality. It is suggested to be caused by
restrictive lung physiology, but the exact etiology remains
unclear [9]. Life expectancy of patients with type III OI
is reduced, mostly due to cardiovascular insufficiency and
pulmonary impairment including pulmonary embolisms,
respiratory failure and respiratory infections [8, 10—13].

In patients with type III OI, multilevel spine deformi-
ties are observed, including spondylolisthesis and spon-
dylolysis, cranio-cervical junction abnormalities, osteo-
porotic fractures, scoliosis and kyphosis [1, 14, 15]. The
prevalence of scoliosis is estimated to be 47-100% [16].
Together with chest wall abnormalities, scoliosis is sug-
gested to be the major cause for impaired pulmonary
function, especially in thoracic scoliosis > 60° [9, 12, 13].
In addition to scoliosis, short statue, rib fractures, hyper-
kyphosis and higher incidences of pectus carinatum all
modify the chest wall and can therefore play a role in pul-
monary impairment [9, 12].

Previous literature on the etiology of pulmonary impair-
ment in OI patients is scarce, limited to small study popu-
lations and shows conflicting results. Several studies have
related pulmonary impairment to the continuous progression
of spinal deformity in all types of OI patients [17, 18]. Other
studies suggest that the (restrictive) lung physiology in Ol is
likely related to intrinsic factors, such as the underlying con-
nective tissue disorder, as (cardio)pulmonary complications
are highly prevalent in all OI phenotypes [8, 9, 19]. These
conflicting results, in small study populations, triggered
this study. A better understanding of the pathophysiological
mechanisms behind pulmonary impairment is required to
optimize the diagnostic and therapeutic options for type III
Ol patients. Therefore, the aim of this study was to describe
the prevalence of scoliosis and evaluate determinants associ-
ated with impaired pulmonary function in a larger cohort of
type III OI patients.

Patients and methods
Design and population

This retrospective cohort study took place between April
2020 and November 2021. All adult (> 18 years) type III
OI patients that were seen in the Dutch National Centre
of Expertise for adult OI (Isala, Zwolle, The Netherlands)
between 2008 and 2020, were eligible for inclusion in this
study. Patients were excluded when the initial spinal radio-
graphs or pulmonary spirometry were unavailable.

@ Springer

Data collection

One orthopedic surgeon and physician assistant examined
all patients from 2008 until 2020, according to a standard-
ized protocol, to collect clinical data. The data was collected
using (online) standardized forms (Research Manager, ver-
sion 5.58.9, Cloud9 Software BV) and analyzed retrospec-
tively. This included patient demographics, smoking status
(yes or no), use of medication, spinal radiographs, spirom-
etry results, and health-related quality of life (HRQOL)
questionnaires.

Study definitions and endpoints

Scoliosis was defined as a lateral curvature of the spine
greater than 10 degrees in accordance with the Scoliosis
Research Society (SRS) [20]. Scoliosis measurements from
the spinal radiographs were performed in Sectra IDS7 ver-
sion 23.2.0.5047 (Sectra AB, Linkoping, Sweden) by two
independent investigators (MK and SL) using the Cobb
method [20]. Measurements were checked for interobserver
variance using the intraclass correlation coefficient, which
were 0.99 (95% CI 0.99-1.00) for thoracic Cobb angles and
0.99 (95% CI 0.98-0.99) for lumbar Cobb angles.

Health-related Quality of Life (HRQOL) was assessed
using the SF-36. The SF-36 is a validated and widely used,
self-administered generic questionnaire with 36 items
involving 8 subscales: physical functioning, role limitations
due to physical health problems, bodily pain, general health
perception, vitality, social functioning, role limitations due
to emotional problems, and mental health. The scoring scale
ranges from O to 100, with higher scores indicating a better
HRQOL. In addition, physical and mental component sum-
mary (PCS and MCS) scores were determined [21].

Pulmonary function was assessed using spirometry,
recording vital capacity (VC max), forced expiratory vol-
ume in one second (FEV1), the FEV1/VC max ratio, FEV1/
Forced Vital Capacity (FVC) ratio and partial pressure of
carbon dioxide (pCO2). Restrictive and obstructive lung
physiology were defined as FEV1/FVC >0.8% and <0.7%,
respectively [22].

Statistical analysis

Descriptive summaries included the mean with standard
deviation (SD) for normally distributed variables and the
median with the interquartile range (IQR, 25th—75th percen-
tile) for other variables. Q-Q plots were used to determine
whether the tested variables were normally distributed. Lin-
ear regression models were calculated to test the association
between VC max, FEV1/FVC and individual parameters.



European Spine Journal (2022) 31:2295-2300

First, univariate analysis for correlation, using the Pearson
product-moment correlation coefficient for continuous data
and point-biserial correlation coefficient for categorical data,
was performed to investigate the association between VC
max, FEV1/FVC and other variables. Linearity was checked
on a scatter plot. Extreme outliers, defined as three times the
IQR from the 25th or 75th percentiles, were identified on a
box-whisker blot and were excluded if it was a multivariate
outlier. Non-parametric Spearman’s rank order correlation
was performed for non-normally distributed parameters.
Next, multivariate linear regression analysis (forced-entry
method) was performed to investigate associations between
VC max and FEV1/FVC as dependent variables and multi-
ple independent variables. Age and height were entered in
a multivariate model based on previous literature and addi-
tional variables were selected in case the P-value was <0.1
in the univariate analysis. The model was checked for col-
linearity (variable with vif > 10 was determined as collinear)
and for variables with a non-parametric distribution, natural
logarithmic (In) transformation was performed. The qual-
ity of the model was described using the accuracy of the
variance prediction by the adjusted R? value. Normality and
homoscedasticity of residuals were checked with normality
plots and scatter plots. All analyses were performed using
SPSS version 25.0 (IBM Corp, Amonk, NY, USA). A (two-
sided) P-value of less than 0.05 was considered statistically
significant.

Ethical considerations

The study was performed in accordance with the Declaration
of Helsinki. Informed consent was obtained from all patients
and the protocol was approved by the institutional Medical
Ethics Committee (METC Isala, Zwolle, The Netherlands;
file number: 210509).

Results
Patient demographics

Between 2008 and 2020, a total of 42 patients were included
in this study. Baseline characteristics are presented in
Table 1. In brief, 52.4% of participants was male, with a
median age of 25 years (19, 41.3) and the median body mass
index (BMI) was 28.8 kg/m2 (23.1, 37.6). Baseline VC max
was 1.57 L (0.87) and the mean capillary pCO2 was 5.04 kPa
(0.61). The FEV1/FVC ratio was 85.11% (7.12), with 88%
of the patients that had a FEV1/FVC ratio of > 80% (Fig. 1).
All patients had scoliosis (Cobb angle > 10°). Figure 2 shows
the distribution of the largest Cobb angle (thoracic or lum-
bar) measured. It demonstrates the severity of the scoliosis
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Table 1 Baseline characteristics
Variables N=42
Sex (male) 22 (52.4)
Age (years) 25[19, 41.3]
Height (cm) 115.8 (19.9)
Weight (kg) 409 (11.9)
BMI (kg/m?) 28.8 [23.1, 37.6]
Use of bisphosphonates (yes) 31 (73.8)
Smoker (yes) 8 (19)
Capillary pCO, (kPa) 5.04 (0.61)
VC max (L) 1.57 (0.87)
FEV 1 (L) 1.28 (0.72)
FEV1/VC max (%) 81.67 (8.22)
FEV1/FVC (%) 85.11 (7.12)
<80 (%) 5 (12%)
>80 (%) 37 (88%)
Cobb angle thoracic level (°) 61.2 (35.4)
Cobb angle lumbar level (°) 46.2 [29.1, 65.7]
SF-36 PCS 32.1(8.9)
SE-36 MCS 54 (10.4)
Previous scoliosis related operation 8 (19)
Harrington rods 6 (14.3)
Spondylodesis 2(4.8)

Data are presented as number (%), mean (SD) or median [IQR]

BMI body mass index, FEV forced expiratory volume, OI osteogene-
sis imperfecta, MCS mental component summary, PCS physical com-
ponent summary, SF-36, short-form-36, VC vital capacity

curves in this patient group, with a mean curve of 66.0° (SD
33.6°, range: 12.5°-151.4°).

Uni- and multivariate linear regression analysis

Univariate regression analysis identified height (P=0.00),
weight (P =0.00), smoking (P=0.04) and largest Cobb
angle (P=0.01) as statistically significant predictors for
VC max (Table 2). When entered into a multivariate model,
only height (st. § 0.64, P=0.00) and largest Cobb angle (st.
f —0.40, P=0.03) remained independent predictors of VC
max.

In a post-hoc analysis, we performed multivariate
regression analysis with the thoracic and lumbar Cobb
angles as covariates (see supplementary Table S1). For
the model with the thoracic Cobb angle (adjusted R? for
the model 0.46), the significant association was still pre-
sent while in the model with the lumbar Cobb angle the
association disappeared (adjusted R? for the model 0.37)
This indicates that the thoracic Cobb angle is a more
important predictor for VC max than the lumbar Cobb
angle. For FEV1/FVC, univariate analysis identified
gender (P =0.00) and weight (P =0.03) as statistically

@ Springer
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significant predictors (see supplementary Table S2).
When entered into a multivariate model, gender (st. p
0.48, P=0.00) and weight (st. B —0.34, P=0.05) were
statically significant determinants of the FEV1/FVC.
Physical and mental health (measured by PCS and MCS)
were not correlated to VC max (P=0.41 and P=0.72,
respectively) or FEV1/FVC (P=0.57 and P=0.35,
respectively) in univariate analysis, and therefore were
not entered into the multivariate model.

@ Springer
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Discussion

To our knowledge, this is the first study to evaluate pulmo-
nary function in relation to scoliosis in type III OI patients.
We found that all included type III OI patients had scolio-
sis and, as compared to a non-OI population, the VC max
was decreased (mean 1.57 vs. 4-6 L, respectively) [22].
The degree of scoliosis was severe, with a mean curve



European Spine Journal (2022) 31:2295-2300

2299

Table 2 Uni- and multivariate linear regression analysis for associa-
tion with VC max

Variables Univariable Multivariable
Correlation P-value St.p  P-value
coefficient

Age (years) 0.18 0.25 —0.06 0.65

Male gender (n) -0.22 0.18

Height (cm) 0.64 0.00 0.55 0.00

Weight (kg) 0.50 0.00 0.12 043

Current smoker (yes) -0.33 0.04

Largest Cobb angle (degrees) —0.40 0.01 —-0.30 0.03

SF-36 PCS 0.14 0.41

SF-36 MCS 0.06 0.72

Adjusted R? for the multivariable model: 0.46

MCS mental component summary, PCS physical component sum-
mary, SF-36, short-form-36, VC, vital capacity

of 66°, emphasizing the severity of the spine deformi-
ties observed in this group of type III OI patients. Most
importantly, we found that the VC max was associated
with the degree of scoliosis in type III OI patients. Espe-
cially increasing thoracic curves were strongly correlated
with decreased VC max. Restrictive lung pathophysiology
(FEV1/FVC ratio > 0.8) was present in 88% of patients,
with a mean ratio of 0.85. Even though pulmonary impair-
ment was clearly present in this study population, only
two patients showed signs of respiratory failure (capillary
pCO,>6.0).

Pulmonary issues form a large part of morbidity and mor-
tality in type III OI patients, accounting for approximately
81,6% of deaths [11, 13, 23]. Pulmonary related death in
type III OI patients is higher than the 39% seen in type I and
IV OI patients and 15.7% in the general population [11].
Widmann et al. found that a curve of > 60 degrees in 15 OI
patients resulted in a significant (< 50%) diminution in vital
capacity [17]. In contrast, other authors suggest that pulmo-
nary impairment is not correlated to scoliosis and also goes
beyond chest wall deformities, stating it is intrinsic to OI [8,
19]. However, these studies are performed in small popula-
tions and do not specify between OI phenotypes. The review
by Storoni et al. concluded a combined cause of pulmonary
impairment. They suggested that the abnormal collagen
type 1 intrinsically distorts the intrapulmonary structure and
that skeletal dysplasia causes severe thoracic abnormalities
[24]. Due to the correlation between continuous progres-
sion of spinal deformity and decreasing pulmonary function
in patients with type III OI, we hypothesize that scoliosis
increases the risk of premature death secondary to pulmo-
nary disease. This is supported by several studies [11, 12,
17]. The restrictive lung pathophysiology that was evident
in this cohort, further adds to that. These findings may have

important implications for the functional evaluation and the
treatment of type III OI patients. The results of this study
emphasize the importance of pulmonary monitoring in this
population, as spinal deformity is usually progressive and
more severe degrees of (thoracic) scoliosis are related to an
increased risk of pulmonary impairment. This study could
help with the development of evidence-based clinical guide-
lines to improve overall health, quality of life and reduce
morbidity and mortality.

A strength of this study is the relatively large population
of type III OI patients (in light of the rarity of the disease).
Limitations include lack of data on chest wall deformity, as
only a few patients had a chest CT scan. Since chest wall
deformity has been suggested to influence pulmonary func-
tion, inclusion of this data could have resulted in further
understanding of the decreased VC max volumes. Further-
more, detailed pulmonary imaging would provide us with
more information on the restrictive lung pathophysiology
found in our population. Another limitation is the limited
availability of lateral spinal radiographs; kyphosis measure-
ments were not included in our analysis.

In conclusion, the degree of scoliosis was severe in this
type III OI cohort, with a mean curve of 66°. This study
further proves that pulmonary impairment is an important
burden in type III OI patients and that increasing thoracic
scoliosis is correlated with decreased vital lung capacity.
The high FEV1/FVC ratios found in this study population
shows restrictive lung pathophysiology. Consequently, it
is plausible that the pulmonary impairment in type III OI
patients is a combined issue, partly associated with scoliosis
and partly intrinsic to OI. Therefore, we suggest assessing
pulmonary function using spirometry starting at a young age
in type III OI patients and in OI patients with severe sco-
liosis, in order to anticipate the health problems frequently
observed in these patients.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00586-022-07260-5.
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