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Abstract
Background: Late Onset Pompe Disease (LOPD) is an autosomal recessive muscular disorder characterized by prevailing weakness of trunk
and pelvic girdle muscles that causes ventilatory insufficiency and postural abnormalities. The most common myopathy phenotype described
clinically in LOPD is the Limb Girdle and Diaphragmatic Pattern; spinal deformities, as hyperlordosis, hyperkyphosis and scoliosis diagnosed
by x-Ray exam, have been reported in about a third of LOPD patients. The non-specific clinic onset, the similarity of the LOPD phenotypes with
other myopathies, inter-individual heterogeneity and the lack of any disease hallmark, make early diagnosis challenging and, if enzyme
replacement therapy does not begin timely, about 60% of patients develops severe motor and ventilatory disabilities.

Aim of our study was to quantitatively assess the upright posture in a sibship of LOPD adults by x-Ray(xR) and 3D Stereophotogrammetry (St),
considered the gold standard to measure spinal angles and whole-body posture respectively, in order to better identify specific alterations more
likely to be present in a homogeneous group.

Results: Statistical analysis of St parameters showed a larger ankle, knee, elbow, dorsal, S2-C7, heel-S2-C7, heel-S2-nasion angles and a lower
sagittal vertical axis (SVA) than healthy controls.

Moreover, xR analysis highlighted a lower occipito-cervical, C2-C7 cervical and Cobb dorsal angles, and a trend to lower lumbar lordosis and
SVA compared to normal values.

Pearson’s coefficient analysis was carried on in order to evaluate the correlation between xR and St sagittal spino-pelvic parameters and
significant correlation was found in dorsal and lumbar angles calculated using xR markers placed on spiny apophysis, xR centre of vertebral
bodies, Cobb method and St markers.     

Conclusions: This is the first study that quantitatively assesses standing whole-body alignment and postural abnormalities in LOPD. These
postural alterations are not easily detectable during clinical examination and might be useful to early identify LOPD patients and to facilitate
differential diagnosis with other proximal myopathies. Moreover, our St-mks placement protocol showed high reliability to assess any sagittal
angles and, being non-invasive as compared to xR, is advisable to investigate and monitor the course of the disease and the response to
treatment.

Background
Pompe Disease is a rare autosomal recessive neuromuscular disorder, due to mutations of the GAA gene codifying the lysosomal acid alpha1-
4 -glucosidase enzyme (acid maltase, GAA), and characterized by glycogen accumulation primarily in skeletal, cardiac and smooth muscle [1].
Mutations causing reduction of musculoskeletal GAA activity below 1% the normal, lead to very severe infantile form (IOPD) which is
incompatible with life if not treated early with enzyme replacement therapy (ERT) [2]. Levels of GAA activity between 1%-25% the normal, cause
late onset form (LOPD) which may occur at any age from 2 to 70 years. This mild form has a better prognosis for life expectance than IOPD
form, but about 35% of patients is confined to wheelchair and/or requires mechanical ventilation before the age of 65, and all LOPD patients
show postural and motor disabilities [3]. Recent clinical trials demonstrated that ERT leads to better functional results if it is established earlier
and associated with rehabilitation [4,5]. Unfortunately, LOPD diagnosis occurs after an average delay of 10 years, owing to the variability of
clinical manifestations, the rarity of the condition and the overlap of signs and symptoms with other neuromuscular diseases [6].

The phenotypic spectrum of LOPD is quite broad considering the different age of onset, (varying from early infancy to late adulthood), the
heterogeneity of musculoskeletal involvement and the rate of disease progression, even in patients carrying the same mutations of GAA.
Despite these differences, a recent systematic review reported that about 80% of LOPD patients showed a clinical triad that consists of a
primary involvement of the pelvic girdle, respiratory and trunk musculature [7]. LOPD patients were also classified into three clinical subgroups,
the Limb Girdle and Diaphragmatic Weakness (LGDW), the Rigid Spine Syndrome, Scoliosis and Low Body Weight (RSS) and the Cardio-
cerebrovascular patterns, in relation to their shared prevailing symptoms [8].

MRI studies revealed an involvement of para-spinal lumbar muscles (multifidus, longissimus, iliocostalis muscles) in pre-symptomatic patients
with iperCKemia as the only manifestation, whereas abdominal rectus, psoas, iliacus and posterior muscle of the thigh were further involved in
symptomatic patients [9]; the severity of muscle changes at MRI-T1w score strongly correlated with muscle weakness, exercise intolerance,
decreased endurance, fatigue, difficulties during transitions between positions, reaching upright standing (Gowers’ maneuver), ambulation,
running and climbing stairs [7, 9].

The loss of muscular function is associated to skeleton alterations as osteoporosis and spinal deformities. A third of LOPD patients showed
scoliosis and only a quarter of them had an adult-onset form; moreover, more than half of LOPD patients with scoliosis had been diagnosed by
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xR and, in these subgroup, kyphosis and lordosis abnormalities were respectively found in 13.9% and 15.9% of patients, even if the type of
abnormalities was never specified [10].

To the best of our knowledge, only one study assessed the stabilometric parameters in LOPD using a force platform, but no study has ever
analysed quantitatively whole-body standing alignment in LOPD patients [11].

Based on these observations, aim of our study was to quantitatively assess postural abnormalities in a sibship of LOPD adults by gold
standard methods: x-Ray for spinopelvic sagittal angles and 3D Stereo-photogrammetry for whole-body upright posture using an original
markers placement protocol. This instrumental evaluation could identify specific postural parameters useful for early and differential
diagnosis with other proximal myopathies, in order to start ERT as soon as possible and to quantitatively monitor the treatment outcomes.  

Methods
Subject populations

Seven LOPD siblings, sharing the same GAA mutation compound, were recruited in Neuromuscular Disease Centre of the University of
Campania “L.Vanvitelli” and assessed using clinical scales (Medical Research Council and Range Of Movement), X-Ray (xR) and 3D Stereo-
photogrammetry (St) in upright posture. Fourteen healthy individuals, age and sex-matched, were used as controls for St-parameters.

Data gathering

Quantitative evaluation of upright postural alignment was performed using the SMART stereo-photogrammetric system (BTS Bioengineering-
Milano, Italy); a new markers placement protocol (titled DB Total, Figure 1, A) was specifically designed for better studying the spine, the head,
the arms on the sagittal plane and the feet on the frontal plane, extending standard Helen Heyes M.M. Protocol [12] (Figure 1, A -blue markers).
Markers were always placed by the same expert operator on nasion (Ns), frontozygomatic suture (FZs), spiny apophysis of C7 -T7 -T12 -L3 -L5
-S2, acromioclavicular joint (ACj), epicondylus humeri (eH), ulnar styloid (Us), anterior-superior iliac spine (ASIS), greater trochanter (gT), medial
(mEF) and lateral (lEF) epicondylitis femoris, fibular head (Fh), medial (mM) and lateral (lM) malleolus, I° -III° and V° metatarsal head (MtH),
heel (He) bilaterally.

Moreover, radiographic spinopelvic sagittal parameters [16-23] were assessed by x-Ray (OperaG80HF – GMM – Seriate (BG) – Italy),
positioning patient in perfect orthostatic position and acquiring plain film radiograms in a lateral view; radiopaque markers were placed on the
spiny apophysis of C7-T7-T12-L3-L5-S2 (Figure 2, A) in according to DB-Total protocol, to study the correlation between St and xR parameters.

Data pre-processing and analysis of standing data

Data were exported from BTS and processed in Matlab (MATLAB Release 2017b, The MathWorks, Inc., Natick, Massachusetts, United States)
with ad hoc developed software.

We analysed the whole-body sagittal angles concerning Helen Hayes M.M. protocol (as showed in Figure1 A, C) and other parameters
concerning DB Total (as showed in Figure 1 B, C).

Using Matlab, radiological angles were evaluated and plotted on the x-Ray images, as shown and explained in figures 2 B, C. To this aim, an
expert radiologist manually identified landmark points (vertebral corners, the profile of the sacral plate, and the profiles of femoral heads) on
radiographic images using Osirix; landmarks coordinates were input into ad hoc developed Matlab script.

Statistical analysis

As the aim of the study was to individuate the upright posture parameters more suitable to a characterisation of the LOPD patients compared
to the healthy population, for each St and xR parameter the distribution between the two populations was analysed. For clinical and St
parameter healthy population was recruited as control group, while for xR normative values were found in literature [16,17,18]. In particular,
baseline features and ROM values have been tested for clinical differences between patients and controls using Wilcoxon-Mann-Whitney test
and t-test, respectively.

Moreover, Wilcoxon-Mann-Whitney test was used to evaluate separation between patients and healthy subjects for St-parameters, while t-test
was used for xR parameters. P-values less than 0.05 were considered statistically significant different.

Pearson’s correlations coefficients (including confidence intervals) have been computed between St and xR parameters in order to assess the
reliability of DB Total markers placement protocol (high correlation coefficient >0.7 and < -0.7). All statistical analysis has been performed in R
[13].
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Results
Baseline features of LOPD patients (L) and controls (C) are: gender= 4F, 3M in L; 8M, 6F in C; mean age= 57.1 ± 6.5 in L; 46.7 ± 14.9 in C; mean
BMI= 26.2 ± 4.2 in L; 23.4 ± 3.0 in C; no significant difference was found between two groups.

LOPD group showed a lower strength in flex-extensor trunk and tibialis anterior muscles (average MRC=2), while the other dorsiflexors ankle
(extensor digitalis and hallucis longus) were not compromised; moreover, a significant lower active e passive dorsiflexion (a- and p-ROM) of
ankle was found (Table 1, Figure 3).

As regard the evaluation of upright posture, stereophotogrammetric analysis showed significant differences in sagittal parameters, with a
larger dorsiflexion ankle, flexion knee, dorsal, S2-C7, Heel-S2-C7 and Heel-S2-Nasion angles and a lower Sagittal Vertical Axis (SVA) in the
Pompe group compared to the healthy controls (Table 2).

About radiographic spinopelvic measurements, significant differences were found in sagittal angles with a reduction of occipito-cervical (O-
C2), C2-C7 cervical (C2-C7-CA) and Cobb Dorsal angles (C-DA) and a trend of reduction of SVA in LOPD patients (Table 3) respect to the normal
values.

Moreover, a strong correlation was found between xR and St parameters: 1) dorsal and lumbar angles calculated using xR markers placed on
spiny apophysis (xR-mks) and St markers (St-mks); dorsal angles calculated using 2) St markers (St-mks) and xR centre of vertebral bodies
(xR-cvb), 3) xR-mks and xR-cvb and 4) xR-mks and Cobb Angle (Table 4).

Discussion
The aim of the study was to quantitatively assess the muscular weakness of specific anatomic districts and related postural alterations in
upright standing of LOPD patients. Our results showed a deficit of trunk muscles, in accordance to previously reported [1,7,9], but also of
tibialis anterior although extensor digitalis and hallucis longus were not compromised (Table 1). This condition masks the deficiency of tibialis
anterior, never mentioned in literature, and explains the characteristic morphology of the patients’ feet during active and passive ankle dorsi-
flexion that result decreased (Figure 3, Table 1).

Moreover, this is the first study that evaluate whole-body standing alignment by 3D-stereophotogrammetry and, at the same time, spinopelvic
sagittal angles using x-Ray, in LOPD patients.

An original marker placement protocol (DB Total protocol, Figure 1, A), created ad hoc extending standard Helen Hayes M.M. protocol (Figure 1,
A-blue markers) in order to study new specific stereophotogrammetric parameters (Figure 1 B, C), was introduced to better analyse the postural
abnormalities of LOPD patients. In particular, LOPD group showed a significant larger dorsal angle, indicating a flattening of the dorsal curve,
and a trend of lumbar hypolordosis, in disagreement to the literature that previously reported an excessive kyphosis and/or lordosis [7,8,10].
Moreover, a larger S2-C7 angle and a lower Sagittal Vertical Axis revealed a C7 position posterior to the sacrum; these findings, associated to a
larger dorsiflexion ankle, flexion knee, Heel-S2-C7 and Heel-S2-Nasion angles (Table 2), showed a typical sagittal upright posture of LOPD
patient, as a result of a biomechanical compensation strategy of the spinal extensor muscles deficit [9,14,15].

Radiographic spino-pelvic results showed a significant lower Cobb Dorsal Angle (Table3) of Pompe group respect to normative values
[16,17,18] confirming the reduction of dorsal kyphosis emerged in stereophotogrammetric analysis; moreover, a significant lower O-C2 and
larger C2-C7 cervical angles were found in LOPD patients, underlining a straightening of the cervical lordosis.

No significative difference was found for Cobb Lumbar angle, but only a trend of hypo-lordosis in accordance with St-results. Finally, only a
reduction trend of SVA was found compared to normal values.

Other studies [24] analysed sagittal spine parameters introducing a larger number of markers placed on the spine than standard protocols, but
no correlation study was performed between stereophotogrammetric and radiological sagittal angles. Instead, in our study a strong correlation
was found (Table 4), highlighting a high reliability of DBTotal protocol in matching markers to spinous processes of the reference vertebrae
and in detection of dorsal angles; a lower correlation was found in lumbar angles probably due to the higher thickness of the adipose tissue
present in this area.

The results of the present study should be evaluated and considered with respect to some limitations. The relatively small sample size of the
populations recruited, due to the low incidence of the rare disease, prevents to any definitive conclusion because of small statistical power.
Investigation over larger population and/or meta-analysis are required. Nevertheless, the genetic homogeneity of the LOPD patients, the
accuracy of our markers placement protocol demonstrated by x-Ray exam and the exclusive choice of sagittal stereophotogrammetric
parameters [25,26], make our results reliable. Further studies, considering these quantitative outcome measures, would be needed to better
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evaluate not only static but also dynamic postural alterations during motor tasks that stress LOPD-specific weak muscles, in order to compare
them with other myopathic phenotypes.

Conclusions
Our study is the first to evaluate quantitatively the standing sagittal alignment of LOPD patients and to highlight postural characteristics
difficult to identify on clinical examination.

The knowledge of these specific postural alterations might be important for the early and differential diagnosis of LOPD with other proximal
myopathies.

Moreover, our St-markers placement protocol showed high reliability to assess dorsal angles and whole-body sagittal alignment (St-HSN and
St-HSC) and might be a useful non-invasive procedure to investigate and monitor the course of the disease and the response to treatment.
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Tables
Table.1 MRC and ROM values. Median, mean, moda and Standard Deviation were reported for each parameter of patients and controls.
Significant differences (p-value<0.05) between patients and controls for ROM values were highlighted
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  Trunk
ext

Trunk
flex

Hip

ext.

Hip

flex

Hip

abd.

Hip

add.

Knee.

ext

Knee
flex.

DF

TA

ELA ECD PF FLA FLD a-
ROM

K ex

p-
ROM
K ex

1 3 4 4 4 4 4 5 4 2 3 4 5 4 5 -10 0

2 2 2 4 4 4 4 5 4 3 4 5 5 3 5 5 10

3 2 2 5 3 3 3 4 3 1 4 5 5 4 4 -25 -10

4 4 4 4 4 4 4 5 4 3 4 4 5 4 4 10 15

5 2 2 5 4 4 4 4 4 2 2 4 5 3 4 -25 -5

6 2 3 5 3 3 4 5 3 2 4 5 5 4 5 -5 15

7 2 2 4 4 4 4 4 3 4 4 5 5 4 4 10 20

(median)

(mean)

(moda)

(SD)

2

N.A.

2

N.A.

2

N.A.

2

N.A.

4

N.A.

4

N.A.

4

N.A.

4

N.A.

4

N.A.

4

N.A

4

N.A.

4

N.A.

5

N.A.

5

N.A.

4

N.A.

4

N.A.

2

N.A.

2

N.A.

4

N.A.

4

N.A.

5

N.A.

5

N.A.

5

N.A.

5

N.A.

4

N.A.

4

N.A.

4

N.A.

4

N.A.

-5

-5.7

-25   
10

10

6.4

15

11.4

Controls 5 5 5 5 5 5 5 5 5 5 5 5 5 5 20 25

P-value N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 0.002 0.003

Table note: flexion (flex), extension (ext); dorsiflexion (DF), Tibialis Anterior (TA); extensor longus hallucis (ELA), Extensor communis digitorum
(ECD), muscle ankle Plantiflexor (PF), Flexor Longus hallucis (FLA), Flexor Longus Digitorum (FLD), Active (a) and passive (p)- Range of
Movement (ROM) with extended knee

Table.2 Mean and standard deviation of stereo-photogrammetric parameters in Helen Hayes M.M. and DB Total Protocol were reported for
each parameter and the significant differences (p-value<0.05) between the two groups are highlighted.
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  LOPD

(mean ± SD)

Healthy Controls

(mean ± SD)

p-value

Parameters in Helen Hayes standard protocol

St-TT [°] 31.3 ± 10.3 34.0 ± 9.1 0.670

St-PT [°] 7.8 ± 5.9 11.9 ± 3.7 0.061

St-HFE Right [°] 5.6 ± 8.3 5.4 ± 5.2 0.480

St-HFE Left [°] 5.6 ± 6.5 4.8 ± 4.3 0.381

St-KFE Right [°] 6.7 ± 9.7 -0.4 ± 5.6 0.071

St-KFE Left [°] 7.1 ± 9.2 -1.7 ± .6 0.018

St-AFE Right [°] 7.5 ± 2.1 3.9 ± 3.3 0.039

St-AFE Left [°] 6.9 ± 2.4 3.0 ± 3.5 0.039

Additional parameters in DB Total protocol

St-CNA [°] 49.9 ± 5.2 53.2 ± 7.2 0.072

St-SCA [°] 0.1 ± 3.9 3.9 ± 1.9 0.015

St-STA [°] -3.1 ± 7.1 -5.2 ± 3.2 0.257

St-SLA [°] 12.5 ± 7.9 16.1 ± 7.2 0.196

St-HSA [°] 0.9 ± 2.5 1.2 ± 1.4 0.270

St-CT [°] 47.2 ± 16.3 54.2 ±12.9 0.330

St-DA [°] 164.5 ± 11.2 151.4 ± 5.5 0.005

St-LA [°] 188.8 ± 14.5 198.6 ± 8.7 0.231

St-SVA [m] 0.00 ± 0.03 0.03 ± 0.02 0.004

St-EF right [°] 156.5 ± 9.3 155.9 ± 5.5 0.100

St-EF Left [°] 160.2 ±2.5 156.5 ± 6.5 0.014

St-WSO [m] -0.1 ± 0.04 -0.2 ± 0.3 0.090

St-HSN [°] 164.8 ± 3.9 161.2 ± 2.8 0.031

St-HSC [°] 180.8 ± 4.7 177.3 ± 2.4 0.023

St-HST [°] 183.9 ± 8.8 186.4 ± 3.3 0.560

St-SPA [°] 131.8 ± 10.6 133.3 ± 6.2 0.357

Table. 3 Mean and standard deviation of radiographic values were reported, the significant differences between the two groups were
highlighted (p-value<0.05). Normal values were reported in article [16, 17, 18,19].
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  LOPD

(mean ± SD)

Normal values

(mean ± SD)

p-value

O-C2 [°] 7.22 ± 1.79 14.00 ± 7.14                                [16] < 0.001

C2-C7 CA [°] 13.62 ± 14.78 0.2 ± 2                                      [17]   0.031

C-DA [°] 25.5 ± 19.4 47.5 ± 4.8                                   [17]            0.019

C-LA [°] 33.2 ± 18.6 42.7 ± 5.4                                   [17] 0.134

cvb-DA [°] 160.6 ± 9.2 NA NA

cvb-LA [°] 192.3 ± 10.1 NA NA

Mk-DA [°] 162.4 ± 8.59 NA NA

Mk-LA [°] 161.1 ± 8.46 NA NA

L5-S1 [°] 26.00 ±13.82 24.00 ± 6.12                                 [18] 0.642

L1-S1 [°] 61.40 ± 13.09 62.00 ± 11.22                               [18] 0.454

SVA [m] -0.02 ± 0.03 0.00 ± 0.02                                 [18] 0.082

SPA [°] 164.8 ± 11.3 NA NA

SSA [°] 127.8 ± 16.3 122.9 ± 7.8                                   [19] 0.751

SS [°] 34.2 ± 14.9 39.7 ± 4.1                                   [17] 0.204

PT [°] 17.6 ± 13.9 12.1 ± 3.2                                   [17] 0.812

PI [°] 51.9 ± 18.2 51.8 ± 5.3                                   [17] 0.503

Table note: Markers (Mk), Centre of Vertebral Body (cvb), kyphosis (K), Lordosis (L), Dorsal Angle (DA), Lumbar Angle (LA); Non-available (NA).

Table.4 Correlation coefficients with Confidence Intervals (CI) between radiographic and Stereo-photogrammetric parameters: Mk- and cvb-
angles, Mk- and St- angles, cvb- and St- angles; Mk and Cobb angles, St and Cobb angles; St-SVA and SVA. The strong and significant
correlations between parameters the two groups are highlighted (correlation coefficient >0.7 and < -0.7; p-value <0.05).

Sagittal parameters Correlation coefficients

(Confidence interval (CI))

p-value

Mk-DA vs St-DA 0.97  (0.73;0.99) 0.0015

Mk-LA vs St-LA 0.81  (0.02;0.98) 0.0470

St-DA vs cvb-DA 0.92  (0.43;0.99) 0.0093

St-LA vs cvb-LA 0.29  (-0.68;0.89) 0.5834

Mk-DA vs cvb-DA 0.99 (0.88;0.99) < 0.001

Mk-LA vs cvb-LA 0.67   (-0.32;0.96) 0.1493

St-SVA vs SVA 0.50   (-0.52;0.93) 0.3102

Mk-DA vs C-DA -0.80 (0.055; -0.98) 0.003

Mk-LA vs C-LA -0.74 (0.090; -0.90) 0.170

St-DA vs C-DA -0.71 (-0.965; 0.238) 0.113

St-LA vs C-LA -0.49 (-0.93; 0.54) 0.325

Table note: Stereophotogrammetric (St), Markers (Mk), Centre of Vertebral Body (cvb), Cobb Angle dorsal (C-DA), Cobb Lumbar Angle (C-LA),
Dorsal Angle (DA), Lumbar Angle (LA).

Figures
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Figure 1

A) DB Total markers placement protocol shown on stick diagram indicating the bodily segments elaborated by tracking of software BTS (label
of landmarks); B) DB Total stick diagrams associated to calculated sagittal parameters; C) Definitions of stereophotogrammetric parameters.
Figure note: Stereofotogrammetric (St). Standard HHMM protocol [12] markers in blue and DB Total markers in red: nasion (Ns),
frontozygomatic suture (FZs), spiny apophysis of C7 -T7 -T12 -L3 -L5 -S2, acromioclavicular joint (ACj), epicondylus humeri (eH), ulnar styloid
(Us), anterior-superior iliac spine (ASIS), greater trochanter (gT), medial (mEF) and lateral (lEF) epicondylitis femoris, fibular head (Fh) , medial
(mM) and lateral(lM) malleolus, I° -III° and V° metatarsal head (MtH) , heel (He).
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Figure 2

A) x-Ray of sagittal spine, highlighting vertebral body, spiny apophysis and radiopaque markers placed on C7-T7-T12-L3-L5-S2; B)
Radiographic parameters calculated with Matlab script; C) Definitions of radiological parameters. Figure note: (x-Ray of two different patients)
MSP: mid-point of the sacral plate; CFH: centre of the femoral heads.

Figure 3

Typical morphology of LOPD patients’ feet at rest (a, c) and during active dorsiflexion (b, d) on frontal (a, b) and sagittal (c, d) plane.


