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Background: Many studies already addressed specific gait abnormalities in children affected by Hereditary Spastic
Paraparesis (HSP). Some authors investigated the contribution of the upper body to walking pattern, but
simplifying trunk and pelvis as two hinged rigid bodies. Recently, we developed a method to detail spinal ki-
nematics in terms of anatomic curvatures and length; we were thus interested in applying such protocol to HSP.
Research question: how HSP influences spinal kinematics during gait?

Methods: we enrolled ten HSP patients (5-17 years, 8 males) and twelve Healthy Children (HC, 8-16 years, 4
males). Kinematic data were recorded with an optoelectronic system using the LAMB full body marker set, which
included three physical markers placed on the spine, supplemented with a virtual one reconstructed on the
coccix. Calculations included the spinal length (linear distance from C7 to coccix), the kyphosis and lordosis
angles, the trunk tilt and obliquity, the pelvis and the shoulder-pelvis angles, as well as the joint angles of the
lower limbs. For each variable, the average value and the range of motion (ROM) were extracted and compared
between groups.

Results: the ROM of spinal length, the average value and ROM of kyphosis angle and the average value of trunk
tilt significantly increased in HSP vs HC. A pathologic "double bump” pattern characterized the pelvic tilt traces,
the lordosis angles and, with opposite sign, the kyphosis. Both the average value and ROM of pelvic tilt
significantly increased in HSP, while ROM of lower limb angles was reduced.

Conclusion: spine kinematics were altered in HSP, who also showed an anterior trunk tilt. Therefore, the trunk
should be considered an articulated system and not simplified to a rigid body, a perspective that could be also
used in treating gait abnormalities.

1. Introduction heterogeneity and the different patterns of inheritance [4]. Therefore,

diagnosis relies mostly on clinical evaluations.

Hereditary Spastic Paraparesis (HSP) is a heterogeneous group of
disorders caused by specific degeneration of corticospinal tracts [1],
clinically divided into pure and complex forms [2]. Pure HSPs are
characterized by slowly progressive lower extremity spasticity and
weakness, while complex forms are characterized by the presence of
additional neurological or non-neurological features with more variable
phenotypes (symptoms may include impaired vision, deafness, periph-
eral neuropathy, ataxia, cognitive impairment, and epilepsy).

The diagnosis is based on clinical and genetic investigations [3]. In
clinical practice, obtaining a probable or possible diagnosis of a HSP is
relatively straightforward. However, it is often difficult to reach a pre-
cise diagnosis because of the high levels of clinical and genetic

Considering that lower limb weakness and spasticity are the pre-
dominant signs and symptoms of HSP, causing motor deficit with
reduced walking ability, many studies quantified specific gait abnor-
malities [5]. Some of these studies addressed children [6-11], but only a
few have investigated the contribution of the upper body to the walking
pattern [9-11], reporting several alterations in trunk movements in the
sagittal and frontal planes [10,11]. The importance of the upper body
has been also highlighted in asymptomatic adults by showing that var-
iations in spinal curvatures and postural asset at rest correlate with
specific changes in gait kinematics [12,13]. Moreover, trunk motion,
generally seen as passively dependant on lower limb activity, seems
instead to play an active role in counterbalancing the lower extremities
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in the swing phase, as well as in reducing the speed of rotation toward
the contralateral side immediately before the contralateral heel strike
[14]. However, trunk and pelvis were modelled as two hinged rigid
bodies, thus ignoring the anatomically relevant curvatures of the spine.

Considering that we recently developed a method to detail spinal
kinematics in terms of kyphosis, lordosis and length [15], it becomes of
interest to apply this method in children with HSP, so as to disclose
which are the determinants, in terms of spinal anatomic curvatures, of
the already described increase in the angle between trunk and pelvis
[10,11]. Should we find that the lordosis and kyphosis angles change in
phase, it would be of interest to disclose which one has the larger range
of motion, thus driving the trunk-pelvis angle; if instead the two spinal
angles changed in antiphase, one of the two would drive the trunk-pelvis
angle while the other one would act in a compensatory way. Since trunk
movements are linked to pelvis kinematics [11], pelvis tilt, obliquity and
rotation, as well as shoulder-pelvis angles, were also analysed. Finally,
taking into account that different patterns may be recognized in the
pathological gait of HSP children, according to the kinematics of pelvis
and lower limbs in the sagittal plane [8], we evaluated the hip, knee and
ankle angles in that plane so as to draw a direct comparison.

2. Methods
2.1. Participants and procedure

Patients were selected and enrolled at the “Istituto Neurologico Carlo
Besta” of Milan. The main inclusion criteria were: ascertained clinical
diagnosis of pure Type I HSP, preservation of standing and walking
without assistance; an IQ > 70, i.e., children were sufficiently cooper-
ative and able to understand the required tasks. Moreover, twelve
healthy children (HC), typically developing, were enrolled as a control
group. Demographic and anthropometric data are reported in Table 1.
No statistical differences were found between both groups (Mann-
Whitney U test, p-value set at 0.05).

The experimental procedure was carried out in accordance with the
standards of the Declaration of Helsinki. The Ethical Committee “Com-
itato Etico di Ateneo dell’Universita degli Studi di Milano” approved
both the study and the written consent procedure (counsel 23/23).
Before each acquisition, a child neuropsychiatrist and the experimenters
explained the aim of the study and the details of the procedure to the
parents as well as to the child. Only those children who agreed with the
study and whose parents/guardians consented their participation were
recruited in the study; they were free to abandon the experimental
procedure at any time. All participants/parents/guardians signed the
written, informed consent form.

Participants were instructed to walk along a linear eight-meter
pathway at a self-selected speed. The task was repeated 2-8 times ac-
cording to individual compliance. Children were allowed to rest in be-
tween trials.

Table 1

Demographic and anthropometric measurements of the HSP (Hereditary Spastic
Paraparesis) and HC (healthy children). Data are shown as median value (min -
max).

Group HSP HC
Gender (Nmales/Ntot) 8/10 4/12
Age (yrs) 13.5 11.5

(5.0 -17.0) (8.0 -16.0)
Height (cm) 162.6 149.7

(101.3-173.0) (124.7-177.5)

Weight (kg) 53.2 42.2

(20.3-89.7) (28.5-64.9)
BMI (kg/m?) 21.0 18.3

(16.0-30.9) (16.4-23.3)
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2.2. Kinematic recordings

Kinematic data were collected by means of a motion analysis system
(SMART-DX, BTS, Italy) with 8 cameras (sampling frequency of 100 Hz),
using the LAMB full-body marker set [16,17].

Following the methodology described in detail by Palmisano et al.
[15], spinal variables were computed thanks to three physical markers,
placed on: (1) the seventh spinous vertebral process (C7); (2) the point of
maximum kyphosis (MAX_KYPH); (3) the middle position between the
two posterior superior iliac spines (PSIS_MX), and one virtual marker
reconstructing the coccyx position. The position of the coccyx was
estimated, relative to the PSIS_MX, in the pelvis local reference system
(px, py and pz, see Fig. 1) using the results of previous radiography
studies in adults [18,19] and resizing them taking into account the
changes in pelvis dimensions according to children age [20]. The
resulting point was then reprojected into the laboratory reference
system.

Upper body kinematic measurements included [15,21]:

a) the spinal length (length of the vector connecting C7 to coccyx
markers), expressed in % of subject’s height;

b) the angle of kyphosis (between the vector connecting C7 to MAX -
KYPH and the vector connecting MAX KYPH to PSIS_ MX) and the
angle of lordosis (between the vector described by MAX KYPH and
PSIS_MX and the vector from PSIS_MX to the coccyx); both angles
were projected to the pelvis sagittal plane to account for small de-
viations of the individual orientation with respect to the laboratory
axes;

c) the angles of trunk tilt and obliquity, as well as of pelvic tilt, obliquity
and rotation, all measured in relation to the planes of the laboratory;

d) the angles of shoulder orientation, computed as the angles between the
vector connecting the two acromion markers and the vector con-
necting the two anterior superior iliac spines, projected to the frontal
(a4) and horizontal (#6) planes of the pelvis reference system.

Regarding lower limb kinematics, local coordinate systems were
defined for the thigh (tx, ty and tz, see Fig. 1), the shank and the foot. For
the shank and the foot, only the longitudinal axes were considered (sy
and fy, see Fig. 1). Then, the anatomical angles of the joints in the
sagittal plane were obtained as:

tx e py

) . _ -1
HFlex—Extenswn(hlp) cos (IDC| u)y‘ ) (1)
_ ~cos ! (XY AR
eFlex—Extenslon(knee) = cos ( ‘D(‘l ‘sy A Ez," (2)
ODorsi—plantar flexion (ankle) = cos™ (fy = ) ©
Dorsi-plantar fexion ( ) 1] lsyl

2.3. Data analysis and statistics

Data were low pass filtered at 10 Hz with a 3™ order Butterworth
filter and interpolated with a cubic spline. In each participant, left and
right gait cycles were identified thanks to the markers placed on the
heels. The spatiotemporal parameters (step length and duration; stride
length, duration, mean velocity and width; duration of stance, swing and
double support) were calculated and separately averaged for the right
and left sides.

To inquire for possible asymmetries between right and left cycles, the
right and left values of each parameter were compared within each
group with a paired Wilcoxon test. Also, the absolute difference between
the two values were calculated and compared across the two groups with
a Mann-Whitney U test. Given the symmetry of gait found in the two
groups (see Results), left and right values of the spatiotemporal pa-
rameters were averaged in each participant and comparison were drawn
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Fig. 1. On the left, spinal variables in sagittal view. Physical markers (black) were placed at the seventh cervical vertebra (C7), the point of maximum kyphosis
(MAX_KYPH) and the midpoint between the posterior superior iliac spines (PSIS_MX). A virtual marker (gray) was reconstructed on the coccyx. The vectors con-
necting these points allowed the calculation of kyphosis and lordosis angles. Trunk angles were obtained by considering the inclination of the vector connecting
PSIS_MX and C7 with respect to the vertical axis of the laboratory. The projections on the sagittal and frontal planes defined trunk tilt and obliquity, respectively. The
spinal length (dashed line) was calculated as the length of the vector between the coccyx and C7. Adapted from [15]. On the right, local coordinate systems for the
pelvis (p) and the thigh (t). JC: joint center; x: anteroposterior axis (blue), y: vertical axis (pink), z: mediolateral axis (yellow).

between the population data of the two groups (Mann-Whitney U test).

Similarly, the angles of the left and right lower limbs were calculated
throughout their respective gait cycles, then traces of both sides were
time-normalised using cubic spline interpolation and averaged. Instead,
for the upper-body kinematics (spine, shoulders, trunk and pelvis), the
normalised right gait cycle was arbitrarily chosen as the representative
time base.

In each individual, for each kinematic variable we extracted its
average value and its peak-to-peak amplitude, i.e, the range of motion
(ROM). Average values, as well as ROM, were then compared between
groups with Mann-Whitney U tests. The level of significance was set to
0.05 for all statistical tests. All computations were performed with ad
hoc algorithms written in Matlab® (R2021b, The Mathworks, USA).

3. Results
3.1. Gait spatiotemporal parameters

The analysis of spatiotemporal parameters showed symmetry be-
tween the two body sides in both healthy and HSP children. In fact, for
each parameter (step length and duration; stride length, duration, mean
velocity and width; duration of stance, swing and double support) the
difference between the average right and left values did not reach sig-
nificance within each group.

Compared to healthy peers, the HSP group showed reduced walking
velocity, swing duration, step and stride length (Table 2). In contrast,
the stride width and the duration of stance and double support phases
increased significantly. No difference was found in step and stride
duration.
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Table 2
Median (min - max) values of gait spatiotemporal parameters in the HSP and HC
group. *: p < 0.05, Mann-Whitney U test HSP vs HC.

HSP HC
Step length (m) 0.46* 0.61
(0.27 -0.63) (0.53 -0.78)
Step duration (s) 0.52 0.52
(0.46-0.66) (0.48-0.63)
Stride length (m) 0.92* 1.23
(0.54-1.28) (1.06 -1.56)
Stride duration (s) 1.05 1.05
(0.92-1.31) (0.95 -1.25)
Stride velocity (m/s) 0.85* 1.09
(0.59-1.12) (0.87 -1.47)
Stride width (m) 0.12* 0.07
(0.04-0.15) (0.01 -0.09)
Stance duration (% gait cycle) 63.29* 61.24
(60.21 -67.39) (57.42 -63.72)
Swing duration (% gait cycle) 37.09* 38.6
(32.61 -39.78) (36.27 — 42.57)
Double support duration (% gait cycle) 13.12* 11.16
(10.75 -17.39) (7.92-13.72)

3.2. Body kinematics

During the gait cycle, no difference was found between HSP and HC
participants with regard to the average value of spinal length while the
ROM greatly increased in patients (about 3 times, Table 3). For what
concerns the kyphosis angle, both average and ROM values were larger
in HSP. No significant changes were found in the lordosis angle,
although its ROM increased in patients.



V. Farinelli et al.

Table 3

Body kinematics during walking. Average value (AVG) and range of motion
(ROM) are shown as the median value (min — max) for HSP children and HC; *:
p < 0.05, Mann-Whitney U test HSP vs HC.

HSP HC
Spinal length (% of height) AVG 33.03 32.65
(28.92 -40.95) (31.02 -35.96)
ROM 1.73* 0.64
(0.62 -3.76) (0.45 -1.03)
Kyphosis angle (°) AVG 11.10* 17.85
(2.74 -20.40) (8.83-22.17)
ROM 5.75* 2.65
(2.82-12.31) (1.39-6.97)
Lordosis angle (°) AVG 38.24 37.29
(25.04-54.02) (27.28-42.88)
ROM 6.42 4.08
(2.01-13.29) (2.48-5.20)
Shoulder a4 (°) AVG —0.62 0.22
(—4.99- 3.40) (-1.17 - 4.73)
ROM 14.36 12.86
(10.95 - 32.59) (6.28 - 21.50)
Shoulder a6 (°) AVG 1.29 1.44
(—3.92-9.38) (—0.60 - 6.20)
ROM 18.72 16.03
(9.91 - 27.89) (7.06 - 25.31)
Trunk tilt (°) AVG 8.71* 5.84
(2.88 -15.37) (2.36-14.50)
ROM 3.99 3.30
(1.42-4.78) (2.32-4.72)
Trunk obliquity (°) AVG -0.20 0.11
(-1.67 - 0.76) (—0.60 - 0.74)
ROM 5.83 5.81
(3.77 - 16.68) (3.18 -7.16)
Pelvic tilt (°) AVG 11.96* 4.15
(—1.56 - 23.20) (—2.85-11.65)
ROM 7.37* 3.06
(2.09 -12.86) (1.74 - 5.85)
Pelvic obliquity (°) AVG 0.76 0.85
(—2.26 - 3.43) (—1.40 - 4.18)
ROM 5.44* 10.15
(3.36 - 6.93) (4.53 - 14.00)
Pelvic rotation (°) AVG 3.20* 0.14
(—10.78 - 6.24) (—2.08 - 3.87)
ROM 17.64 13.41
(8.74 - 25.71) (7.04 -19.34)
Hip flex-extension (°) AVG 17.22* 10.32
(6.46 — 30.31) (1.37 - 18.40)
ROM 40.01* 45.59
(35.93 -46.55) (40.37 -53.80)
Knee flex-extension (°) AVG 23.23 22.21
(20.79-30.25) (18.81-26.70)
ROM 42.35* 58.49
(31.80-56.18) (52.01-63.89)
Ankle dorsi-plantarflexion (°) AVG —2.62 -3.08
(—8.09-3.78) (-8.14-0.01)
ROM 20.58* 33.71

(14.12-36.83) (29.53 - 38.99)

No differences were found for shoulder angles (a4 and a6, Table 3).
Regarding the trunk, only the average value of tilt was significantly
larger in HSP, with no difference in the ROM; obliquity was unchanged.

For what concerns the pelvis, both the average pelvic tilt and its ROM
increased significantly in patients compared to healthy peers (of about
5° and 4°, respectively) while the ROM of obliquity halved (no changes
in the average value). Average value of pelvic rotation was significantly
larger and oriented to the left (about 3°) in the patient group, while no
difference was found in the ROM.

Interestingly, the pelvic tilt traces in HSP showed a "double bump”,
with a first peak at 20 % of the gait cycle and the second at the beginning
of the swing phase (Fig. 2): a well-known pathological feature [8,10].
The same pattern was present in the lordosis and, with opposite sign, in
the kyphosis angle.
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Regarding the lower limbs (Fig. 3), only the average of the hip
flexion-extension significantly increased in HSP, while the ROM of all
joints (hip, knee and ankle) was statistically reduced (Table 3).

4. Discussion

Although Hereditary Spastic Paraparesis is known as a condition that
primarily affects the lower limbs, our results showed that alterations are
also evident in the upper body kinematics. Previous studies [9-11] have
shown changes in the trunk kinematics, but none have yet assessed the
postural alignment of the spine regions, i.e. the angles of kyphosis and
lordosis, which were shown to relevantly impact gait performance [15].
In agreement with Bonnefoy-Mazure et al. [10], our results revealed
increased trunk tilt while walking in the HSP children. Even if no spinal
symptoms are clinically related to HSP, present results provide evidence
that the alterations in lower limb movements reflect into altered spine
kinematics during walking.

By observing the average value of spinal length, kyphosis angle and
lordosis angle, only kyphosis was significantly larger in HSP. In contrast,
the ROM was greater in HSP for all the three variables (although not
significantly for lordosis).

Of note, the time course and alignment of these spine variables may
indicate a different relationship between the spinal curvatures and spi-
nal length in the two groups. In HC, kyphosis and lordosis angles were
almost in phase and with a small ROM. In contrast, in HSP the two angles
changed in antiphase, with the kyphosis angle resembling the pattern
observed in HC, but with a larger excursion. Both kyphosis and lordosis
angles contribute to spinal length, as the larger they are the shorter the
spine. It might then be speculated that phase opposition between
kyphosis and lordosis in HSP might be seen as a strategy to compensate
for excessive changes in the spinal length over the gait cycle. If so, one
should have expected that the percentage increase in the ROM of the
spinal length was lower than the corresponding increase in the kyphosis
and lordosis angles. Instead, the increase in spinal length in HSP vs. HC
was larger than that of the other two variables, actually in contrast with
such a possible compensatory mechanism. An alternative explanation
for the antiphase changes in spinal curvatures is that, given the stiffness
in their lower limbs, HSP children adapted their kyphosis and lordosis so
as to keep their head vertically aligned to the pelvis, thus preserving
balance. In fact, it has been shown that walking is worse in adults with
spinal deformities associated with a misalignment of the head-pelvis axis
[22].

Going down the kinematic chain, the pelvic tilt in HSP also showed
the characteristic “double bump” [8,10] with larger amplitudes of
anterior pelvic tilt than HC. This could be related to the weakness of hip
extensors and hamstrings, altering the loading response, but may also
reflect the reduced ankle ROM and/or an insufficient third rocker. Pelvic
changes were also found in the frontal and transverse planes. These two
parameters have been described as belonging to the group of “de-
terminants of gait”, i.e. parameters capable of minimizing the movement
of the center of mass, producing energy-efficient locomotion [23,24]. In
fact, the rotation of the pelvis would reduce the magnitude of the fall of
the center of mass that occurs during double support while the move-
ment of the pelvis in the frontal plane lowers it during single leg stance
[25]. Abnormal pelvic movements in neurological patients may be due
to compensation for weakened and spastic muscles [26-29]. Indeed, in
children with cerebral palsy (CP), the increase in pelvic tilt ROM is
associated with proximal spasticity and a contracture-related hip
extension deficit, while the increase of the average pelvic tilt is rather a
consequence of the strength imbalance between the knee flexors and
extensors [30]. The many similarities in spatiotemporal and kinematic
gait parameters found between CP and HSP children [6,8] might suggest
that also the causes of the abnormal pelvic movements could be similar.

Moving towards the lower extremities, interesting data were
collected by Pulido et al. [8], who clustered the result from a large
number of HSP, identifying six kinematics patterns. In our population
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cohorts; in blue the control group (HC), in purple the HSP participants. All curves are plotted against the percentage of the gait cycle.
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the hip, knee and ankle kinematics were similar to Pulido’s pattern IV,
characterized by insufficient hip extension and increased knee flexion in
stance, followed by decreased and delayed knee flexion in swing,
increased ankle dorsiflexion before swing and decreased and delayed
plantar flexion. In fact, all these features were present in our recordings
but, contrary to Pulido’s findings, pelvic tilt was larger in our patients
than in the control group. According to Pulido et al., [8], such pattern
resembles the “crouch gait” that has been described in CP patients and
attributed to weakness of hip, knee and ankle physiological extensor
muscles [31,32].

A major limitation of this study might be the small sample size of the
HSP group. However, we adopted a numerosity which is comparable to
that of other studies addressing the same topic [6,10,11]. Another limit
is that the spine was considered as composed of three linear segments
(C7 to MAX_KYPH; MAX KYPH to PSIS_MX; PSIS_MX to coccyx), i.e., the
minimum set required to estimate the relevant anatomical curvatures.
Clearly, with more markers placed on the spine a better description
could have been obtained. Furthermore, this study did not include
spino-pelvic radiographic data to support the kinematic results with
postural alignment, preventing a direct comparison with the results
obtained in healthy adults [12,13] as well as in patients with Cerebral
Palsy [33,34]. Finally, we restricted the investigation of lower limb
angles to the sagittal plane because we were mainly interested in
comparing our results to the seminal classification study of Pulido et al.
[8], who identified different patterns basing on pelvis and lower limb
kinematics in that plane. We are nonetheless aware that a full 3D
evaluation would have allowed a more comprehensive description of
gait deficits.

In conclusion, despite the small sample size, we observed that in HSP
the alterations in the lower limbs also affect the spine, generating a
picture of total body motor impairment. Our results show that it is
important to consider the trunk as an articulated system and not to
approximate it as a rigid body hinged to the pelvis, a perspective that
could be useful also in the treatment of gait abnormalities. Future
research should then explore targeted integrated rehabilitation ap-
proaches and assistive technologies that address both upper and lower
body impairments. Understanding the interplay between upper and
lower body dynamics in HSP is imperative for developing comprehen-
sive therapeutic strategies aimed at improving their mobility and quality
of life [35].

CRediT authorship contribution statement

V. Farinelli: Writing — review & editing, Writing — original draft,
Software, Investigation, Data curation, Conceptualization. C. Palm-
isano: Writing — review & editing, Software, Formal analysis. C. Dosi:
Writing — review & editing, Resources. I. Pedrinelli: Resources. E.
Pagliano: Resources. R.Esposti: Writing — review & editing, Supervi-
sion. P.Cavallari: Writing — review & editing, Supervision, Funding
acquisition, Conceptualization.

Funding

This study was supported by Fondazione Pierfranco e Luisa Mariani,
Milano, Italy.

Declaration of Competing Interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Paolo Cavallari reports financial support was provided by Pierfranco and
Luisa Mariani Foundation. All other authors declare that they have no
known competing financial interests or personal relationships that could
have appeared to influence the work reported in this paper.

148

Gait & Posture 120 (2025) 143-149
Acknowledgments

The Department of Pathophysiology and Transplantation, University
of Milan, is funded by the Italian Ministry of Education and Research
(MUR): Dipartimenti di Eccellenza Program 2023-2027.

References

[1] C.J. McDermott, K. White, K. Bushby, P.J. Shaw, Hereditary spastic paraparesis: a
review of new developments, J. Neurol. Neurosurg. Psychiatry 69 (2000) 150-160,
https://doi.org/10.1136/jnnp.69.2.150.

P. Hedera, Hereditary Spastic Paraplegia Overview, in: M.P. Adam, J. Feldman, G.
M. Mirzaa, R.A. Pagon, S.E. Wallace, L.J.H. Bean, K.W. Gripp, A. Amemiya (Eds.),
GeneReviews® [Internet], University of Washington, Seattle, 2021. Available from:
http://www.ncbi.nlm.nih.gov/books/NBK1509/.

J. Finsterer, W. Loscher, S. Quasthoff, J. Wanschitz, M. Auer-Grumbach,

G. Stevanin, Hereditary spastic paraplegias with autosomal dominant, recessive, X-
linked, or maternal trait of inheritance, J. Neurol. Sci. 318 (2012) 1-18, https://
doi.org/10.1016/j.jns.2012.03.025.

A. D’Amore, A. Tessa, C. Casali, M.T. Dotti, A. Filla, G. Silvestri, A. Antenora,

G. Astrea, M. Barghigiani, R. Battini, C. Battisti, I. Bruno, C. Cereda, C. Dato, G. Di
Iorio, V. Donadio, M. Felicori, N. Fini, C. Fiorillo, S. Gallone, F. Gemignani, G.

L. Gigli, C. Graziano, R. Guerrini, F. Gurrieri, A. Kariminejad, M. Lieto, C.
Marques LourenCo, A. Malandrini, P. Mandich, C. Marcotulli, F. Mari, L. Massacesi,
M.A.B. Melone, A. Mignarri, R. Milone, O. Musumeci, E. Pegoraro, A. Perna,

A. Petrucci, A. Pini, F. Pochiero, M.R. Pons, 1. Ricca, S. Rossi, M. Seri, F. Stanzial,
F. Tinelli, A. Toscano, M. Valente, A. Federico, A. Rubegni, F.M. Santorelli, Next
generation molecular diagnosis of hereditary spastic paraplegias: an Italian cross-
sectional study, Front. Neurol. 9 (2018) 00981, https://doi.org/10.3389/
fneur.2018.00981.

S. Faccioli, A. Cavalagli, N. Falocci, G. Mangano, I. Sanfilippo, S. Sassi, Gait
analysis patterns and rehabilitative interventions to improve gait in persons with
hereditary spastic paraplegia: a systematic review and meta-analysis, Front.
Neurol. 14 (2023) 1256392, https://doi.org/10.3389/fneur.2023.1256392.

L. Piccinini, V. Cimolin, M.G. D’Angelo, A.C. Turconi, M. Crivellini, M. Galli, 3D
gait analysis in patients with hereditary spastic paraparesis and spastic diplegia: a
kinematic, kinetic and EMG comparison, Eur. J. Paediatr. Neurol. 15 (2011)
138-145, https://doi.org/10.1016/j.ejpn.2010.07.009.

V. Cimolin, L. Piccinini, M.G.D. Angelo, A.C. Turconi, M. Berti, M. Crivellini,

G. Albertini, M. Galli, Are patients with hereditary spastic paraplegia different from
patients with spastic diplegia during walking? Gait evaluation using 3D gait
analysis, Funct. Neurol. 22 (2007) 23-28.

I. Pulido-Valdeolivas, D. Gémez-Andrés, J.A. Martin-Gonzalo, I. Rodriguez-
Andonaegui, J. Lopez-Lopez, S.I. Pascual-Pascual, E. Rausell, Gait phenotypes in
paediatric hereditary spastic paraplegia revealed by dynamic time warping
analysis and random forests, PLoS One 13 (2018) e0192345, https://doi.org/
10.1371/journal.pone.0192345.

S.I. Wolf, F. Braatz, D. Metaxiotis, P. Armbrust, T. Dreher, L. Doderlein, R. Mikut,
Gait analysis may help to distinguish hereditary spastic paraplegia from cerebral
palsy, Gait Posture 33 (2011) 556-561, https://doi.org/10.1016/j.
gaitpost.2011.01.009.

A. Bonnefoy-Mazure, K. Turcot, A. Kaelin, G. De Coulon, S. Armand, Full body gait
analysis may improve diagnostic discrimination between hereditary spastic
paraplegia and spastic diplegia: a preliminary study, Res. Dev. Disabil. 34 (2013)
495-504, https://doi.org/10.1016/j.ridd.2012.09.005.

B. Adair, J. Rodda, J.L. McGinley, H.K. Graham, M.E. Morris, Kinematic gait
deficits at the trunk and pelvis: characteristic features in children with hereditary
spastic paraplegia, Dev. Med. Child. Neurol. 58 (2016) 829-835, https://doi.org/
10.1111/dmcen.13082.

Z. Bakouny, A. Assi, A. Massaad, E. Saghbini, V. Lafage, W. Skalli, I. Ghanem,

G. Kreichati, Roussouly’s sagittal spino-pelvic morphotypes as determinants of gait
in asymptomatic adult subjects, Gait Posture 54 (2017) 27-33, https://doi.org/
10.1016/j.gaitpost.2017.02.018.

J. Otayek, A.J. Bizdikian, F. Yared, E. Saad, Z. Bakouny, A. Massaad, J. Ghanimeh,
C. Labaki, W. Skalli, I. Ghanem, G. Kreichati, A. Assi, Influence of spino-pelvic and
postural alignment parameters on gait kinematics, Gait Posture 76 (2020)
318-326, https://doi.org/10.1016/j.gaitpost.2019.12.029.

C.Y. Chung, M.S. Park, S.H. Lee, J. Kong, K.M. Lee, Kinematic aspects of trunk
motion and gender effect in normal adults, J. Neuroeng. Rehabil. 7 (2010) 9,
https://doi.org/10.1186/1743-0003-7-9.

C. Palmisano, V. Farinelli, F. Camuncoli, A. Favata, G. Pezzoli, C.A. Frigo, L.

U. Isaias, Dynamic evaluation of spine kinematics in individuals with Parkinson’s
disease and freezing of gait, Gait Posture 108 (2024) 199-207, https://doi.org/
10.1016/j.gaitpost.2023.10.017.

M. Rabuffetti, P. Crenna, A modular protocol for the analysis of movement in
children, Gait Posture 20 (2004) S77-S78, https://doi.org/10.1016/j.
gaitpost.2004.06.001.

A. Ferrari, M.G. Benedetti, E. Pavan, C. Frigo, D. Bettinelli, M. Rabuffetti,

P. Crenna, A. Leardini, Quantitative comparison of five current protocols in gait
analysis, Gait Posture 28 (2008) 207-216, https://doi.org/10.1016/j.
gaitpost.2007.11.009.

J.T.K. Woon, V. Perumal, J.Y. Maigne, M.D. Stringer, CT, Morphology and
morphometry of the normal adult coccyx, Eur. Spine J. 22 (2013) 863-870,
https://doi.org/10.1007/s00586-012-2595-2.

[2]

[3]

[4]

[5]

[6]

[71

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]


https://doi.org/10.1136/jnnp.69.2.150
http://www.ncbi.nlm.nih.gov/books/NBK1509/
https://doi.org/10.1016/j.jns.2012.03.025
https://doi.org/10.1016/j.jns.2012.03.025
https://doi.org/10.3389/fneur.2018.00981
https://doi.org/10.3389/fneur.2018.00981
https://doi.org/10.3389/fneur.2023.1256392
https://doi.org/10.1016/j.ejpn.2010.07.009
http://refhub.elsevier.com/S0966-6362(25)00160-2/sbref7
http://refhub.elsevier.com/S0966-6362(25)00160-2/sbref7
http://refhub.elsevier.com/S0966-6362(25)00160-2/sbref7
http://refhub.elsevier.com/S0966-6362(25)00160-2/sbref7
https://doi.org/10.1371/journal.pone.0192345
https://doi.org/10.1371/journal.pone.0192345
https://doi.org/10.1016/j.gaitpost.2011.01.009
https://doi.org/10.1016/j.gaitpost.2011.01.009
https://doi.org/10.1016/j.ridd.2012.09.005
https://doi.org/10.1111/dmcn.13082
https://doi.org/10.1111/dmcn.13082
https://doi.org/10.1016/j.gaitpost.2017.02.018
https://doi.org/10.1016/j.gaitpost.2017.02.018
https://doi.org/10.1016/j.gaitpost.2019.12.029
https://doi.org/10.1186/1743-0003-7-9
https://doi.org/10.1016/j.gaitpost.2023.10.017
https://doi.org/10.1016/j.gaitpost.2023.10.017
https://doi.org/10.1016/j.gaitpost.2004.06.001
https://doi.org/10.1016/j.gaitpost.2004.06.001
https://doi.org/10.1016/j.gaitpost.2007.11.009
https://doi.org/10.1016/j.gaitpost.2007.11.009
https://doi.org/10.1007/s00586-012-2595-2

V. Farinelli et al.

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

A. Tsuruta, J. Tashiro, T. Ishii, Y. Oka, A. Suzuki, H. Kondo, S. Yamaguchi,
Prediction of anastomotic leakage after laparoscopic low anterior resection in male
rectal cancer by pelvic measurement in magnetic resonance imaging, Surg.
Laparosc. Endosc. Percutan. Tech. 27 (2017) 54-59, https://doi.org/10.1097/
SLE.0000000000000366.

S.A. Shalaby, E.M. Eid, O. Allam, A.M. Ali, M.A. Gebba, Morphometric Study of the
Normal Egyptian Coccyx from (Age 1-40 Year), Int. J. Clin. Dev. Anat. 1 (2015)
32-41, https://doi.org/10.11648/].ijcda.20150102.13.

C. Frigo, R. Carabalona, M. Dalla Mura, S. Negrini, The upper body segmental
movements during walking by young females, Clin. Biomech. 18 (2003) 419-425,
https://doi.org/10.1016/50268-0033(03)00028-7.

G. Rebeyrat, W. Skalli, R. Rachkidi, H. Pillet, A. Massaad, J. Mehanna, K. Semaan,
E. Saad, I. Ghanem, A. Assi, Assessment of dynamic balance during walking in
patients with adult spinal deformity, Eur. Spine J. 31 (2022) 1736-1744, https://
doi.org/10.1007/500586-022-07199-7.

J.B. Saunders, V.T. Inman, H.D. Eberhart, The major determinants in normal and
pathological gait, J. Bone Jt. Surg. Am. 35-A (1953) 543-558.

U.Della Croce, P.O. Riley, J.L. Lelas, D.C. Kerrigan, A refined view of the
determinants of gait, Gait Posture 14 (2001) 79-84, https://doi.org/10.1016/
50966-6362(01)00128-x.

V.P. Stokes, C. Andersson, H. Forssberg, Rotational and translational movement
features of the pelvis and thorax during adult human locomotion, J. Biomech. 22
(1989) 43-50, https://doi.org/10.1016/0021-9290(89)90183-8.

K.J. Dodd, T.V. Wrigley, P.A. Goldie, M.E. Morris, C.D. Grant, Brief report
Quantifying lateral pelvic displacement during walking, Clin. Biomech. 13 (1998)
371-373, https://doi.org/10.1016,/50268-0033(98)00101-6.

M.S. Gaston, E. Rutz, T. Dreher, R. Brunner, Transverse plane rotation of the foot
and transverse hip and pelvic kinematics in diplegic cerebral palsy, Gait Posture 34
(2011) 218-221, https://doi.org/10.1016/j.gaitpost.2011.05.001.

149

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Gait & Posture 120 (2025) 143-149

B.K. Krautwurst, S.I. Wolf, D.W.W. Heitzmann, S. Gantz, F. Braatz, T. Dreher, The
influence of hip abductor weakness on frontal plane motion of the trunk and pelvis
in patients with cerebral palsy, Res. Dev. Disabil. 34 (2013) 1198-1203, https://
doi.org/10.1016/j.ridd.2012.12.018.

J.J. Salazar-Torres, B.C. McDowell, C. Kerr, A.P. Cosgrove, Pelvic kinematics and
their relationship to gait type in hemiplegic cerebral palsy, Gait Posture 33 (2011)
620-624, https://doi.org/10.1016/j.gaitpost.2011.02.004.

S.I. Wolf, R. Mikut, A. Kranzl, T. Dreher, Which functional impairments are the
main contributors to pelvic anterior tilt during gait in individuals with cerebral
palsy? Gait Posture 39 (2014) 359-364, https://doi.org/10.1016/j.
gaitpost.2013.08.014.

K.M. Steele, A. Seth, J.L. Hicks, M.S. Schwartz, S.L. Delp, Muscle contributions to
support and progression during single-limb stance in crouch gait, J. Biomech. 43
(2010) 2099-2105, https://doi.org/10.1016/j.jbiomech.2010.04.003.

J.L. Hicks, M.H. Schwartz, A.S. Arnold, S.L. Delp, Crouched postures reduce the
capacity of muscles to extend the hip and knee during the single-limb stance phase
of gait, J. Biomech. 41 (2008) 960-967, https://doi.org/10.1016/].
jbiomech.2008.01.002.

J. Deceuninck, J.C. Bernard, A. Combey, S. Leroy-Coudeville, E. Morel,

E. Loustalet, E. Chaleat-Valayer, E. Berthonnaud, Sagittal X-ray parameters in
walking or ambulating children with cerebral palsy, Ann. Phys. Rehabil. Med. 56
(2013) 123-133, https://doi.org/10.1016/j.rehab.2012.11.004.

S.W. Suh, D.H. Suh, J.W. Kim, J.H. Park, J.Y. Hong, Analysis of sagittal spinopelvic
parameters in cerebral palsy, Spine J. 13 (2013) 882-888, https://doi.org/
10.1016/j.spinee.2013.02.011.

S. Shribman, E. Reid, A.H. Crosby, H. Houlden, T.T. Warner, Hereditary spastic
paraplegia: from diagnosis to emerging therapeutic approaches, Lancet Neurol. 18
(2019) 1136-1146, https://doi.org/10.1016/51474-4422(19)30235-2.


https://doi.org/10.1097/SLE.0000000000000366
https://doi.org/10.1097/SLE.0000000000000366
https://doi.org/10.11648/j.ijcda.20150102.13
https://doi.org/10.1016/s0268-0033(03)00028-7
https://doi.org/10.1007/s00586-022-07199-7
https://doi.org/10.1007/s00586-022-07199-7
http://refhub.elsevier.com/S0966-6362(25)00160-2/sbref23
http://refhub.elsevier.com/S0966-6362(25)00160-2/sbref23
https://doi.org/10.1016/s0966-6362(01)00128-x
https://doi.org/10.1016/s0966-6362(01)00128-x
https://doi.org/10.1016/0021-9290(89)90183-8
https://doi.org/10.1016/s0268-0033(98)00101-6
https://doi.org/10.1016/j.gaitpost.2011.05.001
https://doi.org/10.1016/j.ridd.2012.12.018
https://doi.org/10.1016/j.ridd.2012.12.018
https://doi.org/10.1016/j.gaitpost.2011.02.004
https://doi.org/10.1016/j.gaitpost.2013.08.014
https://doi.org/10.1016/j.gaitpost.2013.08.014
https://doi.org/10.1016/j.jbiomech.2010.04.003
https://doi.org/10.1016/j.jbiomech.2008.01.002
https://doi.org/10.1016/j.jbiomech.2008.01.002
https://doi.org/10.1016/j.rehab.2012.11.004
https://doi.org/10.1016/j.spinee.2013.02.011
https://doi.org/10.1016/j.spinee.2013.02.011
https://doi.org/10.1016/S1474-4422(19)30235-2

	Spine kinematics during gait in paediatric Hereditary Spastic Paraparesis
	1 Introduction
	2 Methods
	2.1 Participants and procedure
	2.2 Kinematic recordings
	2.3 Data analysis and statistics

	3 Results
	3.1 Gait spatiotemporal parameters
	3.2 Body kinematics

	4 Discussion
	CRediT authorship contribution statement
	Funding
	Declaration of Competing Interest
	Acknowledgments
	References


