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Abstract.
Background: Hereditary spastic paraplegia (HSP) is characterized by progressive degeneration of distal axons in the long
corticospinal tracts. Loss of retinal cells and microvascular networks has neither been suspected nor investigated. We con-
currently examined the retinal microvasculature and retinal layer morphology in patients with HSP to assess whether retinal
features may portray disease and its progression.
Methods: Fifteen patients with HSP and 30 healthy controls were included in this cross-sectional case-control study. Disease
severity was assessed with the Spastic Paraplegia Rating Scale (SPRS). Severity of ataxia was determined by the Scale
for the Assessment and Rating of Ataxia (SARA). Retinal microvasculature was measured by means of optical coherence
tomography angiography (OCT-A) and morphology of retinal layers using structural OCT. Mixed-effects models were applied
for data analysis.
Results: HSP patients showed significantly reduced vessel density of the superficial vascular plexus (SVP), reduced ganglion
cell layer (GCL) volume, reduced inner plexiform layer (IPL) volume and reduced temporal-inferior peripapillary retinal nerve
fiber layer (pRNFL) thickness versus healthy controls. GCL volume reduction correlated significantly with the worsening of
visual acuity and higher SARA scores.
Conclusions: These findings demonstrate that, in HSP both cells and vascular networks of the retina are compromised.
Assessment of the retinal GCL, IPL and SVP may aid in diagnosis and monitoring of disease progression as well as provide
novel structural outcome measures for clinical trials.
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1. Introduction

Hereditary spastic paraplegia (HSP) is an inherited
progressive neurodegenerative disorder character-
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ized by lower limb spasticity and weakness with
degeneration of distal axons in the long corticospinal
tracts (Blackstone et al., 2011; Mackay-Sim, 2021;
De Souza et al., 2017). The prevalence of HSP is esti-
mated to be between 1 and 10 per 100,000 (Schüle
et al., 2016). HSP is genetically heterogenous with
autosomal dominant, autosomal recessive, X-linked
recessive and mitochondrial inheritance, with a large
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variability in age of onset (Tesson et al., 2015). To
date, up to 79 causative spastic paraplegia genes have
been identified with SPG4 being the most common
subtype (Shribman et al., 2019).

Clinically, HSP is classified into a “pure” (uncom-
plicated) form, which is limited to symptoms arising
from degeneration of corticospinal tracts. The “com-
plex” (complicated) form on the other hand, may
present with additional clinical signs such as cerebel-
lar ataxia, peripheral neuropathy, dementia, seizures,
amyotrophy, psychiatric disorders and extrapyrami-
dal disturbances (Fink, 2013; Salinas et al., 2008;
Schüle et al., 2016).

In addition, rare instances of ophthalmological
manifestations including congenital cataracts, optic
atrophy and retinal dystrophy have been reported
(Carelli et al., 2009; de Freitas et al., 2020).

Structural retinal changes in patients with HSP
have been studied with optical coherence tomography
(OCT), revealing thinning of the retinal nerve fiber
layer (RNFL) and reduction of total retinal thickness
(Vavla et al., 2019; Wiethoff et al., 2012). Reduc-
tion of retinal ganglion cells has been described in a
subsequent case report (Marcotulli et al., 2014). How-
ever, this finding has not been followed or confirmed
in OCT studies by individual retinal layer analysis in
HSP cohorts. In addition, the retinal microvasculature
has not yet been examined in HSP.

We recently discovered a reduction of retinal
microvascular density in patients with degenerative
ataxias, including autosomal dominantly inherited
spinocerebellar ataxias (SCAs) (Turski et al., 2022).
This is intriguing due to the fact that a concept of
clinical overlap between HSP and hereditary atax-
ias has recently been postulated, suggesting a shared
vulnerability of cerebellar and corticospinal neurons
to common pathophysiological processes (Synofzik
& Schüle, 2017). It could therefore be suspected
that structural and microvascular retinal changes may
also be detectable in HSP by a concurrent OCT- and
optical coherence tomography angiography (OCT-A)
imaging approach. OCT-A allows non-invasive, dye-
free, high-resolution and three-dimensional imaging
of the retinal and optic nerve head (ONH) vasculature.
Visualization of the retinal vasculature is achieved by
using the movement of red blood cells as a contrast to
delineate blood vessels from static tissues (Spaide et
al., 2018). In this cross-sectional study we assessed,
by means of concurrent OCT and OCT-A imaging,
whether structural and microvascular retinal changes
occur in HSP and, if present, whether a relationship
between such alterations may be deduced, potentially

guiding us towards a novel approach for characteri-
zation and monitoring of these disorders.

2. Material and methods

2.1. Study participants

Study participants were recruited and data col-
lected from September 2018 through March 2021
from the German Center for Neurodegenerative Dis-
eases (DZNE) in Bonn, Germany. The study design
was approved by the Ethics Committee of the Univer-
sity of Bonn (approval ID: 366/17) and adhered to the
tenets of the Declaration of Helsinki. Risks and bene-
fits were discussed with each individual, and written
informed consent was obtained before beginning the
examinations.

Inclusion as a HSP case required the follow-
ing clinical (Harding, 1983) and German Network
of Hereditary Movement Disorders (GeNeMove)
(Schüle et al., 2006) criteria: 1) pure spastic para-
plegia, 2) spastic tetraparesis with greater severity in
the lower limbs, or 3) spastic paraplegia as an early
sign of a degenerative disease affecting several parts
of the nervous system.

Ocular inclusion criteria comprised spherical
ametropia of ≤±5 diopters and best-corrected visual
acuity (BCVA) of < 0.3 logarithm of the minimum
angle of resolution (logMAR). Individuals with ocu-
lar disease, ocular surgery in the past three months,
uncontrolled arterial hypertension and uncontrolled
diabetes mellitus were excluded from the study.

After applying inclusion and exclusion crite-
ria, we recruited 15 individuals with HSP. This
cohort consisted of 2 patients with SPG4 muta-
tions (one with clinically pure and one with complex
phenotype), 5 with SPG7 mutations (all clinically
complex), one with SPG8 mutation (clinically pure),
one with SPG17 mutation (clinically complex), one
with SPG36 mutation (clinically complex), one with
POLR3A mutation (clinically complex) and 4 geneti-
cally unclassified forms. The control group consisted
of 30 healthy subjects matched for age (±3 years)
without ocular or neurological comorbidities.

2.2. Study procedures

Severity of HSP was evaluated by means of the
Spastic Paraplegia Rating Scale (SPRS) ranging from
0–52 (Schüle et al., 2006). Severity of complicat-
ing symptoms of ataxia was assessed by means of
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the Scale for the Assessment and Rating of Ataxia
(SARA) ranging from 0–40 (Schmitz-Hübsch et al.,
2006). Age of onset was defined as the age when first
HSP-related signs and symptoms were detected. Dis-
ease duration was defined as the time elapsed between
the age at onset and the age at the timepoint of retinal
imaging.

BCVA was assessed using retro-illuminated Early
Treatment Diabetic Retinopathy Study (ETDRS)
charts at 4-meter distance (Precision Vision, Wood-
stock, IL).

Retinal imaging was conducted on both eyes of
each study participant without pupil dilation. The
examination room was kept dark during all imaging
sessions to ensure higher quality images. OCT-A was
performed using the Avanti Optovue OCT-A system
(AngioVue, RTVue XR Avanti SD-OCT, Optovue,
Fremont, CA, USA). Automated measurements of
the macula (6 × 6 mm macula-centered scan) and
optic nerve head (4.5 × 4.5 mm optic disc-centered
scan) were recorded using the manufacturer’s soft-
ware. Data outcomes collected included parafoveal
and perifoveal vessel density of the superficial and
deep capillary plexuses; vessel density of the peri-
papillary capillary region (RPC) and of the area
inside the optic nerve head (cdONH); and foveal
avascular zone (FAZ). Vessel density was defined
as the proportion of blood flow signal detected by
OCT-A to the corresponding area. To be included
in the final analysis, images needed to have suffi-
cient signal strength (≥ 60), scan quality (≥ 6/10)
and absence of motion artifacts (no or only minimal
banding/quilting) (Lauermann et al., 2017; 2018).

OCT imaging was performed with a spectral
domain OCT device (Spectralis, Heidelberg Engi-
neering, Heidelberg, Germany). Macular volume
scans (20 × 20◦, 1024 scans and 97 sections) were
recorded to assess added-up foveal and parafoveal
volumes of the RNFL, ganglion cell layer (GCL),
inner plexiform layer (IPL), inner nuclear layer
(INL), outer plexiform layer (OPL) and outer nuclear
layer (ONL). In order to evaluate the peripapillary
RNFL (pRNFL) thickness with all its subdivi-
sions (global, nasal, nasal-inferior, temporal-inferior,
temporal, temporal-superior, nasal-superior), cir-
cumferential peripapillary scans were captured.

OCT-A and OCT images were checked for seg-
mentation errors by one examiner, and were manually
corrected if needed. Images of HSP subjects and con-
trols were randomly selected during this process in
no particular order with the same examiner blinded
to the diagnosis.

2.3. Data analysis

Mixed-effects model analyses were performed
with right and left eye variables as repeated mea-
sures outcome, and diagnosis and hemisphere (right
eye/left eye) as well as the interaction between diag-
nosis and hemisphere as independent variables with
the effects blocked within subjects.

Initially, the entire HSP cohort was compared with
the age-matched (± 3 years; 1 case to 2 controls) con-
trol group. Subsequently, the spastic paraplegia type 7
(SPG7) subgroup was compared with an age-matched
control group (± 3 years; 1 case to 2 controls).

Pearson and Spearman’s partial correlation anal-
yses were applied to assess relationships between
OCT-A/OCT parameters and clinical characteristics
among HSP subjects. Correlation analyses were per-
formed for right eyes only.

Statistical significance was established at p < 0.05
for all HSP cohorts. Statistical analyses and graphics
were performed with GraphPad Prism version 9.5.0
(GraphPad Software, San Diego, California, USA), R
software with the library “lmer Test” version 4.2.2 (R
Foundation for Statistical Computing, Vienna, Aus-
tria) and SPSS software version 28.0.0.0 (SPSS Inc.,
Chicago, Illinois, USA).

3. Results

3.1. Demographic and clinical characteristics of
the study subjects

Fifteen HSP subjects were enrolled, 6 with pure
and 9 with complex phenotype. The mean age
was 56.6 ± 10.3 (range 28–79) years; 8 (53.3%)
were male. Mean age of disease onset and dura-
tion were 31.1 ± 15.4 (range 6–54) and 25.5 ± 14.3
(range 6–53) years respectively. Severity of symp-
toms assessed with the SPRS was 17.5 ± 6.5 (range
7–26) and with SARA 10.1 ± 5.7 (range 1–19.5).
Mean BCVA of patients with HSP and healthy con-
trols was logMAR 0.06 ± 0.13 (Snellen equivalent,
20/23) and –0.009 ± 0.09 (Snellen equivalent, 20/20)
respectively (p = 0.02). Clinical and demographic
data are presented in Table 1.

In the SPG7 subgroup, all five subjects had
complex phenotypes. The mean SPRS score was
17.8 ± 3.03 and the mean SARA score 14.8 ± 3.82.
Complicating symptoms included ataxia, gaze-
evoked nystagmus and dysarthria.
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Table 1

Demographic and clinical characteristics of the HSP cohort and healthy controls

HSP (n = 15) Pure HSP (n = 6) Complex HSP (n = 9) Controls (n = 30)

Age, mean (SD), y 56.6 (10.29) 58.00 (4.9) 55.67 (12.96) 56.00 (10.99)
Gender (M/F) 8 : 7 4 : 2 4 : 5 10 : 20
BCVA, mean (SD), logMAR 0.06 (0.13) 0.08 (0.13) 0.06 (0.13) –0.009 (0.09)
Age of onset, mean (SD), y 31.07 (15.37) 39.83 (10.21) 25.22 (15.89) NA
Disease Duration, mean (SD), y 25.53 (14.26) 18.17 (12.37) 30.44 (13.87) NA
SPRS score, mean (SD) 17.53 (6.49) 15.5 (8.02) 18.89 (5.33) NA
SARA score, mean (SD) 10.13 (5.67) 6.5 (3.52) 12.56 (5.66) NA
Genotype (n) SPG4 (2) SPG4 (1) SPG4 (1) NA

SPG7 (5) SPG8 (1) SPG7 (5)
SPG8 (1) Unclassified (4) SPG17 (1)
SPG17 (1) SPG36 (1)
SPG36 (1) POLR3A (1)

POLR3A (1)
Unclassified (4)

Abbreviations: BCVA, best-corrected visual acuity; HSP, hereditary spastic paraplegia; logMAR, logarithm of the minimum angle of
resolution; NA, not applicable; SARA, Scale for the Assessment and Rating of Ataxia (range 0–40); SPRS, Spastic Paraplegia Rating Scale
(range 0–52).

3.2. Retinal imaging

In total, 32 eyes of 16 HSP subjects and 64 eyes of
32 healthy control subjects underwent retinal imag-
ing (Fig. 1). Five eyes of 4 HSP subjects and 4 eyes
of 2 healthy control subjects were excluded due to
insufficient scan quality and motion artifact. Subse-
quently, a total of 27 eyes of 15 HSP subjects and 60
eyes of 30 control subjects were included in analyses.

When comparing the entire HSP cohort (n = 15)
with the healthy control group (n = 30) by mixed-
effects model analysis, HSP patients showed
significantly reduced vessel density in the parafoveal
superficial vascular plexus (p = 0.04), nasal superfi-
cial vascular plexus (nSVP, combined nasal parafovea
and nasal perifovea average) (p = 0.04), reduced GCL
volume (p < 0.001), reduced IPL volume (p < 0.001)
and reduced temporal-inferior pRNFL thickness
(p = 0.04) (Table 2, Fig. 2 and 3). A significant effect
was detected for diagnosis for these five outcomes
and no interaction between hemisphere and diagnosis
on the outcome measures (Fig. 4).

When performing subgroup analysis, SPG7
subjects showed significantly reduced GCL vol-
ume (p = 0.006), reduced IPL volume (p = 0.007)
and reduced temporal pRNFL thickness (p = 0.04)
(Table 3).

In SPG7 subjects, reduction of temporal pRNFL
thickness correlated significantly with decline of
BCVA (r = –0.9; p = 0.02), while in the entire HSP
cohort decrease of the GCL volume correlated signif-
icantly with decline of BCVA (rs = –0.7; p = 0.007).
In the entire HSP cohort, a significant correlation

was also detected between reduced IPL volume and
decline of BCVA (rs = –0.7; p = 0.01) (Table 4).

In addition, in SPG7, reduction of GCL volume
correlated significantly with increase of the SPRS
score (rs = –0.9; p = 0.04), while in the entire HSP
cohort loss of GCL volume correlated significantly
with increase in the SARA score (r = –0.58; p = 0.03)
(Table 4).

4. Discussion

In this study, we discovered that in HSP vessel den-
sity in the macular superficial vascular plexus (SVP)
is reduced. Furthermore, a considerable reduction in
GCL and IPL volumes was detected along with RNFL
thinning in the temporal-inferior ONH region.

These results are both surprising and intriguing
since microvascular changes have neither been doc-
umented nor suspected in HSP previously. The main
focus of prior retinal imaging studies in HSP had been
placed on the RNFL as it mirrors the degeneration of
axons (Vavla et al., 2019; Wiethoff et al., 2012). The
fact that involvement of the retinal vasculature has
now been detected in addition to distinct alterations
of the inner retinal layers, may provide us with new
insights into retinal neurodegeneration in HSP.

The SVP provides the most important means of
blood supply to the inner retinal layers (Camp-
bell et al., 2017). This plexus is located inferior to
the radial peripapillary capillary plexus (RPCP) and
superior to the intermediate capillary plexus (ICP)
and deep retinal capillary plexus (DCP), with all
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Fig. 1. Study Flow Chart. Sixteen subjects diagnosed with HSP and 32 healthy controls were enrolled in the study. Five eyes of HSP patients
and 4 eyes of control subjects were excluded from the study due to poor scan quality and motion artifacts. For analyses, 27 eyes from 15
included subjects diagnosed with HSP, and 60 eyes from 30 included healthy controls were used.

plexuses originating from the central retinal artery
(Campbell et al., 2017; Fouquet et al., 2017). In our
cohort, the parafoveal region with extension into the
nasal perifoveal area of the superficial plexus (nSVP)
showed reduced vessel density. Considering that via-
bility of the GCL and IPL is highly dependent on
this vascular network, thinning of these layers would
be expected to be a consequence of reduced ves-

sel density of this plexus (Linsenmeier & Zhang,
2017). However, the fact, that reduction of the inner
retinal layer volumes was very pronounced in our
cohort, more profoundly so than the impairment of
the microvascular component, leads us to hypothesize
that neurodegenerative processes set in first, followed
by reduction in metabolic demand in these regions.
Retinal ganglion cells and their synapses with bipo-
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Table 2

Differences in OCT-A and OCT parameters between HSP and control cohorts

HSP vs. Controls
Parameter HSP (n = 15) Controls (n = 30) Estimate SE p-value

OCT-A Macula Mean (SD) Mean (SD)
Parafoveal VD, superficial (%) 51.34 (3.02) 53.14 (2.75) 1.988 0.954 0.04
Perifoveal VD, superficial (%) 49.66 (3.3) 50.84 (2.56) 0.871 0.92 0.35
Superficial nasal VD (nSVP) (%) 52.35 (3.21) 54.35 (2.3) 1.832 0.888 0.04
Parafoveal VD, deep (%) 56.60 (3.86) 55.56 (4.23) –1.403 1.368 0.31
Perifoveal VD, deep (%) 55.20 (4.34) 53.78 (6.44) –1.888 1.89 0.32
Foveal avascular zone (mm2) 0.237 (0.08) 0.235 (0.08) –0.006 0.027 0.82
OCT-A Optic nerve head
Peripapillary VD (%) 50.94 (3.35) 52.33 (2.5) 1.426 0.925 0.13
Capillary VD optic nerve head (%) 51.44 (2.96) 52.00 (3.66) –0.217 1.154 0.85
OCT Macula
Retinal nerve fiber layer (mm3) 0.143 (0.01) 0.144 (0.01) 0.002 0.004 0.55
Ganglion cell layer (mm3) 0.297 (0.05) 0.341 (0.02) 0.047 0.011 < 0.001
Inner plexiform layer (mm3) 0.264 (0.03) 0.292 (0.01) 0.032 0.007 < 0.001
Inner nuclear layer (mm3) 0.258 (0.03) 0.269 (0.02) 0.012 0.008 0.15
Outer plexiform layer (mm3) 0.225 (0.02) 0.218 (0.03) –0.003 0.009 0.76
Outer nuclear layer (mm3) 0.532 (0.04) 0.544 (0.05) 0.01 0.015 0.5
OCT Optic nerve head
RNFL global (�m) 98.24 (9.23) 99.72 (8.91) 1.913 3.017 0.53
RNFL nasal (�m) 76.81 (17.15) 82.25 (11.63) 5.922 4.441 0.19
RNFL nasal-superior (�m) 115.13 (19.35) 114.16 (23.65) –1.795 7.743 0.82
RNFL nasal-inferior (�m) 102.15 (16.62) 115.27 (24.74) 11.689 7.354 0.12
RNFL temporal (�m) 64.31 (15.49) 68.88 (9.31) 7.47 3.961 0.07
RNFL temporal-superior (�m) 138.16 (18.16) 132.42 (16.85) –3.235 5.902 0.59
RNFL temporal-inferior (�m) 142.04 (15.44) 152.36 (18.71) 12.569 6.039 0.04

Results are reported from linear mixed-effects model analysis with left- and right-eye variables as repeated measures outcome and diagnosis
and hemisphere (left/right) as well as the interaction between diagnosis and hemisphere as independent variables, with the effects blocked
within subjects. Abbreviations: HSP, hereditary spastic paraplegia; nSVP, combined nasal parafovea and nasal perifovea vessel density
average; OCT-A, optical coherence tomography angiography; OCT, optical coherence tomography; RNFL, retinal nerve fiber layer; SE,
standard error; VD, vessel density. Significant at p < 0.05.

lar cells in the IPL may suffer a decrease in size,
number and function, ultimately resulting in regres-
sion of their supplying vascular networks (Aly et al.,
2022). Furthermore, the decline of vascular density
of the nSVP might also indicate involvement of the
papillomacular bundle in its vicinity. These obser-
vations may point towards a possible predilection
of neurodegenerative processes in the retina of HSP
patients occurring primarily in the inner retinal layers
of the macula and extending towards the papillomac-
ular bundle. Interestingly, similar findings in regards
to the GCL and the nSVP have been described by us
in degenerative ataxias (Turski et al., 2022).

On the other hand, even though less likely based on
our findings, it cannot be ruled out that microvascular
rarefication involving the retinal SVP may set in first,
resulting in a diminished metabolic supply in this par-
ticular region, subsequently leading to degeneration
of retinal ganglion cells and their synapses.

Our data also document thinning of the RNFL
involving the temporal-inferior ONH region. Simi-
lar findings have been reported in a previous study in

HSP (Wiethoff et al., 2012). However, we could only
identify a tendency to reduced vascular density of the
RPC network in our cohort. This is in contrast to our
findings in degenerative ataxias, where changes in
this vascular network were particularly pronounced
(Turski et al., 2022). This could further indicate that
retinal neurodegenerative processes likely set in first
in HSP, but may still be followed by a significant
vascular compromise at a later stage of the disease.

The largest HSP subtype in the entire cohort
was SPG7. SPG7 is a complex primarily reces-
sively inherited form that causes a spastic ataxia
phenotype (Lallemant-Dudek & Durr, 2021). Mito-
chondrial defects involving the protein paraplegin, an
adenosine triphosphate (ATP)-dependent zinc met-
alloproteinase localized in the inner mitochondrial
membrane, are suspected to play a decisive role in
the pathogenesis of SPG7 (Lallemant-Dudek & Durr,
2021). A reduction in GCL and IPL volumes was
detected along with RNFL thinning in the temporal
ONH region in subjects suffering from SPG7, which
is in agreement with findings in the entire cohort
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Fig. 2. OCT angiography of the macular regions affected in hereditary spastic paraplegia. Superficial parafoveal (inner circular area outside
of foveal avascular zone highlighted in blue, upper en face image) and perifoveal (outer circular area, upper en face image) capillary network
extending from the internal limiting membrane (red line, lower B-scan image) to the outer boundary of the inner plexiform layer (green line,
lower B-scan image). Nasal region (combined parafoveal and perifoveal average) of the nasal superficial vascular plexus (nSVP) highlighted
in yellow.

despite the genetic variability of the latter. Loss of
retinal ganglion cells as well as optic nerve atrophy
are common features of mitochondriopathies (Carelle
et al., 2009). Intriguingly, our findings indicate that
similar distinct retinal changes may exist in other
HSP subtypes, which needs to be confirmed in large
cohorts.

Since the first clinical and pathological descrip-
tion of HSP by Adolf von Strümpell and Maurice
Laurrain in 1886 and 1888, the disorder has been

widely understood and accepted as a distal axonopa-
thy of the longest large myelinated fibers of the spinal
tract (Faber et al., 2017). By following this mor-
phological and diagnostic tenet, research emphasis
has been directed towards a suspected compromise
of the RNFL (Vavla et al., 2019; Wiethoff et al.,
2012). Impairment of the retinal GCL along with its
synapses in the IPL, however, has not been reported
or suggested as a possible disease characterizing
feature. In support of this novel hypothesis, our
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Fig. 3. Scatterplots of OCT-A and OCT data in hereditary spastic paraplegia and healthy control cohorts. Mixed-effects model analyses were conducted on 21 parameters. Significant parameters
included the parafoveal superficial vessel density, the nasal superficial vascular plexus vessel density (nSVP), the ganglion cell layer volume (GCL), the inner plexiform layer volume (IPL) and
the temporal-inferior peripapillary retinal nerve fiber layer thickness (pRNFL TI). Abbreviations: HSP, hereditary spastic paraplegia. Significant at p < 0.05.

Fig. 4. Graphical representation of mixed models for OCT-A and OCT parameters in HSP and control cohorts. Mixed-effects model analysis in R using library “lmerTest” with left- and right-eye
variables as repeated measures outcome and diagnosis and hemisphere (left/right) as well as the interaction between diagnosis and hemisphere as independent variables, with the effects blocked
within subjects. Left eye is marked in red and right eye in blue. Abbreviations: D, diagnosis; GCL, ganglion cell layer; H, hemisphere; IPL, inner plexiform layer; nSVP, vessel density superficial
nasal (combined nasal parafovea and nasal perifovea average); pRNFL TI, temporal-inferior peripapillary retinal nerve fiber layer thickness; VD, vessel density. Significant at p < 0.05.
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Table 3

Differences in OCT-A and OCT parameters between SPG7 and control cohorts

SPG7 vs. Controls
Parameter SPG7 (n = 5) Controls (n = 10) Estimate SE p-value

OCT-A Macula Mean ± SD Mean ± SD
Parafoveal VD, superficial (%) 50.36 ± 3.03 52.87 ± 3.10 2.185 1.764 0.23
Superficial nasal VD (nSVP) (%) 51.09 ± 2.55 53.55 ± 3.10 2.065 1.538 0.2
OCT Macula
Ganglion cell layer (mm3) 0.261 ± 0.05 0.329 ± 0.03 0.075 0.023 0.005
Inner plexiform layer (mm3) 0.241 ± 0.03 0.283 ± 0.02 0.047 0.015 0.007
OCT Optic nerve head
RNFL temporal-inferior (�m) 140.25 ± 9.38 154.05 ± 18.00 16.996 9.478 0.09
RNFL temporal (�m) 57.67 ± 14.49 71.84 ± 7.84 14.121 6.047 0.04

Results are reported from linear mixed-effects model analysis with left- and right-eye variables as repeated measures outcome and diagnosis
and hemisphere (left/right) as well as the interaction between diagnosis and hemisphere as independent variables, with the effects blocked
within subjects. Abbreviations: nSVP, combined nasal parafovea and nasal perifovea vessel density average; OCT-A, optical coherence
tomography angiography; OCT, optical coherence tomography; RNFL, retinal nerve fiber layer; SE, standard error; SPG7, spastic paraplegia
type 7; VD, vessel density. Significant at p < 0.05.

Table 4

Correlation between OCT parameters and clinical findings in the HSP cohort (n = 15)

Parameter BCVA SARA Score SPRS Score Disease duration (y)

Ganglion cell layer, mm3 rs = –0.7 r = –0.58 r = –0.3 r = –0.14
p = 0.007 p = 0.03 p = 0.3 p = 0.63

Inner plexiform layer, mm3 rs = –0.66 r = –0.4 r = –0.26 r = –0.09
p = 0.01 p = 0.15 p = 0.37 p = 0.78

Correlation analyses performed for OCT/OCT-A parameters significantly different from controls as revealed by means of linear mixed-effects
model analysis. No significant correlations were found for OCT-A findings (not included in table). Presented are Pearson and Spearman’s
partial correlation analyses performed for right eyes. Abbreviations: BCVA, Best-corrected visual acuity; OCT, optical coherence tomography;
SARA, Scale for the Assessment and Rating of Ataxia; SPRS, Spastic Paraplegia Rating Scale. Significant at p < 0.05.

study revealed neurodegenerative changes involv-
ing primarily the retinal GCL and IPL. This finding
may further enhance our understanding of this rare
group of disorders. Furthermore, loss of GCL vol-
ume correlated significantly with decline in visual
acuity and severity of ataxia, and BCVA was signifi-
cantly reduced in the HSP cohort, further highlighting
the importance of the GCL volume as a potential
biomarker for disease monitoring. Although peripap-
illary RNFL thickness correlated with BCVA in SPG7
subjects, no correlation with BCVA or clinical sever-
ity of disease was detected in the entire HSP cohort.
This would support the notion that HSP is charac-
terized as an axonal degeneration of only the longest
neuronal projection fibers, such as corticospinal tracts
(Wiethoff et al., 2012). Significant correlations were
not found for vascular parameters, possibly also indi-
cating that vascular compromise may be a result of
neurodegeneration rather than its culprit in HSP.

The comparison of retinal microvascular and struc-
tural findings in HSP with those recently discovered
in degenerative ataxias is warranted since both con-
ditions share not only overlapping phenotypes and

underlying genes, but possibly also common cellu-
lar pathways and disease mechanisms (Synofzik &
Schüle, 2017). Neurons and their axons may therefore
be exposed to common pathophysiological processes
in both disorders. Subsequently, the concept of a con-
tinuous ataxia-spasticity disease spectrum has been
suggested to highlight this clinical and pathophysio-
logical overlap (Synofzik & Schüle, 2017).

Strengths of the study include the comprehensive
assessment of both subjects with HSP and healthy
controls with the exclusion of ocular pathology.
Extensive retinal imaging was performed by employ-
ing both structural high-resolution OCT and OCT-A.
The quality of collected data was enhanced by cor-
recting automated segmentation manually if needed.
Limitations of the study are the small sample size,
the genetic heterogeneity of the subjects and the lack
of longitudinal data. Since the study was designed
as an exploratory study and subjects were included
based on a clinical diagnosis of HSP (Harding, 1983;
Schüle et al., 2006), further confirmatory longitudinal
studies with larger sample sizes with a focus on defin-
ing specific retinal microvascular changes in addition



238 G.N. Turski et al. / Retina in hereditary spastic paraplegia

to morphological findings in single genetically deter-
mined HSP subtypes are warranted.

In conclusion, microvascular and structural retinal
changes can be detected with OCT-A and OCT imag-
ing in HSP, indicating that both cells and vascular
networks in the retina are compromised. In addition,
our findings support the concept of a clinical over-
lap between HSP and degenerative ataxias (Synofzik
& Schüle, 2017). The future focus should be placed
not solely on axonal degeneration but also particu-
larly on the status of the retinal GCL, IPL and SVP
for disease monitoring, and even as novel structural
outcome measures for future clinical trials.
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S., van de Warrenburg, B.P., Dürr, A., Klockgether, T. & Fan-
cellu, R. (2006). Scale for the assessment and rating of ataxia:
development of a new clinical scale. Neurology, 66(11), 1717-
1720. doi: 10.1212/01.wnl.0000219042.60538.92.
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