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Few studies have reported the clinical presentation, surgical treatment, outcomes and influential factors for patients
with epilepsy and Sturge-Weber syndrome.
This large-scale retrospective study continuously enrolled 132 patients with Sturge-Weber syndrome and epilepsy
from January 2008 to December 2018 at our hospital to analyse their characteristics. Among these patients, 90 under-
went epilepsy surgery, and their postoperative 2-year follow-up seizure, cognitive and motor functional outcomes
were assessed and analysed. Univariable and multivariable logistic analyses were conducted to explore the influen-
tial factors.
Among the patients with Sturge-Weber syndrome for whom characteristics were analysed (n=132), 76.52% of patients
had theirfirst epileptic seizureswithin theirfirst year of life. The risk factors for cognitive declinewere seizure history≥
2years [adjusted odds ratio (aOR)=3.829, 95% confidence interval (CI): 1.810–9.021, P=0.008)], bilateral leptomeningeal
angiomas (aOR=3.173, 95% CI: 1.970–48.194, P=0.013), age at onset<1year (aOR=2.903, 95% CI: 1.230–6.514, P=0.013),
brain calcification (aOR=2.375, 95% CI: 1.396–5.201, P=0.021) and left leptomeningeal angiomas (aOR=2.228, 95% CI:
1.351–32.571, P=0.030). Of the patients who underwent epilepsy surgery (n=90), 44 were subject to focal resection,
and 46 underwent hemisphere surgery (19 anatomical hemispherectomies and 27 modified hemispherotomies).
A postoperative seizure-free status, favourable cognitive outcomes, and favourable motor outcomes were achieved
in 83.33%, 44.44% and 43.33% of surgical patients, respectively. The modified hemispherotomy group had similar sur-
gical outcomes, less intraoperative blood loss and shorter postoperativehospital stays than the anatomical hemispher-
ectomy group. Regarding seizure outcomes, full resection (aOR=11.115, 95% CI: 1.260–98.067, P=0.020) and age
at surgery <2years (aOR=6.040, 95% CI: 1.444–73.367, P=0.031) were positive influential factors for focal resection.
Age at surgery<2years (aOR=15.053, 95% CI: 1.050–215.899, P=0.036) and infrequent seizures (aOR=8.426, 95% CI:
1.086–87.442, P=0.042; monthly versus weekly) were positive influential factors for hemisphere surgery.
In conclusion, epilepsy surgery resulted in a good postoperative seizure-free rate and favourable cognitive and motor
functional outcomes and showed acceptable safety for patients with epilepsy and Sturge-Weber syndrome. Modified
hemispherotomy is a less invasive and safer type of hemisphere surgery than traditional anatomic hemispherectomy
with similar surgical outcomes. Early surgerymay be helpful to achieve better seizure outcomes and cognitive protec-
tion, while the risk of surgery for young children should also be considered.
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Introduction
Sturge-Weber syndrome (SWS) is a rare congenital neurocutaneous
disorder affecting approximately 0.19 in 100 000 people per year.1

Somatic mutations during foetal development may contribute to
the etiopathogenesis of SWS.2–4 Typical clinical presentations of
SWS are port-wine stains and other microvascular malformations
affecting the skin (mainly characterized by facial angiomas) and
CNS (mainly characterized by leptomeningeal angiomas).5,6

Patients with SWSmay also have complications such as glaucoma,
epilepsy, motor defects, cognitive decline and other neurological
defects.4,6,7

Previous studies have revealed that 75–100% of children with
SWS have epilepsy.6,8 Notably, 30–52% of patients with SWS de-
velop refractory epilepsy, which cannot be resolved by anti-epilep-
tic drugs (AEDs).6,9,10 For SWS patients with refractory epilepsy,
epilepsy surgery is a widely accepted treatment strategy.5,11–15

However, given its low incidence, most of these studies included
only a small number of patients with SWS, and these data do not
provide a complete understanding of the indications, types, out-
comes and influential factors associated with the surgery.5,9

For this study, we enrolled 132 patients with SWS and epilepsy
to analyse the clinical presentation of this condition and factors
that influence it. These findings may provide a better understand-
ing of this rare disorder. Additionally, this study included 90 surgi-
cal patients to further explore available surgical treatments, patient
outcomes and influential factors.

Materials and methods
Patient population and inclusion criteria

This retrospective study continuously enrolled patients diag-
nosed with SWS and epilepsy between January 2008 and
December 2018 at Sanbo Brain Hospital, Capital Medical
University, Beijing, China. The institutional ethics committee ap-
proved the study. All patients included in the study, or their guar-
dians, were informed previously, agreed to participate and
provided written informed consent for surgery and the collection

of anonymized data for scientific purposes. This study was con-
ducted following the tenets outlined in the 1964 Declaration of
Helsinki and its later amendments.

All patients diagnosed with SWS and epilepsy were included to
analyse the clinical characteristics of the disease. The inclusion cri-
teria were patients diagnosedwith SWS by at least two qualified se-
nior neurology and neurosurgery specialists according to clinical
presentation and neuroimaging [i.e. patients with the presence of
facial angiomas (also called port-wine stains) and leptomeningeal
angioma (usually accompanied by brain calcifications and cortical
atrophy based on neuroimaging findings) with or without glau-
coma; and patients with only isolated intracranial or facial involve-
ment].5,16–20 Patientswho did not providewritten informed consent
were excluded from this study.

Among these patients, those who underwent epilepsy surgery
[i.e. focal resection (FR) or hemisphere surgery (HS)] were then en-
tered into surgical treatment analyses. The inclusion criteria re-
quired these surgical patients to meet the following surgical
indications. (i) Patients who had motor defects or cognitive decline
were required to have refractory epilepsy, whichwas defined as the
failure of adequate trials of at least two tolerated, appropriately
chosen and used AED schedules for at least 6 months5,13,21; how-
ever, early refractory status epilepticus, which was defined as the
continuation of status epilepticus (abnormally continuous disab-
ling seizures after 30 min, International League Against Epilepsy
definition 201522) after receiving adequate doses of initial benzodia-
zepines followed by a second acceptable AED,22–24 was also consid-
ered an indication for epilepsy surgery even before the 6-month
AED trial period due to the risk of catastrophic epilepsy and asso-
ciated neurocognitive decline.5,13 For patients who showed no mo-
tor defects or cognitive decline, a prolonged 24-month period of the
AED trial was taken to ensure drug resistance.21 After that, surgical
treatment was considered. (ii) The surgical area could be deter-
mined by detailed presurgical assessments. (iii) After evaluating
the risks of surgery and anaesthesia, the neurosurgeons and anaes-
thesiologists recommended surgical treatment. (iv) The patient or
his/her guardians agreed to surgery and provided informed con-
sent. Patients with bilateral involvement (i.e. bilateral lesions,
which were suggested by CT or MRI, or highly suspicious bilateral
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epileptic involvement, whichwas suggested as semiology opposing
focal or unilateral MRI or CT lesions) were not considered for epi-
lepsy surgery. After the surgery, patients who completed less
than 2years of follow-up or who did not complete the assessments
were excluded. Figure 1 shows the enrollment flow chart.

Presurgical assessments

Experienced neurologists and neurosurgeons performed routine
assessments after the patients were admitted to the hospital. The
baseline characteristics and information on clinical presentation
(including the clinical history, seizures, angiomas, glaucoma and
other symptoms) were collected. The Roach Scale was used for
SWS classification. Type I patients have both facial and leptomen-
ingeal angiomas. Type II patients have isolated facial angioma (no
CNS involvement). Type III patients have isolated leptomeningeal
angioma.5 The seizure types were classified based on the
International League Against Epilepsy seizure classification
2017.25 Seizure clustering was defined according to the study by
Kossoff et al.26 as ‘multiple seizures recurring over a 24-h period
or a prolonged seizure ≥30 min at least once in their lifetime’.

The presurgical neuroimaging modalities utilized included CT
scans (2-mm, axial, Philips) and MR images (1.5-T, Siemens or
3.0-T, GE). All the patient MRI sequences were T1-weighted images
(5-mm, sagittal and axial) and enhanced images (gadolinium-DTPA;
5-mm, sagittal, axial and coronal), T2-weighted images (5-mm, axial;
3-mm, coronal), fluid-attenuated inversion recovery (FLAIR; 5-mm,
sagittal and axial; 3-mm, coronal) and diffusion-weighted images/
apparent diffusion coefficient (5-mm, axial). These sequences were
also applied as postoperative assessments. All patients had under-
gone 16–72 h of 64-channel concurrent video and EEG (video-EEG).
The patients’ motor function was assessed based on neurological

examination todeterminewhether grossmotor functioning anddex-
terity were age-appropriate. Additionally, all the patients were re-
quired to undergo cognitive function assessment. The Denver
Developmental Screening Test-II is a screening assessment of cogni-
tive function for children aged <6 years comprising four domains.
Patients with cognitive decline are defined as ‘Abnormal: falling be-
hind in peer groups in any domain’ or ‘Doubtful: there are suspected
abnormalities in some domains’. Patients who achieved ‘Normal:
none of the above’ on the Denver Developmental Screening Test-II
were considered to have normal cognitive function, whereas the
other patients were considered to show cognitive decline.27 For pa-
tients ≥6 years, the Wechsler Children Intelligence Scale-IV (for pa-
tients aged <16 years) or the Wechsler Adult Intelligence Scale-IV
(for patientsaged≥16 years)wereused toassess the intelligencequo-
tient (IQ).28,29 All the scales were Chinese versions and were revised
for local populations.30 The suitable classification standards of nor-
mal or declined cognitive function were determined by consensus
after review by neuropsychology specialists with reference to
Chinese norms.31 Additionally, all the patients were evaluated using
a neurologic score described by Kelley et al.17 at baseline, which in-
volved three domains: seizure (possible score of 0–4), cognition (pos-
sible score of 0–5) and hemiparesis (possible score of 0–4). A higher
score indicates more severe clinical symptoms in this domain.

Surgical strategy

The surgical plan, type and resection area were determined to-
gether with a multidisciplinary team comprising neurosurgeons,
neurologists, radiologists, electrophysiologists and psychologists.
Themainprinciple of epilepsy surgery is the attempt to remove epi-
leptogenic lesions (i.e. vascular malformations and adjacent calci-
fied parenchyma on presurgical CT or MRI and intraoperative

Figure 1 Flow diagram of the enrollment procedure of patients with SWS.

Surgery for Sturge-Weber syndrome BRAIN 2022: 145; 3431–3443 | 3433

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/article/145/10/3431/6473914 by C

apital M
edical U

niversity user on 26 O
ctober 2022



findings, combined with the consideration of semiology and
video-EEG).

Two types of epilepsy surgerywere performedunder general an-
aesthesia, FRandHS; the typeof surgeryperformedwasdetermined
by the resection area. For resection areas involving only focal areas
or several brain lobes, FR was performed following a standard pro-
cedure of lobe resection, such as temporal lobectomy, occipital lob-
ectomy and their combination. For patients with unilateral
hemisphere involvement, two types of HS were considered: ana-
tomical hemispherectomy (AH) and modified hemispherotomy
(MH). Patients who underwent AH had the whole affected hemi-
sphere removed following a standard surgical procedure. The pa-
tient was placed in a lateral position, and a craniotomy was
performed with a bone flap in the frontotemporal parieto-occipital
region. The bone flap was less than 1.5 cm from the midline and
was flush with the temporal base. First, all M2–M3 branches of the
middle cerebral artery were cut, the bottom of the forehead was
lifted and the distal end of the ipsilateral anterior cerebral artery
A2 branch was cut off. Second, after entering the lateral ventricle
temporalhorn fromthe inferior insula sulcus, thebranchof thepos-
terior cerebral artery was removed according to the hippocampus
outer edge. Third, the connection between the ipsilateral hemi-
sphere and thalamuswas disconnected using the peri-insular tech-
nique, and all of the veins of the frontal, temporal, parietal and
occipital hemispheres were excised. Fourth, the cerebral hemi-
sphereswere removedwhole or in pieces. Finally, thehippocampus
was removed, and the insular cortex was removed or thermally de-
stroyed by low-power (4–5 W) electrocoagulation. MH is a less inva-
sive technique that includes a removal procedure and a
disconnection step using the peri-insular technique. The detailed
surgical procedure of MH was as follows: (i) the patient was placed
in a lateral position, and a craniotomy was performed with a bone
flap in the frontotemporal parietal region; the bone flap was 3 cm
from the midline and was flush with the temporal base; (ii) the full
lateral fissure was opened, and the arteries supplying the anterior
temporal lobe and frontal lobeweremanaged; only 1–2 arteries sup-
plying the parietal lobe and posterior temporal occipital lobe were
preserved; (iii) the temporal lobe was removed or reserved depend-
entonwhether the sylvianfissurewasatrophied; (iv) the frontal tec-
tum of the insular lobe was removed; (v) the peri-insular technique
was used to enter the lateral ventricle, and the frontal, temporal,
parietal and occipital fibre connectionswith the thalamuswere dis-
connected; (vi) the corpus callosumwas disconnected in all the sec-
tions; and (vii) insular cortex removal or electrocoagulation (4–5 W)
wasperformed. Figure 2 shows theCTandMRI scansof twopatients
with SWS who underwent FR and HS (MH).

During the operation, the duration of surgery, intraoperative
blood loss, and blood transfusion volume were recorded.
Additionally, repeated CT scans were obtained in a timely manner
after surgery to confirm the management of bleeding.
Postoperative MRI was also carried out 3 months after surgery to
confirm the resected area. Patientswith subtotal removal of the dis-
eased area (lesions involving the eloquent areas) or whose post-
operative MRI suggested incomplete resection of lesions were
considered as receiving incomplete resection.

Follow-up and surgical outcomes

Surgical patient outcomes were analysed at the 2-year follow-up.
The seizure outcomes were assessed according to the Engel
Epilepsy Surgery Outcome Scale as follows: Class I, free of disabling
seizures (seizure-free status); Class II, infrequent disabling

seizures; Class III, notable improvement; and Class IV, no notable
improvement.32 Engel Class I was considered a favourable seizure
outcome. The cognitive function and motor function outcomes
were assessed using the Denver Developmental Screening Test-II,
Wechsler Children Intelligence Scale-IV, Wechsler Adult
Intelligence Scale-IV and neurological examination as described
above.27,33,34 Patients with normal function were considered as
having favourable outcomes. Seizure, hemiparesis, and cognition
domains of the neurologic score were also assessed as secondary
outcomes to determine changes from baseline to follow-up.
Improvement, no change or deterioration were classified as im-
proved (decreased), stable (unchanged) or worsened (increased)
between the first and last neurologic score.35 Postoperative
complications were also recorded.

Statistical analysis

Continuousvariables are presented asmeans and standarddeviation
(SD). The Shapiro-Wilk test, Kolmogorov-Smirnov test and Levene’s
testwereusedtoexplore thedistributionsandvarianceand to further
choose appropriate statistical tests. The analysis of differences be-
tween the continuous variables from two independent samples or
two paired samples was performed using the two independent-
sample Student’s t-test, two paired-sample Student’s t-test or the
rank-sum test (Mann-Whitney U-test or Wilcoxon test), as appropri-
ate. Categorical variableswere reportedasnumbers andpercentages.
χ2 test (Pearson’s or Fisher’s exact) was applied to explore differences
between two categorical variables. Pearson’s or Spearman’s correl-
ation analysis was performed to explore the correlation between
two continuous variables. Additionally, this study included an ana-
lysis ofpotential correlationsamong thecharacteristicsofall patients
with SWS. The w-coefficient was used to explore the correlation be-
tween two binary variables, such as the sides of facial and leptomen-
ingeal angiomas.

Furthermore, univariable logistic regression analyses were used
to identify potential influential factors of cognitive decline for all
patients with SWS as well as the factors associated with seizure
outcomes for the surgical patients (due to heterogeneity, the FR
group and HS groups were analysed separately, and use of the AH
or MH technique was included as a factor in the HS group).
Factors with P<0.10 were then entered into the multivariable ana-
lyses (backward fashion) to adjust for confounding effects of other
variables included in the multiple logistic regression. After multi-
variable analyses, the adjusted odds ratio (aOR) value, its 95% con-
fidence interval (95% CI) and P-values of all independent influential
factors were provided. Factors with an aOR value> 1 were consid-
ered to be promoting factors. The area under the curve as well as
the Youden index were determined using receiver operating char-
acteristic curves to identify an appropriate cut-off for continuous
variables (e.g. age), which were then stratified into categorical vari-
ables and then entered into logistic analyses.

In the present study, all statistical tests were two-tailed, and the
significance level was set to α=0.05. A P-value<0.05was considered
statistically significant. All statistical analyses were performed
using the Statistical Product and Service Solutions (SPSS) software
package (version 26; IBM).

Data availability

The data that support the findings of this study are included in the
article/supplementary material.
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Results
Baseline characteristics of the patients

A total of 136 patients were diagnosed with SWS and epilepsy
within the enrollment period. After excluding four patients with-
out written informed consent, 132 patients were included in the
analyses of SWS characteristics. Among these patients, 40 did
not undergo epilepsy surgery (17 did not have refractory epilepsy,
14 had bilateral involvement and nine refused surgery), and two
surgical patients did not complete the entire 2-year follow-up.
The remaining 90 surgical patients were entered into the analyses
of outcomes and factors influencing surgery. For two surgical pa-
tients who did not complete the entire 2-year follow-up (could
not be contacted), both were seizure-free at the last follow-up
(1-year), and no known mortality, morbidity or complications oc-
curred. The baseline characteristics and treatments are shown
in Table 1.

Sixty-eight (51.51%) of all included patients with SWS (n=132)
were male. The mean age at first seizure onset was 0.97±2.04
(mean±SD) years, and 76.52% of the patients had their first epileptic
seizures in theirfirst year of life. Themost commonseizure typewas
focal seizure (61.36%), which mainly included focal motor seizure
(50.76%) and focal to bilateral tonic-clonic seizure (33.33%).
Sixty-three (47.73%) patients had generalized seizures, most of
whom had generalized tonic-clonic seizures (26.52%). Additionally,
13 (9.85%) and six (4.55%) patients had a history of status epilepticus
and refractory status epilepticus, respectively. A total of 126
(95.45%), 78 (59.09%), 58 (43.94%) and 72 (54.55%) patients had facial
angiomas, glaucoma, motor defects and cognitive decline, respect-
ively. The mean neurologic scores of the following domains were
noted: 2.57 (seizure), 2.05 (hemiparesis) and 1.61 (cognition).
Neuroimaging revealed that 96.21%, 69.70% and 65.15% of patients
had leptomeningeal angiomas, brain calcification and cortical atro-
phy, respectively. After analysing the correlations, unilateral or bi-
lateral (w=0.560, P<0.001; w-coefficient) and left or right sides

Figure 2 Pre- and postoperative CT and MRI of two patients with SWS who underwent multilobe resection. (A and B; left temporal-parietal-occipital
resection) and hemisphere surgery (C and D; left MH). [A(i)] Preoperative CT (axial image); [A(ii)] preoperative MRI (enhanced T1-weighted image, axial
image); [A(iii)] preoperativeMRI (enhanced T1-weighted image, coronal image); [A(iv)] preoperativeMRI (enhanced T1-weighted image, sagittal image);
[B(i)] postoperative CT (axial image); [B(ii)] postoperative MRI (enhanced T1-weighted image, axial image); [B(iii)] postoperative MRI (enhanced
T1-weighted image, coronal image); [B(iv)] postoperative MRI (enhanced T1-weighted image, sagittal image); [C(i)] preoperative CT (axial image);
[C(ii)] preoperativeMRI (enhanced T1-weighted image, axial image); [C(iii)] preoperativeMRI (enhanced T1-weighted image, coronal image); [C(iv)]: pre-
operativeMRI (enhanced T1-weighted image, sagittal image); [D(i)] postoperative CT (axial image); [D(ii)] postoperativeMRI (enhanced T1-weighted im-
age, axial image); [D(iii)] postoperative MRI (enhanced T1-weighted image, coronal image); [D(iv)] postoperative MRI (enhanced T1-weighted image,
sagittal image).
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(w = 0.709, P<0.001; w-coefficient) of the facial and leptomeningeal
angiomaswere positively related. Detailed seizure types, neuroima-
ging features and neurologic scores of all of the included SWS pa-
tients are shown in Supplementary Table 1.

The present study also analysed the influential factors of cogni-
tive decline using univariable (Supplementary Table 2) and multi-
variable (Table 2) analyses. The results revealed that age at onset
<1 year (aOR=2.903, 95% CI: 1.230–6.514, P=0.013), seizure history
≥2 years (aOR=3.829, 95% CI: 1.810–9.021, P=0.008), brain calcifica-
tion (aOR=2.375, 95% CI: 1.396–5.201, P=0.021), left leptomeningeal
angiomas (aOR=2.228, 95% CI: 1.351–32.571, P=0.030) and bilateral
leptomeningeal angiomas (aOR=3.173, 95% CI: 1.970–48.194, P=
0.013) were risk factors for cognitive decline.

Of the 90 surgical patients, 72.22% had motor defects or cogni-
tive decline. In total, 48.88% (44) underwent FR, and the remaining
51.11% (46) underwent HS (19 AH and 27 MH). Patients in the HS
group had a younger age at first seizure onset (P=0.008;
Mann-Whitney U-test), a younger age at surgery (P=0.009;
Mann-Whitney U-test), a higher proportion of cognitive decline
(P <0.001; Pearson’s x2 test), a higher proportion of motor defects
(P<0.001; Fisher’s exact test) and a shorter follow-up time (P<
0.001; Mann-Whitney U-test) than the FR group. Regarding the
two types of HS, patients in the MH group had a shorter follow-up
time (P=0.041; Mann-Whitney U-test) than those in the AH group.

Surgical procedures

Overall, for the 90 surgical patients, the mean duration of surgery
was 7.11± 1.27 h; the intraoperative blood loss was 640.00±
312.16 ml; the blood transfusion volume was 704.43± 362.39 ml;
and the postoperative hospital stay was 11.80± 4.61 days. The HS
group had a longer operative time (P=0.002; Mann-Whitney
U-test) and a larger blood transfusion volume (P=0.032;
Mann-Whitney U-test) than the FR group. Comparison of the AH
and MH groups revealed that the MH group had less intraoperative
blood loss (P=0.048, Student’s t-test) and a shorter postoperative
hospital stay (P=0.040, Student’s t-test) than the AH group
(Table 3). The postoperative neuropathology of all surgical patients
was confirmed as SWS. In total, 53 (58.88%) patients exhibited com-
bined neuropathology as focal cortical dysplasia (FCD), including 27
(50.94%)wth FCD Ia, seven (13.21%)with FCD Ib and 19 (35.85%)with
FCD IIa based on International League Against Epilepsy 2011 diag-
nostic methods.36

Surgical outcomes

All 90 included surgical patients completed the 2-year follow-up,
and no surgical or late mortality occurred. All patients were alive
at last contact. In total, 83.33%of the patients had favourable seizure
outcomes (Engel Class I, seizure-free). The seizure-free rates of the
patients who underwent FR, HS, AH and MH were 79.55% (35/44),
86.96% (40/46), 89.47% (17/19) and 85.19% (23/27), respectively.
Overall, the mean neurologic score in the seizure domain signifi-
cantly improved (P<0.001; Wilcoxon test), and all 90 surgical pa-
tients exhibited improvement. Additionally, 44.44% of surgical
patients had a favourable outcome in cognitive function. The pro-
portionof favourable cognitive outcomes in theFRgroupwas signifi-
cantly higher than that in the HS group (68.18% versus 21.74%; P<
0.001; Pearson’s χ2 test). Themean neurologic score in the cognition
domain significantly improved (P=0.001;Wilcoxon test), and 42.22%
of patients exhibited improvement. Concerning motor function, a
total of 43.33% patients (all FR) had a favourable outcome. All theT
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HS patients had spastic hemiplegia with the loss of finemotor hand
movements, which required rehabilitation. The proportion of fa-
vourable motor function in the FR group was significantly higher
than that in the HS group (P<0.001; Wilcoxon test). All the surgical
patients could walk autonomously. The mean neurologic score in
the hemiparesis domain significantly improved (P<0.001;
Wilcoxon test), and 31.11% of patients exhibited improvement.
The detailed surgical procedures, outcomes and postoperative com-
plications are shown inTable 3. Thebaseline, follow-upandchanges
in neurologic scores are shown in Table 4.

Overall, five (5.56%) patients had postoperative complications, in-
cluding infected stitches (two cases, 2.22%; one FR and one AH), intra-
cranial infection (one case, 1.11%; FR), postoperative haemorrhage
(one case, 1.11%; AH) and cerebral infarction (one case, 1.11%; MH),
whichwere treatedbydressing changes, debridementandantibiotics,
craniotomy for the evacuation of haematoma or craniotomy for the
resection of the infarct area. These complications were all resolved
with good recovery. The proportions of complications in the FR, HS,
AH andMH groupswere 4.55%, 6.52%, 10.53% and 3.70%, respectively.
No significant difference was observed.

Influential factors of seizure outcomes

The present study also conducted analyses for influential factors of
seizure outcomes. The univariable analyses are shown in
Supplementary Table 3. Factors that showed P<0.10 were then en-
tered into multivariable analyses (Table 5). Age at surgery <2 years
(aOR=6.040, 95% CI: 1.444–73.367, P=0.031) and complete resection
(aOR=11.115, 95% CI: 1.260–98.067, P=0.020) were positive influen-
tial factors of a seizure-free status for FR patients. Age at surgery
<2 years (aOR=15.053, 95% CI: 1.050–215.899, P=0.036) and infre-
quent seizures (aOR=8.426, 95% CI: 1.086–87.442, P=0.042; monthly
versus weekly) were positive influential factors of seizure-free sta-
tus for HS patients.

Discussion
Characteristics of Sturge-Weber syndrome

As a rare disorder, the clinical presentation of SWS remains un-
clear.5,37 The present study included 132 patients (both surgical

and non-surgical) to analyse characteristics of SWS.Most of the pa-
tients (76.52%) in this series experienced their first epileptic seizure
within theirfirst year of life. Pascual-Castroviejo et al.6 reported that
76.6% of their 47 SWSpatients experienced their first seizure during
the first year after birth, which is consistent with our finding.
Previous studies have suggested that the most common epilepsy
type among SWS patients was focal, particularly focal motor sei-
zures, which favours secondary generalization (focal to bilateral
tonic-clonic seizures), followed by primary generalized seizures,
particularly generalized tonic-clonic seizures.5,6 The present study
revealed that 61.36% of the patients had a history of focal seizures,
which were mainly characterized by focal motor seizures and focal
to bilateral tonic-clonic seizures. Generalized seizures were ob-
served in 47.73% of the patients, including 26.52% generalized
tonic-clonic seizures. Status epilepticus and refractory status epi-
lepticus were observed in 9.85% and 4.55% of the patients in this
study, which is also consistent with previous studies.5,9

Additionally, 87.12% of the SWS patients had refractory epilepsy
in the present study, a proportion higher than that reported in pre-
vious studies (30.2–52.0%).6,9,37 Notably, as a hospital specializing in
epilepsy surgery, a majority of patients came for surgical treat-
ments. This finding is likely related to the higher proportion of pa-
tients with refractory epilepsy. Regarding the other clinical
presentations, 95.45%, 96.21%, 59.09%, 43.94% and 54.55% of the pa-
tients had facial angiomas, leptomeningeal angiomas, glaucoma,
motor defects and cognitive decline, respectively. These important
presentations have also been previously reported with similar pro-
portions (56–95%, 78–100%, 30–70%, 40–85% and 44–82%; same sub-
jects as noted above).5–7,9,13,38–43 The present study applied a
neurologic score to assess the clinical severity of SWS.17 Most of
the scores in each domain were higher than those in a previous
study. Thisfinding is also related to the increased proportion of sur-
gical patients at our hospital, resulting more clinically severe
cases.17,26 This neurologic score used cortical volume asymmetry
on MRI to assess the correlation with the clinical status, and an-
other study proposed that quantitative EEG could also be helpful
in determining neurologic function for SWS.17,44 These studies pro-
posed creative tools for the early diagnosis and monitoring of dis-
ease progression in SWS, which could represent a further
research direction.

Neuroimaging provides critical information for SWS.5,20,38

Various MRI sequences have important value for SWS.5,20 In this
study, enhanced images provide direct presentation of vascular
malformations. In addition, FLAIR images provide visualization of
the leptomeningeal angioma or dilated superficial and deep cere-
bral veins, and diffusion-weighted imaging/apparent diffusion co-
efficient images provide signs of white matter injury.20

Furthermore, several advanced MRI sequences, such as resonance
angiography, magnetic resonance venography, susceptibility-
weighted imaging, diffusion tensor imaging and functional MRI,
can also aid in the clinical diagnosis, evaluation, and research.20

CT scans are superior to MRI for certain peculiar features of SWS,
such as subcortical calcification and scalp hyperostosis.45 These
imaging features provide important information in the choice of
optimal treatments.5,20,38 Importantly, although it was not ob-
served in this study, some reports have suggested that MRI may
be completely negative for SWS during the neonatal period.18,46

Nuclear imaging, such as PET or single photon emission computed
tomography (SPECT), can also be helpful in evaluating the function-
al abnormalities and lateralization or localization of the epilepto-
genic area.20,47–50 Multimodality imaging of different imaging
technologies [e.g. PET/CT and subtraction ictal SPECT co-registered

Table 2 Multivariable analyses of influential factors of
cognitive decline for all included SWS patients (n=132)

Factor aOR 95%CI P

Age at onset
<1year 2.903 1.230–6.514 0.013*
≥1year Contract — —

Seizure history
<2years Contract — —

≥2years 3.829 1.810–9.021 0.008**
CT
No brain calcification Contract — —

Brain calcification 2.375 1.396–5.201 0.021*
MRI
No LA Contract — —

Left LA 2.228 1.351–32.571 0.030*
Right LA 1.213 0.623–17.301 0.379
Bilateral LA 3.173 1.970–48.194 0.013*

LA= leptomeningeal angioma

*P<0.05 (multivariable logistic regression).

**P<0.01 (multivariable logistic regression).
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to MRI (SISCOM)] may provide a better solution to overcome the
limitations of the independent techniques.20,46,49,51

Furthermore, the present study revealed that patients with uni-
lateral facial angiomas were more likely to have unilateral lepto-
meningeal angiomas, and unilateral facial and leptomeningeal
angiomas were more likely to occur on the same side. Some previ-
ous studies on SWS also suggested that brain angiomas are gener-
ally associatedwith facial distribution.6,39 This phenomenonmight
represent the regular distribution pattern of facial and leptomenin-
geal angiomas. However, evaluation of the distribution of lepto-
meningeal angiomas by facial representations is not convincing
or reliable,5 which requires detailed presurgical evaluation, par-
ticularly MRI.

Factors that influence cognitive decline

This study also analysed the potential influential factors of cogni-
tive decline for all included SWS patients. Seizure history ≥2 years,
bilateral leptomeningeal angiomas, age at onset <1 year, brain cal-
cification and left leptomeningeal angiomas were risk factors for
cognitive decline, suggesting that patients with these characteris-
tics were at a higher risk of cognitive decline and should receive
timely treatment. Luat et al.52 and Bourgeois et al.13 also proposed
that age at seizure onset, high seizure frequency and long epilepsy
duration were associated with cognitive functions. These findings
further demonstrate the importance of early seizure control in pre-
venting the progression of cognitive decline. Brain calcificationwas
observed in 69.70% of patients in this study and was associated
with cognitive decline. Pilli et al.53 revealed that 66.7% of 15 patients

with SWS had brain calcification. They also suggested that brain
calcification was associated with hypometabolism, indicating tis-
sue damage from brain injury.5,53 Increased calcified brain volumes
may also indicate a risk for earlier epilepsy onset, longer epilepsy
duration, andmore severe epilepsy, resulting in poorer neurocogni-
tive outcomes, which should be considered.20,53,54

Surgical indications

The main purposes of epilepsy surgery are to stop uncontrollable
seizures and preventmotor or cognitive function from further wor-
sening due to seizures.13,37 Thus, surgical treatment for SWS pa-
tients with refractory epilepsy and motor or cognitive decline is
deemed necessary.5,19,40 In this study, 59 patients met this indica-
tion (6-month AED trial failure); all of them had progressive motor
defects or cognitive decline. Additionally, because nearly all pa-
tients will develop spastic hemiplegia on the contralateral side of
the resectedhemisphere,HS is preferred for patientswithhemipar-
esis contrary to the side of the intracranial lesion.55–57 However, the
decision to perform surgery for patients without apparent motor
defects or cognitive decline should be made cautiously.5,46 For 25
patients without motor defects or cognitive decline, a prolonged
period (24 months) of AED medication treatment was provided to
ensure its refractory nature. Then, the decision to perform surgery
was made.

Refractory status epilepticus is a neurological emergency with
considerable associated neuronal injury, asphyxia and even mor-
tality.24,58,59 Previous studies have suggested that patients with
early refractory status epilepticus (before a 6-month AED trial)

Table 3 Surgical procedure, outcomes and postoperative complications of surgical SWS patients (n=90)

Surgical procedure (n) FR (44) HS (46) AH (19) MH (27) All (90)

Duration of surgery (h) 6.63 ± 1.18 7.56± 1.19** 7.54± 1.12 7.57 ± 1.26 7.11 ± 1.27
Blood loss (ml) 606.82± 337.67 671.74±285.76 770.53± 284.63 602.22± 270.36† 640.00± 312.16
Transfusion of blood (ml) 617.89± 366.23 787.22± 342.41* 886.16± 327.54 717.59± 335.68 704.43± 362.39
Postoperative hospital stays (days) 11.55 ±4.33 12.48± 5.27 15.37 ±6.29 11.44 ±4.09† 11.80± 4.61
Seizure outcome

Favourable (Engel Class I/seizure free) 35 (79.55) 40 (86.96) 17 (89.47) 23 (85.19) 75 (83.33)
Unfavourable 9 (20.45) 6 (13.04) 2 (10.53) 4 (14.81) 15 (16.67)
Engel Class II 7 (15.91) 5 (10.87) 2 (10.53) 3 (11.11) 12 (13.33)
Engel Class III 2 (4.55) 1 (2.17) 0 (0.00) 1 (3.70) 3 (3.33)

Cognitive function
Favourable 30 (68.18) 10 (21.74)** 4 (21.05) 6 (22.22) 40 (44.44)
Unfavourable 14 (31.82) 36 (78.26) 15 (78.95) 21 (77.78) 50 (55.56)

Motor function
Favourable 39 (88.64) 0 (0.00)** 0 (0.00) 0 (0.00) 39 (43.33)
Unfavourable 5 (11.36) 46 (100.00) 19 (100.00) 27 (100.00) 51 (56.67)

Postoperative complications
With 2 (4.55) 3 (6.52) 2 (10.53) 1 (3.70) 5 (5.56)
Without 42 (95.45) 43 (93.48) 17 (89.47) 26 (96.30) 85 (94.44)

*P<0.05 compared with the FR group (Pearson’s χ2 test or Mann-Whitney U-test, as appropriate).

**P<0.01 compared with the FR group (Pearson’s χ2 test or Mann-Whitney U-test, as appropriate).
†P<0.05 compared with the AH group (Student’s t-test or Pearson’s χ2 test).

Table 4 Baseline, follow-up, and changes of neurologic score of surgical SWS patients (n=90)

Neurologic score Baseline Follow-up Improvement No change Deterioration

Seizure 3.77± 0.43 0.21 ± 0.53* 90 (100.00) 0 (0.00) 0 (0.00)
Cognition 1.74± 1.70 1.26 ± 1.32* 38 (42.22) 46 (51.11) 6 (6.67)
Hemiparesis 2.21± 1.44 1.87 ± 1.36* 28 (31.11) 53 (58.89) 9 (10.00)

*P<0.01 compared with baseline (Wilcoxon test).
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and evolving neurodevelopmental deficits should undergo surgery
as early as possible to prevent catastrophic epilepsy and neurocog-
nitive decline.5,13 In this study, six patients met the surgical indica-
tion of having refractory status epilepticus, and all of them had
both motor defects and cognitive decline, including two patients
with refractory status epilepticus in our hospital who accepted
emergency AH. Thus, we suggest that SWS patients with refractory
status epilepticus should undergo epilepsy surgery as soon as
possible.

Additionally, several studies have suggested that some SWS pa-
tients showed a pattern of seizure clustering followed by a pro-
longed seizure-free period,26,60,61 and this pattern did not increase
the risk of developmental and motor disability.26 Thus, these pa-
tients represent ideal candidates for surgery.26 In the present study,
14 patients (10.61%) exhibited this pattern, which was recognized
as non-refractory epilepsy, and were excluded from surgery.
However, this pattern was observed less often in this series com-
pared with previous studies (22–50%).26,60,61 This finding is poten-
tially related to the fact that our hospital specializes in epilepsy
surgery; thus, fewer non-refractory epilepsy patients are included
in this study. The other 17 surgical patients with seizure clustering
who did not exhibit this pattern all showedmotor defects or cogni-
tive decline, and surgery was needed. For SWS patients with only
seizure clustering without motor defects or cognitive decline, in-
tractability is difficult to demonstrate when seizures with this pat-
tern do not occur for months to years.26 Thus, assessments of
neurological function, seizure types, history, and AED trails should
be conducted carefully for patients with seizure clustering to deter-
mine whether and when to choose surgical treatments.

Surgical outcomes

Epilepsy surgery has been recognized as the first line of treatment
for SWS patients.5,62 Some studies have reported its surgical out-
comes.5,11–15,62,63 However, the sample size of most previous re-
ports was small, and limited analyses are available. In the present
study, we included 90 surgical patients to present a complete pic-
ture of epilepsy surgery for SWS. To the best of our knowledge,
the present study is the largest on surgical SWS patients.5,9

HS is universally considered as the first choice for unilateral
SWS patients.5,9,43 In the present study, the postoperative seizure-
free rate of the HS groupwas 86.96%. Previous studies of HS for SWS
also showed a good seizure-free rate of 57–100%.5,11–15,55,57,63–65

Additionally, 43.48% of the HS group improved in the cognition do-
main. Several previous studies also reported significant improve-
ments in cognitive function and development.5,13,14 Regarding the
safety of HS, 6.52% of these patients developed postoperative com-
plications, which were all resolved. Furthermore, only 8.70% and
15.22% of the patients showed deteriorations in cognition and
hemiparesis, respectively. These findings together with those of
previous studies indicate that HS was safe for patients with
SWS.5,13 HS is an established and widely practiced surgery.12,55,57,66

Leptomeningeal angiomasmake vascular managementmore chal-
lenging. However, apart from the increased blood loss and longer
operative time, current findings suggested that performing HS on
SWS patients did not lead to significantly higher intraoperative
risks than other epileptic disorders.5,12,13,55,57,66

Two types of HS (AH and MH) were performed in this study.
Several modifications have been implemented to make HS surger-
ies less invasive67 and to decrease blood loss.5MHwas achieved as a
modification of AH and was performed later in this series. This
study suggested that patients who underwent MH had less intrao-
perative blood loss and shorter postoperative hospital stays than
those who underwent AH, suggesting that MH is a less invasive
and safer technique. Furthermore, previous studies including
SWSpatientswhounderwent differentmodifications of HS showed
no significant difference in the outcomes.5,14,64 The present study
also revealed no significant differences in the seizure, cognitive,
or motor outcomes between the AH and MH groups. Thus, MH
can yield similar outcomes and can be less invasive and safer
than traditional AH. However, few studies have directly compared
the different approaches of HS for SWS, warranting future
investigation.

FRwas performed in 44 patients in this studywhen the epileptic
area involved only the focal area or several brain lobes. FR was less
reported than HS in previous studies on SWS.13,60,64,68 Previous
studies have suggested a seizure-free rate of 50–64% for SWS pa-
tients who underwent FR, which was less than that for patients
who underwent HS.13,60,64,68 Additionally, some studies proposed
that FR could only control seizures for a limited period.46,69 In the
present study, 79.55%of FR patientswere seizure-free, and this pro-
portion was slightly higher than that in previous studies.13,60,64,68

Although this seizure-free rate was lower than that of patients in
the HS group in the present study, the difference did not reach stat-
istical significance. The FR group had a significantly higher propor-
tion of favourable cognitive and motor outcomes than the HS
group. However, this difference was related to a lower proportion
of baseline cognitive and motor defects in the FR group, reflecting
a tendency to choose patients without cognitive andmotor defects
to perform FR. FR has a certain advantage as a lower surgical
risk.13,64,70 The present study revealed a significantly shorter opera-
tive time and fewer blood transfusions in the FR group than in the
HS group. Additionally, the proportion of patients who showed de-
terioration in the cognition and hemiparesis domains were both
only 4.55%, suggesting good safety with regard to neurological pro-
tection.5,64 Few studies have applied two-stage or three-stage sur-
gery for intracranial EEG monitoring before FR (or accompanied
by postoperative monitoring) of the epileptogenic focus.71,72 An ob-
vious advantage is that it canbehelpful to localize the epileptic area
and ensure complete resection of epileptogenic tissue.71,72

However, most current studies and the present study only con-
ducted a single-stage surgery to reduce the risk of infarction and
bleeding.5,13 Further studies should weigh the added risks of mul-
tiple surgeries and longer hospital stays against the potential bene-
fit to reach a better choice.72

Table 5 Multivariable analyses of influential factors of the
seizure outcome for surgical SWS patients (n=90)

Factor aOR 95% CI P

Focal resection
Age at surgery

<2 years 6.040 1.444–73.367 0.031*
≥2 years Contract — —

Full resection
Yes 11.115 1.260–98.067 0.020*
No Contract — —

Hemisphere surgery
Age at surgery

<2 years 15.053 1.050–215.899 0.036*
≥2 years Contract — —

Seizure frequency
Weekly Contract — —

Monthly 8.426 1.086–87.442 0.042*

*P<0.05 (multivariable logistic regression).
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This study applied a routine AED schedule in which patients
who took one type of AED began trials on the discontinuation
2 years after they were seizure free and without EEG interictal dis-
charge; for patients undergoing FR with one type of AED who were
seizure free but still had EEG interictal discharge, the trials on the
discontinuation were delayed to 4–5 years. For patients who took
more than one type of AED, the discontinuation of one type of
AED began 1 year after they were seizure free.73,74 Five-year follow-
up data were available for 27 patients in this series, including
77.78% who patients remained seizure-free and 59.26% patients
who discontinued AEDs. These findings are similar to those re-
ported by Bianchi et al.5 The present study only focused on analys-
ing the 2-year outcome because insufficient data were available to
analyse a longer follow-up. Thus, further study with a larger series
and longer follow periods is needed to explore the long-term out-
comes and AED schedule.

Issues related to surgical treatments

Some studies have suggested that low-dose aspirin combined
with AEDs in SWS patients could reduce seizure frequency,
and proposed hypothesis that aspirin may delay seizure on-
set.75,76 A study by Lance et al.35 indicated that the majority of
SWS patients on aspirin experienced reasonable seizure, hemi-
paresis, vision, and cognitive outcomes. However, it should be
noted that aspirin use might cause side effects and increased
risk of bleeding during surgery.77 A previous study showed
that 39% of SWS patients with aspirin reported a history of com-
plications.77 The standard treatments for SWS in our hospital
did not include the use of aspirin. Therefore, the surgical pa-
tients in this study did not have this concern. For SWS patients
on aspirin, additional studies are needed to explore the balance
between the potential benefits and the influence of complica-
tions and surgical risks.

Notably, several studies have proposed that early imaging fre-
quently underdiagnoses the extent of brain involvement in SWS
patients, particularly in those aged <1 year.5,38 Patients with bilat-
eral involvement might only present unilaterally in neuroima-
ging.5,6,63 In the present study, we intraoperatively found that
18.18% FR patients had larger involved areas than that noted during
preoperative neuroimaging. Thus, we appropriately adjusted their
resection area. For HS patients, we could not confirm whether
they had bilateral lesions because only unilateral craniotomy was
performed. However, for the HS patients who were
not seizure-free after surgery, the possibility of bilateral involve-
ment cannot be excluded.

The postoperative neuropathology of this study and previous
studies suggests that FCDs are frequently combined in SWS pa-
tients.10,38,78,79 The current classification of FCD indicates that
SWS should be type IIIc.38,71,78 Because FCD is frequent in SWS pa-
tients with refractory epilepsy, several studies have suggested that
FCD might play an important epileptogenic role, and complete re-
section of the associated FCD should be considered to achieve seiz-
ure control.10,78 Notably, most cortical malformations are not
readily detected on MRI.10,38 No patient with combined neuro-
pathological cortical malformation was identified by neuroimaging
in this study, whereas Pinto et al.38 also suggested that no MRI ab-
normalities corresponded directly with the pathological findings
of FCD, except in one patient with polymicrogyria. The relationship
between SWS and combined neuropathology deserves further
exploration.

Influential factors of seizure outcomes

Analysis of influential factors may help preoperative counseling
and select optimal candidates.13,80 Factors related to timing were
previously found to play an important role in influencing surgical
outcomes.13However, current evidence is lacking concerning surgi-
cal timing for SWSpatientswith refractory epilepsy.5,40 Thepresent
study suggested that age at surgery <2 years is a positive factor for
seizure outcome in both the FR group and HS group, whereas the
other cutoffs and different age groups showed no other significant
differences. Additionally, a longer seizure history (≥2 years) was
also identified as a risk factor for cognitive decline in the character-
istics analysis, suggesting that earlier treatments should be admi-
nistered. Previous studies also suggest that earlier surgical
treatment results in excellent seizure outcomes and less develop-
mental deterioration.13,14,81 Bourgeois et al.13 revealed that surgical
SWS patients who achieved improvement in their developmental
status were younger at the time of surgery than those who did
not. Given the plasticity in the developing brain, surgery performed
early may allow reorganization and preservation of neurological
function, which we also observed in the present study as children
experienced gradual recovery in motor and cognitive function.82,83

The present study also revealed that a younger age at surgery was
positively associated with a better improvement in neurologic
scores of the cognitive domain (r=0.471, P<0.001; Spearman’s cor-
relation) and hemiparesis (r=0.274, P=0.009; Spearman’s correl-
ation). Therefore, this study suggests that the timing of surgery
should be early for SWS patients with surgical indications to
achieve better surgical outcomes and protect cognitive function.
However, this single-centre study can only reflect the experience
of our centre, and the limited case numbers in different age groups
may also influence the results. Thus, the suggestion of surgical tim-
ing <2 years of age may be not applicable to every centre. It should
be noted that, although it was not observed in this study, previous
studies have indicated that lower surgical ages (<1 year or <2 years)
and bodyweight (<11 kg) could increase the surgical and anesthetic
risk for epilepsy surgery, especially HS.12,66,84–86 For SWS patients,
the large amount of intraoperative blood loss and the unreliable
neuroimaging of young children (especially <1-year-old) can also
be challenging. In clinical practice, health providers should con-
sider the risks of surgery for young children and choose the optimal
time for surgery. To confirm the suggestion of early surgery and ex-
plore the optimal surgical timing, further studies from internation-
al multi-centres with larger series are needed.

Completenessofresectionwasalsofoundtoaffectseizureoutcome
anddevelopmental improvement inseveralpreviousstudies.5,13,64The
present study also revealed that complete resection of lesions contrib-
utedtofavourableseizureoutcomesintheFRgroup,suggestingthatef-
forts should be made to achieve complete resection of the epileptic
area. This study also suggested that infrequent seizures (monthly ver-
susweekly)wereapositivefactorforseizureoutcomeintheHSgroup,a
findingthathasnotbeenreportedpreviously.Severalstudieshavealso
proposed that,with generalized tonic-clonic seizures,male sex, young
age at seizure onset and type I SWSmight be negative prognostic fac-
tors for seizure outcomes,43,52,63 findings that were not observed in
the present study. However, given the limited number of cases, more
research efforts and cooperation are still required.

Limitations

First, retrospective analysis has inherent limitations, such as poor
control factors and potential biases. Second, a featured epilepsy
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surgery hospital might introduce selection bias. Third, several ad-
vanced imaging technologies, such as susceptibility-weighted im-
aging, PET, diffusion tensor imaging and multimodality imaging,
were not routinely used. Adequate use of these technologies may
help to objectively evaluate the adequacy of the disconnection
and may predict the postoperative outcomes.87,88 Fourth, the
Denver Developmental Screening Test-II is a screening tool, which
is not completely comparable with other IQ tests (Wechsler
Children Intelligence Scale-IV and Wechsler Adult Intelligence
Scale-IV) when evaluating cognitive function.27 Therefore, we ana-
lysed these assessments separately. Fifth, the present study only
reported surgical treatment without aspirin, limiting further com-
parisons. Finally, a multicentre study would better identify vari-
ables that can predict patient outcomes. However, our hospital is
responsible for a large proportion of the treatment for SWSpatients
in our country, possibly influencing the balance of the sample size
for a domestic multicentre study. Future international cooperation
on SWS can aid in further understanding this rare disorder.20,40

Conclusions
Epilepsy surgery showed good postoperative seizure, cognitive, and
motor functional outcomes and acceptable safety for patients with
epilepsy and SWS. MH is a less invasive and safer type of HS than
traditional AH with similar surgical outcomes. Early surgery might
help achieve better seizure outcomes and cognitive protection,
while the risk of surgery for young children should also be
considered.
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