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Abstract

Objective

To conduct a systematic review on language outcomes after left and right hemispherectomy in childhood,
a surgical procedure that involves removing or disconnecting a cerebral hemisphere.

Methods

We searched MEDLINE, Embase and PsycInfo for articles published between 1% January 1988 and 16"
May 2019. We included: (1) all types of observational studies; (2) studies where hemispherectomy was
carried out before age 18 and; (3) studies with standardised scores measuring receptive vocabulary,
expressive vocabulary, sentence comprehension, and/or sentence production. We calculated mean z-
scores after left and right hemispherectomy in the whole group and within aetiology-specific subgroups.
Results

Our search identified 1096 studies, of which 17 were eligible. The cohort added up to 205 individuals
(62% left hemispherectomy) assessed one to 15 years after surgery. In the left surgery group, all language
skills were impaired (z scores <-1.5) except sentence comprehension. In the right surgery group, language
performance was in the borderline range (z scores ~ -1.5). Children with cortical dysplasia showed the
worst outcomes irrespective of surgery side (z scores <-2.5). Individuals with left vascular aetiology and
right-sided Rasmussen Syndrome showed the best outcomes.

Conclusion

Evidence based on the largest patient cohort to date (205 participants) suggests that the risk of language
impairment after hemispherectomy is high, with few exceptions. Aetiology plays a major role in post-
surgical plasticity. We recommend specialist evaluation of language skills soon after surgery to identify

intervention targets. Large scale studies examining outcomes in consecutive cases are still needed.
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Glossary

AEDs = anti-epilpeptic drugs; CD = Cortical Dysplasia; Cl = Confidence Interval; EBNP = evidence-
based neuropsychology checklist; HME = Hemimegalencephaly; | = infarct; LX = left hemispherectomy;
PRISMA = Preferred Reporting Items for Systematic Reviews and Meta-Analysis; RS = Rasmussen

Syndrome; RX = right hemispherectomy; SW = Sturge-Weber Syndrome; WNL = within normal limits.

Epilepsy is a common disorder among children with a worldwide prevalence ranging from 50 to
100/100,000.* Antiepileptic drugs usually enable seizure control, but in up to a third of cases seizures are
refractory to medical therapy.? Surgical removal of the epileptogenic area can be an effective treatment in
selected cases.? For drug-resistant epilepsy due to unilateral pathology, hemispherectomy (removal or
disconnection of an entire cerebral hemisphere) leads to seizure freedom in over 60% of patients.>*
Hemispherectomy is indicated for conditions such as Rasmussen Syndrome (an auto-immune
encephalopathy with postnatal onset), Sturge-Weber Syndrome (vascular), hemimegalencephaly, cortical
dysplasia and vascular insults.® It is primarily performed in children due to their supposed greater

capacity for plasticity and functional reorganisation.?®

Cognitive functions have been reported to improve substantially after hemispherectomy although they can
vary from “normal” (age-appropriate) to severely impaired.”® Case studies have suggested that expressive
and receptive language functions can be completely spared after left hemispherectomy.®° This positive
outcome supports the idea of functional plasticity in the child brain and complements functional MRI
studies showing that language functions can “shift” to the right hemisphere.'*'* Yet language may be less
proficient in left than right hemispherectomy patients, especially when disease onset is postnatal.® The
literature on language outcomes comprises mainly small sample size studies that need to be regrouped
and reviewed to guide clinical decisions and improve prognosis.

We conducted a systematic review of published studies to (i) report language performance in children

after left versus right hemispherectomy and (ii) explore language outcomes by aetiology.
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Methods

Search Strategy and Selection Criteria

We conducted a systematic literature search to identify relevant studies. We searched MEDLINE, Embase
and PsyclInfo for papers published between 1 January 1988 and 16" May 2019 with the term “language”
combined with the terms “hemispherectomy” [MeSH] “hemispherotomy”, “hemidisconnection”
“hemidecortication”, “hemicorticectomy” “hemispheric surgery”. No language restrictions were applied.
We manually screened the references of identified articles for additional relevant studies. Inclusion
criteria were: (1) all types of observational studies, including single case reports; (2) studies where
hemispherectomy was carried out before age 18 and; (3) studies with relevant language specific data
(receptive and/or expressive vocabulary and sentence comprehension and/or production). We excluded

non-peer-reviewed articles, conference abstracts, reviews, books, animal and adult studies.

Data analysis

Two independent reviewers (A.S.N. and F.J.L.) examined titles, abstracts, and studies using the criteria
mentioned above. They resolved disagreements through discussion. We extracted sample size, sex,
aetiology, age at seizure onset, age at surgery and age at testing, as well as side of resection and seizure
outcome. We excluded studies mentioning duplicate data from other papers or marked them explicitly as
having duplicate patients’ data. We did not include conference proceedings as these rarely provide

individual scores.

We examined four post-surgical language measures: receptive vocabulary, expressive vocabulary,
sentence comprehension, and sentence production. When several language assessment scores were
reported at different ages, we used the latest post-surgical assessment. Language data outside our focus,
assessing measures such as phonology, word repetition, fluency, mean length of utterance, lexical

judgement, syntactic judgement, written language, and verbal 1Q, was excluded from our analysis. We
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also excluded studies providing an overall language assessment, or a more general expressive language

and /or receptive language score.

Data extraction

To allow comparison between studies, we did not include data in the review if they were reported as age
equivalent, percent correct, raw scores, or percentiles. We used z-scores from standard scores as outcome
measures. When z-scores were not already provided in articles, we used the classical formula to calculate
them based on test norms. Standardised language tests (e.g. PPVT, BPVS) have known means and
standard deviations based on population data. One study did not use a standardised assessment and
instead provided the means and standard deviation from age matched “healthy normal volunteers”. We

therefore calculated language ‘z-scores’ based on this group’s data for this study.

To obtain overall means, as well as ‘by study’ means, we averaged single case values and combined
means from multiple sub-groups and different studies using the weighted arithmetic mean.'® We used the

pooled standard deviation formula to estimate variation and calculate 95% confidence intervals (CI).

For interpretation, we defined impairment as a score of -1.5 SD below the mean or lower, as used in most
clinical settings.'® For scores above this threshold, performance was defined as “within normal limits”
(WNL). When three or more studies reported a given language measure, we presented the data in forest
plots made using the DistillerSR Forest Plot Generator from Evidence Partners.!’” For multi-subject
studies, we show the data spread based on 95% CI except for one study for which no estimate of variation

was provided.

When data were available for groups of 10 patients or more, we compared patient means to those of the

general population (z score=0, SD=1) using one-sample t-tests with unknown standard deviation.



Nahum & Liégeois 7
Risk of bias
Both authors examined selected articles independently for risk of bias within studies, namely blinding of
outcome collectors to side and aetiology, and potential patient selection.'® Risk of bias across studies was
estimated using funnel plots examining effect size as a function of sample size, created with IBM SPSS
Statistics Version 26.0, where 10 studies or more were available (i.e. for receptive vocabulary in the

whole left surgery group).

Quality appraisal

We assessed the quality of each study using a modified version of the 19-item evidence-based
neuropsychology checklist (EBNP), specifically designed for evaluating neuropsychological outcomes
after epilepsy surgery.'® A score of either 0 (Y=yes) or 1 (N=no) was given to each question and a total
score was calculated. We classified studies in three groups: the high-quality group with total scores of
seven, the medium quality group with total scores between five and six, included, and a low-quality group

with total scores of four or below.

Meta-analysis
Where individual data were available, we ran Pearson and Spearman’s rank correlations to examine the
relationship between language outcome and (i) age at surgery, and (ii) age at onset of epilepsy, in

exploratory analyses.

Data Availability

Data are available to qualified investigators on request to the corresponding author.
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Results

Our search identified 1096 publications, excluding duplicates. From the titles, we selected 365 for review
of the abstract and finally 223 for detailed review (Figure 1). We excluded 206 publications after
assessment of full text because they did not meet the inclusion criteria. The main reasons for exclusion
were lack of standardised language scores (e.g. development quotient or raw score), epilepsy surgery
studies with no separate hemispherectomy data, and inadequate article type (e.g. review, comments,

letters). Seventeen articles, all in English, were included in our systematic review,®710.13.1420-31

Eleven studies were outcome studies with language data and six were neuroimaging studies with
language data. Seven studies had sample sizes under five (four were single case studies) and three studies

had sample sizes greater than 30.

The seventeen selected studies (see Table 1 for details) contained data from a total of 205 patients, of
which 77 (38%) had undergone right hemispherectomy and 128 (62%) left hemispherectomy. Mean age
at seizure onset was 3.9 £ 3.5 years (range: 0 to 13.5 years) and mean age at surgery was 7.5 £ 4.7 years
(range: 0.3 to 16.1 years). Mean time from onset of seizures to surgery was 3.8 + 3.3 years (range: 0.3 to
14.3 years). Mean age at testing was 13.7 £ 5.8 years (range: 7.3 to 22.8 years) and mean time from
surgery to testing was 6.1 + 4.3 years (range: 0.9 to 15 years). Excluding one study (n=64) for which

seizure freedom data were not extractable, 140 out of 141 patients (99%) were seizure free.’

Quantitative data were available for all four language measures, although the tests used varied between

studies (Table 2).3240
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Language outcomes — All aetiologies confounded
Fourteen studies reported receptive vocabulary scores. In the left hemispherectomy group, mean
scores were in the impaired range (-1.5 SD below the mean or lower) in seven studies (n=54) and
within normal limits (WNL) in seven studies (n=43, see Figure 2A). In the right
hemispherectomy group, mean scores were in the impaired range in four studies (n=54) and

WNL in three studies (n=7, see Figure 2B).

Nine studies reported expressive vocabulary scores. In the left hemispherectomy group, mean
scores were in the impaired range in five studies (n=32) and WNL in four studies (n=9, see
Figure 2C). In the right hemispherectomy group, mean scores were in the impaired range in one

study (n=3) and WNL in three studies (n=35, see Figure 2D).

Six studies reported sentence comprehension scores. In the left hemispherectomy group, mean
scores were in the impaired range in one study (n=1) and WNL in five studies (33 patients; see
Figure 2E). After right hemispherectomy, the mean z-score for sentence comprehension was -
1.27 (n=17; C1=-0.66; -1.87), based on two studies: Save-Pédebos et al. (z-score=-1.44; n=16;

Cl1=-1.93; -0.95) and Villarejo-Ortega et al. (z score=1.50; n=1).24%

Two studies reported sentence production scores after left hemispherectomy. The mean z-score
was -1.73 (n=7; Cl=-2.75; -0.71) based on two studies: Bulteau et al. (z-score=-2.25; n=6) and
Grosmaitre et al. (z score=1.39; n=1).1%2 No sentence production scores were reported after

right hemispherectomy.
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Effect of Age at Surgery
There was no correlation between age at surgery and receptive vocabulary for the whole group
(left cases: n=51, r=0.19, p=0.172; right cases: n=13, rho=0.35, p=0.238) or for any subgroup
(p>0.12). Similarly, there was no correlation between age at surgery and expressive vocabulary
in the left group. There was a positive correlation for right surgery cases (n=5, rho=0.90,
p=0.037), and all had Rasmussen syndrome. Numbers were too small (n<5) to examine the effect

of age at surgery on sentence comprehension and production.

Effect of Age at Seizure Onset

Overall, there was no correlation between age at seizure onset and receptive vocabulary for the
whole group (left cases: n=50, rh0=0.094, p=0.518; right cases: n=13, r=0.414, p=0.160). There
was no correlation between age at seizure onset and expressive vocabulary, but numbers were
small (left: n=8, rho=-0.325, p=0.432; right: n=5, rho=0.700, p=0.188).

Numbers were too small to examine the effect of seizure onset on sentence comprehension

(LX=4; RX=1) and production (LX=1; RX=0).

Comparison with the general population

All language scores were lower in left hemispherectomy patients than in the general population,
with mainly large effect sizes (Receptive vocabulary: t(96)=-12.42, p<0.001, d=-1.26; 95% Cl=
-1.49; -1.03; Expressive vocabulary: t(40)=-9.11, p<0.001, d=-1.42; 95% CI= -1.80; -1.05;

Sentence comprehension: t(33)=-4.67, p<0.001, d=-0.80; 95% CIl=-1.13; -0.47).

All language scores were also lower in right hemispherectomy patients than in the general

population, with mainly large effect sizes (Receptive vocabulary: t(60)=-8.02, p<0.001; d=-1.03;
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95% Cl=-1.29; -0.76; Expressive vocabulary: t(37)=-4.90, p<0.001, d=-0.79; 95% Cl=-1.11; -

0.48; Sentence comprehension: t(16)=-4.33, p<0.001; d=-1.05; 95% CIl=-1.58; -0.52).

Language outcomes — Rasmussen Syndrome

Eight studies reported receptive vocabulary scores. In the left hemispherectomy group, mean
scores were in the impaired range in four studies (n=19) and WNL in four studies (n=13, see
Figure 3A). In the right hemispherectomy group, mean scores were WNL in all five studies

(n=29, see Figure 3B).

Six studies reported expressive vocabulary scores. In the left hemispherectomy group, mean
scores were in the impaired range in three studies (n=18) and WNL in three studies (n=8, see
Figure 3C). In the right hemispherectomy group, mean scores were WNL in three studies (n=22,

see Figure 3D).

Four studies reported sentence comprehension scores. In the left hemispherectomy group, mean
scores were in the impaired range in one study (n=1) and WNL in three studies (n=8, see Figure
3E). After right hemispherectomy, only Villarejo-Ortega et al. reported sentence comprehension

(z score=1.50; n=1).%

Two studies reported sentence production scores. The mean z-score was -1.73 (n=7; CI=-2.75; -
0.71) based on Bulteau et al. (z-score=-2.25; n=6) and Grosmaitre et al. (z score=1.39; n=1), for
the left hemispherectomy group.1?8 No sentence production standard scores were reported after

right hemispherectomy.
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Effect of Age at Surgery
Age at surgery did not correlate with receptive vocabulary in the left (n=20, r=-0.048, p=0.841)
or right (n=11, r=0.473, p=0.142) surgery groups. There was no significant correlation between
age at surgery and expressive vocabulary for left cases (n=7, rho=-0.259, p=0.574), but there was

for right cases, although numbers were small (n=5, rho=0.900, p=0.037).

Effect of Age at Seizure Onset

There was no significant correlation between receptive vocabulary and age at seizure onset for
left (=20, r=0.022, p=0.928) or right (n=11, r=0.396, p=0.227) surgery cases. Similarly, there
was no significant correlation between expressive vocabulary and age at seizure onset for left

(n=7, rho=-0.308, p=0.502) or right (n=5, rho=0.700, p=0.188) surgery cases.

Comparison with the general population
For the left surgery group, all language scores were lower than those of the general population,
with large effect sizes (Receptive vocabulary: t(35)=-10.85, p<0.001; d=-1.81; 95% Cl=-2.26; -

1.35; Expressive vocabulary: t(28)=-7.10, p<0.001, d=-1.32; 95% CI=-1.75; -0.89).

For the right surgery group, language scores were also lower than those of the general
population, with medium effect sizes (Receptive vocabulary: t(31)=-3.54, p<0.001, d=-0.63;
95% CI=-0.95; -0.30; Expressive vocabulary: (t(24)=-3.65, p<0.001, d=-0.73; 95% CI=-1.11, -

0.34).

Sample sizes were too small to examine sentence comprehension and production scores.
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Language outcomes — Vascular Aetiologies
Eight studies reported receptive vocabulary scores. In the left hemispherectomy group, mean
scores were in the impaired range in two studies (n=3) and WNL in six studies (n=27, see Figure
4A). After right hemispherectomy, only Pulsifer et al. reported receptive vocabulary (z score=-

2.07; n=5; CI=-2.60; -1.53).”

Two studies reported expressive vocabulary scores. In the left hemispherectomy group, the mean
z-score was -2.86 (n=3; CI=-5.94; 0.21) based on Danelli et al., (z-score=-4.59; n=1) and Pulsifer
et al. (z score=-2.00; n=2; Cl=-6.44; 2.44).”% After right hemispherectomy, only Pulsifer et al.

reported expressive vocabulary (z score=-0.29; n=5; CI=-0.98; 0.39).”

Danelli et al. reported sentence comprehension after left hemispherectomy (z score=0.85; n=1).%

No sentence comprehension scores were reported after right hemispherectomy.

No study reported sentence production scores.

Effect of Age at Surgery

There was no significant correlation between receptive vocabulary and age at surgery in the left
surgery group (n=28, rho=0.110, p=0.578). Due to small sample sizes (n=5 or less) we were

unable to examine the effect of age at surgery for the right group, or on other language skills.

Effect of Age at Seizure Onset
There was a significant correlation, with a medium effect size, between receptive vocabulary and

age at seizure onset for left surgery cases (n=27, r=0.469, p=0.014). Due to lack of data, we were
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unable to examine this question for the right surgery group. Similarly, we were unable to

examine the relationship between expressive vocabulary and age at seizure onset.

Comparison with the general population
For the left surgery group, receptive vocabulary scores were lower than those of the general
population, with a large effect size (t(29)=-6.02, p<0.001, d=-1.10; 95% CI=-1.49; -0.71).

Sample sizes were too small to compare other scores to those of the general population.

Language outcomes — Cortical Dysplasia

Four studies reported receptive vocabulary scores. In the left hemispherectomy group, mean
scores were in the impaired range in two studies (n=12) and WNL in two studies (n=2, see
Figure 4B). After right hemispherectomy, only Pulsifer et al. reported receptive vocabulary (z

score=-2.96; n=9; Cl:-3.91; -2.01).”

Two studies reported expressive vocabulary scores. In the left hemispherectomy group, the mean
z-score was -2.87 (n=9; CI=-3.73; -2.00) based on Ibrahim et al. (z-score=-1.47; n=1) and
Pulsifer et al. (z score=-3.04; n=8; CI=-3.94; -2.14)."%* After right hemispherectomy, only

Pulsifer et al. reported expressive vocabulary (z score=-2.64; n=8; Cl=-3.98; -1.30).”

No study reported sentence comprehension or production scores.

Effect of Age at Surgery

This question could not be examined due to small sample size (N<5).
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Effect of Age at Seizure Onset

Due to lack of data (n<5 we were unable to examine this question.

Comparison with the general population
For the left surgery group, receptive vocabulary scores were lower than those of the general

population, with a large effect size (t(13)=-9.76, p<0.001, d=-2.61; 95% CI= -3.60; -1.62).

Sample sizes were too small to compare other scores to those of the general population.

Risk of bias
As can be seen from Figure 2, smaller studies tended to report more favourable outcomes than
both the larger study and the pooled mean. We therefore cannot rule out a bias towards reporting

more favourable receptive vocabulary outcomes in the left surgery group.

No study reported whether language outcomes were measured by individuals who were blinded
to side or aetiology. The risk of bias for patient selection was assessed using items 3 and 4 from
our critical appraisal checklist (Table 3). We chose not to exclude any study based on risk of

bias.

Quality Appraisal
Quality appraisal scores for each paper can be found in Table 3. Seven studies (41%) were of
high quality, seven studies (41%) were of medium quality and three studies were of low quality

(18%).
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Discussion

Our systematic review showed that patients with left-sided surgery have clinical impairments in
receptive vocabulary, expressive vocabulary and sentence production. The only exception was
sentence comprehension, with scores at the low end of the average range. After right
hemispherectomy, in contrast, all language scores fell at the low end of the typical range but no
data were available for sentence production. Importantly, there were wide variations in
individual scores, and outcome profiles depended on aetiology. Young people with right-sided
Rasmussen Syndrome showed no impairment. Patients with left-sided vascular aetiology showed
preserved sentence and single-word comprehension but impaired expressive vocabulary.
Children with cortical dysplasia showed the worst outcomes, with impairments in all skills

measured, irrespective of side of surgery (Figure 5).

Overall, language scores after right and left hemispherectomy were significantly lower than the
population means, indicating that language skills are at risk in this population as a whole. Of
note, no patient was reported to use alternative or augmentative communication systems, and
functional conversation skills were reported anecdotally.!3 20:22.27. 28 Similarly, a large study
examining spoken language outcomes via questionnaires reported that only 30% of patients had

limited language (2-3 phrases or fewer) after surgery.®

Based on current neuroanatomical models of language, we hypothesized relatively preserved
semantic skills as measured by single-word knowledge.***? As these skills are subserved by a
bilateral ventral language route present from birth, we predicted that the effect of a large
unilateral surgery/pathology would be compensated for by the remaining right hemisphere.*344

Indeed, a few previous studies had reported relatively preserved single-word comprehension
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relative to grammatical comprehension, and one even reported worse expressive vocabulary in
right than left hemispherectomy.®4°
Other studies suggested no effect of side of surgery on receptive vocabulary.*® Our data, derived
from the largest sample to date, indicate a persistent risk of both receptive and expressive
vocabulary impairment after left and right hemispherectomy. Given the lack of evidence based
interventions for children with extensive brain injury, children who undergo hemispherectomy
(except for right-sided Rasmussen Syndrome) may benefit from vocabulary interventions known
to be efficient for developmental language disorders.*” Addressing this vocabulary gap may, in
turn, help support literacy development.*® Importantly, the children’s apparent ability to follow

conversations in everyday settings may mask substantial language needs.

In the group with Rasmussen Syndrome, we observed the expected preserved single-word skills
after right-sided pathology, consistent with studies that examined postnatal/late onset pathology
separately.®? Given that Rasmussen Syndrome is a progressive disease manifesting, at the
earliest, in the second year of life, our data show evidence of a left hemisphere advantage for
single-word knowledge after the age of two. Similarly, other groups have reported language
impairments post stroke after the age of two, although partial compensatory potential of the right

hemisphere may subside until age five.*

In the vascular aetiology group, our data clearly highlight the need for long-term language
support after hemispherectomy. The group with cortical dysplasia showed a distinct profile, with
all language functions severely impaired irrespective of hemispheric side of surgery. There are
two possible interpretations for this finding that are not mutually exclusive. Firstly, anomalies of
cortical development such as cortical dysplasia may be only partially unilateral and could affect

both hemispheres, with surgery performed on the most affected side.>® Recently developed
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advanced automatic MRI methods may improve detection of these anomalies.! Secondly,
hemispherectomy for cortical dysplasia results in poorer seizure control than for other

pathologies, which in turn may result in worst cognitive and language outcomes.>?

The poor language outcomes of both perinatal stroke and cortical dysplasia patients with right-
sided pathology support a crucial early role of the right hemisphere for the development of
language functions, as suggested by previous reports.t*® This early right hemisphere
involvement is consistent with fMRI studies indicating right hemisphere dominance for speech

processing, and left-right functional connectivity in the posterior superior temporal gyrus at

rest 43,54,55

In the subset of data available, we failed to identify a relationship between age at surgery or age
at onset of epilepsy and vocabulary outcome. We found no evidence for a cut-off age either,
beyond which left hemispherectomy results in poorer outcome. These findings would go against
the traditional view of a critical period for language acquisition.'* We suggest that receptive
vocabulary skills can develop after left hemispherectomy in childhood, irrespective of age at
surgery. In the group with vascular aetiology only, later age at seizure onset was associated with
better outcome, confirming the disruptive effect of seizures on development previously reported
in children with perinatal infarcts.!? A noteworthy finding was that later right hemisphere
surgery was associated with better post-operative expressive vocabulary in the Rasmussen group.
This early vulnerability supports the idea of early right hemisphere involvement in the
development of this function.* > As data were only available for a handful of cases, these
results must be interpreted with caution. Future studies should examine the effect of age at

surgery on a range of language skills in a larger sample.



Nahum & Liégeois 19
Limitations & Recommendations
Despite reporting on a large cohort, we were unable to investigate the effect of different post-
operative periods, age at surgery, and age at seizure onset, and sex on language outcome across
our full sample. In left hemispherectomy patients, longer post-surgical evaluation periods have
been associated with higher language performances in some studies, but not others.>>’
Exceptionally late postsurgical language onset (9 years) has also been reported.>® Early
childhood surgery has been associated with better expressive language after right
hemispherectomy in acquired pathologies.>> However, other studies have found no correlation
between age at surgery and our four language measures.?® Altogether, only large scale multi-
centre longitudinal studies would give an accurate indication of the trajectory of language
abilities after hemispherectomy. The gap between what is expected for a child’s age and their
actual language performance may widen as they grow older, despite significant absolute gains in
language skills. In other words, whether patients post hemispherectomy “grow into” language
deficits or “catch up” remains unknown. Future research should synthesize the evidence from
longitudinal studies to report how language skills change from pre-to postoperative status, and to

examine the trajectory of language development after surgery.

We were also unable to gather extensive evidence for sentence level language skills. Overall,
receptive vocabulary was the most reported language measure (14 studies), followed by
expressive vocabulary (nine studies). Sentence comprehension and production measures were
much scarcer (respectively six and two studies), notably for the right hemispherectomy group.
Additional studies examining connected speech are therefore needed to allow a more accurate

evaluation of language abilities.
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Another limitation of the available literature is the heterogeneity of tests used (Table 2).
Expressive and receptive vocabulary scales are likely to measure the same language construct
across tests and languages (English, French, Italian) as they usually require children to name
pictures or point to them. Yet this assumption cannot be made for tests measuring sentence
comprehension and production. Indeed, some tests focused on syntax, morphology, or a
combination of those. Sentence structures are also highly language-specific. We were able to
identify deficits relative to normative data, but heterogeneity of assessments makes it difficult to
isolate specific subcomponents of language that are affected in this patient population. Although
we marked duplicate data when indicated by the authors, it was not always possible to identify
those duplicates. Finally, we did not examine language with respect to 1Q or verbal memory,
which may correlate with some deficits.®
In group studies, score ranges and variation were not always provided which restricted our
ability to estimate performance distribution.?® Additionally, some of our mean z-scores for
certain aetiologies were calculated on fewer than five participants, increasing the risk of bias and

limiting generalization.

There was a high proportion of high and medium quality papers in our review, but the lowest
scoring categories were 'patient selection process’ and ‘inclusion/exclusion criteria’, increasing
the risk of bias. The other was the ‘presence of a comparison group’, making it difficult to
compare left hemispherectomy patients with either right-sided cases or other types of unilateral
pathologies associated with intractable epilepsy. Consequently, we would recommend further
studies include consecutive patients to avoid the risk of bias towards “positive recovery”. Future
studies should also use quantitative norm-referenced language measures to allow the reader to

compare language performance to that of age matched (and ideally 1Q matched) peers.
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This large scale 30 year systematic review, compiling data from over 200 patients, regroups a

large body of literature since the last review on the topic was published in 1988.° It also

provides much needed evidence to guide clinical decisions for hemispherectomy candidates

given side and aetiology. Evidence-based prognosis contributes to surgical decision for

neurosurgeons and allows better counselling for families. The results will also inform the design

of future prospective studies. Anticipating which language difficulties patients might experience

during recovery informs speech-language therapy needs as well as support needed at school and

at home.%° Literacy development, self-esteem, quality of life and social development may be

enhanced with targeted early intervention.
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Table 1 Study Characteristics

A4

Time from Side of Seizure Freedom
Sex Age at seizure Time from
Study N Aetiology seizure onsetto  Age at surgery Age at testing surgery freedom with no
(M/F) onset surgery to testing
surgery (RX/LX)  /control AEDs
Boatman et LX: 8.0y LX: 1.5y LX: 9.5y LX: 1.5y LX:11.0y
2 0/2 RS:2 n 2 2
al. 2003%7 RX: 8.0y RX: 1.0y RX: 9.0y RX: 1.0y RX:10.0y
Bulteau et 4.9y £ 1.6y 1.3y + 0.4y 6.1y + 1.9y 5.6y + 2.0y 11.7y + 2.6y
6 0/6 RS:6 0/6 6 6
al. 2015% (2.6y—7.2y) (0.8y —2.0y) (3.4y —8.4y) (3.0y —8.3y) (8.4y — 14.6y)
LX: 5.7y £ 4.8y LX: 5.9y + 4.6y LX: 11.5y + 5.4y LX:17.9y £ 4.7y LX:17.9y + 2.9y
Bulteau et RS:8; 1:2; SW:1; (Oy — 13.5y) (0.4y — 13.6y) 0.4y - 16.1y) (0.9y — 15.0y) (15.1y — 21.4y)
12 5/7 5/7 12 -
al. 20172 CcD:1 RX:5.4y+3.6y RX:54y+43y RX:109y+44y RX:16.3y+ 3.6y RX: 16.3y + 2.9y
(2.0y - 11.2y) (1.6y — 12.0y) (4.0y — 15.1y) (2.3y - 11.5y) (12.5y — 19.5y)
Danelli et al. Hemorrhagic
1 1/0 No seizures - 2.5y 14.5y 17.0y 0/1 1 1
2013% angiocavernoma
De Bode et 3.1y £ 2.0y 3.9y +3.1ly 7.0y £ 3.5y 6.6y + 3.7y 13.6y + 3.6y
7 1/6 1:7 0/7 6 5
al. 2015% (0.1y — 5.0y) (0.9y —9.5y) (1.0y — 10.0y) (1.0y — 11.0y) (10.0y - 21.0y)
De Bode,
4.3y £5.0y 3.5y +3.1ly 7.7y £5.4y 6.6y * 3.2y 14.3y + 5.6y
Smets et al. 10 5/5 1:7; RS:3 0/10 10 7
(0.5y — 11.0y) (1.0y —9.5y) (2.0y — 12.0y) (1.0y — 11.0y) (9.0y — 21.0y)
2015%
Grosmaitre
1 0/1 RS:1 5.0y 1.9y 6.9y 4.2y 11.1y 0/1 1 1
etal. 2015
Hertz-Panier
1 1/0 RS:1 5.5y 3.5y 9.0y 1.5y 10.5y 0/1 1 1
et al. 20021
Ibrahim et
1 1/0 CD:1 11.0y 3.0y 14.0y 1.0y 16.0y 0/1 1 -
al. 2015%
lvanova et 53y +4.ly 3.0y 27y 8.3y £4.3y 7.0y £ 4.4y 15.3y + 4.3y
4 13 1:3; CD:1 0/4 4 4
al. 20172 (0.0y — 9.0y) (1.0y — 7.0y) (2.0y — 11.0y) (2.0y — 12.0y) (11.0y — 21.0y)
Katzir et al. 4.8y +29y 20y+1.2y 6.8y * 3.4y 8.5y + 4.1y 15.3y + 4.6y
11 417 1:5; RS:6 0/11 11 7
2016% (0.6y — 11.0y) (0.6y — 4.5y) (1.2y - 12.8y) (2.1y — 14.8y) (8.9y — 22.5y)
SW:3; RS:8;
CD:1; 1:12;
HME:1
Hydrocephalus:1;  LX:3.1y +3.2y LX: 9.8y + 3.5y LX:5.8y £4.1y LX: 15.5y + 4.0y
Liegeois et Pachygria:1 (0.1y — 10y) LX: 6.8y (3.2y — 15.6y) (1.0y — 14.4y) (9.9y — 24.3y)
30 21/9 13/17 30 -
al. 2008° Cyst:1; RX: 3.6y + 2.8y RX: 6.0y RX: 9.6y + 4.8y RX: 5.6y+ 3.3y RX:15.2y + 4.8y
HEMIMG:1; (0.1y —8.0y) (0.3y — 15.5y) (0.9y — 11.8y) (7.9y - 21.1y)
Unknown:1

(pre/perinatal:19;

postnatal:11)
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LX: 3.2y + 3.0y LX:5.8 +4.7y
LX: 5.4y + 4.6y LX: 8.6y + 4.1y LX: 14.4y + 0.8y
Liegeois, (0.1y — 6.0y) (1.6y —10.8y)
1:2; RS:2; (0.6y — 9.8y) (4.1y - 11.9y) (13.5y — 14.9y)
Connelly et 6 5/1 RX:3.7y £ 2.8y RX: 9.5y + 1.4y 313 6 -
HME:1; Cyst:1 RX: 5.6y + 1.9y RX: 9.3y £ 4.4y RX: 18.8y * 5.6y
al. 2008% (0.6y — 6.0y) (8.3y —11.3y)
(3.6y — 7.4y) (4.2y - 11.9y) (12.4y — 22.8y)
Pulsifer et RS:37; CD:20; All: 3.6y + 3.7y All: 3.6y + 3.9y All: 7.2y + 5.1y All: 5.4y + 5.1y All: 13.0y + 8.6y
. 64 25/46 35/29 46 35
al. 2004™ 117
LX: 3.6y + 3.6y LX: 1.5y + 1.5y LX: 4.8y 4.2y LX: 7.5y + 4.0y LX:12.2y + 2.6y
Save
CD:14; SW:4; (0.0y—12.3y) (0.3y -5.3y) 0.3y —13.9y) (0.9y — 14.6y) (7.7y - 15.7y)
Pedebos et 40 18/22 16/24 40 40
1:9; RS:13 RX: 2.1y 2.7y RX: 4.3y 4.4y RX: 6.4y + 4.6y RX: 7.4y £ 3.9y LX:13.8y + 2.4y
al. 2016%
(0.0y — 8.6y) (0.3y - 14.3y) (0.3y - 14.3y) (1.3y - 14.9y) (8.1y * 16.6y)
LX: 7.3y + 3.4y LX:10.5y + 3.7y
LX: 5.4y £ 3.1y LX: 1.9y 1.2y LX: 3.2y £ 0.9y
(4.0y — 12.0y) (8.1y — 15.9y)
Stark et al. (1.5y - 9.0y) (0.3y - 3.0y) (2.3y - 4.1y)
7 1/6 RS:7 RX: 4.8y £ 0.9y RX:8.2y £0.7y 3/4 - -
1995% RX:2.5y+1.8y RX:23yz*17y RX:3.3y £ 0.3y
(3.8y-5.7y) (7.3y - 8.7y)
(1.0y — 4.6y) 0.4y —3.7y) (3.0y - 3.5y)
Villarejo-
LX: 5.6y LX: 0.6y LX: 6.2y LX: 5.8y LX: 12.0y
Ortega et al. 2 2/0 RS:2 11 2 0
RX: 8.6y RX: 5.2y RX: 13.8y RX: 1.3y RX: 15.1y
2013%

Abbreviations: N=simple size; RS=Rasmussen Syndrome; I=infarct; CD=Cortical Dysplasia; SW=Sturge-Weber Syndrome; HME=Hemimegalencephaly; LX=left hemispherectomy; RX= right
hemispherectomy. Age is expressed in years (y) in the following format: mean age + standard deviation (range) AEDs=Antiepileptic drugs; - =information not available
* Overlapping data for one patient (L3) between Hertz-Panier et al. 2002° and Bulteau et al. 2017%°

1 sex, age and seizure outcome data are based on the full sample, n=71
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Table 2 Tests used for each language skill examined

Vocabulary

Sentence

Receptive

Expressive

Comprehension

Production

British Picture Vocabulary
Scale (BPVS)®

Used in 2 studies®**

Curtiss Yamada
Comprehensive Language
Evaluation (CYCLE)
Receptive Vocabulary®

Used in 1 study®

Peabody Picture Vocabulary
Test (PPVT)*

Used in 9 studies”?1-23:25.2729-31

Recognition Vocabulary*

Used in 1 study?

Semantic Comprehension*

Used in 1 study?®

Bilan Informatisé du Langage
Oral (BILO) — Lexical
Production®

Used in 1 study®

Bilan Informatisé du Langage
Oral (BILO) - Picture
Naming®

Used in 1 study*®

Boston Naming Test (BNT)*

Used in 1 study®

Expressive One Word Picture
Vocabulary Test (EOWPVT)¥

Used in 3 studies”?%

Expressive Vocabulary Test
(EVT)®

Used in 1 study?

Naming*

Used in 2 studies!®?

Bilan Informatisé du Langage
Oral (BILO) - Oral
Comprehension®®

Used in 3 studies!®?28

Syntactic Comprehension*

Used in 1 study®

Token Test®

Used in 1 study®f

Verbal Comprehension*

Used in 1 study?

Bilan Informatisé du Langage
Oral (BILO) — Statement
Production®

Used in 1 study®

Bilan Informatisé du Langage
Oral (BILO) - Syntactic
Drafting®

Used in 1 study®®

*Unpublished test or test details not specified
+ Also used TROG® but data was not extractable
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Table 3 Quality appraisal scores by study based on a modified version of the EBNP*®

Study 1 2 3 4 5 6 7 Score
Boatman et al. 2003% Y Y Y N Y Y Y 6
Bulteau et al. 2015% Y Y Y Y Y N N 5
Bulteau et al. 2017%° Y Y Y Y Y Y Y 7
Danelli et al. 2013% Y Y N N Y Y Y 5
De Bode et al. 2015% Y Y Y Y Y N Y 6
De Bode, Smets et al. 20152 Y Y Y Y Y Y Y 7
Grosmaitre et al. 2015%° Y Y N N Y N Y 4
Hertz-Panier et al. 20021 Y Y N N Y N Y 4
Ibrahim et al. 20152 Y Y N N Y N N 3
Ivanova et al. 2017% Y Y Y Y Y Y Y 7
Katzir et al. 2016% Y Y N N Y Y Y 5
Liegeois et al. 2008° Y Y Y Y Y Y Y 7
Liegeois, Connelly et al. 2008 Y Y Y Y Y Y Y 7
Pulsifer et al. 2004 Y Y Y Y Y Y Y 7
Save Pedebos et al. 2016* Y Y Y N Y Y Y 6
Stark et al. 1995% Y Y Y Y Y Y Y 7
Villarejo-Ortega et al. 2013% Y Y Y N* Y Y N 6

Abbreviations: A “Y” (=yes) indicates that the study scored 1 and a ‘N’ (=no) indicates that the study scored 0
*Language scores only available for two patients

Modified EBNP:

(1) Were patients described socio-demographically (i.e., age, sex, education, ethnicity, employment)? (2) Were patients described clinically (i.e.,
age at onset/duration of epilepsy, seizure frequency, AED use, handedness/language dominance, presurgical 1Q, psychiatric comorbidity)? (3) Were
the inclusion/exclusion criteria specified? (‘N” for case studies); (4)Was the reason for patient selection out of a larger sample specified (e.g., from
consecutive patients)? (‘N” for case studies); (5) Were neurosurgical and medical data described (i.e., side, aetiology, surgical procedure, extent of
resection, postsurgical neurological deficits)? (6) Was there a surgical and/or nonsurgical comparison group? (left hemispherectomy vs right

hemispherectomy, other surgery or patients who did not undergo surgery); (7) Was a score reported numerically? (‘N” if in graph)

Figure 1 PRISMA flow diagram of study selection

Figure 2 Forest plots of language after hemispherectomy for all aetiologies combined

Figure 3 Forest plots of language after hemispherectomy for Rasmussen Syndrome

Figure 4 Forest plots of language after hemispherectomy for VVascular Aetiologies and Cortical Dysplasia

Figure 5 Summary of language z-scores after hemispherectomy



Figure 1 PRISMA flow diagram of study selection
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Figure 2 Forest plots of language after hemispherectomy for all aetiologies combined

A | Receptive vocabulary z-scores after left hemispherectomy

Study N Z score (95% CI) Weight

Boatman et al. 200327 1 -1.73 1%

Bulteau et al. 20172° 7 -1.12 (-4.97; 2.73) 7% "
Danelli et al. 201331 1 -3.76 1%

De Bode et al. 20153 7 -0.84(-1.37;-0.31) 7% -
De Bode, Smets et al. 20152 10 -0.95(-1.45;-0.45) 10% -
Hertz-Panier et al. 2003%3 1 -3.00 1%

Ibrahim et al. 201521* 1 -1.40 1% .
Ivanova et al. 20172 4 -0.65 (-3.28; 1.98) 4% -
Katzir et al. 20162 11 -1.08(-5.07;2.90) 12% =
Liegeois et al. 2008° 17 -1.52(-2.36;-0.68) 18% .
Liegeois, Connelly et al. 20084 3 -1.07 (-1.75; -0.39) 3% B

Pulsifer et al. 20047 29  -2.77(-3.20;-2.34) 30% .

Stark et al. 1995% 4 -2.30 (-8.56 ; 3.96) 4%

Villarejo-Ortega et al. 201326 1 -3.00 1% -
Weighted Mean 97  -1.74**(-2.02;-1.47) 100% 5 -4 -3 2! 1 0 1

B | Receptive vocabulary z-scores after right hemispherectomy

Study N Z score (95% CI) Weight
Boatman et al. 2003% 1 -0.67 2%
Bulteau et al. 2017%° 5 -0.59 (-6.12; 4.95) 8% )
Liegeois et al. 2008° 13 -1.84(-2.49; -1.19) 21% .
Liegeois, Connelly et al. 200814 3 -2.07 (-11.29; 7.16) 5% r
Pulsifer et al. 20047 35 -1.50(-2.05;-0.95) 57% L
Stark et al. 19952 3 -2.33(-13.00;8.34) 5% ] )
Villarejo-Ortega et al. 2013%* 1 -0.25 2% -
Weighted Mean 61  -1.53**(-1.91;-1.16) 100% . R > i . . A
C | Expressive vocabulary z-scores after left hemispherectomy
Study N  Zscore (95% CI) Weight
Boatman et al. 2003?’ 1 -3.00 2% '
Bulteau et al. 201528*% 6 -1.10 15% "
Danelli et al. 2013301 1 -4.59 2% !
Grosmaitre et al. 201510f 1 1.89 2%
Hertz-Panier et al. 200212 1 -3.00 2%
Ibrahim et al. 20152 1 147 2% - '
Pulsifer et al. 20047 26 -2.63(-3.17;-2.09) 63% .
Stark et al. 1995% 3 -1.67 (-9.11; 5.77) 8% .
Villarejo-Ortega et al. 2013%6* 1 0.25 2% -
Weighted Mean 41 -2.19** (-2.66;-1.72)  100% . . j > . 5 .
D | Expressive vocabulary z-scores after right hemispherectomy
Study N Zscore (95% CI) Weight
Boatman et al. 200327 1 020 3% 5
Pulsifer et al. 20047 33  -1.49(-2.10;-0.89) 86% .
Stark et al. 19952 3 -1.71(-8.96;5.54) 8%
Villarejo-Ortega et al. 2013%6* 1 1.40 3%
Weighted Mean 38 -1.39%*(-1.94;-0.83)  100% -
5 4 3 2 a 0 1

E | Sentence comprehension z-scores after left hemispherectomy

Study N Z score (95% ClI) Weight
Bulteau et al. 201528*§ 6 -0.70 18%
Danelli et al. 20133041 1 0.85 3%
Grosmaitre al. 20150t 1 1.29 3%
Hertz-Panier et al. 200213 1 -5.00 3%
Save Pedebos et al. 20162 24 -0.94 (-1.26;-0.62) 70%
Villarejo-Ortega et al. 2013%6 1 -0.20 3%
Weighted Mean 34 -0.88**(-1.25;-0.51) 100% 3
4 -3 2 -1 1

-5 -
TScores were calculated using control group data from the same study as population test norms were unavailable
*Mean was roughly estimated from a graph as data were not provided in text format
§ No estimate of variation was provided in this study, therefore confidence intervals (CI) could not be calculated
Clinical history suggests this child was right dominant for language functions at birth
#Non-standardised scores, calculated using mean and standard deviation of the control group. Patient evaluated earlier than for other language measures at 8.3y
** Mean is significantly lower than for the general population, p<0.001




Figure 3 Forest plots of language after hemispherectomy for Rasmussen Syndrome

A | Receptive vocabulary z-scores after left hemispherectomy

Study N Z score (95% CI) Weight
Boatman et al. 20032 1 -1.73 3%
Bulteau et al. 20172 3 -0.69 (-7.53; 6.15) 8% "
De Bode, Smets et al. 20152 3 -1.31(-2.14;-0.48) 8% "
Hertz-Panier et al. 200213 1 -3.00 3%
Katzir et al. 20162 6 -1.23(-7.27;4.80) 17% "
Liegeois, Connelly et al. 2008 1 -1.27 3% m
Pulsifer et al. 20047 16  -2.26 (-2.67;-1.85) 44% .
Stark et al. 19952 4 -2.30(-8.56; 3.96) 11%
Villarejo-Ortega et al. 201326* 1 -3.00 3% -
Weighted Mean 36 -1.88**(-2.22;-1.54)  100% . 5 2 - L
B | Receptive vocabulary z-scores after right hemispherectomy
Study N Zscore (95% CI) Weight
Boatman et al. 2003%7 1 -0.67 3%
Bulteau et al. 20172 5  -0.59(-6.12; 4.95) 16% -
Liegeois, Connelly et al. 2008 1 -0.67 3% i
Pulsifer et al. 20047 21 -0.74(-1.36;-0.13) 66% .
Stark et al. 19952 3 -2.33(-13.00;8.34) 9% -
Villarejo-Ortega et al. 201326* 1 -025 3% P
Weighted Mean 32  -0.85**(-1.32;-0.38)  100% ‘
5 4 -3 2 1 0
C Expressive vocabulary z-scores after left hemispherectomy
Study N  Zscore (95% CI) Weight
Boatman et al. 200327 1 3.00- 4%
Bulteau et al. 201528+ 6 -1.10 20% =
Grosmaitre et al. 201510t 1 1.89 4%
Hertz-Panier et al. 200213 1 -3.00 4% s
Pulsifer et al. 20047 16  -2.50(-3.13;-1.87) 55% ]
Stark et al. 19952 3 -1.67 (-9.11;5.77) 10% .
Villarejo-Ortega et al. 2013%" 1 0.25 4%
Weighted Mean 29 -1.91**(-2.44;-1.38) 100% —~
5 4 -3 2 1 0
D | Expressive vocabulary z-scores after right hemispherectomy
Study N Z score (95% ClI) Weight
Boatman et al. 200327 1 0.20 4% s
Pulsifer et al. 20047 20 -1.33(-2.07;-0.60) 80% .
Stark et al. 19952 3 -1.71 (-8.96; 5.54) 12% "
Villarejo-Ortega et al. 201326 1 1.40 4%
Weighted Mean 25  -1.21**(-1.86;-0.55)  100% —
5 4 3 2 T 0
E | Sentence comprehension z-scores after left hemispherectomy
Study N Z score (95% CI) Weight
Bulteau et al. 201528*% 6 -0.70 67% -
Grosmaitre al. 201510t 1 1.29 11%
Hertz-Panier et al. 200213 1 -5.00 11% L] i
Villarejo-Ortega et al. 20136 1 -0.20 11% .
Weighted Mean 9 -0.90 (-1.99;0.19)  100% ——
5 4 -3 2 1 0

*Mean was roughly estimated from a graph as data were not provided in text format

§No estimate of variation was provided in this study, therefore confidence intervals (CI) could not be calculated
T Clinical history suggests this child was right dominant for language functions at birth

** Mean is significantly lower than for the general population , p<0.001




Figure 4 Forest plots of language after hemispherectomy for Vascular Aetiologies and
Cortical Dysplasia

A | Receptive vocabulary z-scores after left hemispherectomy for Vascular Aetiologies

Study N Z score (95% ClI) Weight
Bulteau et al. 2017%° 3 -1.36 (-4.87; 2.16) 10% =
Danelli et al. 2013201 1 -3.76 3% .
De Bode et al. 20153 7 -0.84(-1.37;-0.31) 23% -
De Bode, Smets et al. 2015%° 7 -0.80 (-1.42;-0.18) 23% L
lvanova et al. 2017%? 3 -0.38 (-1.66; 0.91) 10% -
Katzir et al. 201623 5  -0.91(-4.39;2.58) 17% -_
Liegeois, Connelly et al. 20084 2 -0.97 (-1.70; -0.24) 7% -
Pulsifer et al. 20047 2 -1.57 (-3.86; 0.72) 7% i
Weighted Mean 30  -1.00%*(-1.33;-0.68) 100% . \ , .

B | Receptive vocabulary z-scores after left hemispherectomy for Cortical Dysplasia
Study N Zscore (95% CI) Weight
Bulteau et al. 20172° 1 -173 7% *
Ibrahim et al. 20152* 1 -140 7% : ¢
Ivanova et al. 20172 1 -147 7% ¢
Pulsifer et al. 20047 11 -3.73(-4.30;-3.17) 79% | ;
Weighted Mean 14 -3.26**(-3.92;-2.61)  100% ——

-5 4 ] 2 1 0

TScores were calculated using control group data from the same study as population test norms were unavailable
*Mean was roughly estimated from a graph as data were not provided in text format
** Mean is significantly lower than for the general population, p<0.001




Figure 5 Summary of language z-scores after hemispherectomy

A | All Aetiologies
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