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Spoken Language After Hemispherectomy

Abgtract

We andlyzed post-surgery linguistic outcomes of 43 hemispherectomy patients operated on at
UCLA. We rated spoken language (Spoken Language Rank, SLR) on ascale from O (no
language) to 6 (mature grammar), and examined the effects of side of resection damage, age at
surgery/seizure onset, seizure control post-surgery, and etiology on language development. Etiology
was defined as developmental (cortical dysplasaand pre-natal stroke) and acquired pathology
(Rasmussen' s encephalitis and post-nata stroke). We found that clinical variables were predictive
of language outcomes only when they were considered within digtinct etiology groups. Specificdly,
children with developmentd etiologies had lower SLRs than those with acquired pathologies
(p=0.0006); age factors positively correlated with higher SLRs only for children with acquired
etiologies (p=0.0006); right sided resections led to higher SLRs only for the acquired group (p =
0.0008); and post-surgery seizure control positively corrdated with SLR only for those with
developmental etiologies (p=0.0047). We argue that the variables considered are not independent
predictors of spoken language outcome post-hemispherectomy but should be viewed instead as
characterigtics of etiology.
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0. INTRODUCTION

The overarching god of our research program is to determine the linguistic capecity of each
developing hemisphere after hemispherectomy. Little is understood about the mechanisms
respongble for inter- vs. intra-hemispheric language trandfer, thus, the potentid of either hemisphere,
aone, to serve asthe subgtrate for the acquisition of grammar may not be adequately determinable
by studies of foca damage or lesons in children (de Bode, 1998; Duchowny et al., 1996;
Helmstaedter, Kurthen, Linke, & Elger, 1994; Pgpanicolaou, DiScenna, Gillespie, & Aram, 1990).
It is often unknown whether impaired linguistic performance in cases with foca lesons reflects the
best efforts of the damaged LH, the performance of the right hemisphere (RH), or some
combination of both. Moreover, it has been suggested that reorganization after focd brain lesonsin
children may differ from thet in adults (Papanicolaou et d., 1990). A main confound of focal leson
research isthat location and extent of brain damage cannot be compared across studies; thusit is
not surprising that findings regarding successful language trandfer in children often conflict with each
other (Levy & Kave, 1999). Thus, in our opinion, it isthe study of language development post-
hemispherectomy -- the remova of an entire cortical hemisphere -- that best addresses the question
of the linguigtic potentid of each hemisphere.

There are comparatively few studies reporting language outcomes after hemispherectomy. Even
though hemispherectomy in the trestment of intractable epilepsy began in the 1950's and 1960's
(Griffith & Davidson, 1966; Krynouw, 1950; McFie, 1961; Wilson, 1970), detailed studies of the
effect of hemigpherectomy on language gppeared only in the 1970’ s (Dennis, 1976; Dennis &

Kohn, 1975; Dennis & Whitaker, 1976; Gott, 1973; Smith & Sugar, 1975). Although 333 cases
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of pediatric hemigpherectomies have been reported worldwide (Holthausen, 1998) as of 1998,
sudies of the effects of hemispherectomy on language are limited to either case sudies or smdl
samples.

The current state-of-the-art, thus, still leaves us with a set of open questions regarding the
capacity of each isolated developing hemisphere to acquire language: 1) what are the relevant
“clinicd” factorsto examine (age a insult, age a surgery, Sde and extent of insult, seizure control,
etc.); 2) what is the gppropriate control group for children who have undergone hemispherectomy;*
3) how should language be assessed to determine whether there is successful or norma language
acquisition or reacouisition following surgery?  Each of these questions is key to afull understanding
of the developmental patterns post- hemispherectomy. However, in this paper we concentrate on
the first question: what factors are mogt predictive of linguistic outcome following hemispherectomy.

1. LITERATURE REVIEW

Examining the hemispherectomy research literature we find two mgor areas which cal for
further work. Firg, the literature is replete with incons stent findings regarding post-surgery language
outcomes. Second, contrary to research on foca brain lesions, hemispherectomy studies have not
pursued therole of clinica variables on linguistic outcomes.  These two problems are not independent:

until we systemdticaly factor in dinical variables on the effects of hemispherectomy on language, we will

! The question of control groupsis an important one; however, at this juncture, having examined the literature and
considered the question seriously, because of a number of confounding factors, our view isthat thereis no adequate
control group for children who have undergone hemispherectomy.

2 Although we do not address this question here, in our own population thereis a striking contrast between
performance on formal tests and performance in spontaneous speech, with the latter dramatically exceeding the
former. Wewill be dealing with this question elsewhere; however, in our view, formal testsinvolve considerable
cognitive and processing resources which make such tasks more than simply language tasks. Spontaneous speech,
in contrast, seemsto involve the fewest additional, nonlinguistic factors, thereby providing children with the optimal
circumstance for linguistic performance. Also noteworthy, isthe fact that many researchers do not even use tests
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not be able to make sense of rdevant conflictsin the literature. Below we present examples from the
hemispherectomy literature which illudrate this point.

1.1 Recent literatur e on the age and side contr over sy

Concerning brain recovery and age, the notion that the “earlier-the-better” concept originated with
Kennard (Kennard, 1940), and wasiinitidly supported by anima research by others (Kolb, 1990;
Villablanca, Carlson-Kuhta, Schmanke, & Hovda, 1998). Thiswiddy accepted notion guided much of
the research on focd lesonsin humans (eg., Teuber, 1975; Woods & Teuber, 1978) and was
automaticaly extended to hemispherectomy research aswell (Vargha-Khadem & Polkey, 1992).
However, recent findingsin studies of focd lesons and hemigpherectomy (in humans and animals)
chdlenge the assumption that the relationship between age and motor/cognitive recovery is monotonic
(Bates, 1999a; Bates, Vicari, & Trauner, 1999b; Eisde & Aram, 1995; Rellly, Bates, & Marchman,
1998; Vargha-Khadem, 1991, Villablanca & Hovda, 2000).

Concerning the effect of sde resected, the literature reports conflicting findings. There have been a
number of tudies reporting the greater cgpacity and proficiency of the left (LH) over theright
hemisphere (RH) with respect to morphosyntactic comprehension, production, and judgments after
hemigpherectomy (Day & Ulatowska, 1979; Dennis, 1980a; Dennis, 1980b; Dennis & Kohn, 1975;
Dennis & Whitaker, 1976; Stark & McGregor, 1997; Vargha-Khadem & Polkey, 1992) and writing
and spelling (Ogden, 1996). Others, (Ogden, 1988; Riva & Gazzaniga, 1986; VarghaKhadem et d.,
1997a; Verity, 1982) have reported excdlent, even normd linguistic abilities after hemispherectomy of

either sde. Ogden (1988), for example, reports on two adults who underwent |eft hemispherectomy as

which test language directly; e.g., they use | Q tests to evaluate language performance. Thus, trying to construct a
coherent picture of language performance foll owing hemispherectomy becomes a challenging task.
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adolescents. On casud observation, language comprehension and spoken language gppeared normd in
both subjects. Specific deficits became evident only after specidized linguigtic testing (tests of word
fluency and Part 6 of the Token Test). Smilarly, Alex, sudied by Vargha-Khadem & Mishkin, (1997)
devel oped rich fluent speech, and linguigtic deficits became evident again only through careful linguistic
examination. Even more gtriking is the case documented by Mariotti et d. (Mariotti, luvone, Torrioli, &
Silveri, 1998). They tested a 20-year-old woman who had undergone | eft hemispherectomy at the age
of 3years. When formaly tested, she performed at the level of 1Q-matched controls (low normd levels
of 1Q) on dl linguidtic tasks. The tasks administered included grammaticality judgments,
morphosyntactic comprehension (including active and passive congtructions), and narrative
comprehension tests. On tests of actives and passives (non-reversible and reversible) the subject
showed some problems, but 1Q controls made smilar errorsin these tasks.

In contrast to these studies, the five left hemigpherectomized children examined by Stark and
colleagues (Stark, Bleile, Brandt, Freeman, & Vining, 1995) evidenced mixed language outcomes. One
child performed extremely poorly, three children obtained scores at or below the 10™ percentile on the
Test of Reception of Grammar (scores were based on menta age, MA), and the fourth child scored
within the norma range for her chronologica age, and above the expected leved for her MA (post
surgery follow-up 2;4-8 years). In contrast, three of the four right hemispherectomized children
performed at their menta age levels on tests of syntactic comprehension.

Smilarly, Stark and McGregor (Stark & McGregor, 1997) report afive-year follow-up results on
two children with Rasmussen’ s encephditis who underwent hemispherectomies at age 4,0 and 5;8 years
respectively. Despite the fact that both girls were well behind age-matched normals with respect to

language performance, the left hemispherectomized child was especidly impaired on tasks of
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morphosyntax. In contragt, the linguistic scores of the right hemispherectomized child were within her
mental age range.

It is noteworthy that post surgery timein studies reporting the worse linguistic impa rments tends
to be shorter (1 — 6 years) in comparison to those reporting very minor or no language deficits (16,0 —
30;0 years). For example, in one of the most recent studies Boatman and colleagues (Boatman et dl.,
1999) looked at 6 children who underwent left hemispherectomy for trestment of Rasmussen's
encephditis. Language testing included speech sound discrimination, single word comprehension (a
modified version of the Token test), repetition and naming. One year after surgery these children’s
comprehension (mostly of words) was comparable with normas, while spoken language devel opment
remained significantly compromised (Sngle words and telegraphic speech). Hence, an examination of
thisliterature illustrates thet at this point it is neither clear whether children who undergo
hemispherectomy can be expected to evidence good language devel opment, nor under what
circumstances such a prognosis will occur.

1.2 Recent literature on Seizur e Effects

Given that hemispherectomy is performed in the trestment of intractable catastrophic epilepsy, it is
important to consider the effect of post surgery saizure control and linguistic development in addition to
Sde resected and age at surgery. Little research has been carried out specifically addressing the effects
of post-surgery seizures on language (Dennis, 1988). There is no question that on-going seizure activity
in children with and without surgery has a dehilitating effect on al aspects of cognitive development,
induding language (Dulac, Pinard, & Plouin, 1996; Isaacs, Chrise, Vargha-Khadem, & Mishkin, 1996;
Muter, Taylor, & Vargha-Khadem, 1997; O'Leary, 1983; Ross et d., 1996; Vargha-Khadem, 1991).

It is possible that on-going saizures affect language development smilarly to overt focd lesons. For
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example, comparing the effect of left- versus right-tempord |obe seizures, Cohen (Cohen, 1992)
reported the expected correlation between sde and auditory/verba vs. visud/spatid memory in children
with complex partid epilepsy. Furthermore, specific aspects of linguistic performance (expressve
versus receptive) were shown to be differentialy affected in children with smple-partid left hemisphere
epilepsy (Cohen & Le Normand, 1998). Linguistic comprehension tested in thislater sudy gradudly
improved to reach normal performance levels, while production remained quite poor in comparison with
controls.

Later age a seizure onset has been associated with better language outcomes (Ross et dl., 1996).
However, Vargha-Khadem (Vargha-Khadem & Mishkin, 1997b) reports that both early and late onset
of saizures have catastrophic effects on cognitive development. A generd conclusion drawn from these
and other studies (Dravet et al., 1996; Ross et a., 1996) is that cognitive development in children with
epilepsy is saverely compromised in comparison with neurologicaly intact children, regardless of age of
Seizure ONset.

It is thus surprising to find that the effect of saizure control in post-surgica patients and its relevance
for cognitive and linguigtic functions remains an area of great controversy. A few studies report that
seizure-free patients perform no better cognitively than their counterparts who continue to have saizures
after surgery (Grande et al., 1998; Seiddl, Lin, Snead, & Chen, 1998). However, post-surgical seizure
control and linguistic outcome have not been specifically explored to our knowledge, though some
reports suggest that this rdation is far from linear (Bates et a., 1999b). Vargha-Khadem (1997a)
reports that seizure control does not guarantee improved linguigic functioning in hemigpherectomy
patients. However, patients who become saizure-free after surgery peformed early in life are

sometimes asserted to demondirate a better linguistic prognods due to their brain reorganization. Thisis
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in contrast to children whose later onset of selzure disorder (Rasmussen's) is clamed to exclude any
possihility of effective reorganization.

It is hard to establish the relationship between saizure activity and language outcomes since despite
extensive research, the mechanism of saizuresremains elusve. At presant, it is not clear whether a
lesion, itself, causes selzures, because in some cortica dysplasia (CD) patients many areas of cortica
anomdiesremain “dlent”, i.e. do not produce seizures (Metz-Lutz et d., 1999). Furthermore, the
effect of saizures, induding damage resulting from interictd activity (Rausch, Boone, & Ary, 1991) and
the potentid disruption of healthy brain area development has not yet been positively established.
Neither isit known how anticonvulsant medications influence the brain. Thus, the relationship between
seizure activity and post surgery language outcome remains a chdlenging topic and it will be one of the
aress investigated in this study.

1.3 Recent liter ature on Age and Pathology

While some researchers have pointed out the importance of studying etiology/pathologicd substrate
infoca lesons (e.g., Dennis, 1988 #219; Paquier & Van Dongen, 1998), none has addressed the
relationship between etiology and language outcome directly in hemispherectomy peatients. Because
etiology has always been consdered secondary to factors such as age in the development of afunction,
conflicting results are reported. For example, Duchowny et d (Duchowny et d., 1996) dam that
congenitd lesons are worse for language than early acquired lesions, while VarghaKhadem (Vargha
Khadem & Mishkin, 1997b) asserts that “perinata” and early acquired pathologies (between 1 and 5
yrs.) result in better language outcomes than those occurring after the age of 5. Bates (1999a) States
that infants with congenital pathology typicaly develop language within the normd range, in contrast to

adultswith lesons in the same regions. However, it should be noted that acquired lesionsin adults, by
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definition, should not be directly compared to congenital lesonsin infants, as such a comparison
confounds the very differences imposed by the nature of these etiologies.

In the same vein, afew authors (Dennis, 1988; Vargha-Khadem, 1993) have raised the importance
of the division between developmental and acquired pathologies. Dennis (1988) assertsthat early, i.e.
congenital and perinatd insults lead to “lagging” language development (later language emergence,
“drategic detours’ in the developmentd course, and lagging rate of acquidtion, but presumably normd
language with respect to the ultimate linguistic system attained), while later onset of insult leads to
linguistic deficits® Similar to Dennis, Vargha-Khadem (Vargha-K hadem, 1993) draws a distinction
between developmental and acquired pathologies, however, her rationde isthat developmentad
pathologies injure the brain before language has been established, whereas acquired pathologies disrupt
functions ether during their development or after they have been established. In the latter case, Vargha
Khadem clamsthat laterdization and plagticity work againgt each other and attributes these as the
mechanisms which define language outcome in acquired insults. However, it isnot clear what
mechanisms she would daim underlie recovery from developmentd insult. Smilar to Dennisand
Vargha-K hadem many authors seem to confound age at seizure onset with differencesin underlying
pathologies.

Dennis and Vargha-Khadem frame their discusson in terms of language being a“<kill”, and in
addition to disagreements we have concerning their consideration of etiology, we would disagree with
their desgnation of language asa“kill”. We would assert that language is a neurobiologica function

whose normd devel opment reflects neurological and domain-specific cognitive maturation, rather than

% Moreover, Dennis compared early vascular malformations with later cerebral vascular accidents, claiming they
produce similar brain damage commencing at different developmental periods. Itisour belief, however, that different

10
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“skill” development, which is characterized by linear and hierarchicd emergence, and is not part of the
natural development of the species.

This literature overview illustrates the need to resolve the inconsistencies among studies, if we are
ever to predict language outcomes post-hemispherectomy. We hypothesize that the conflicts can be
explained once etiology is consdered. We will argue that none of the other clinical factors — age, sde of
surgery, or selzure control — are independent predictors of language outcome. Rether, they are
characteristics of etiology and should be consdered within the context of etiology in predicting post

surgery language outcome.

2. STUDY DESIGN
2.1 Subjects

Our subject population consisted of 43 children who had undergone hemispherectomies as part
of the UCLA Pediatric Epilepsy Surgery Program between 1986 and 1998 (Peacock et ., 1996).
Petients were included in our sample if they had catastrophic childhood onset epilepsy, their seizures
were resstant to antiepileptic medications, they had surgery before 18 years of age, they were
monolingua speskers of Standard American English or were in a Standard American English
environment, and they were patients for whom follow-up information was avalable. All subjects
suffered from epilepsy with or without the syndrome of infantile spasms.

A breakdown of the subject population by side of damage, age at seizure onset, age at surgery,
disease etiology, and gender is presented in Table 1.

2.2 Methods

insult times/devel opmental periods are exactly the consequences of different etiologies, a point we will develop later

1
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2.2.1 Etiology Clasdfication

Each child's etiology was diagnosed on the basis of examination of their entire medica history,
including pathology report, PET, MRI scans, video/EEG monitoring, seizure higtory, drug history,
interictd and ictd scap EEG, and assessment of neurodevelopment (Mathern et a., 1999). Each
diagnosis was rated by a neurosurgeon and a pediatric neurologist blind to the rating of the fird.
Etiology was catd ogued according to the following breakdown:

developmentd pathology - 28 subjects (hemimegdencephaly - HM, cortical dysplasa/multilobar

involvement - ML, and prenatd infarct);

acquired pathology - 15 subjects (Rasmussen’s encephditis - RE and postnatd infarct)

2.2.2 Clinicd Vaiables

Clinica variables were extracted from the medical records. These included age at seizure onse,
age a surgery, post-surgica seizure control and sSide of resection.  Seizure control was defined as
“saizure-freg’ compared with resdua seizures. Mean agesfor al groups used in our data analyses are
shown in Table 2.

Table 2. Mean Ages (in years) and Standard Deviations

Entire Sample . Develop Acquired 15

(43) Right (17) Left (26) mental (28)
Qr?;a HAIC | 1 53(255) | 1.67(281) | 1.44(242) | 021(029) | 4.08(3.05)
Ageat surgery | 4.33(4.01) 416 (4.67) | 4.40(358) | 251(243 7.76 (4.26)

in our discussion.
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Follow-up

(from surgery to
\ast testing) 6.13 (3.11) 6.43(2.39) | 5.92(3.55) | 6.33(3.04) 5.74 (3.3)

As seen from Table 2, the mean ages as well as the periods of follow-up for our right and left
hemispherectomized groups were compatible across al parameters consdered. However, there was a
sharp digtinction in mean age at seizure onset and surgery (p=0.0001) for the two pathology groups as
previoudy reported (Mathern et al., 1999).

We expected that age a seizure onset and age a surgery would be highly corrdlated with each
other and they were (r=0.799, p=0.0001). We did data analyses using both variables and throughout
this paper we will use both though age at seizure onset is our primary indicator (Snce seizures often is
the first overt manifetation of the underlying pathology). Furthermore, each corrdlation reported is
controlled for the period of follow-up (i.e. time eapsed from surgery to the point of data collection).

2.2.3 DaaAndyss

Data were entered into a database and andyzed using astatistical program (SAS Software).
Differences between clinica categories (i.e, right or left Sde, developmentd or acquired, etc.) were
datitically compared using an analysis of covariance (ANCOVA) controlling for the follow-up period.
Other datidtical testsincluded t-tests, and regression analyses. Results were consdered significantly

different a aminimum confidence level of p < 0.05.

2.3 Linguistic Evaluation

Because of the difficulty in establishing a common metric of comprehension across the full

age range of children in this study, we concentrated on spontaneous language production. In

13
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addition, a the point of assessment, al of our subjects were of an age to be expected to tak in
the course of normal language development (i.e., 3 years or older).

Postaurgica data on the children’ s language production were collected by means of the
MacArthur Communicative Development Inventories (Fenson et a., 1990), or vialanguage
sampling, as developmentally gppropriate or possible. A question specificdly asking for speech
onset age was added to the MacArthur for our use. Language samples were collected by
means of the Story Game from the Kiddie Forma Thought Disorder Scaes (Caplan, Guthrie,
Fish, Tanguay, & David-Lando, 1989) or via naturdistic conversation with the examiner
interviewing the patient on topics including family, friends, school, birthday, TV shows, and
favorite activities. These samples were recorded, transcribed and then andyzed for their
grammaticd and lexicd content using CALC, adetailed grammaticd analyss focusng on
functiond category structures, congtituent structure and movement. At the time of testing we
were blind asto the etiology of subjects. Each child’ s language sample was scored by two
reviewers. Based on these data, we assgned each child a Spoken Language Rank (SLR),
using asix-point scale, as shown in (1) below.

(1) Spoken Language Ranks, (SLR):

SLR=0, no language
SL R=1, achild has fewer than 20 words

SL R=2, achild has more than 20 words but no word combinations

SL R=3, achild congtructs short, telegraphic utterances and isin the so-cdled RI (Root

Infinitive) sage. The RI stage refersto a developmenta stage wherein a child uses nonfinite

verb formsin root clauses, i.e, in contexts that clearly require afinite verb in the adult

14
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language. An RI gtagein the acquigtion of English and certain other languages (Hoekstra &
Hyams, 1998; Hyams, 1996) is attested to by the fact that children in many languages use
infinitives where the adult languages do not dlow it. (2) below, presents examples:
(2) BEvedt floor
Where penny go? (CHILDES, (Brown, 1973)

SLR= 4, achild has developed beyond the telegraphic stage, and makes only
occasond errorsin the use of functiona category elements, but shows no CP (complementiser
phrase) embeddings. Following this definition, the C-system may be limited to inverted forms of
be, have, do, will, shall and inverted modals. Elements of the I-system and D-system will be
consgtently found in transcripts of children with an SLR of 4, however. Transcripts of four
children who received aranking of “4” are currently being examined (de Bode, in preparation)
to describe this stage of language development, which may or may not pardle language
development under norma conditions.

SLR= 5, achild has fluent speech plus embeddings of dl types, and evidence of
movement (Wh-questions, yes/no questions). Some “gaps’ in morpho-syntax may
persst, however (eg. erors with the passve past participle), differentiating the
grammar of achild with an SLR of 5 from afully meature grammar.

SL R=6, a child has a mature grammar.

Sometimes a child's score indicates an intermediate stage of her linguistic development (e.g. SLR=2.5).

3. RESULTS

Statigtica andyses were performed in order to examine the relationship between SLR and age

15
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a seizure onset, age at surgery, Sde of surgery, seizure control, and etiology (developmentd or

acquired).

3.1 AgeFactors

3.1.1 Age and Etiology

For al t-tests both age at seizure onset (p=0.0022) and age at surgery (p=0.0018) positively correlated
with SLR. However, examining by the etiology group as shown in Table 3, the corrdation between age
and SLR was satigticaly significant only for the acquired group (p = 0.0006 for seizure onset, p= 0.044
for age a surgery). Thus, we conclude that it was the correlation between age and the group with
acquired pathology which drove the correlation between age and the group asawhole. Moreover, the
acquired pathology group exhibited the robust direct relation between age factorsand SLR, in that the
older the child at seizure onset and surgery, the better the post surgery language outcome.

Table 3. Ageand etiology

variable Entire sample (43
ple (43) Developmentd Acquired
population & (28) (15
#
Agea sizure
onset 0.0022 (r=0.396) | 0.7054 (r=0.05) | 0.0006 (r=0.240)
AGRASIGY | 5115 (=0.396) | 0.4016 (r=0.121) | 044 (r=0-280)

These gatidtical results are our firgt indicator thet etiology cannot be ignored in considering linguistic
outcomes after hemispherectomy, and that our division of etiology into developmental and acquired isa
fruitful one for examining the relaionship between language development and the brain.

3.1.2 Age and Side of Resection

16
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In addition, age variables were examined with respect to Sde of resection. Both age at seizure onset
and age at surgery were sgnificant predictors of language outcome, but only for the right
hemispherectomies (Table 4). There was agatigticaly sgnificant positive correlation between age at
seizure onset and SLR, and age at surgery and SLR for the right hemispherectomies (p = 0.0009, and p
= 0.003, respectivey), indicating again the older the child the better the spoken language outcome,
whereas no sgnificant findings were obtained between age factors and |eft hemispherectomies
(p=0.4642, and p=0.3957).

Table4. Ageand Side of Resection

variable
. Right Left
sar:;;:tg(e%) Resection Resection
population & (17) (26)
#
Ageasazure | yor 0.0009 0.4642
onst
Ageasurgery | () 5018 0.003 0.3957

This robugt correlation between older age and better language outcome after right hemispherectomy isa
result we have found consstently, since our earliest examination of this population. Thisis an expected
finding, as later insults to the right hemisphere means that the left hemisphere has had alonger period in
which to become indantiated as the neura base for language, and the right hemisphere will have had
timeto play itsrole in the early stages of language devel opment.

3.2 Side of Resection

17
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Side of surgery proved not to be a Sgnificant predictor of language outcome when we examine
the subject population as awhole, (p= 0.5969), even when controlled for age at onset/surgery
(0.4083), or when controlled for post surgery seizure outcome (0.67). However, we did find that the
sde of surgery was asignificant predictor of SLR for the acquired pathology group (0.0008), reflecting
the fact that the isolated | eft hemisphere strongly outperformed the isolated right hemisphere. Even
though the developmenta pathology group showed atrend in this direction (p=0.08), we can conclude
that the effect of Sde resected is determined primarily by the linguistic outcomes in the group with
acquired pathology (see Table 5). The finding that the isolated left hemisphere outperformstheright in
language is one we expected; however, once again, we see that etiology can interfere with establishment
of the expected brain-language relation.

Table5. Side of Resection

Entire Devel opment Acquired
sample (43) a (28) (15)

Side (Left or
Right) 0.5969 0.08 0.0008

3.3 Seizure Control

Asilludgrated in Table 6, there was a Sgnificant pogtive correlation between the group as a
whole and post-surgical seizure control (p=0.0081). This effect becomes even stronger when we
control for age factors and side of resection (p=0.0014). However, upon closer examination we found
that this correlaion was sgnificant only for the developmenta pathology group (p= 0.0047). There was
no sgnificant correlation between seizure control and SLR in the acquired pathology group (p=

0.9048). Weinterpret these results as another strong indication that the difference in etiology between

18
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these groups reflects adistinction critica for understanding the paitern of linguistic outcome following

hemispherectomy.

Table 6. Saizure Control

Entire Development Acquired

sample (43) a (28) (15)
Post-surgery 0.0081 0.0047 0.9048
sazure control
3.4 Etiology

Etiology (developmenta or acquired) has consstently emerged as a Sgnificant variable
distinguishing linguistic outcomesin dl gatistical analyses. To further establish thet etiology was critical
in determining language outcomes, we compared SLRs of both groups and found that SLR was highly
dependent on etiology group (p=0.0006). In other words, children with developmentd etiologies had
mean SLRs (#SD) that were less than the acquired group (2.8°2.2 versus 5.0#°0.9). Since by
definition the two groups differ critically in ages of onsgt, in thisanalys's, age variables could not be
controlled for. However, this dependency between etiology and SLR remained strong when controlled
for seizure outcome (p=0.0007).

In addition, we hypothesized that spoken language outcomes would correlate with the type of
pathology within each group. Our hypothesis was partially supported: for three etiologies (HM, ML
and prenad infarct) within the developmenta pathology group, SLRs correlated with the type of
pathology (p=0.025). However, no difference was found for the two subgroups within the acquired

group (RE and postnatdl infarct, p=0.3591). This suggests that more detailed examination of specific
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etiologies, beyond the developmentd vs. acquired divison is cdled for, a point we take up in the

Discusson.

3.5 Summary of Results

In summary, we hypothesized that a number of factors predictive of language outcomes after
hemispherectomy (e.g., age a seizure onset/surgery, Sde and seizure control) will proveto be
dependent on etiology of epilepsy disorder. Our hypothesis was supported by the following findings
(seeTable 7).

Table 7. Summary of Results

Predictor of ;
SR Theentire Developm. | Acquired Right L eft
population sample
Ageat not edictive not
sazure predictive predictive Predictive
onset or redictive (theolder- |~ jctive
: thebetter) | P
surgery
Side of
resection not not
. predictive na n‘a
(isolated redictive redictive
L eft . b
better)
not
Saizure predictive predictive n‘a n/a
control predictive

We found that age a seizure onsat/surgery proved significant only for the acquired group.
When we examined the effect of Sde and SLR, we found that age proved sgnificant only for the right
hemispherectomies, in that the older the child, the better the language outcome. We aso found that the
isolated LH outperforms the isolated RH, but only for those with acquired pathology. Moreover, seizure

control was predictive of SLR for the developmenta but not the acquired group. Although “seizure
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control” was among variables predicting language outcome, it should be noted that it was not possible
to accuratdy predict its effect in dl patients, (i.e. some patients devel oped language despite ongoing
saizures while others failed to devel op language despite post-surgica seizure control). We are currently
invedtigating thisissue.  In conclusion, however, we found that with respect to each clinical variable we

examined, etiology proved to be the crucid factor for sorting out our sgnificant findings.

4. DISCUSSION

When we dtarted this research project 5 years ago, we held a set of assumptions based on the
literature; specificaly, we assumed that Sde of resection and age at seizure onset/surgery were the
primary factors which would predict the extent and nature of language development following
hemispherectomy. In keeping with tradition, we believed that left hemispherectomy would have grester
negeative impact on language acquigtion than right hemispherectomy, and that the younger the child a
age of inault, the better the prognoss.

However, our failure to find the expected corrdationsin our cohort, led us to question these
underlying assumptions and to re-examine on a case-by-case basis which children ether failed to
develop language, or developed remarkably good spoken language.  We started with two groups
whose language outcomes most conspicuoudy chalenged our expectations. 1) right hemispherectomies
who remained mute, evidencing no language development in the left brain, and 2) left hemispherectomies
with remarkably good linguistic development whaose language developed well in the right brain.

Aswe explored our data, we noted that those children who fared the worst with respect to
language shared a common etiology (namely, HM), which was different from the etiologies of children

who did well (prenata infarcts and Rasmussen's encephdlitis). In other words, functiona outcomes
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corresponded to particular etiologies. This discovery led usto focus on etiology in both our own cohort
and in the literature. Asaresult of this pursuit, we found that considering etiology as a primary factor
alowed usto sort out confusing results reported in the literature concerning the effects of age, Sde, and
extent of lesion on language outcomes post hemispherectomy.

Our main finding, that children with developmenta pathology showed lower SLRs than those
with acquired pathology could be accounted for in two ways. First, age (age a insult and/or age at
testing) could be the crucid underlying factor distinguishing the etiology groups and their ultimate
performance, or second, the differing outcomes of the two groups could be a reflection of critica
endogenous differencesin etiologies.

While we continue to be open to both possibilities, we propose that it is the latter explanation
that is best supported by the data, our own and that of other researchers. Firgt, with respect to our own
data, our follow up period islong enough (mean time from surgery to testing was 6 years) to directly
address whether or not age is the critical factor generating the important differencesin our findings
Second, both etiology groups we have studied were old enough at testing (older than 5 years) to have
SLRsof 5 (fluent, essentialy mature language), even though thelr mean ages were notably different
(Developmentd (8 yrs.) and Acquired (13 yrs). To verify our hypothess, we are in the process of
caculating Z-scores for our patients at each age level compared to the performance of age-matched
norma controls. Because our SLRs are defined on the basis of stages in normal language development,

we are in aposition to carry out such acomparisort'.

* 1t should be emphasized that our findings are relevant to patients with mostly unilateral symptomatic epilepsy that
can betreated surgically. Our results may or may not reflect language development in patients with idiopathic or
cryptogenic epilepsy that involve bilateral epileptogenic mechanisms.
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How will our proposa dter our understanding of the picture regarding language devel opment
following hemigpherectomy or other sgnificant brain insult? Reexamining the literature on successtul
language reorganization, one notices that it is age and extent of insult which are the factors examined and
stressed by the authors (see (de Bode, 1998); yet relying on age and extent, researchers report findings
which directly conflict with each other. However, on our account, these findings are no longer in
conflict; they converge. Focusing on etiology will diminate the need to separatdy examine age of inault,
extent of insult and seizure higtory and will dlow us to account for different language outcomes when
these factors do not differ. Furthermore, it will eiminate the necessity to superimpose the
developmentd status of language and age at insult. The nature of the etiology determines the prospective
or retrogpective course of language development. Moreover, we suggest that the same recovery
mechanisms will be at play, and different linguistic outcomes will reflect the different neurobiologica
substrates as determined by etiology.

Our point is further illustrated by examining research on two congenital etiologies with Smilar
insult onset times, namely, Sturge-Weber (SW) syndrome and cortica dysplasa (CD). Despite the fact
that both are prenatal developmenta etiologies originating in the first trimester of pregnancy, comparing
our own two cases of SW and those from the exigting literature (e.g., Dennis, 19803, b; Vargha
Khadem et d, 1998; Mariotti, 1999) to our population with CD, we find markedly different outcomes.
The remarkable linguistic outcomes of Alex (Vargha-Khadem and Mishkin, 1997), MP (Mariotti et d.,
1998) and our own 2 SW cases, VI and SM, contrast sharply with the heterogeneous and often poor
outcomes of the CD group. We propose that age and extent are actualy epiphenomena of etiology and
should be considered characteristics of etiology rather than independent of it. Note that we are not

arguing that age is not to be congdered at dl; rather we are proposing that age is a dependent factor —
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defined by etiology. An example of this clam can be found in comparing functional outcomes of
prenatd and postnatd infarct (de Bode, 2001). So what isleft of the old story when we make etiology
the primary factor to consider? Nowhere in our data was “the earlier-the-better” notion attested;
however, it is il possible that within specific etiologies, this notion would hold. More importantly,
though, in consdering our findings, we entertain the possbility that the earlier-the-better notion cannot
be applied within a pediatric group across etiologies. In other words, the “earlier-the better” hypothesis
holds primarily for comparing pediatric populations to adult populations. We believe that our account
will contribute to the current picture and debate on the issue of criticd (or sendtive) periodsin language
acquistion intwo ways. Fird, while we have drawn from the animd literature in our understanding of
neurobiology, we do not believe that the issue of acritical period for language development can be
driven by animd research or research on clinica populations, for two reasons. First, animal research
ignores etiology, and second, anima research is carried out on hedthy animas with a hedthy remaining
hemisphere.®> Therefore, cases such as Alex (Vargha-Khadem et d., 1997a), where overt language
development began around 9 years of age, cannot be used to address the issue of how late first
language acquisition can begin. It has also been noted in the literature that language outcomes are
dependent on saizures (Isaacs et d., 1996; Vargha-Khadem & Mishkin, 1997b). However, once
again, on our account making etiology the primary factor, it becomes possible to view seizures as an
integra part of the underlying pathology.

Our examination of etiology isthelogica continuation of our previous research where we raised
the importance of the point in development when the insult occurs. In what we had termed the “Critical

Impact Point” hypothes's, we proposed that the point in both neurologica and functiond maturation at

®In addition, of course, to the fact that animals do not have language.
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which the insult is suffered will determine the subsequent outcome (Curtiss & de Bode, 1999b). Our
current results refine this hypothesis, in that we have found that the variable of etiology, itsdf, turns out
to be the umbrella construct for age, extent and the mechanism of injury. On this explanation, etiology
can account for the sequaae of developmentd disruption.  Introducing etiology into our hypothesis,
then, will dlow usto predict the different consequences we find, as each etiology affects pre or
postnatd development in digtinct ways.

Taking thisturn in our research wherein we have focused on etiology rather than sde, age, and
extent of insult, has been afruitful one. Once we made etiology our focus, we found we were able to
provide a single account for awide variety of conflicting results which were otherwise neither predicted
nor explained, in our own research and in the fidd asawhole. Thisdirection of research will lead usto
continue to explore neurobiologica factorsin our god of defining the relaionship between functiond
recovery and underlying neurobiology. Specificaly, our current research now addresses the status of
the remaining hemigphere as a primary factor defining language outcome (de Bode, 2001; de Bode &
Curtiss, 2000) in accordance with previous suggestionsin the literature (Vargha-Khadem & Polkey,
1992; Verity, 1982). Through our research, then, we hope to make important contributions -- most
specificaly to our understanding of the relationship between language devel opment, language recovery

and the brain.
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Table1l. Subjects
Patient/No Side DOB Age/onset Age/surgery Szcontrol SLR
1-L,2-R (years) (years) lyes2no 1to 6
Hemimegalencephaly
M 1 11/14/91 005 283 1 4
M 1 3/23/84 0.08 333 2 0
M 1 3/2/90 0.01 0.25 1 0
aF 2 9193 05 258 2 1
5F 2 12/5/93 0.02 21 2 0
6F 2 4/2/95 0.01 041 2 1
™ 2 3/22/89 0.01 15 2 0
Cortical Dysplasia/M ultilobar Involvement
M 1 1/27/93 05 163 1 3
9F 1 9/12/91 0.01 142 2 6
10M 1 2/21/91 0.01 0.67 1 6
1M 1 9/23/84 0.01 141 2 2
oM 1 3/2/94 0.01 1 1 4
13Mm 1 12/5/90 05 15 1 6
14F 1 7/15/92 0.05 041 2 5
15M 1 2/14/88 011 0.75 1 3
16F 2 5/16/95 0.01 0.33 2 3
17F 2 1/14/93 041 0.75 1 5
18F 2 8/5/91 0.01 11 2 25
19M 2 11/22/88  0.75 38 2 1
Rasmussen's Encephalitis
20M 1 2/12/92 333 458 2 4
21M 1 8/30/90 225 35 1 4
22M 1 8/16/89 291 5.95 2 3
23M 1 5/14/84 10.33 1275 1 5
24F 1 6/3/88 5 10 1 5
25F 1 3/24/89 55 6.91 2 5
26F 2 7/122/83 4.75 5.66 1 6
27F 2 1124/72  4.18 14 2 6
28F 2 0174 11 17.33 2 6
29M 2 11/4/87 205 341 1 55
Infarct
30F lpre-natal 6/23/92 0.01 6.9 1 4
3 1post 4/12/81 3 95 2 4
32Mm 1post 8/24/82 0.83 6.16 1 5
33m lpre 4/10/93 0.25 258 1 3
3AF lpre 7/17/93 0.02 125 2 0
35M lpre 8/30/80 0.58 858 2 0
36F lpre 6/3/83 0.01 4 1 5
3™ lpre 11/29/84 05 9.75 1 6
38F 1post 117/84 15 6.75 1 5
39F 2pre 11/1/88 0.33 0.83 2 0
40M 2post 4/8/82 4 7.75 2 5
41M 2post 4/18/85 06 218 1 6
42F 2pre 6/14/87 12 4.25 1 4
43F 2pre 11/11/83 016 5.08 2 5
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