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Abstract Language lateralization was assessed by two
independent functional techniques, fMRI and a dichotic
listening test (DLT), in an attempt to establish a reliable
and non-invasive protocol of dominance determination.
This should particularly address the high intraindividual
variability of language lateralization and allow decision-
making in individual cases. Functiona MRI of word
classification tasks showed robust language lateralization
in 17 right-handers and 17 left-handers in terms of acti-
vation in the inferior frontal gyrus. The DLT was intro-
duced as a complementary tool to MR mapping for lan-
guage dominance assessment, providing information on
perceptual language processing located in superior tem-
poral cortices. The overall agreement of lateralization as-
sessment between the two techniques was 97.1%. Con-
flicting results were found in one subject, and diverging
indices in ten further subjects. Increasing age, non-famil-
ial sinistrality, and a non-dominant writing hand were
identified as the main factors explaining the observed
mismatch between the two techniques. This finding
stresses the concept of an intrahemispheric distribution
of language function that is obviously associated with
certain behavioral characteristics.

Keywords fMRI - Dichotic listening - Language
lateralization - Left-handedness - Age effects - Gender

Introduction

The determination of language dominance has become
an important issue in the presurgical benefit-risk evalua-
tion of patients with brain tumors in eloquent areas and/
or intractable epilepsy (Loring et al. 1990; Gerschlager
et al. 1998; Hajek et al. 1998). An adequate evaluation
demands techniques that are reliable, reproducible, re-
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peatable, and risk-free in nature, i.e., in the best case
non-invasive. So far, the intracarotid amobarbital proce-
dure (IAP; Wada and Rasmussen 1960) has been consid-
ered as the gold standard to assess language dominance,
however, with maor drawbacks. Its invasiveness pro-
vides an additional risk for the patient. Moreover, 1AP
cannot easily be repeated and the examination time is
limited to the time frame of 20-30 min, therefore only
restricted aspects of language organization can be ad-
dressed.

Additionally, the spatial resolution of IAP is very
poor. As the technique is based on behavioral testing of
certain language functions during anesthesia of one
hemisphere, it can solely characterize language subfunc-
tions within the whole hemisphere. Although the proce-
dure was initially used to lateralize language function, it
has further evolved to include prediction of degrees of
verbal memory decline following left temporal [obecto-
my. The reliability of 1AP has recently been questioned,
when language lateralization is solely and primarily
based on aspects of speech production such as speech
arrest (Benbadis et al. 1998). However, |AP procedure
focusing on language comprehension as described by
Loring and coworkers (1990) is able to assess language
lateralization as a more fine grained variable rather than
a discrete category, such as ‘left’, ‘right’, or ‘mixed’.
Theindividual lateralization scores indicate arelative in-
terhemispheric distribution of language functions with
different contributions from various eloquent areas, al-
though, without revealing their anatomical localization
within the language network. Two main questions arise.
First, what is the contribution of different eloquent corti-
ces of both hemispheres to the processing of language?
The answer is of interest in itself and leads straightfor-
wardly to the second set of questions, namely, what are
the clinical implications and applications of this line of
inquiry? If language lateraization is a rather distributed
effect, how does this knowledge affect surgical decision-
making in individual patients and how does it influence
reorganization of language function following stroke or
hemorrhage in eloguent cortices? What is the clinical



outcome of patients with mixed dominance? Thus it ap-
pears that there are many reasons to thoroughly examine
the concept of distributed language dominance in normal
right- and left-handed controls rather than applying it to
patients. Due to methodological and technical limita-
tions, IAP cannot sufficiently address this new research
line.

A major effort has been made in precedent functional
imaging research to replace the IAP by non-invasive
fMRI mapping. Severa comparative studies showed a
reasonable agreement of the two techniques (Demb et al.
1995; Desmond et al. 1995; Binder et al. 1996). Howev-
er, sole reliance on the alternative technique for identifi-
cation of dominant eloquent cortices does not seem to be
considered routinely as adequate and sufficient in the
clinical setting. There are also some caveats in using
fMRI-assessed lateralization data as a basis for surgery.
First, lateralization is purely based on activated pixelsin
predefined eloquent cortices and does not necessarily re-
late directly to behavioral data. Second, to isolate the rel-
evant cognitive process, the MR design is based on a
comparison of the relevant target task with an appropri-
ate baseline condition. Even slight changes of the experi-
mental protocol may significantly influence the outcome,
i.e., the lateralization index, and thereby may complicate
clear functional decision-making. Third, ailmost all fMRI
lateralization studies report contributions of the subdom-
inant hemisphere, that have not been expected to this ex-
tent on the basis of either IAP and lesion studies. The
role of the subdominant cortices in the overall language
network identified by fMRI studies has to be further
evaluated in future studies, beyond the sole determina-
tion of laterality. Answers to these issues are needed be-
fore the role of fMRI in the lateralization of language
function can be fully determined.

Previous fMRI research has applied various para-
digms to assess the dominant language site of the brain,
in particular the fronto-opercular cortices. Much weight
has been put on finding both the relevant target and the
appropriate baseline task controlling for non-relevant
cognitive processes. Word and sentence production tasks
(Hertz-Pannier et al. 1997) as well as word classification
tasks (Desmond et a. 1995; Gabrieli et a. 1995; Binder
et al. 1996) have been used for this purpose. The activa-
tion in the inferior prefrontal gyrus (BA45, 46, 47) dur-
ing lexica and semantic encoding tasks has been
claimed to define global hemispheric dominance of
speech. It isintriguing that the choice of the cut-offs for
the categories ‘left’, ‘right’, and ‘bilateral’ was found to
influence the statistical distribution of lateralization.

Moreover, different genetic, developmental, and envi-
ronmental factors may influence the functional organiza-
tion patterns of language as assessed by means of fMRI.
So far, there are only vague ideas about the influence of
age (Ross et al. 1997; D’'Esposito et al. 1999), as most
functional mapping studies are based on young control
subjects. It has been claimed that a change of the hemo-
dynamic coupling of the blood oxygenation level depen-
dent (BOLD) to the neural response may accompany ag-
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ing. Moreover, there are contradictory statements about
the influence of sex (Shaywitz et al. 1995; Frost et al.
1999; Springer et al. 1999). While Shaywitz et al. (1995)
described a more bilateral dominance distribution in fe-
male healthy controls, Springer et a. (1999) and Frost et
al. (1999) did not find any significant sex differences and
argued against substantive differences between men and
women in the large-scale neural organization of language
processes.

Although the influence of hand dominance on the ce-
rebral organization of language has been widely exam-
ined, it remains poorly understood. The influence of cer-
tain cofactors of left-handedness, such as familial sinis-
trality, inverted writing, or ambidextrous writing on the
cerebral organization patterns is unclear. No doubt, these
characteristics may contribute to a large intersubject
variability, thereby complicating functional decision-
making. If functional mapping research aims at routinely
replacing AP, a clear regime is required to deal with in-
traindividual inconsistencies and deviations.

Individual variability seems to pose an intriguing
problem. Within the ever-expanding language mapping
studies, fMRI data of normal control cohorts were re-
cently collected (Springer et al. 1999). They reflect the
expected distribution of language dominance in normal
controls and show reasonable agreement with 1AP. The
single case though, especially when pathological brain
structures are involved, may sometimes allow ambigu-
ous and contradictory interpretations. Hence, definite de-
terminations based on fMRI would profit from a ‘ second
opinion’, which should be acquired by other non-inva-
sive behavioral tests or an extended MR protocol.

In the years since Kimura's initial reports (1967), the
dichotic language test (DLT) has gained wide usage in
both clinical and experimental settings. The direction of
ear advantage (left versus right) is generally accepted as
an indicator of the hemisphere which is superior for
speech discrimination. The DLT thus enlightens a re-
stricted aspect of language processing. The auditory dis-
crimination at the word level is supposed to engage com-
ponents of the language network related to perception
and has been demonstrated to activate the superior tem-
poral gyrus of both hemispheres to a different extent
(Lee et a. 1994; Hugdahl et al. 1999). In contrast, the
currently used fMRI lateralization paradigms are de-
signed to activate inferior frontal cortices, which are
more dedicated to language production. Comparison be-
tween DLT- and IAP-based language lateralization dis-
closed a high correlation in both the overall and the in-
between test results (Strauss et al. 1987; Zatorre 1989).

In the present study, language lateralization was as-
sessed by both fMRI and DLT to evaluate the agreement
of these non-invasive techniques. The issue of intersub-
ject variability was particularly addressed, seeking to
provide a diagnostic strategy appropriate to functional
decision-making in individual subjects. It aims at charac-
terizing the functional organization patterns of a relevant
aspect of language in a group of left-handed subjects
(LH) in comparison to right-handed subjects (RH), tak-
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ing into account the influences of sex, age, hand domi-
nance, and familial sinistrality.

Materials and methods

Thirty-four healthy control subjects (18 male, 16 female), 17 RH
and 17 LH, aged from 20 to 67 years (32.4+15.87) were included
in the study. Eight out of 17 LH had a history of familial sinistrali-
ty. Nine subjects were ambidextrous. All participants had normal
or corrected to normal vision. To examine age-dependent lateral-
ization effects, 10 subjects (5 male, 5 female) aged over 40 years
were included in the study. The group statistics was performed for
the entire groups of RH and LH, in a second step for the two age
subgroups (G1, age <40 years;, G2, age >40 years), and in a third
step separately for males and females. The experiments were gen-
erally approved by the loca ethics committee, and all subjects
gave written informed consent to participate in the study.

Behavioral tasks

Each subject performed the Edinburgh handedness inventory
(EHI) to assess the degree of handedness (Oldfield 1971).

Speech lateralization was determined in behavioral terms using
an auditory dichotic listening test based on the discrimination of
rhyme words (DLT; Diesch and Haettig 1997). In the task ten
monosyllabic pairs of rhyme words were simultaneously presented
to the left and the right ear. The subjects were asked to loudly re-
peat the word which they had identified. A lateralization index
(LI) was calculated from the number of detected right (np) and
left ear stimuli (Np) [LI=np-Np/Np+Nng (rangetl)]. Positive values
indicate right ear and |eft-hemispheric dominance. Bilaterality was
defined when values ranged between +0.1. The DLT is based on
the principle that, whenever two auditory signals are put in con-
flict, the contralateral input is suppressing the ipsilateral signal.
Therefore, the ear contralateral to the dominant language cortex
should show an advantage over the ipsilateral ear.

Activation paradigms

During the fMRI experiment, common German words composed
of two syllables (length: four to seven letters) were visually pre-
sented every 2 s in a word classification task. The target stimuli
consisted of nouns and verbs, half abstract and half concrete, di-
vided in eight blocks of 20 words each, with a pseudorandom pre-
sentation order. Semantic (abstract or concrete) encoding was
compared to a perceptual task (presentation of words with normal
or double spacing of letters). The lexical encoding task (noun or
verb) was contrasted with a different perception task (presentation
of wordsin capital or small letters). The baseline condition was ei-
ther one of the two perceptual encoding conditions or a resting
condition (dark desktop consisting of five white Xs presented for
40 s). The order of the MR scanning protocol varied between sub-
jects and started randomly with the lexical encoding or with the
semantic encoding tasks. The baseline condition task, i.e., percep-
tual encoding versus resting condition constituted the last part of
the scanning protocol. All applied word stimuli were presented
only once within the overall protocol to counteract effects of task
priming. During the fMRI experiment behavioral data (reaction
times and number of errors) were recorded online.

Functional MRI recording

Functional MRI recording was performed on a 3T whole body
system (Medspec 300/100; Bruker, Ettlingen, Germany) using EPI
(seven axia dlices, 7 mm dlice thickness, TE=30 ms, TR=2 s, ma-
trix 128x64, field of view 25 cm).

Image analysis

Functional MRI data were analyzed with the BRIAN Software
(Kruggel and Lohmann 1996). The initial four words target items
were excluded from analysis to avoid influence of vascular arousal
caused by the onset of the scanner noise. Preprocessing included
movement correction in 2D, and baseline correction entailing fil-
tering of functional data in the temporal domain by a lowpass
filter. Functional images were created by generating statistical
z-maps with z-values >5 on a single pixel level. The regions of in-
terest were characterized in size, volume, and intensity of activity.
Lateralization indices were calculated by the number of activated
pixels (P) with a z-score higher than 5.5 in Broca's area [ Talairach
and Tournoux (1988): ¢C6, cC7, cD5, cD6, cD7], in the superior
temporal gyrus (Talairach: cF10, cF9, cG10, cG9, cE9, cE10), and
for each hemisphere [L1=ny-np/np+np, (rangetl)]. Lateralization
indices were subsequently classified according to Strauss et al.
(1987) as left hemisphere language dominant (defined as L1>0.1),
symmetric (—0.1<L1<0.1), and right hemisphere dominant (defined
as LI<-0.1). In accordance with previous lateralization studies
functional decision-making in individuals employed the Broca in-
dex (Bl) as the main fMRI-based index. A temporal index (TI)
was taken into account, when fMRI index and DLT index showed
a deviation of more than 40%. Individual data were transformed
into the Talairach coordinate system and averaged within groups
to separately assess the activation patterns of LH and RH.

Statistical analysis and group comparisons were conducted us-
ing computerized statistical software (version 5.01; SPSS, Chica-
go, Ill., USA). Normally distributed data were expressed as
mean + SD. Independent t-tests were used to test group differ-
ences. Significance was declared at the P<0.05 level. To assess the
relationship between the LIs acquired using the two different tech-
niques, bivariate correlation analysis using Pearson’s coefficient
was performed. The LI scores were subjected to a stepwise discri-
minant analysis procedure (Hermans et al. 1982), where ‘natural
subgroups were generated based on the LIs. The program allows
a stepwise forward selection of best discriminating variables. By
using the leaving-one-out method, the program also prevents an
underestimation of the error of misclassification.

Results
Behavioral data

The EHI evaluation showed mean values of 0.84+0.14
and —0.67+0.26 for RH and LH, respectively. The EHI re-
sults were in accordance with the individual history of
handedness in all subjects. The DLT disclosed mean lat-
eralization indices of 0.59+0.37 and 0.02+0.55 for RH
and LH, respectively (maximum values: —1 for right and
+1 for left-hemispheric dominance. A hemispheric domi-
nance was declared when the lateralization index differed
more than 10% from zero (Strauss et a. 1987). This was
the case in 16 out of 17 RH (94%), in whom left hemi-
sphere language dominance was diagnosed. In the group
of LH, 8 subjects were classified as |eft hemisphere dom-
inant (47%), 2 as bilateral (12%), and 7 (41%) as right
hemisphere language dominant. The correlation between
EHI and DLT was high (r=0.52, P=0.002).

Functional MRI-encoding paradigms

Analysis of performance during the word classification
tasks showed mean reaction times of 702+67 ms in the



Fig. 1 Group analysis of the
semantic encoding task versus
perceptual encoding for left-
handers (n=17) and right-han-
ders (n=17). A mean z-score of
z>3 was chosen to define rele-
vant activation. The averaged
and normalized group data are
overlaid on areference 3D
dataset. The task-related func-
tional activations were located
in theinferior frontal gyrus
extending to the middle

frontal gyrus corresponding

to BA44/45 and BAG. A clear
preponderance of the left hemi-
sphere was found in right-han-
ders, while bilateral activation
patterns were assessed in the
left-handers

G1 group with an error rate of 23% and of 71768 ms
(error rate 33%) in the G2 group (all differences non-sig-
nificant). Functional MRI data analysis showed extended
activation of the inferior frontal gyrus (pars triangularis)
during the semantic and lexical encoding conditions in
all studied subjects. The clearest lateralization effects
were found during semantic encoding when the percep-
tual condition was applied as baseline. However, more
bilateral activation was observed when fixation served as
the baseline condition. Figure 1 displays the functional
group data for both LH and RH. Table 1 givesthe Talair-
ach coordinates and the overall amount of activation in
Broca's area during semantic encoding against the per-
ceptual encoding condition.

left- handed
subjects
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right- handed
subjects

Other encoding conditions

The lexical encoding task yielded similar activation pat-
terns as semantic encoding, when perceptual encoding
was applied as baseline (Table 2). However, the quantita-
tive and qualitative magnitude of the MR signal changes
was smaller as compared to the semantic encoding con-
dition. When fixation was chosen as baseline condition,
activation extended to further anatomical structures such
as medial frontal gyrus, superior frontal gyrus, anterior
insula, praecentral gyrus, central and postcentral gyrus,
supramarginal gyrus, medial temporal gyrus, thalamus,
and basal ganglia. The same observation was made in the
semantic encoding task against fixation baseline. In sum,
the different encoding tasks had a differential potential to
detect laterality. For clarification, the resulting mean Bls
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Table 1 Talairach coordinates and volumes (mm3) of the main ac-
tivations in eloquent cortices (z>3) separately listed for right-han-
ders (RH) and left-handers (LH) during semantic versus perceptual
encoding. (GFI Inferior frontal gyrus, GFM medial frontal gyrus)

Talairach coordinates \Volumes (z-max)

Area Left Right Left Right

RH (n=17)

GFl (BA44) 421127 ——— 1,522 (3.98) —
Anterior insula -37206 ——— 164 (2.87) -

Tota volume (mm3) 1,686 -

LH (n=17)

GFI (BA44) -36130 35332 395(2.90) 208 (2.66)
GFI (BA45) 421716 432420 647(2.82) 132(2.56)
GFM (BA46/9) ——-— 352727 - 131 (2.49)
Anteriorinsula  -39210 ——-— 30(2.26) —

Total volume (mm3) 1,072 471

Table 2 Talairach coordinates and volumes (mm3) of the main ac-
tivations in eloquent cortices (z>3) separately listed for right-han-
ders and left-handers during lexical encoding versus perceptual
encoding

Taairach coordinates Volumes (z-max)

Area Left Right Left Right
RH (n=17)

GFl (BA44/6) 47616 ——— 11 (1.59)
GFl (BA44/45) -401615 ——-— 496 (2.34)
Anteriorinsula 2686 ——= 72 (1.78)
Thalamus -1-717 ——- 84 (1.97)
Total volume (mms) 663

LH (n=17)

GFl (BA44/6) 44515 ——— 9(1.61)
GFI (BA44/45) 401913 ———  120(1.90)
Anteriorinsula  -3020-1 ——-— 10 (1.60)
Thalamus -7-1915 ——- 84 (1.76)
Total volume (mms) 213

of the various conditions are displayed in Fig. 2. As the
semantic encoding condition showed the clearest lateral-
ization effects, this condition was used for further statis-
tical comparisons.

The perceptual control tasks (against fixation as base-
line) did not yield relevant activation in language-related
areas (i.e.,, BA44, 45, 46). Activation was found in the
primary motor and sensory cortex and in premotor corti-
ces (BA6), as expected.

Functional MRI-based lateralization of language
function showed clearer lateralization effects in RH than
in LH. Based on the fMRI-obtained BI, |eft-hemispheric
language dominance was found in 16 out of 17 RH with
a mean lateralization index of 0.5+0.39. One RH unex-
pectedly showed right-hemispheric dominance, which
was in accordance with the DLT results. In the LH
group, 9 subjects were classified as left dominant for

1.004

0.754

0.50+

(range+/-1)
|
I

0.254

A\

0.00+

mean fMRI laterality indices

-0.25

Sem/Perc. Lex/Perc. Sem/Fix. Lex/Fix.

Fig. 2 Different potential of the applied word classification and
baseline tasks to show laterality. The mean laterality indices of the
various tasks are displayed for the group of right-handers. Seman-
tic encoding contrasted with a perceptual control task was the best
indicator of |ateralization

language, 1 showed symmetric language organization,
and 7 were defined as right dominant related to cortical
language representation (Bl for the entire group
0.19+0.59). Language dominance could definitely be de-
termined in 33 out of 34 examined subjects (97%) by
means of fMRI. The more global hemispheric lateraliza-
tion index (HI) yielded comparable results. HI was
0.52+0.34 and 0.14+0.6 in the RH and LH groups, re-
spectively. A highly significantly correlation (r=0.9,
P<0.001) was found between the fMRI-gained indices
HI and BI. Significant temporal activation (z-score >5.5)
was assessed in 18 out of 34 subjects with mean Tls of
0.49£0.2 and 0.07+0.4 for RH and LH, respectively. Sta-
tistically significant correlations were aso found be-
tween Tl and Bl (r=0.8, P<0.001) and between Tl and
HI (r=0.77, P<0.001).

It must be noted that, apart from two subjects, one LH
and one RH, al controls employed the subdominant
hemispheres during the word classification task to a cer-
tain degree: atotal of 33.4+17% of activation in RH was
located the right hemisphere, while a total of 56.6+24%
of activation in LH was located in the left hemisphere.

Correlations with other behavioral tests

The following correlations between fMRI and behavioral
indices are based on the semantic encoding task versus
perceptua condition: Bl and DLT (r=0.75, P<0.001), HI
and DLT (r=0.51, P=0.016), and Tl and DLT (r=0.8,
P<0.001). The distribution of lateralization indices based
on DLT and fMRI for individual subjects is displayed in
Fig. 3. In addition, Fig. 4 separately shows the group re-
sults for left- and right-handers. No significant correla-
tion was found between: (1) the degree of handedness
based on EHI and language lateralization based on
fMRI, (2) the performance data and the lateralization in-
dices, or (3) the performance data and the overall amount
of activated pixel during the fMRI experiment.



Fig. 3 Dichotic listening test
(DLT)- and fMRI-obtained
indices of individual subjects
are shown, separately for
left- and right-handers
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Fig. 4 Distribution of language dominance based on the two ap-
plied techniques, DLT and fMRI
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Discriminant analysis

The first step of the analysis determined the proportion
of controls that could be reliably identified as right- or
left-handed based on DLT and fMRI LlIs (Fig. 5A). The
DLT-LI was the best discriminating variable related to
handedness, as 79.4% of al subjects were correctly clas-
sified as left- or right-handers. In contrast, the correct
classification rate of the variable ‘fMRI-LI" was 71.5%.
However, when categorica left and right hemisphere
language dominance as defined by DLT was introduced
as group discriminator (Fig. 5B), as many as 94.1% of
all subjects were correctly identified based on fMRI-LIs.

Sex differences

Gender did not play a decisive role in the organization
patterns of language in our sample, as no significant dif-
ferences were found when comparing the lateralization
indices of female and male subjects (Table 3). This was
true for both, fMRI and DLT results. Though there were
no differences in definite language lateralization, the em-
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fMRI and DLT LI: left
dominance (1) and right
A dominance (2)

mOLT RD
EDLT LD

fMRI-LI: left dominance (1)
B right dominance (2)

Fig. 5A, B Classification of right- and left-handers according to a
stepwise discriminant analysis procedure. In the first step of the
analysis the proportion of controls was determined that could be
reliably identified as right- or left-handed based on DLT- and
fMRI-gained lateralization indices (LIs; A). Related to handedness
the best discriminating variable was the DLT-LI; 79.4% of al sub-
jects were correctly classified as left- or right-handers. When cate-
gorica left and right hemisphere language dominance as defined
by DLT was introduced as group discriminator (B), as many as
94.1% of all subjects were correctly identified based on fMRI-LIs

Table 3 Mean Dichotic listening test (DLT) and fMRI-based later-
aization indices separately displayed for male and female subjects

DHT fMRI
RH male 0.45+0.47 0.37+0.47
RH female 0.71+0.29 0.62+0.26
LH male —0.03+0.55 0.17+0.57
LH female 0.09+0.59 0.19+0.68

ployed anatomical regions slightly differed in female and
mal e subjects during semantic encoding: while the group
analysis of females showed recruitment of areas BA44
and BAG, there was an additional involvement of the an-
terior insulain males.

Fig. 6 Group data of familia left-handers (A) and non-familial
left-handers (B) in the stereotactic space. Significantly lower LlIs
in the familial group indicated a tendency to clearer lateralize lan-
guage to the right hemisphere in this group. The task-related acti-
vation was again found mainly in BA44. Noteworthy, familial left-
handers with more bilateral activation patternsin the inferior fron-
tal gyrus as well showed bilateral activationsin basal ganglia

Familial sinistrality

The LH groups with and without a history of familial
sinistrality did differ significantly in test results and LIs
(Fig. 6). The most pronounced difference was observed
in the fMRI-based Bl with indices of —0.18+0.56 and
0.44£0.49 for familia (n=8) and non-familial LH (n=9),
respectively (P=0.04). Similar results were obtained
from the DLT: —0.29+0.38 and 0.23+0.46 for familial
and non-familial LH, respectively (P<0.04). However,
EHI indices did not significantly differ between the
groups (-0.77+0.16 for familial and 0.61+0.3 for non-
familiar LH). Hence, familial LH was associated with a
significantly higher amount of right-hemispheric lan-
guage lateralization as opposed to non-familial LH.

Age differences

Analysis of age-dependent lateralization effects showed
a clearer language dominance in the G1 as compared to
the G2 group, resulting in higher LIs. This was true for
both RH and LH; the different laterality indices are sum-



Table4 Mean DLT and fMRI-based lateralization indices sepa-
rately displayed for the two age groups. G1 (<40 years) and G2
(>40 years)

DHT fMRI
RH <40 years (n=12) 0.65+0.25 0.65+0.27
RH >40 years (n=5) 0.35+0.57 0.20+0.45
LH <40 years (n=12) ~0.1+0.57 0.11+0.57
LH >40 years (n=5) 0.3+0.43 0.37+0.68

marized in Table 4. The DLT and fMRI-based indices
showed corresponding results. Subjects of the G2 group
employed the same brain areas as the G1 during seman-
tic encoding, but showed higher amounts of overall acti-
vation with a more extended bilateral involvement.
While the amount of overall activated pixel (P,) was
84,203+60,002 in the G1 group (left hemisphere: 61.5%,
right hemisphere: 38.5%), P, in the G2 group was
12,4410+£72,523 (left hemisphere: 54.3%, right hemi-
sphere: 55.7%).

Individual variability of |ateralization assessment

In a further approach, data analysis concentrated on the
individual assessment of language dominance based on
fMRI and DLT. A mismatch of dominance determination
was found in 11 subjects, 4 RH and 7 LH. This was
based: (1) on opposite values of the DLT and Broca LIs,
indicating contradictory dominance (n=1, LH), or (2) on
a difference between the two indices exceeding 0.4
(n=10; RH n=4, LH n=6). Three of 4 RH (75%) and 5 of
7 LH (62.5%) exhibiting a mismatch in dominance de-
termination belonged to the G2 group. Furthermore, all
LH with mismatching indices were trained to write with
the subdominant right hand and moreover belonged to
the group of non-familial |eft-handedness. Thus, the fac-
tors age, non-familial sinistrality, and writing hand were
associated with an intrahemispheric distribution of lan-
guage dominance.

To determine language lateralization in these mis-
match cases the MR data were further evaluated. In addi-
tion to the BI, Tl was calculated in each individual sub-
ject. Hence, a clear language determination was declared
when T, as a measure of language perception rather than
language production, was compensating the mismatch of
DLT and Bl by delivering a value in the range of one of
these two indices. Following this analysis, a definite lat-
eralization was achieved in three out of four mismatched
RH; no significant temporal activation was present in the
remaining RH subject. Furthermore, in the mismatch
group of LH seven out of eight subjects were clearly
classified based on the additional Tl, whereas no suffi-
cient tempora activation was present in one subject.
Figure 7 displays the three indices of the mismatch

group.
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Fig. 7 Lateralization indices of al mismatch cases. DLT, Broca
indices (Bl), and temporal indices (TI) are displayed for the indi-
vidual subjects. If significant temporal activation was assessed,
the Tl ranged between DLT and Bl values

Discussion

Two independent functional techniques, fMRI and DLT,
were employed to assess language lateralization in this
study. Both techniques have been separately evaluated in
previous lateralization research. The underlying goa of
our investigation was to establish a reliable and non-
invasive protocol of dominance determination, particu-
larly addressing the high intraindividual variability of
language lateralization in different paradigms and thus
providing an appropriate tool for decision-making in in-
dividual cases.

Dominance assessment by fMRI

The word classification tasks were shown to be able to
lateralize language function, when employed as a target
task against a perceptual encoding control condition. The
cerebral network supporting visual processing of lan-
guage at the single word level mainly included the clas-
sical Broca area (BA44, 45) and, to a lesser degree, the
homotopical inferior frontal gyrus in the non-dominant
as well as the superior temporal gyrus in the dominant
hemisphere. Of al RH, 94% showed |eft-hemispheric
language lateralization. In the LH group, 53% of subjects
were classified as left hemisphere dominant, 6% as bilat-
eral, and 41% as right hemisphere language dominant.
Our results are in accordance with a series of fMRI stud-
ies that defined laterality of language function by means
of inferior frontal gyrus activation obtained through dif-
ferent language tasks (Desmond et al. 1995; Gabrieli et
al. 1995).

The semantic encoding task (versus perceptual encod-
ing) provided the strongest fMRI activation of the classi-
cal Broca area and the clearest assessment of language
dominance. Different baseline conditions were associat-
ed with more bilateral activation and even with the en-
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gagement of voxel in other non-eloquent brain areas.
The lexical encoding task (versus perceptual encoding)
requiring a decision about the item’s word class (noun or
verb) employed both eloquent cortices, however with a
reduced magnitude of the corresponding BOLD signal
change. This might be due to the fact that classification
of nouns and verbs was associated with syntactic aspects
of language processing. The observation that syntactic
processing, in contrast to processing on the single word
level, is associated with more bilateral inferior frontal
gyrus activation was aready described in a previous
fMRI study from our institution (Ferstl and von Cramon
2000). In contrast, semantic encoding necessitates recog-
nition of the word and retrieval of the whole word con-
text to accomplish the abstract/concrete judgment. Asthe
fMRI lateralization indices may significantly change de-
pending on different target or control tasks, identification
of the relevant cognitive system requires both an appro-
priate target task and a baseline task to control for non-
specific neural processes. Isolation of the relevant pro-
cess strongly depends on the degree to which the two
tasks accomplish their intended purposes. Hence, with
respect to our task design, implementation of a resting
stage as control task would not be sufficient to isolate the
relevant cognitive process.

Dominance assessment by DLT

L eft-hemispheric dominance was assessed in al but one
right-handed subject. In contrast, the LH group showed
an almost symmetrical distribution of LIs. Moreover, the
LH had lower LI values, which indicate a less prominent
lateralization. Our results are in accordance with several
studies employing DLT, as summarized by Hongkeun
(1994). Similar to the IAR, DLT is assessing language
dominance as aresult of a behavioral test. The DLT tech-
nique applied in the present study is clearly stimulus-
driven according to Hugdahl (2000). Hence, it assesses
the specialization between the hemispheres for process-
ing of certain verbal stimuli in the absence of instruc-
tional interactions. Given the behavioral character of the
test, we can only speculate about the underlying involve-
ment of the tempora language cortices according to
Hugdahl et al. (1999).

Comparison of DLT and fMRI

Based on analysis of LIs obtained by means of fMRI and
DLT, the dominant site could clearly be assessed in 33
out of 34 subjects. The DLT and fMRI results were con-
flicting in one LH, in whom fMRI had attributed left-
and DLT right-hemispheric dominance. Furthermore, the
degree of lateralization obtained from the two techniques
differed in 11 subjects (4 RH and 7 LH) by more than
40%. Two subjects were classified with bilateral lan-
guage organization by the DLT technique, as opposed to
1 subject by fMRI.

What are the reasons for this mismatch between the
two techniques? And more importantly, do we have to
return to the IAP procedure to obtain clearer results for
functional decision-making in patients? Both techniques,
fMRI and DLT, differently approach the goal of domi-
nance assessment. The classical Broca area was activated
during the fMRI word classification task in all subjects,
while additional temporal activation was only was found
in 18 study participants. The activation of the inferior
frontal gyrusis primarily associated with speech produc-
tion within the language network. In the present fMRI
word classification task these areas may be strongly acti-
vated, as subjects implicitly produce the visually per-
ceived stimuli to assure good and rapid classification
performance. Hence, the fMRI tasks clearly examine
brain laterality from an instruction-driven perspective.

In contrast, the DLT reflects, as a stimulus-driven test,
the limited capacity of the brain to handle two auditory
stimuli presented exactly at the same time, one in each
ear (Kimura 1967) and particularly when the two events
draw on the same kinds of processing attributes. The
DLT-based laterality is caused by the fact that although
auditory input is transmitted to both auditory cortices in
the tempora lobes, the contralateral projections are
stronger and more preponderant, interfering with the ip-
silateral projections. The advantage for the contral ateral
auditory projections means in a typical right-hander that
the language dominant left hemisphere receives a strong-
er signa from the contralatera right ear. The DLT is hy-
pothesized to involve perceptive components of the lan-
guage network, represented in the superior and middie
temporal gyrus. Hence, a mismatch between fMRI- and
DLT-based laterality can have several explanations:

1. Laterality can be regarded as a combined variable of
stimulus-driven and instruction-driven effects that dy-
namically interact in a given cognitive context. There-
fore, individuals may express different laterality relat-
ed to the stimulus modality.

2. Moreover, a mismatch of fMRI and DLT laterality
can be interpreted as a reflection of an intrahemi-
spheric distribution of language dominance rather
than conflicting indices gained by two different tech-
niques.

Evidence for a distributed intrahemispheric dominance
regarding frontal and tempora cortices was as well
found in a previous study by Lehéricy et al. (2000) who
found strong evidence that task-related activations in
frontal cortices were the clearest indicators of laterality
and often were conflicting with corresponding activae-
tions in temporal cortices. Our observation that fMRI-
gained temporal Lls were ranging between Bls and
DLT-LIs further supports this assumption. Hence, the
combined protocol of fMRI and DLT enables the evalua-
tion of different aspects of the language network, thus
providing additional information to the examiner.
Discriminant analysis further supports the acceptable
agreement between the two techniques, with a high re-
classification rate for hemisphere language dominance of



94.1% when DLT was employed as group discriminator
and fMRI-LIs as discriminating parameter.

Cofactors of language lateralization

The influence of genetic, developmental, environmental,
and pathological factors on the distribution of language
dominance has been addressed by many studies (Annett
1985, 1994; Buckner et al. 1995; Price et al. 1996;
Springer et al. 1999). However, the significance of these
influences remains contradictory and poorly defined.
Our study adds weight to the hypothesis that gender, age,
sinistrality, and writing hand influence the interhemi-
spheric distribution of language dominance. No signifi-
cant differences in the distribution of language lateral-
ization were found in relation to gender. Though some
different activation patterns were assessed within the in-
ferior frontal gyrus, this was most probably related to the
general interindividual variability of language lateraliza-
tion, rather than gender differences. This finding is in
conflict with observations of Shaywitz et al. (1995), who
described a stronger left lateralization within the inferior
frontal gyrus for the male, and a more bilateral organiza-
tion in the female group. Shaywitz and coworkers em-
ployed a phonological decision task during their fMRI
experiment. However, these researchers could not repro-
duce these differences using a word classification task,
which is closer to our task design.

Age plays an important role in the distribution pat-
terns of language dominance: lower Bls were observed
in the G2 group, athough the same anatomical areas
were recruited during semantic encoding. These observa-
tions were probably influenced by two external factors.
First, more motion artifacts were present in the G2
group. Second, the G2 subjects reported greater difficul-
ties in performing the task as compared to the G1 sub-
jects, although no significant difference in fMRI perfor-
mance data was obvious between the two groups. The
different functional patterns of the G2 group could aso
be due to an age-related change in the cortical network.
This assumption is in accordance with the findings of
Cabeza et al. (1997), who reported that encoding and re-
trieval processes tended to lateralize less clearly with in-
creasing age of the subjectsin their PET study. They hy-
pothesized that these differences could be due to an
overall functional reorganization co-occurring with in-
creasing age. An age-related change of the coupling of
neural activity to the BOLD hemodynamic response was
described by D’Esposito et al. (1999). Ross and col-
leagues (1997) aso found that the amplitude of the
BOLD response was significantly decreased in elderly,
as compared to younger subjects, suggesting a reduction
in functional activation, or an age-related alteration in
the coupling of blood oxygenation to focal activation.
These changes were not simply related to increased
movement artifactsin elderly subjects.

The observation that some aspects of the hemody-
namic coupling between neural activity and BOLD fMRI
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signals are age dependant cautions against simple inter-
pretations of the results of imaging studies comparing
young and elderly subjects. Moreover, our observation,
together with the above-mentioned studies, argues for
the need of age-matched control examinations, particu-
larly when fMRI is to be routinely applied in the presur-
gical decision-making. Our results suggest that familial
sinistrality does influence the lateralization of language
function. This relation was significant for DLT and
fMRI. In accordance with Annett (1994), we found that
familial LH showed a clearer right-hemispheric involve-
ment as opposed to non-familial LH. The underlying
physiology was described by Hecaen et a. (1981), who
suggested that familial sinistrality is associated with a
more widespread distribution of language functions, re-
sulting in lower LIs. The specialization of the hemi-
spheres could thereby directly be influenced via genetic
expression or modulated by several genetic factors.

Contributions from the subdominant hemisphere

Only one RH and one LH exclusively activated one
hemisphere during the word classification task. The vast
majority of subjects showed significant activation in
both the dominant and subdominant hemispheres. While
amore pronounced bilateral recruitment of elogquent cor-
tices would be expected in the group of LH, the presence
of right hemisphere language-related activation in nearly
al RH is rather intriguing. This observation argues for
the view that language lateralization is a continuously
variable phenomenon. Categorical designations such as
‘left dominant’, ‘right dominant’, and ‘bilateral’ are nev-
ertheless common and no doubt useful in certain clinical
settings. However, the utility of this classification for the
understanding of the neurobiology of language organiza-
tion is questionable. Several authors have proposed that
the variability of lateralization assessment may simply
be due to differences in categorization methods, i.e., the
definition of cut-offs to classify for left, right, and bilat-
eral dominance (Loring et al. 1990; Snyder et al. 1990;
Risse et al. 1997). We suggest that the individual LI case
can be more valuable in predicting the definite surgical
risk than the classification in a global category. Howev-
er, further research will be necessary to evaluate the im-
portance of subdominant contributions to the global lan-
guage network, in particular during recovery from brain
lesions.

A non-invasive regime for functional decision-making

Our study demonstrated that fMRI can assess lateralizat-
ion effects of hemispheric language organization by
means of word classification tasks, which mainly result
in activation of the inferior frontal gyrus. We used the
DLT as an additional tool, which evaluates the percep-
tive aspect of language function. The global agreement
between the two techniques was very high (97.1%). Con-
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flicting results or diverging indices were observed in
11 subjects. Increasing age, non-familial sinistrality, and
a non-dominant writing hand were identified as the main
factors accompanying mismatch between techniques.
This finding can be understood as a reflection of an in-
trahemispheric distribution of language function, differ-
ent aspects of which are assessed by the two applied
techniques.
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