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Abstract

Objective—Functional magnetic resonance imaging is sensitive to the variation in language
network patterns. Large populations are needed to rigorously assess atypical patterns, which, even
in neurological populations, are a minority.

Methods—We studied 220 patients with focal epilepsy and 118 healthy volunteers who
performed an auditory description decision task. We compared a data-driven hierarchical
clustering approach to the commonly used a priori laterality index (LI) threshold (LI < 0.20 as
atypical) to classify language patterns within frontal and temporal regions of interest. We explored
(n = 128) whether 1Q varied with different language activation patterns.

Results—The rate of atypical language among healthy volunteers (2.5%) and patients (24.5%)
agreed with previous studies; however, we found 6 patterns of atypical language: a symmetrically
bilateral, 2 unilaterally crossed, and 3 right dominant patterns. There was high agreement between
classification methods, yet the cluster analysis revealed novel correlations with clinical features.
Beyond the established association of left-handedness, early seizure onset, and vascular pathology
with atypical language, cluster analysis identified an association of handedness with frontal
lateralization, early seizure onset with temporal lateralization, and left hemisphere focus with a
unilateral right pattern. Intelligence quotient was not significantly different among patterns.
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Interpretation—Language dominance is a continuum; however, our results demonstrate
meaningful thresholds in classifying laterality. Atypical language patterns are less frequent but
more variable than typical language patterns, posing challenges for accurate presurgical planning.
Language dominance should be assessed on a regional rather than hemispheric basis, and clinical
characteristics should inform evaluation of atypical language dominance. Reorganization of
language is not uniformly detrimental to language functioning.

Functional magnetic resonance imaging (fMRI) is an established language lateralization
method in epilepsy, rapidly supplanting the intracarotid amobarbital procedure (1AP) for
presurgical evaluation.! The higher incidence of bilateral and right lateralized language in
epilepsy patients than healthy people? is important for surgical planning.3-6 However,
atypical language representation occurs in only 20 to 30% of epilepsy patients and about 5%
of healthy volunteers; large study populations are necessary to accrue adequate numbers
with atypical language for investigation,2:3:"-11

Methodological issues arise in determining language dominance. One is the lateralization
index (LI). Although it is a continuous variable, a single value is used to categorize
dominance (left, bilateral, or right). Even with bootstrapping techniques,'2 0.20 is the most
commonly used value (LI < 0.20 as atypical; see Seghier for review 13). However, language
dominance thresholds differ across centers,! ranging between [0.1] and |0.265|.4-17 L1 values
used to differentiate strong from weak language dominance also differ across centers.18:19
Although no specific values are recognized collectively as diagnostic, the degree of
lateralization may have clinical implications,2716.20-24

We report on 220 patients and 118 healthy volunteers over 9 years across a wide age range,
allowing investigation of patterns difficult to interpret in smaller samples. We categorized
language activation patterns based on regional LI of the Broca area and Wernicke area (WA)
in children and adults with focal epilepsy using a word definition decision task activating the
frontal-temporal language network.”+25:26 Based on our clinical experience and theoretical
considerations using 2 regions of interest (ROIs) and an a priori threshold of LI < 0.20 for
atypical activation, we predicted 15 possible patterns of language representation. In addition,
we used a data-driven classification method—hierarchical clustering—to classify language
localization patterns. We predicted that the data-driven method would reveal different LI
thresholds for classification and highlight subject clinical characteristics not found using the
a priori threshold.

Subjects and Methods

Participants

This cross-sectional, retrospective review of prospectively acquired data included 338
English-speaking participants (220 patients and 118 healthy volunteers, age range 4-57
years; Table). Patients were evaluated between 2003 and 2010 at a tertiary referral epilepsy
center. We reported on 45 previously. 27 Clinical features, neurologic examination, ictal
video electroencephalography, and high-resolution MRI were used to localize seizure foci.
MRI was categorized as normal, mesial temporal sclerosis, lesional (tumors, focal cortical
dysplasia), vascular (stroke, cavernomas, arteriovenous malformations), inflammatory
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(Rasmussen encephalitis), dual pathology, or other (encephalomalacia, traumatic brain
injury, nonspecific MRI). Intelligence was assessed for a subset of patients (n = 128) by
standardized administration with an age-appropriate measure yielding composite scores for
overall (full-scale intelligence quotient [FSIQ]), verbal (verbal intelligence quotient [VIQ]),
and nonverbal (performance intelligence quotient [P1Q]) intellectual skills (see
Supplementary Materials). Overall, patients’ intellectual skills were average (mean FSIQ =
92), with a wide range from intellectually disabled (IQ = 42) to superior (1Q = 135).

One hundred eighteen healthy volunteers were evaluated between 2002 and 2011. Twenty
adult 2526 and 57 pediatric volunteers were reported previously.10:28.29 |nclusion criteria
were right-handedness on the Edinburgh Handedness Inventory (score = 40) and normal
MRI.

The study was approved by the National Institutes of Health Combined Neurosciences and
Children’s National Medical Center institutional review boards. Adult patients and parents
of pediatric patients provided informed consent; all minors provided assent.

fMRI Acquisition

All patients and 61 healthy volunteers were scanned on a 3.0T General Electric (Milwaukee,
WI1) scanner using echo planar imaging (EPI) blood oxygen level dependent (BOLD)
techniques. Fifty-seven volunteers were scanned on a Siemens (Erlangen, Germany) 3.0T
Magnetom Trio scanner using EP1 BOLD. Acquisition methods were described
previously”+28 (Supplementary Methods). Previous analyses showed no differences between
scanners using these paradigms and acquisition parameters.10:29

Language Paradigm

Participants performed a semantic decision task based on aurally presented word definitions
(eg, “A king’s hat is a crown”). Seventy percent of items were true, 30% false. The control
condition was reverse speech with tone identification for 70% of the items. The task was
presented in a block design of 5 cycles (30-second hemicycles; total duration = 5 minutes).
This task reliably activates language-processing regions in temporal (WA) and frontal lobe
(Broca area).’+10.25.26,29

Image Processing and ROIs

Language activation maps were processed in SPM2 (Wellcome Department of Imaging
Neuroscience, University College, London, UK) using normalized Montreal Neurologic
Institute space. Traditional language regions were used as ROIls: Broca area (inferior frontal
gyrus [IFG]) and WA (Brodmann areas 21, 22, and 39) were defined using the Wake Forest
PickAtlas (Wake Forest University School of Medicine, Winston-Salem, NC). We based
ROIls on broad anatomic landmarks to avoid underestimating language-related activation.
Both epilepsy and development can create variability in activation localization at normal
functional group map margins.25:26
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A Priori Laterality Categorization

Data-Driven

We calculated LI for each subject’s IFG and WA and categorized language based on a
commonly used a priori value of 0.20.13 Using the LI Toolbox bootstrap method (LI-
Toolbox for SPM2),12 ROIs were individually categorized as left lateralized if L1 > 0.20,
bilateral if LI < |0.20], and right if LI < —0.20.2:7:20.26,30-33

Fifteen different language activation patterns were possible in both patients and controls
using all combinations of 3 lateralization categories (left, bilateral, right) and 2 ROIs (IFG
and WA, Fig 1). We organized the 15 patterns into a 3-level hierarchy based on our clinical
experience with language mapping using fMRI, IAP, and electrocortical stimulation. Our
first level had 2 groups based on typical (left) and atypical (right=bilateral) language
lateralization. The second level had 4 groups (left, symmetrically bilateral, crossed, right).
Participants with bilateral activation in 1 region and unilateral activation in the other were
considered dominant on the side of unilateral region activation.21:34:35 The third level
included all 15 possible individual activation patterns.

Categorization

Hierarchical clustering can identify patient groups that are similar with respect to a given
variable.38 We used hierarchical cluster analysis as a data-driven method of identifying
language patterns and classifying patients into groups based on IFG and WA LI values. We
used Ward’s method to measure similarity between cases, because this algorithm allows
clusters with few members, which are likely for infrequent atypical language patterns.
Distance coefficients (DCs) reflect mathematical similarity; high DC indicates that
dissimilar clusters are joined, and that the previous step represented an appropriate cluster
solution.

Statistical Analysis

Descriptive statistics were used to characterize laterality indices and clinical characteristics
for each emerging pattern and cluster. For the cluster analysis, we report and compare
findings for 3 solutions that mirror our 3 hierarchy levels: (1) a 2-cluster solution based on
atypical/typical; (2) a 4-cluster solution based on the left, bilateral, crossed, and right
divisions; and (3) a maximum of 9-cluster solution (see Results; not all 15 patterns were
found). Concordances between our a priori and clustering models were analyzed.

Clinical characteristics were analyzed at the 3 categorical hierarchy levels. Nonparametric
analyses (chi-square) were conducted for gender, age (<20 years), early seizure onset (<6
years old), handedness, focus, and underlying pathology. To reduce comparisons and
determine whether the 2 classification methods had different sensitivity for clinical
indicators, we targeted comparisons to groups with disagreement between the 2 methods that
had at least 5 cases per cell. Group differences in age, epilepsy onset age, and 1Q were
analyzed using analysis of variance or 2-sample ftests.
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Results

A Priori Categorical Patterns

Patients fell into 10 of 15 possible patterns (Fig 2, Supplementary Table 1). Only 4 patients
(1.8%) had a single ROI activated (all left [L] IFG only), indicating that the task, as
designed, reliably activated frontal and temporal regions. Most (74.5%, n = 164)
demonstrated typical left dominant language. The majority had both IFG and WA left
lateralization. Fifty-six (25.5%) demonstrated atypical language dominance.

Healthy volunteers fell into 5 of 15 possible patterns (see Fig 2), with less atypical language
classification than patients (2.5% vs 25.5%; chi-square = 27.983, df=1, p< 0.001). Most
healthy volunteers (n = 97, 82.2%) had the typical L IFG/L WA pattern.

Cluster Analysis—Comparison to A Priori Method

We first present the cluster analysis for patients, which yielded support for 3 possible
solutions: 2, 4, and 9 clusters. The dendrogram represents the findings, including cluster
number and distance metric; the LI range is also included for each ROI at each cluster (Fig
3). The 4 patients with L IFG activation alone were not included in the hierarchical
clustering analysis, because the model required both IFG and WA LI data. Identifiable LI
values separated clusters; the methods differed in how cases were classified.

TWO-CLUSTER SOLUTION—The language dominance groups were most dissimilar at
this division point, clustering based on a WA LI of approximately 0.20 (see Fig 3, branch h).
There was 88.4% agreement between both methods for case assignment for atypical or
typical language dominance.

FOUR-CLUSTER SOLUTION—Similar to the a priori method, the 4-cluster solution
included 1 cluster of typical and 3 of atypical language (see Fig 3, level 2). The 3 atypical
clusters included 1 right dominant and 2 bilateral, rather than the a priori groups of 1 right, 1
bilateral, and 1 crossed. There was 100% agreement for typical left dominant (114 patients)
and right dominant clusters (24 patients). The 2 bilateral clusters (n = 53 and n = 25)
reflected a mixture of bilateral and crossed dominance patterns, with 72.7% agreement
between methods. The clustering analysis did not distinguish crossed and bilateral
dominance as unique clusters. The bilateral groups differed; 1 had lower WA LI and the
other lower IFG LI.

NINE-CLUSTER SOLUTION—The maximum number of clusters considered was 9.
Overall, there was 83.3% agreement between methods for the 9-cluster solution (Fig 4).

Four clusters were left dominant; 3 were subgroups of the L IFG/L WA category
distinguished by IFG left lateralization strength. Patients with IFG LI greater than
approximately 0.52 (clusters 1 and 2) were similar to each other, showing strong agreement
with a priori grouping (cluster 1: 100%, cluster 2: 91.3% agreement with L IFG/L WA
pattern). Patients with weaker IFG lateralization clustered into 2 groups (clusters 3 and 4)
distinguished by an IFG threshold of approximately 0.20 (see Fig 3, branch b). Cluster 3 had
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72.7% agreement with the a priori L IFG/L WA pattern, and cluster 4 had 60.9% agreement
with the bilateral (B) IFG/L WA pattern.

The right dominant patterns (clusters 8 and 9) were distinguished by the smallest distance
metric (see Fig 3, branch a). Cluster 8 included all 7 patients (100% agreement) in the B
IFG/right (R) WA a priori pattern. Cluster 9 contained all (n = 13) patients in the R IFG/R
WA a priori pattern and patients from the R IFG/B WA a priori pattern with 76.4%
agreement between methods.

Two distinct crossed dominant cluster patterns emerged. The R IFG/L WA pattern (cluster
5) contained only patients in the a priori assignment (100% agreement), but had a more
stringent R IFG threshold (< —0.65) than the a priori group, with fewer patients. Nine of 11
patients in the L IFG/R WA pattern (cluster 7) had the same a priori assignment (81.8%
agreement).

Cluster 6 showed the greatest disagreement with the a priori method (21%) and reflected the
symmetrically bilateral pattern. The 3 patients labeled as B IFG/B WA in the a priori model
were included as well as 11 from 5 other activation patterns. No unilateral frontal (L or R
IFG)/B WA patterns discretely clustered. The WA LI range for this cluster (-0.26 to 0.27)
closely matched the 0.20 a priori value.

HEALTHY VOLUNTEERS—AS with the categorical method, the clustering analysis
revealed that healthy volunteers had more homogeneous language dominance than patients,
with nearly all healthy volunteers being left hemisphere dominant (Fig 5; maximum DC
17.7 vs 120.4 for patients). Except for 1 outlying case of crossed dominance, atypically
categorized volunteers were on or adjacent to the |0.20] LI threshold. Because healthy
volunteers demonstrated less LI variance, cluster analysis does not yield results at the 4- and
9-cluster levels. We considered a 3-cluster solution based on the lowest DC value
considered for patients (DC = 9.8 vs 11.7 for patients). The 2-cluster solution for healthy
volunteers divided left-dominant clusters at IFG LI = 0.50, similar to the IFG LI = 0.52 that
divided patient left dominant clusters 1 and 2.

Patient Demographic and Seizure Characteristics

For hierarchy levels 1 and 2, seizure and demographic profiles were comparable between the
2 methods, agreeing with previous studies showing patients with atypical language
dominance more likely to have atypical handedness (left and mixed dominance), early
seizure onset, and abnormal MRI, particularly vascular pathology, but no differences in IQ.
In contrast, important differences became apparent at the third level of the hierarchy, when
all activation patterns are considered (Supplementary Tables 1 and 2).

HANDEDNESS—For level 3 comparisons, both methods found more frequent atypical
handedness when IFG was right lateralized (a priori groups: chi-square = 23.788, df=7, p=
0.001; cluster groups: chi-square = 38.007, df= 8, p<0.001).

AGE OF SEIZURE ONSET—For both methods, patients with R IFG/R WA and L IFG/R
WA had more frequent early seizure onset (a priori groups: chi-square = 20.793, df=7, p<
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0.01; cluster groups: chi-square = 14.969, df=8, p=0.06). Atypical WA lateralization was
also associated with early seizure onset (chi-square = 4.630, df=1, p< 0.05), but atypical
IFG lateralization was not (p > 0.10).

MRI FINDINGS—For level 3 comparisons, patients with inflammatory, dual pathology, or
MRI findings labeled as “other” were removed due to low cell count. Cluster analysis
revealed that atypical language dominance, particularly in the temporal lobe, was associated
with vascular pathology (a priori groups: chi-square = 36.06, df= 27, p> 0.05; cluster
groups: chi-square = 43.89, df= 24, p< 0.01).

SEIZURE FOCUS LOCATION—There were no differences when side and lobar location
were considered together; however, when only lateralization was considered, the cluster
analysis at level 3 found a left focus more common in the R IFG/R WA cluster (chi-square =
15.379, df=8, p=0.05). Notably, this cluster did not exclusively have left foci; 3 patients
had a right focus (17.6%).

AGE AND GENDER—No groups at any level differed significantly in age or gender (all p
> 0.10).

IQ—No groups differed significantly for FSIQ, VIQ, or PIQ (all p> 0.10) for either method,
likely due to small sample sizes per cell (smallest cell, n = 2); however, groups differed as
much as 37 1Q points for categorical groups and 20 1Q points for cluster groups (see
Supplementary Tables 1 and 2). Effect sizes for level 3 cluster analysis comparisons were
large (Cohen d ranged from 0.92 to 1.14). Patients with strong lateralized patterns— either
left or right dominance—had the highest 1Qs and were consistently strong in verbal and
nonverbal skills. Patients with lower 1Q skills had some degree of bilateral, weaker, or cross
dominance. Findings were more striking and had less variability in cluster than categorical
groups.

Discussion

Our study captured language dominance variance across a large sample. Although language
dominance is a continuum, our results suggest meaningful distinctions in classifying
laterality. We found greater sensitivity for differences and specificity for establishing LI
thresholds using a data-driven, clustering approach than an a priori approach. Atypical
language is not simply the right hemisphere mirror image of typical left language patterns;
the range of language patterns—both typical and atypical— highlights the complexity of
distributed language networks, especially associated with neurological disease or injury.
Previous reports describing variability have not compared a large sample compared to
healthy volunteers; we derived incidence estimates for specific patterns and the influence of
clinical correlates. In addition to achieving greater understanding of language plasticity
through determining the range of language patterns, our study may contribute to refining
presurgical language mapping in epilepsy. Our results emphasize the importance of
assessing the brain regionally, rather than on a hemispheric basis. We suggest that there may
be clinical correlates of specific thresholds.
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Clinical interpretation of language fMRI may be enhanced if there is greater specificity of
outcome and/or function with LI values. Although the common a priori method largely
agreed with the data-driven method and the a priori methods have high agreement with
invasive procedures,3’ the data-driven method provides potential new insights on defining
language dominance and clinical factors associated with different patterns. One crucial issue
is which L1 value should be used to categorize language dominance. In patients, the data-
driven method highlighted subdivisions within the typical L IFG/L WA pattern, suggesting
that laterality strength at a L1 of approximately 0.5 or stronger may distinguish groups. This
finding is supported by 2 studies suggesting that greater left temporal lateralization predicts
greater post-operative naming decline.16:24 Moreover, a comparison of fMRI and IAP for
229 patients found that bilateral language—on either mapping procedure—was the greatest
predictor of disagreement in the 14% of cases where it occurred.3 Similarly, the greatest
classification disagreement between our 2 approaches appeared as LI values approached
zero. The data-driven model indicated a wider LI range (£0.4 vs £0.2) for defining bilateral
dominance. Care should be used in interpreting patient LI within this range. Although
bilateral language is associated with more discrepancy, there remains the possibility—albeit
very small8:37:38 __that even when a higher cutoff has been specified, fMRI and IAP will be
discordant. Taken together, we suggest that strong LI values (>|0.5|) are clinically
meaningful and that LI < |0.4| is a more comprehensive definition of bilateral language.

LI threshold specificity was helpful in defining crossed dominance. Reports of crossed
language dominance are relatively uncommon (1% or n = 1-3), based on IAP cases339 and a
few fMRI studies.39-41 We found the R IFG/L WA pattern had fewer members in the cluster
analysis than in a priori assignment (8 [3%] vs 16 [7%]) because it contained only patients
with a strongly right lateralized IFG (< —0.60). Although our sample may have a higher
incidence of cross-dominance than previously reported, the data-driven method showed
better agreement than the a priori method with estimated crossed dominance occurrence
from historical AP data.3 Our unexpectedly high number of patients with crossed
dominance on a priori criteria may reflect methodological issues such as thresholding and
task design or may be due to a referral bias of our center. Variability in clinical
characteristics in this group implies influence of multiple factors on individual language
expression.

Our results agree with the known relationship between atypical language and atypical
dexterity,2-22:23 byt extend previous findings by demonstrating that atypical dexterity is
associated with shifted frontal rather than temporal activation. Right-lateralized IFG patients
had the greatest proportion of atypical handedness. IFG lateralization, perhaps due to
proximity to motor cortex, may be more related to atypical handedness than WA
lateralization. Factors underlying motor dominance determination may underlie
determination of frontal language dominance.2341 This is the first fMRI study to
demonstrate the relationship in epilepsy. A limitation of our data is that we excluded
nondextral controls, which would clarify whether this relationship is unique to epilepsy.

Previous IAP and fMRI studies showed that early seizure onset age and brain injury are
associated with atypical language representation.2:7:22:23 We found patients with early
seizure onset likely to have both IFG and WA atypical language dominance. However, WA
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lateralization is more tightly linked than IFG to age of seizure onset. Patients with later onset
are more likely to have strong left lateralization in both IFG and WA.42 WA likely plays a
more important developmental role than IFG in establishing language dominance patterns,
perhaps reflecting differences in regional brain structural and functional maturation
trajectories.43-49

Among instances of bilateral dominance, there were differences between bilateral IFG and
bilateral WA patterns. Fewer patients had bilateral WA, and all cases of bilateral WA
represented a single cluster. In contrast, there were more instances of bilateral IFG that were
dispersed across several cluster patterns. The single cluster of bilateral WA LI suggests that
WA—more than IFG— may be a driving factor for differentiating groups. It is possible that
because the majority of our group had a temporal focus, this may reflect epilepsy-specific
factors. In contrast, the greater number of cases with bilateral IFG may reflect the effects of
non-epilepsy-specific factors such as performance differences; frontal involvement in
executive task processing control may evoke greater bilateral activation with increasing task
difficulty.5051 Bilateral frontal may reflect fundamentally different processes than bilateral
temporal language dominance.

Side of seizure focus differed among groups identified by cluster analysis but not the a priori
method. Some studies using similar a priori methods observed this finding.2-3:21 One might
expect atypical language dominance to be more likely with a left seizure focus, whereas a
right hemisphere seizure focus—or its cause— may reinforce typical left hemisphere
language dominance. Our study, however, emphasizes that right focus patients may have
atypical language dominance. Again, the nature of our referrals may have biased our sample
toward a higher incidence of the rare right focus and atypical language cases.

The association of 1Q with language patterns was not significant, suggesting that
reorganization of language was not uniformly detrimental to cognitive functioning.
However, the effect sizes and raw score differences in 1Q were large for some atypical
language groups. Thus, larger sample sizes—which are difficult to amass given the low
incidence of these patterns—may reveal differential cognitive effects of cross-dominance or
complete, mirror-image reorganization. The cluster analysis appeared to be more sensitive to
these preliminary findings. We were not able to perform routine formal postoperative
neuropsychological testing, but no patient had clinically evident postoperative aphasia. More
specific study of cognitive outcomes would be an important next step for understanding the
functional relevance of fMRI language patterns.

Data comparing intraoperative or subdural electrode language mapping with fMRI are
limited.52-58 Overall discordance rates vary according to several factors, but reasonable
estimates—including studies with large numbers and clear methodology—are from 14 to
24%.3" However, a large series comparing fMRI to IAP showed only 4 of 229 (<2%)
patients with extreme cases of complete discordance,3” and fMRI predicted postsurgical
naming outcome with relatively better accuracy than IAP.59 All 4 had left IAP, right fMRI,
and a right seizure focus.3” The authors suggested that fMRI may reflect right hemisphere
activation involved in but not essential to language processing. Although patients included
within this study do not have IAP data available for comparison, our previous work with an
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earlier cohort of patients are included in the review of 24 IAP-fMRI comparison studies
cited in the Janecek and colleagues article3” and is consistent with their reported rates of
discordance. The current literature does not clearly show that 1 mapping procedure (fMRI vs
IAP) is superior over the other.

Technical factors, such as impaired BOLD physiological response,50 poor overall fMRI
activation,37 or the patient’s failure to understand task directions ® might affect fMRI results.
Varying cerebral perfusion patterns, drug response, or rate of injection may compromise the
IAP. Confidence in the interpretation of fMRI studies can be increased. When a panel of
fMRI tasks was used, as opposed to a single paradigm, there was no case of complete
discordance, as at least 1 task agreed with IAP results.® Formal conjunction analyses, and
comparison with specific IAP test items, might improve language mapping.5:21

Our fMRI findings largely agree with large-scale studies on IAP language dominance
patterns that found 4 patterns of language dominance (left, incomplete left, right, and
bilateral [including crossed dominant cases]).3:8 These studies also reported a wide range of
individual subpatterns within the bilateral group. Increased homologous fMRI activation
may predict preserved function after lateralized injury or surgical resection. Further
confirmation of the utility of specific thresholds and our proposed clusters would refine our
ability to classify language by adding region and lateralization strength.

Conclusions

Our study used 338 subjects to highlight complexity and variability of language activation
patterns in patients with focal epilepsy. Variation is present within both atypical and typical
language lateralization. Our data-driven hierarchical clustering method verified rough
classification of language lateralization based on left, right, and bilateral dominance. These
language dominance categories (as well as more specific individual patterns) may reflect
differing clinical factors, with implications for understanding their effect on language
network reorganization and planning epilepsy surgery.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
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Hierarchy of 15 typical and atypical language patterns based on categorical criteria in both

patients and controls. Language is classified into 3 levels: typical=atypical, language

dominance (left, bilateral, crossed, or right), and individual activation patterns. Regions of
interest are left lateralized if lateralization index (LI) = 0.20, bilateral if LI <|0.20|, and right
lateralized if LI < -20.20. IFG = inferior frontal gyrus; WA = Wernicke area.[Color figure
can be viewed in the online issue, which is available at www.annalsofneurology.org.]
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FIGURE 2.
Distribution of all language patterns for both patients and controls based on categorical

criteria. B = bilateral; IFG = inferior frontal gyrus; L = left; R = right; WA = Wernicke area.
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FIGURE 3.

Hierarchical clustering of language patterns in patients based on inferior frontal gyrus (IFG)
and Wernicke area (WA) lateralization index (LI). Branching point of region of interest
(ROI) L1, distance coefficient (DC), and ROI LI range at each cluster is shown. Branches
are in alphabetical order, with early letters (and lower DC) indicating more similarity
between groups. B = bilateral; L = left; R = right.
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FIGURE 4.

Cluster analysis revealing similar categories of patterns and language dominance in epilepsy
patients. Lines indicate thresholds for categorical thresholds of patterns. Colors indicate

clusters. IFG = inferior frontal gyrus; LI = lateralization index; WA = Wernicke area. [Color
figure can be viewed in the online issue, which is available at www.annalsofneurology.org.]

Ann Neurol. Author manuscript; available in PMC 2015 January 02.

Patient
Cluster
Solution:
Level 3

Cluster 1
OCluster2
OCluster3
(O Cluster 4
()Cluster 5
OCluster6
() Cluster7
(JCluster$
() Cluster9


http://www.annalsofneurology.org

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

yduasnuel Joyny vd-HIN

Berl et al.

Page 18

1.0

A

[

-4+

-6

-1.04

WALI

FIGURE 5.
Cluster analysis of typically developing controls revealing 3 clusters of left dominance.

Lines indicate thresholds for categorical thresholds of patterns. Colors indicate clusters. IFG
= inferior frontal gyrus; LI = lateralization index; WA = Wernicke area. [Color figure can be
viewed in the online issue, which is available at www.annalsofneurology.org.]
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Demographic and Seizure Characteristics for Categorical Language Activation Patterns of Patients

Characteristic Patients, Controls,
n =220 n=118
Gender
Male 55%,n=121 51%,n=60
Female 45%, n =99 49%, n =58
Mean age, Yr (SD) 21.9(12.2) 17.8 (10.5)
Handedness
Right 80%,n =175 100%, n =118
Ambidextrous 7%, n=16 0%,n=0
Left 13%, n =29 0%,n=0
Full scale 1Q N/A
Mean (SD) 92 (16)
Range 42-135
Age of onset N/A
Early 31%, n =68
Late 68%, n = 149
Missing 1%,n=3
Mean (SD) 11.8(9.2)
Focus N/A
Left 60%, n =133
Right 40%, n = 87
LT 40%, n = 87
RT 19%, n =41
LF 14%,n =31
LP 3%,n=7
LO 1%,n=1
RF 0%,n=0
RP 3%,n=7
RO 1%,n=3
Multiple 8%, n=18
Missing 11%,n=25
MRI type
Normal 30%, n = 66 100%, n =118
MTS 20%, n =43 0%,n=0
Lesion 33%,n=73 0%,n=0
Vascular 10%,n=22  0%,n=0
Inflammatory 2%,n=4 0%,n=0
Other 3%,n=7 0%,n=0
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Characteristic Patients, Controls,
n=220 n=118

Dual pathology 2%,n=5 0%,n=0

Missing 0%,n=0 0%,n=0

1Q = intelligence quotient; LF = left frontal; LO = left occipital; LP = left parietal; LT = left temporal; MRI = magnetic resonance imaging; MTS =
mesial temporal sclerosis; N/A = not applicable; RF = right frontal; RO = right occipital; RP = right parietal; RT = right temporal; SD = standard
deviation.
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