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Abstract

OBJECTIVE—Brain tumors located close to the language cortex may distort functional MRI 

(fMRI)–based estimates of language dominance. The nature of this distortion, and whether this 

is an artifact of numerous confounders, remains unknown. The authors hypothesized tumor bias 

based on laterality estimates independent of confounders and that the effects are the greatest for 

tumors proximal to Broca’s area.

METHODS—To answer this question, the authors reviewed more than 1113 patients who 

underwent preoperative fMRI to match samples on 11 known confounders (tumor location, size, 

type, and grade; seizure history; prior neurosurgery; aphasia presence and severity; and patient 

age, sex, and handedness). The samples included 30 patients with left hemisphere tumors (15 

anterior and 15 posterior) and 30 with right hemisphere tumors (15 anterior and 15 posterior), 

thus totaling 60 patients (25 women; 18 left-handed and 4 ambidextrous; mean age 47 [SD 14.1] 

years). Importantly, the authors matched not only patients with left and right hemisphere tumors 

but also those with anterior and posterior tumors. Standard fMRI laterality indices (LIs) were 

calculated using whole-brain and region of interest (ROI) approaches (Broca’s and Wernicke’s 

areas).
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RESULTS—Tumors close to Broca’s area in the left hemisphere decreased LIs independently of 

known confounders. At the whole-brain level, this appeared to reflect a decrease in LI values in 

patients with left anterior tumors compared with patients with right anterior tumors. ROI analysis 

replicated these findings. Broca’s area LIs were significantly lower (p = 0.02) in patients with left 

anterior tumors (mean LI 0.28) when compared with patients with right anterior tumors (mean LI 

0.70). Changes in Wernicke’s area–based LIs did not differ as a function of the tumor hemisphere. 

Therefore, in patients with left anterior tumors, it is essential to assess language laterality using 

left posterior ROIs. In all remaining tumor groups (left posterior tumors and right hemisphere 

tumors), language laterality derived from the anterior language ROI was the most robust measure 

of language dominance.

CONCLUSIONS—Patients with tumors close to Broca’s area showed more bilateral fMRI 

language maps independent of known confounders. The authors caution against the assumption 

that this reduced language laterality suggests no or little risk to language function following tumor 

resection in the left inferior frontal gyrus. Their results address how to interpret fMRI data for 

neurosurgical purposes, along with theoretical questions of contralesional functional compensation 

and disinhibition.

Keywords

brain tumor; laterality index; language; fMRI; functional MRI; Broca’s area; oncology

Assessing which hemisphere is critical (dominant) for language before neurosurgery 

minimizes new, surgically induced language impairments in patients with brain tumors.1–4 

While the ways in which brain tumors can alter language network structure and estimates 

of overall dominance are known,5 principles about the relationship between language 

dominance estimated by functional MRI (fMRI) and tumor location remain unknown. A 

fundamental limitation of the valuable work to date has been the absence of well-matched 

control samples.6–9 In studying patients with tumors in the language-dominant hemisphere, 

an appropriate control would include patients with tumors in similar regions of the 

nondominant hemisphere7,10 who are matched on all other confounders already known to 

modify estimates of language dominance. Such confounders include, for example, tumor 

grade, presence of aphasia, the history of seizures, and patient demographics (handedness, 

age, and sex).11–15 These variables need to be considered when interpreting the results 

of presurgical fMRI.10,16 Controlling all the confounders that can affect the estimates 

of fMRI language dominance is challenging, and, in the context of a failure to do so, 

previous research on the influence of tumor location on language laterality is markedly 

inconsistent.5–9

The goal of this work was to determine the impact of brain tumor location within the 

language network on language dominance estimated using presurgical fMRI, independent 

of other known confounders. We reviewed 1113 patients who underwent presurgical fMRI 

to obtain samples matched on 11 different factors known to affect language dominance. 

We thus minimized confounders on our results. Following previous research,5–7 we 

hypothesized tumor bias based on laterality estimates independent of confounders and that 

the effects are the highest for those proximal to Broca’s area.
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Methods

This work follows the STROBE guidelines for observational studies.

Patient Population

The study was overseen by the University of California, Los Angeles, IRB, and all patients 

provided written informed consent. Data from 1113 patients who received clinical language 

fMRI at the University of California, Los Angeles, from 2009 to 2018 were reviewed 

retrospectively. We included all monolingual English-language speakers who had brain 

tumors directly affecting anterior and posterior language. Patients with anterior tumors had 

lesions in the inferior frontal gyrus (Brodmann area [BA] 44, BA 45, and BA 47). Patients 

with posterior tumors had lesions in the posterior middle and superior temporal gyri, angular 

gyrus, or supramarginal gyrus (BA 22, BA 39, and BA 40). This information was based 

on medical record review. We assumed that these tumors could potentially affect language 

areas. Every patient was screened before fMRI to ensure suitability for the examination. 

With the exception of 2 cases, the patients included in the study did not have aphasia 

significant enough to fail the initial screening examination. The examination is designed 

to assess language production (including oral expression writing) and comprehension 

(including auditory reception and reading).

All patients were left language dominant, as determined clinically. Specifically, language 

dominance was based on the clinician’s reading of the fMRI, clinical conclusions from 

cognitive assessments, and (in some instances) direct cortical stimulation, which occurred 

prior to our data analysis. In all cases, the final clinical determination of language 

dominance was judged to be of high quality independent of the current study.

Our final sample included 60 patients (35 men and 25 women, age 47 [SD 14.1] years) 

divided into two groups. The left tumor group (target group) comprised 30 patients with left 

hemisphere tumors and left language dominance (per fMRI), 15 with anterior and 15 with 

posterior tumors. The right tumor group (control group) comprised 30 patients with right 

hemisphere tumors and left language dominance, 15 with anterior and 15 with posterior 

tumors (Table 1).

We followed an approach applied by Wang and colleagues7 who used patients with right 

hemisphere tumors as a control group (also see Kristo et al.17). Patients with tumors in 

the non–language-dominant right hemisphere were demonstrated to have fMRI language 

activations comparable to those of healthy controls with intact Broca’s and Wernicke’s 

areas. Concurrently, these patients are more likely to display brain activities related to 

the psychological and mental processes that are similar to those observed in patients with 

dominant left anterior tumors.7

Sample Selection Process—Our initial goal was to match the sample size in the 

aforementioned groups. The limiting factor was, therefore, the size of the smallest tumor 

group. Fewer right tumor cases are referred for fMRI, and there were fewer right posterior 

than right anterior cases. Typically, at our center, patients with brain tumors in the right 

hemisphere are referred for preoperative fMRI, primarily for motor mapping. We almost 
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always administer language tasks to these patients. As such, all 15 patients with right 

posterior tumors were included first. All the right anterior cases were then reviewed to 

obtain a sample with the closest possible match in terms of the variables below, followed 

by left anterior and left posterior samples. See Fig. 1 for samples of our case-by-case 

matching. We only included individuals with brain tumors that directly affected the anterior 

and posterior language sites. This information was based on medical record review.

Controlled Variables—We matched our samples based on the following 11 variables: 

1) Tumor location: the distance between the tumor and language areas was central to our 

hypotheses. This distance was matched visually in the right and left hemisphere tumor 

patients on a case-by-case basis by two independent investigators. 2) Tumor size was also 

visually matched on a one-to-one basis by two independent investigators. Equivalence was 

confirmed using tumor masks and lesion heat maps (see Lesion Identification below). 

3) Tumor type and 4) tumor grade were defined by the 2016 WHO Classification of 

Tumors of the Central Nervous System. Here, grade I represents the least malignant 

tumors and grade IV, the most malignant tumors. Grade I and II tumors are considered 

low grade, and grade III and IV are considered high grade.18 Both variables were 

defined by record review. Since nearly all of our patients had diffuse astrocytic and 

oligodendroglial tumors, we also matched our samples based on tumor types within 

this category (glioblastoma, anaplastic astrocytoma, oligoastrocytoma, oligodendroglioma). 

Other clinical factors potentially biasing estimates were identified by record review and 

included 5) history of seizures and 6) previous surgery. The 7) presence and 8) severity of 

aphasia were screened at the fMRI session and defined as the neuropsychologist’s diagnosis 

of aphasia in a record review. Demographics, including 9) age, 10) sex, and 11) handedness, 

were identified based on record review and patient report. Handedness was assessed by 

asking patients which hand they used to write. The reports were compared with record 

reviews, and the information was concordant. Missing data are listed in Table 1.

None of these variables differed across groups as a function of either tumor laterality (left 

vs right) or tumor location (anterior vs posterior) (total comparisons: 20). Two exceptions 

were that 1) patients with anterior tumors were more likely to have low-grade tumors than 

patients with posterior tumors (χ2 [1,51] = 6.42, p = 0.01), and 2) patients with posterior 

tumors were less likely to have aphasia than those with anterior tumors (χ2 [1,56] = 4.59, 

p = 0.03). See Table 2 for details. Continuous variables were analyzed using a univariate 

one-way ANOVA, and categorical variables were analyzed using the chi-square test.

Procedure

Patients attended a single session. Before scanning, patients were screened for aphasia with 

detailed questions regarding language production and comprehension. The 3 fMRI tasks 

were then practiced, with 3 sample items per task. Only individuals able to follow task 

instructions and complete at least some items were included in our study sample. During 

MRI scanning, patients completed 1 or 2 runs of the 3 language tasks (see below). Two runs 

were acquired whenever possible. A single run was completed in some cases if time was 

constrained for other reasons.
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Image Acquisition—Imaging was completed at 3T on a Siemens Allegra or Prisma 

scanner (12- and 20-channel head coils, respectively). The numbers of patients scanned 

with each scanner were balanced between the target and control groups. Task echo planar 

imaging parameters were TE 35 msec, TR 2500 msec, 28 slices, 90° flip angle, FOV 200 

mm3, voxel size 3.1 × 3.1 × 3 mm, and 90 volumes. A matched anatomical T2-weighted 

image was also acquired.

Functional MRI Tasks—We map the language network by taking the conjunction of 3 

language tasks. Each task uses a different modality to map the language network (e.g., 

Bookheimer19 and Benjamin et al.20) as follows: 1) Object naming and action generation: 

patients silently name objects individually presented on the screen and generate an action 

verb related to the object.21 2) Reading responsive naming: patients silently read written 

descriptions of objects (e.g., “color of snow”) and silently name them. 3) Auditory 

responsive naming: patients listen to spoken descriptions of objects (e.g., “wool-making 

animal”) and silently name them.22 All use a block design with 10-second blocks. Blocks 

began with a 1-second written cue (e.g., “think of the name”), then the task (3 trials), and 

then a crosshair (rest). Each run had 11 task and 12 rest blocks totaling 4 minutes’ duration 

per task.

Analysis

Functional MRI Data Analysis—Our approach to analysis includes minimal 

preprocessing and identification of the task-related signal using Pearson’s correlation 

coefficient and is described in detail elsewhere.20 Briefly, data are smoothed (2-mm gaussian 

kernel), a regressor including the expected time series is convolved with a hemodynamic 

response function, and the correlation of actual and expected activity is taken. Data are 

quality checked and, if two runs were completed, those judged superior were used in the 

analysis. Each map was thresholded at a correlation of 0.2. This threshold is adjusted until 

an optimal representation of the known language network is identified. The conjunction 

of the resulting maps that gives the best representation of the language network is used. 

This involves an effective significance value of p < 0.000123 (0.053) and eliminates any 

activation that is task specific, including sensory activation (e.g., auditory activation in the 

auditory responsive naming task). This approach is systematic, reliable, and valid when 

compared with other estimates of language dominance.20

Calculation of the Language LI—We used the thresholded voxel count from the 

conjunction analysis to evaluate language laterality using 1) the whole brain and 2) the 

following 4 language regions of interest (ROIs): Broca’s area—left BA 44, BA 45, and BA 

47; Wernicke’s area—left BA 22, BA 39, and BA 40; and the right hemisphere homologs 

for each. The ROIs were determined functionally. We found in our clinical practice that 

tasks requiring language production engage more frontal regions (Broca’s area), and tasks 

requiring language comprehension activate more temporal/parietal regions (Wernicke’s 

area).23 Task differences in the two areas have also been extensively demonstrated in the 

literature (e.g., Gaillard et al.22). Furthermore, since most of the patients who undergo 

presurgical language fMRI have a brain lesion neighboring Broca’s or Wernicke’s area, it is 

helpful to examine these regions separately.6,7,24 A standard language laterality index (LI) 
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was calculated ([left − right]/[left + right]) with the value ranging from +1 (left dominance) 

to −1 (right dominance).25

Lesion Identification—On an individual level, we visually matched cases into pairs 

based on their lesion location (confirmed by medical record review) and size. Borders of 

individual tumors were based on signal intensity changes on T2-weighted MRI. Using the 

T2 boundaries, masks of patients’ tumors were hand-drawn on patients’ T2-weighted MRI 

scans by a senior investigator using FSL tools. All were reviewed for accuracy by a second 

clinician/investigator. The lesion included the center of the tumor, any prior resection cavity, 

and any dense surrounding edema (it is likely that all these lesion characteristics can affect 

language). Masks were registered to Montreal Neurological Institute (MNI) space (linear 

registration, 12 df). Lesion distribution was reviewed by overlaying all lesions within each 

sample (heat map). Masks were registered to MNI space (linear registration, 12 df). Tumor 

volume on a group level was calculated using lesion masks (fslstats). Tumor volume did not 

differ between 1) the left and right or 2) anterior and posterior tumor groups (t-test, all p < 

0.05) (Fig. 2).

Evaluation of Study Hypotheses

Language LI Values and Active Voxels in the Whole Brain.: We evaluated the impact of 

1) tumor laterality (left vs right) and 2) sagittal location (anterior vs posterior) on language 

dominance using a series of univariate, one-way ANOVAs. We also assessed the interaction 

effect between the two variables (hemisphere and location) on language laterality using 

a two-way ANOVA. An initial model examined the effect of tumor laterality and sagittal 

location on the LI, through both their main effects and interaction (dependent variable: LI). 

In a second model, we evaluated how tumor laterality and sagittal location impact the total 

number of voxels in each hemisphere. In a third, we assessed whether the interaction of 

tumor laterality and location impacts the total number of active voxels in each hemisphere.

Language LI Values and Active Voxels in ROIs.: We evaluated the effect of tumor 

laterality (left vs right) on LI values in left language-dominant patients by comparing 

activation in each language area (Broca’s and Wernicke’s areas) with activation in its right 

hemisphere homolog using one-way ANOVAs for both 1) anterior and 2) posterior tumor 

samples. We also conducted one-way ANOVA analysis to compare the number of voxels 

active during the language tasks in each of the 4 ROIs (Broca’s and Wernicke’s areas and 

their right hemisphere homologs) in patients with anterior tumors in the left hemisphere 

versus right hemisphere and, separately, patients with posterior tumors in the left hemisphere 

versus the right hemisphere. In addition, we compared voxel counts in Broca’s area versus 

Wernicke’s area within each of the 4 patient groups to assess how tumor location affects 

the fMRI blood oxygen level–dependent (BOLD) signal in language tasks. To assess how 

many voxels are active in Broca’s and Wernicke’s areas when it is not affected by a lesion, 

we obtained activations in these regions from patients with right hemisphere tumors. While 

doing this on a group level, we admit that there is interindividual variability from patient to 

patient, which has also been evidenced in healthy volunteers.26
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Data Availability—We carefully documented all methods, materials, and data that were 

used to conduct the research presented in this article, and we agree to share anonymized data 

on request from any qualified investigator.

Results

Impact of Tumor Location on Whole-Brain LI Values

There was no main effect of tumor hemisphere (left vs right) or tumor location (anterior 

vs posterior) on language LI values when whole-brain activity was examined. There was a 

significant interaction, however, showing that patients with left anterior tumors had lower 

language LI values than patients with right anterior tumors [F(1,59) = 5.2, p = 0.03, partial 

η2 = 0.08]. Within the left hemisphere, whole-brain LIs were lower in those with anterior (as 

compared with posterior) tumors. However, this result was not statistically significant (mean 

difference 0.19, SE 0.99, p = 0.059; post hoc decomposition analysis) (Fig. 3).

Comparing the number of active voxels during language tasks in the left hemisphere and 

right hemisphere across our 4 patient groups revealed no significant differences. While not 

significant, using the hemisphere–location interaction, it was found that patients with an 

anterior left hemisphere tumor had more active voxels in the right hemisphere than did 

patients with a right anterior tumor. We observed no significant differences in the number 

of right hemisphere or left hemisphere voxels between patients with anterior and posterior 

tumors in the right hemisphere or between patients with tumors in the left hemisphere versus 

the right hemisphere.

Impact of Tumor Location on ROI LI Values

The whole-brain findings were largely reproduced when language laterality estimates were 

examined using an ROI approach. Patients with a brain tumor in the left anterior hemisphere 

had lower language LIs in Broca’s area than did patients with a brain tumor in the anterior 

right hemisphere (p = 0.020). The mean language laterality result in patients with anterior 

left hemisphere tumors was 0.28, while the mean language laterality result in patients with 

anterior right hemisphere tumors was 0.70. There was no difference in language LI values 

in Broca’s area between patients with a posterior left compared with a posterior right 

hemisphere tumor. There was no difference in language laterality estimates in Broca’s area 

when patients had anterior versus posterior tumor locations, in the left or right hemisphere. 

Laterality estimates in Wernicke’s area did not differ as a function of the hemisphere or 

sagittal location (anterior, posterior) of the tumor (all p > 0.05).

The comparison of the total number of voxels activated in each region (rather than LI 

values) showed no significant difference in voxel counts in Broca’s or Wernicke’s area 

when tumors were in any of the regions studied (all p > 0.05; Figs. 4 and 5). While not 

statistically significant, patients with anterior left hemisphere tumors had considerably fewer 

active voxels in Broca’s area than did the other 3 patient groups. In contrast, there were 

numerically more active voxels in Broca’s area than in Wernicke’s area in patients with right 

anterior hemisphere tumors, in patients with left posterior tumors, and in patients with right 

posterior tumors (all p < 0.05).
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Discussion

In this study, we examined the influence of brain tumor location on fMRI estimates of 

language laterality. Brain tumors located in the left anterior (language-dominant) hemisphere 

reduced the estimates of language dominance when derived from the signal in Broca’s 

area when all other confounders were controlled. In contrast, estimates based on the fMRI 

signal in Wernicke’s area remained stable even when tumors occurred within posterior 

language regions. The reduced language laterality occurring with left anterior tumors does 

not suggest less or no surgery-induced risk to language function after tumor resection. 

Therefore, in patients with left anterior tumors, it is essential to assess language dominance 

using posterior language ROIs. In all the remaining tumor groups (left posterior tumors and 

right hemisphere tumors), language laterality derived from the anterior language ROIs is the 

most robust measure of language dominance.

In patients with brain tumors, decreased language dominance has been associated 

with several factors, including weaker activations in language areas proximal to the 

lesion27 and/or increased activity in the nonaffected and non–language-dominant right 

hemisphere.17,28 In the neurosurgical context, it is also critical to understand how 

language dominance is changed when a tumor lies within the language network. Several 

prior studies5–9 have approached this question, but, to date, results have often proven 

contradictory.

Consistent with our work, some prior studies have found a relationship between tumor 

location and language fMRI results. Wang and coauthors7 found that patients with left 

anterior tumors had significantly lower fMRI language dominance than patients with left 

posterior (and right hemisphere) tumors. Patients with left anterior tumors were more likely, 

on average, to show right dominance (language LI = −0.27). Gohel and colleagues6 also 

observed lower language LIs in patients with left anterior (compared with nonanterior) 

tumors using resting-state fMRI.

Multiple other studies have observed no consistent relationship. For instance, Nadkarni et 

al.9 found no difference in language laterality between patients with anterior (frontal) and 

posterior (nonfrontal) lesions. Deng et al.8 also found no clear relationship, although they 

noted a (nonsignificant) trend toward stronger lateralization in left dominant patients with 

posterior (compared with anterior) tumors.

These apparently contradictory findings likely result from a range of methodological 

confounders. One is the type of language task used in fMRI, a variable shown to markedly 

change activation patterns. For instance, Partovi et al.5 showed that in patients with tumors 

affecting Broca’s area, language laterality was decreased during a word-generation task but 

not during sentence generation. Masses in Wernicke’s area, however, decreased language 

laterality estimates based on a sentence-generation task but not during word generation.5 

The tasks used in the aforementioned studies6–9 vary from overt picture naming,7 silent 

reading (in Chinese),8 and a combination of tasks evaluating language expression (antonym-

word generation and letter-word generation) and language comprehension (text-listening and 

text-reading)9 to resting-state fMRI.6
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Another methodological confounder is variation in the patient groups used across studies. 

These have varied from solely patients with left hemisphere tumors8,9 to the inclusion of 

patients with both right and left hemisphere tumors.6,7 Studies also differ in the use of 

controls, which have ranged from patients with right hemisphere masses6,7 or arteriovenous 

malformations to groups of healthy individuals.5 In some cases, no control group has been 

used.8 Furthermore, previous studies were unable to match cases based on most variables 

known to affect laterality, including the presence and severity of aphasia, previous brain 

surgeries, or the history of seizures, tumor grade, tumor volume, sex, and age.5–9 The 

methods used in the current study made it possible to control for these confounders when 

considering the impact of tumor location on fMRI estimates of language dominance.

Several anatomical and tumor-specific factors may make it more likely for anterior tumors to 

disrupt laterality estimates. It may take a more extensive lesion to impact language laterality 

of Wernicke’s area than Broca’s area, given the region’s size; Broca’s area is considerably 

smaller than Wernicke’s.29 Moreover, the functional organization of Wernicke’s (and other) 

areas appears greater than in Broca’s area.29 These points suggest that it may be easier 

to disrupt language function in Broca’s area with a smaller brain tumor. Cognitively, the 

frontal lobe is also centrally involved in the process aiding compensation for language 

disruption, such as attention, working memory, and executive functioning,30 so that an 

increase in contralateral activation may occur due to the engagement of nonlinguistic 

process. Consistent with this, we observed a nonsignificant increase in the homolog of 

Broca’s area in anterior left tumor patients but not in Wernicke’s homolog in patients with 

posterior left tumor.

Broca’s area is normally a highly lateralizing region.31 The difference between the amount 

of activation in Broca’s area and its right hemisphere homolog was robust in all tumor 

patients in our sample except for the left anterior tumor group. The amount of language 

activation in Wernicke’s area was significantly smaller in the 3 tumor groups, compared 

with the amount of activity in Broca’s area (Fig. 4). Based on this finding, we assume 

that assessing language laterality based on activity in Broca’s and Wernicke’s areas taken 

together may dilute the magnitude of the effect of language laterality in these regions 

when analyzed separately. The result is in good accord with those of several previous 

studies.31–34 Using task-based fMRI in healthy volunteers, Smitha and colleagues31 showed 

that the BOLD activity in Broca’s area was left lateralized in most participants. Conversely, 

language activity in Wernicke’s area was right lateralized or bilateral in half of their 

patients.31

Our results argue against the models of functional compensation and right 

hemisphere disinhibition (pseudo-reorganization). Contralateral disinhibition or functional 

reorganization would be two possibilities in which language laterality could be reduced 

with an increase of activation in the right hemisphere.5,16,28,35,36 Nevertheless, the absolute 

numbers in Fig. 3 show that the reason for lower language laterality in the left anterior tumor 

group was a decreased number of voxels in the left hemisphere and not the slightly increased 

activity in the right hemisphere. However, no increase in activation occurred in the right 

homolog of Wernicke’s area in the left posterior tumor group. If the activity in the right 

anterior homologs was caused by disinhibition in both of our left tumor groups, the right 
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hemisphere activity would be focal to the contralateral side of the lesion location, which 

was not the case in our sample. In contrast, in disorders such as epilepsy, which is a long-

standing and slow-growing neurological condition that frequently has an early onset, we 

may draw different conclusions, including, for example, atypical reorganization of linguistic 

functions.37,38 Nonetheless, brain tumors are commonly later, adult-onset lesions, and most 

are relatively rapidly growing masses.8 In sum, our data did not show a significant change in 

the right hemisphere that would suggest that contralateral compensation or disinhibition was 

the primary contributor to reducing language laterality in the patients with tumors in the left 

language-dominant hemisphere.

A number of limitations should be considered when interpreting these findings. The first 

caveat is the limited size of our anterior and posterior tumor samples (n = 15) relative to 

the hemisphere groups (n = 30). Next, including tumor patients who were left-handed or 

ambidextrous could be considered a limitation of this study. However, our sample reflects 

actual clinical referrals, and we, therefore, considered it important to include these patients. 

Both our left hemisphere versus right hemisphere tumor groups and the anterior versus 

posterior tumor groups were carefully balanced for handedness distribution. We consider 

the results of this study directly applicable to the presurgical context in tumor patients 

(i.e., the results have high external validity). The case-by-case matching explicitly addresses 

the confounders that have limited the generalizability of prior work. Furthermore, it is a 

potential weakness that we did not have an independent measure of language laterality in all 

cases (some patients had electrocorticography, and most patients did not have a Wada test). 

Another limitation is visual tumor inspection for individual case matching. Nonetheless, in 

our opinion, visual inspection is necessary because the tumor itself can often distort location, 

and automated approaches are not going to be effective. Finally, please see the Appendix 

for additional analyses, ensuring that we minimized bias in our sample. Briefly, we found 

no significant differences in language LI values between patients with and those without 

a history of neurosurgery. Our results also did not significantly differ after we removed 

from our analyses 3 patients with tumors other than diffuse astrocytic and oligodendroglial 

tumors.

Conclusions

In this study, we found that the stability of language laterality in Broca’s area was disrupted 

in patients with brain tumors within the left anterior region but not the left posterior 

language region. The reduced language laterality occurring with left anterior tumors does 

not suggest less or no surgery-induced risk to language function after tumor resection. 

Therefore, in these patients, it is essential to assess language laterality using left posterior 

ROIs. In all remaining tumor groups (left posterior tumors, right hemisphere tumors), 

language laterality derived from the anterior language ROI was the most robust language 

dominance measure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Appendix.: Additional Analyses to Ensure Minimal Sample Bias

It is well known that previous surgery can distort the BOLD signal through signal dropouts 

and image distortions in areas close to the surgical area. Thus, any actual activation may 

be obscured, constituting a major confounder in data analysis. This is a problem in the vast 

majority of patients with previous resections undergoing preoperative fMRI in anticipation 

of another brain surgery.39 One center reported that one-fourth of patients referred for 

presurgical mapping had a prior resection.40 In our sample, 41.7% of all our patients 

underwent previous brain surgery, 50% of the patients had no history of previous surgery, 

and data were missing for 8.3% of the patients. As we reported in the Controlled Variables 

section, the number of patients with a prior resection did not significantly differ in our left 

and right tumor groups, and between our anterior and posterior samples. We also compared 

language LI values between patients with and those without surgery and found no significant 

differences.

Another potentially confounding factor in our study is that there were 3 patients with tumors 

other than diffuse astrocytic and oligodendroglial tumors (1 meningioma and 2 metastatic 

tumors). To ensure that the 3 cases did not bias our results, we reran our analyses without 

these patients. None of the results were significantly different from what we reported when 

the 3 patients were included in the sample.

The main goal of clinical fMRI also differs substantially from research fMRI analysis in 

focus on eliminating false negatives rather than false positives. We addressed this issue by 

using both subjective thresholding (i.e., per individual subject) and conjunction of 3 tasks 

but realize the standardization of correction remains an ongoing issue in the clinical fMRI 

field.

ABBREVIATIONS

BA Brodmann area

BOLD blood oxygen level–dependent

fMRI functional MRI

LI laterality index

ROI region of interest
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FIG. 1. 
Careful case-by-case patient matching. For each right hemisphere tumor case, we found a 

visually matched left hemisphere pair based on tumor location and volume. The left tumor 

cases were additionally matched on the remaining 9 variables known to affect language 

laterality.
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FIG. 2. 
Tumor heat map showing the locations of left and right brain tumors. We set the minimum 

number of tumor overlaps to 15 and the maximum number of overlaps to 30. The left 

hemisphere is seen on the right side of each brain slice, and the right hemisphere is seen on 

the left side of each brain slice.
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FIG. 3. 
Language LI values based on the whole-hemisphere approach and an ROI approach. The 

values were based on 3 fMRI language tasks. Blue bars show language LI values for 

language based on active voxel counts in the left hemisphere and right hemisphere. Orange 
bars illustrate language LI values in Broca’s area, and green bars represent language LI 

values in Wernicke’s area. LH = left hemisphere; RH = right hemisphere.
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FIG. 4. 
Active voxel counts in 3 fMRI language tasks in 4 ROIs by tumor location. The results 

were obtained from 4 patient groups that differed based on their tumor location: the anterior 

right hemisphere, left anterior hemisphere, posterior right hemisphere, and posterior left 

hemisphere. The 4 ROIs are Broca’s area (red bars), Wernicke’s area (blue bars), the 

right hemisphere homolog of Broca’s area (green bars), and the right hemisphere homolog 

of Wernicke’s area (yellow bars). Patients with an anterior left hemisphere tumor had 

decreased active voxel counts in Broca’s area and slightly increased voxel counts in the right 

hemisphere homolog of Broca’s area. Patients with the left posterior lesions had slightly 

decreased activity in Wernicke’s area.
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FIG. 5. 
Active voxel counts in 3 fMRI language tasks in 4 patient groups by ROI. The results were 

obtained from 4 patient groups that differed based on their tumor location: the anterior 

right hemisphere, left anterior hemisphere, posterior right hemisphere, and posterior left 

hemisphere. The 4 ROIs are Broca’s area (A), the right hemisphere homolog of Broca’s 

area (B), Wernicke’s area (C), and the right hemisphere homolog of Wernicke’s area (D). In 

Broca’s area, there was decreased activity in the left anterior group. In the right hemisphere 

homolog of Broca’s area, there was slightly increased activity in the left anterior group. In 

Wernicke’s area, there was slightly decreased activity in the left posterior group. The amount 

of activity in the right hemisphere homolog of Wernicke’s area did not differ across the 4 

tumor groups.
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TABLE 2.

Biodemographic information about tumor patients

Variable LH Tumors RH Tumors Total

No. of patients 30 30 60

Sex

 Male 16 19 35

 Female 14 11 25

Handedness

 Rt 22 16 38

 Lt 7 11 18

 Ambidextrous 1 3 4

Mean age, yrs 47.67 46.3 47

Tumor location

 Anterior 15 15 30

 Posterior 15 15 30

WHO tumor grade

 I or II 9 11 20

 III or IV 18 13 31

WHO tumor type

 DA&O tumor 25 26 51

 Meningioma 1 0 1

 Metastatic tumor 0 2 2

Seizures

 Yes 18 16 34

 No 12 8 20

Previous surgery

 Yes 15 10 25

 No 12 18 30

Aphasia

 Yes 15 15 30

 No 12 14 26

Type of aphasia

 Mild 8 10 18

 Moderate 6 4 10

 Severe 1 1 2

DA&O = diffuse astrocytic and oligodendroglial; LH = left hemisphere; RH = right hemisphere.
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