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Does Right-Sided Language Lateralization on BOLD-fMRI 
Affect Postoperative Language Outcome for AVM Patients?

ABSTRACT

the preoperative blood oxygen level-dependent (BOLD) func-
tional magnetic resonance imaging (fMRI) of AVM patients 
(9). Our previous study also showed that for cerebral AVMs 
involving language areas at traditional anatomical locations, 
right-sided lateralization of BOLD signals is not rare (36.5%) 
(9). Both of these phenomenons are considered as language 
cortex reorganization (1,9).

█    INTRODUCTION

Cerebral arteriovenous malformations (AVMs) are con-
genital vascular lesions. The pathological characteris-
tics are direct communication of arteries to abnormal 

veins without interposing capillaries (7,20). An interesting clini-
cal phenomenon is that although AVMs may grow in the lan-
guage cortex, they usually do not present with aphasia unless 
ruptured, as reported in our previous study, which focused on 
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In our opinion, a better language outcome after AVM resection 
surgery might be expected for patients with right-sided 
lateralization of BOLD signals, because the language areas 
are thought to have transferred to the homologous regions of 
the right hemisphere and language function will therefore be 
seldom impaired by the surgery. 

In this study, we retrospectively reviewed clinical and imaging 
data of 43 right-handed cerebral AVM patients who under-
went BOLD fMRI studies, with all lesions located in the left 
hemisphere and involved language areas. Total resection un-
der neuronavigation was performed on all patients. Language 
functions were evaluated preoperatively and postoperatively 
with the Western Aphasia Battery (WAB). The focus of this 
study was to demonstrate if right-sided language lateraliza-
tion on preoperative fMRI affects postoperative language out-
come. 

█    MATERIAL and METHODS
Patient Demographics

This study was approved by the Institutional Review Board 
(IRB) of Beijing Tiantan hospital, Capital Medical University, 
and all participating patients gave consent. We retrospectively 
reviewed the medical records and imaging studies of 43 
cerebral AVMs patients, who underwent fMRI for preoperative 
evaluation between January 2013 and April 2015. Selection 
criteria were as follows: 1. all patients were right-handed, 
demonstrated by the Edinburgh handedness inventory (8); 2. 
all lesions were located in the left hemisphere and involved 
the language cortex, including the Broca (inferior frontal and 
middle frontal gyri, including Brodmann area 44, 45, 9, 46) and 
Wernicke (supramarginal, angular, and superior temporal gyri, 
including Brodmann area 22, 21, 39, 40) areas (5); 3. patients 
underwent surgical resection under neuronavigation. None of 
these patients were included in our previous study (9).

According to the criteria, as shown in Table I, 43 patients 
were enrolled in this study, including 31 males and 12 
females. Ages ranged from 11 to 55 years with an average 
of 29.9±12.5 years. Main clinical presentations included 
hemorrhage in 17 patients (39.5%), seizures in 15 (34.9%), 
headache in 6 (20.0%), dizziness in 3 (7.0%), aphasia in 1 
(2.3%), and asymptomatic in 1 patient (2.3%). Two patients 
had undergone stereotactic radiosurgery (SRS) and 1 patient 
endovascular embolization. Thirteen patients’ lesions involved 
the Broca area, and the other 30 patients’ lesions involved 
the Wernicke area. The mean diameter of the AVMs was 41.4 
mm (range, 9.8-82.9 mm). According to Spetzler-Martin (S-M) 
grading system, there were 7 grade II patients, 30 grade III 
patients and 6 grade IV patients (7,20).

fMRI Acquisition

A Siemens Medical Systems Trio 3.0 T MRI system equipped 
at the 306th hospital of People’s Liberation Army was used for 
fMRI signal acquisition, which was performed approximately 
1-2 weeks before surgery. Every patient underwent a localizing 
image scan followed by a T2 structure image scan; then a 
T2-weighted functional image was obtained (T2-weighted 

gradient echo, echo-planner imaging, TR = 3000 ms, TE = 30 
ms, FOV = 220 × 220 mm2, flip angle= 9°, matrix = 64 × 64, 
slice thickness = 1.0 mm, voxel size = 1.0 ×1.0 × 1.0 mm3); 
finally, a T1-weighted three-dimensional fine structure image 
was scanned (TR = 2300 ms, TE = 2.98 ms, flip angle = 9°, 
FOV = 256 × 256 mm2, matrix = 64 × 64, slice thickness = 1.0 
mm, voxel size = 1.0 ×1.0 × 1.0 mm3).

Informed consent complying with local IRB regulations 
was obtained from all patients. Block-designed fMRI was 
performed and patients were tested with two lexical-semantic 
language paradigms: picture naming and verb generation. 
During picture naming, different pictures were visually 
presented to the center of the patient’s visual field. The patient 
was instructed to silently name each object as it appeared. In 
the control condition, the patient was instructed to passively 
view a picture of chopsticks. During verb generation, common 
concrete (written) nouns were presented to the center of the 
patient’s visual field. The patient was instructed to silently 
generate a verb associated with each noun. In the control 
condition, the patient passively viewed a pound sign (#). 
During each paradigm, a set of 40 tasks was divided equally 
into 8 performance periods of 5 tasks each and interleaved 
with 8 control condition periods. Tasks were presented at a 
rate of one every 3 seconds. Before scanning, all patients 
were trained with the paradigms using stimuli different from 
those presented during the imaging protocol, and all of them 
demonstrated the ability to perform the tasks.

Image Processing

fMRI data was processed on a Matlab 8.4 workstation (Math-
works, Natick, Massachusetts) with SPM 8 (London Univer-
sity) and xjView toolbox (Stanford University). Voxels that 
exceeded a predetermined significance threshold (p<0.001) 
were overlaid on the T1-weighted structure images to display 
the anatomical location of brain activity (9). 

The method determining language lateralization was concor-
dant with our previous study (9). Language lateralization was 
studied in the Broca and Wernicke areas separately (24). The 
Broca area refers to the inferior frontal and middle frontal gyri, 
including Brodmann area 44, 45, 9, 46. The Wernicke area is 
defined as the supramarginal, angular, and superior temporal 
gyri, including Brodmann area 22, 21, 39, 40. The lateralization 
index (LI) was used to quantify the degree of lateralization of 
BOLD signal activations: LI = (VL − VR) / (VL + VR), where VL 
denotes the number of voxels activated in the left hemisphere 
and VR is the number of voxels activated in the right hemi-
sphere. Language activation was categorized into 3 patterns. 
An LI less than or equal to −0.2 was defined as right-sided lat-
eralization of BOLD signal activations (R Group), whereas an 
LI greater than or equal to 0.2 s was considered as left-sided 
lateralization. An LI between −0.2 and 0.2 was regarded as no 
clear hemispheric preference (17). In this study, patients with 
left-sided lateralization or no clear hemispheric preference 
were both categorized in the non-right group (NR Group).

Treatment

fMRI data was further processed on a Brainlab workstation 
and used for intraoperative neuronavigation. All the 43 AVM 
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dysfunction between groups. A probability value <0.05 was 
considered as statistically significant. 

█    RESULTS
Clinical and Imaging Characteristics 

Twelve males and 6 females, with ages ranging from 20 to 55 
years (mean 29.9±12.5 years) were enrolled in the R Group. 
Four patients had lesions involving the Broca area (Figure 1A-
F) and 14 patients had lesions involving the Wernicke area 
(Figure 2A-F). Lesion size ranged from 19.5 to 66.1 mm (mean 
39.1±11.8 mm). There were 3 S-M grade II patients, 14 grade 
III patients, and 1 grade IV patient. 

Meanwhile, 19 males and 6 females, with ages ranging from 
11 to 53 years (mean 26.5±12.6 years) were enrolled in the 
NR Group. Nine patients had lesions involving the Broca area 
and 16 patients had lesions involving the Wernicke area. The 
average lesion size was 43.1±18.3 mm (range, 9.8-82.9 mm). 
There were 4 grade II patients, 16 grade III patients, and 5 
grade IV patients.

Statistical results showed that there was no significant 
difference between the two groups in gender (c2: 0.453, 
p=0.501), age (p=0.926, by independent t-test), lesion location 
(c2: 0.942, p=0.332), lesion size (p=0.062, by independent t 
test) or S-M grades (p=0.386, by Mann-Whitney test).

fMRI data analysis

According to the above-mentioned criteria, as shown in Table I, 
right-sided lateralization was observed in 18 patients (41.9%, 
R Group), including 3 with right-sided lateralization in the 
Broca area alone, 14 in the Wernicke area alone, and 1 in both 
areas. The other 25 patients were non-right-sided lateralized 
(NR Group), including 22 patients with left-sided lateralization 
and 3 patents with no clear hemispheric preference.

Language Function Evaluation and Follow-up

Postoperatively, all patients were followed up. The follow-up 
duration ranged from 6 to 30 months, with an average period 
of 18 months. The language functions according to the WAB 
tests were summarized in Table I.

Preoperative Evaluation

Before surgery, 2 patients presented with anomic aphasia 
after intracranial hemorrhage (cases 7 and 29). The other 
patients’ language functions were normal. Although the initial 
presentation of case 6 was transient aphasia, his language 
function recovered to normal at admission.

Short-term Outcome (1-2 weeks after surgery)

In the R Group, 11 patients maintained their language status 
(61.1%), including case 7, who had anomic aphasia both 
before and after surgery. Seven patients’ (38.9%) language 
function deteriorated in the short-term postoperative period, 
including 6 patients with anomic aphasia, 1 with motor 
aphasia, and 1 with conduction aphasia. In the NR Group, 14 
patients’ language status was stable (56.0%), including case 
29, who had anomic aphasia both before and after surgery. 

patients were surgically treated and total resection was 
achieved in all patients, which was confirmed by postoperative 
digital subtraction angiography (DSA). No patient underwent 
Wada test or intraoperative electrocortical stimulation 
mapping (ESM) (3,27).

Language Function Evaluation and Follow-up

Language function was evaluated with WAB before surgery, 
at short-term follow-up (1-2 weeks after surgery), and at long-
term follow-up (6-30 months after surgery) (10). 

Statistical Analysis

All statistical analyses were performed with SPSS (Windows 
version 18.0, IBM). Chi-square test for the R×C contingency 
tables was used to analyze the difference of language 

Figure 1: MRI of a patient in R Group, with lesions involving the 
Broca area (case 4). T1-weighted axial (A) and sagittal (B) MR 
images revealed an AVM (*) involving the Broca area. fMRI images 
showed right-sided lateralization of both the Broca (C, D: BA) and 
Wernicke (E, F: WA) areas.

A B

C D

E F
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operative language mapping and the assessment of language 
lateralization, as it is noninvasive and offers topographic maps 
of language function with very high sensitivity and acceptable 
specificity (6,17). 

Some authors have casted questions on the accuracy of 
fMRI, especially in AVM patients. The hypothesized theory 
is that AVMs could reduce the cerebral perfusion around 
extranidal tissues (the so called “arterial steal”), resulting 
in abnormal fMRI results, as BOLD fMRI is dependent on 
blood oxygen levels (30). However, until recently, a number of 
studies compared fMRI and the Wada test or ESM, and the 
results have demonstrated that even in patients with vascular 
malformations, fMRI is an excellent method for language 
lateralization (5,14,22). 

Language function deterioration was observed in 11 patients 
(44.0%), including 6 patients with anomic aphasia, 4 with 
conduction aphasia, and 1 with transcortical motor aphasia. 
Although the incidence of language function deterioration was 
higher in the NR Group (44.0%) than in the R Group (38.9%), 
no significant difference was observed (c2: 0.112, p=0.738).

Long-term Outcome (6-30 months after surgery, the most 
recent follow-up)

As shown in Table I, in the R Group, 3 patients (16.7%) still 
had aphasia (including 2 with conduction aphasia and 1 
with anomic aphasia), and the other 5 patients restored their 
language function. In the NR Group, 4 patients (16.0%) still 
had aphasia (including 3 with anomic aphasia and 1 with 
conduction aphasia), the other 8 patients’ language functions 
returned to normal. Likewise, no significant difference of 
aphasia was observed between the R Group and the NR 
Group (c2: 0.000, p=1.000).

█    DISCUSSION
Left Hemisphere Language Dominance and Its Challenge 

One major question in neuroscience is how each hemisphere 
contributes to language processing, as the most confusing 
morphological characteristic of the human brain is that the 
two cerebral hemispheres are seemingly symmetrical. The left 
hemisphere language dominance for right-handed human was 
recognized at the end of the 19th century. A patient who had 
lost the ability to speak was referred to a French surgeon Paul 
Broca. After autopsy, Broca found a lesion in the left inferior 
frontal gyrus (IFG) and associated this region with the capacity 
for articulate speech (13). In addition, supported by Wernicke’s 
association of the sound of words with the left posterior 
superior temporal gyrus (STG) and Dejerine’s recognition of 
the acquired inability to read and write following left angular 
gyrus damage, a dominant role of the left hemisphere in 
language processing for right-handed human was established 
(4,19).

The neurological axiom of exclusive left hemisphere domi-
nance in language was fundamentally challenged by behav-
ioral studies with callosotomy patients. In the “split-brain” 
syndrome, unilateral sensory input is transmitted to the con-
tralateral hemisphere, where, due to the lack of interhemi-
spheric connections, it cannot be shared with the opposite 
hemisphere. For example, language stimuli transmitted to the 
right hemisphere were not available for processing in the left 
hemisphere. Therefore, the role of the right hemisphere in lan-
guage has been gradually recognized, no matter in healthy 
population or in aphasia patients (12,26).

Modalities for Assessment of Language Dominance

Clinically, there are several techniques for judging language 
dominance and language mapping, including intra-arterial 
Amytal injection (Wada test), ESM, fMRI, Magnetoencepha-
lography (MEG), and radionuclide scanning (SPECT and 
PET). The Wada test has conventionally been recognized as 
the gold standard for assessment of language dominance. It 
is, however, invasive and does not provide the topographic 
specificity offered by fMRI. fMRI has been widely used for pre-

Figure 2: MRI of a patient in R Group, with lesions involving the 
Wernicke area (case 8). T1-weighted axial (A) and sagittal (B) MR 
images revealed an AVM (*) involving the Wernicke area. fMRI 
images demonstrated left-sided lateralization of the Broca area 
(C, D: BA) and right-sided lateralization of the Wernicke area (E, 
F: WA).

A B

C D

E F
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might even be essential for language function. The language 
areas on the right side may play only part of language 
function. Second, although previous studies showed the fMRI 
had a high concordance with the Wada test in determining 
language dominance, the results of fMRI might be unreliable, 
especially for those patients with atypical lateralization. We did 
not perform Wada tests in this series because of its invasive 
character, so the language lateralization cannot be confirmed. 

Limitations of Study

The present study has several limitations. First, although we 
enrolled a large series of 43 AVM patients with nidus involving 
language areas, the sample size, might not be big enough to 
determine the difference of the two groups, which may lead 
to false-negative findings. Second, this is an fMRI study, 
and the confirmatory tests, ESM and Wada testing were not 
conducted. 

█    CONCLUSION
Right-sided dominance is not a rare phenomenon for AVM 
patients with lesions involving the language cortex. Although 
right-sided lateralization suggests language reorganization, 
it does not decrease the incidence of language dysfunction 
after surgery. Neurosurgeons still need to pay attention to the 
language function protection in these patients.
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