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Abstract

Objective: To develop language functional MRI (fMRI) methods that accu-

rately predict postsurgical naming decline in temporal lobe epilepsy (TLE).

Methods: Forty-six patients with TLE (25 left) and 19 controls underwent two

overt fMRI paradigms (auditory naming and picture naming, both with active

baseline conditions) and one covert task (verbal fluency). Clinical naming per-

formance was assessed preoperatively and 4 months following anterior temporal

lobe resection. Preoperative fMRI activations were correlated with postoperative

naming decline. Individual laterality indices (LI) were calculated for temporal

(auditory and picture naming) and frontal regions (verbal fluency) and were

considered as predictors of naming decline in multiple regression models, along

with other clinical variables (age at onset of seizures, preoperative naming

scores, hippocampal volume, age). Results: In left TLE patients, activation of

the left posterior inferior temporal gyrus during auditory naming and activation

of left fusiform gyrus during picture naming were related to greater postopera-

tive naming decline. Activation LI were the best individual predictors of nam-

ing decline in a multivariate regression model. For picture naming, an LI of

higher than 0.34 gave 100% sensitivity and 92% specificity (positive predictive

value (PPV) 91.6%). For auditory naming, a temporal lobe LI higher than 0.18

identified all patients with a clinically significant naming decline with 100%

sensitivity and 58% specificity (PPV: 58.3%). No effect was seen for verbal flu-

ency. Interpretation: Auditory and picture naming fMRI are clinically applica-

ble to predict postoperative naming decline after left temporal lobe resection in

individual patients, with picture naming being more specific.

Introduction

Anterior temporal lobe resection (ATLR) is an effective

treatment option for medically refractory temporal lobe

epilepsy (TLE), leading to postoperative seizure freedom

in up to 80% of patients. Naming decline following lan-

guage-dominant ATLR is a relevant concern, affecting 30–
50% of patients following language-dominant ATLR.

Language fMRI is used during presurgical assessment as a

predictor of a reduction in naming capacity1,2 and to

date, has had high sensitivity, but relatively low speci-

ficity.1

Most clinically used language fMRI paradigms, for

example, verbal fluency or verb generation tasks, primar-

ily activate frontal lobe language regions,1,3,4 and not the

temporal lobe, that is most affected by reorganization in
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TLE, and resected in ATLR.5 A recent practice guideline

summary recommended that language fMRI is considered

to predict postsurgical language outcome after ATLR

(Level C), but emphasized the need for future research in

the field.6

We recently showed that auditory and picture naming

fMRI tasks, when used with active baseline conditions

(reversed speech and scrambled pictures, respectively),

reliably activate posterior and basal temporal lobe regions,

and are strongly related to clinical naming performance.7

To investigate the possibility to predict postoperative

naming decline in TLE, we compared auditory and pic-

ture naming to standard verbal fluency fMRI tasks in a

cohort of patients with left TLE (LTLE) and right TLE

(RTLE) undergoing temporal lobe surgery.

We hypothesized that:

1. Auditory and picture naming fMRI activations in

the posterior basal temporal lobe are related to

greater naming decline after temporal lobe surgery.

2. Stronger lateralization of naming fMRI activations

to the to-be-resected temporal lobe are related to

greater naming decline.

3. Individual laterality indices (LI) of naming fMRI

task activations will be predictive of a clinically rel-

evant naming decline in the individual patient, par-

ticularly after left temporal lobe resection.

Methods

Subjects

Forty-six medically refractory TLE patients (20 females;

age range 19–58 years) consecutively undergoing epilepsy

surgery at the National Hospital for Neurology and Neu-

rosurgery (NHNN) in London, UK, between 2013 and

2017 were enrolled in the study, 25 with LTLE and 21

with RTLE. Nineteen healthy participants (10 females, age

range 23–63 years) formed the control group. Exclusion

criteria for all participants were nonfluency in written

and spoken English, pregnancy, any contraindication to

MRI, and inability to give informed consent. An addi-

tional exclusion criterion for TLE patients was history of

a secondarily generalized tonic-clonic seizure within 24h

prior to the study. Demographic and clinical data are

summarized in Table 1.

All patients had preoperative prolonged interictal and

ictal EEG video telemetry that confirmed and lateralized

temporal seizure onset zones (ipsilateral in patients with

structural brain lesions). All patients underwent struc-

tural MRI at 3T, identifying hippocampal sclerosis (HS)

in 24 patients (14 left/10 right), dysembryoplastic neu-

roepithelial tumor (DNET) in 11 (7 left/4 right), caver-

noma in five (3 left/ 2 right), focal cortical dysplasia in

two (both right), low grade glioma in two (1 left/1

right), dual pathology (FCD and HS) in one (right),

and encephalocele in one (right). Seventy-three percent

of patients underwent standard en-bloc ATLR, including

resection of the hippocampus. Twenty-seven percent of

patients underwent a temporal lobe lesionectomy. All

participants were fluent in written and spoken English.

Handedness was determined using the Edinburgh Hand

Preference Inventory.8 The distribution of age was com-

parable among the three groups (one-way ANOVA,

P > 0.05; Table 1). The two patient groups did not dif-

fer for age of onset of epilepsy, disease duration, seizure

frequency, or number of AEDs (independent samples

two-tailed T-test, respectively Kruskal–Wallis test;

Table 1).

Standard protocol approvals, registrations,
and patient consents

The study was approved by the NHNN and UCL Institute

of Neurology Joint Research Ethics Committee. Written

informed consent was obtained from all participants.

Table 1. Demographic and clinical data for LTLE patients, RTLE patients, and control subjects.

Gender

female/

male

Handedness

right/left Age (years)

Age onset

(years)

Duration

(years)

CPS

monthly

SGS

monthly

Number

AED

McKenna

Naming

score

Gender

female/male

LTLE (n = 25) 10/15 21/4 37.5 � 11.2 17.8 � 10.7 13 (29) 4 (8.3) 0 (0) 3 (1.5) 14.9 � 5.8* 96.9 � 11.3‡

RTLE (n = 21) 10/11 19/2 38.0 � 11.1 20.2 � 14.7 16 (13.5) 5 (7.0) 0 (0.4) 2 (1.0) 17.0 � 5.7 98.5 � 14.7†

CTR (n = 19) 10/9 17/2 41.7 � 11.5 n.a. n.a. n.a. n.a. n.a. 19.7 � 4.9 110.0 � 10.1

Age, age at onset of epilepsy, clinical naming scores, and estimated intellectual level (IQ) are shown as mean � SD. Disease duration, seizure fre-

quency (CPS, SGS), and number of AED are shown as median and IQR. AED, number of different antiepileptic drugs taken per day at time of

scan; CPS, complex partial seizures; CTR, control subjects; IQ, estimated intellectual level; IQR, interquartile range; LTLE, left temporal lobe epi-

lepsy; RTLE, right temporal lobe epilepsy; SD, standard deviation; SGS, secondarily generalized seizures.

*Naming score LTLE < CTR P = 0.01.
†IQ RTLE < CTR P = 0.02.
‡IQ LTLE < CTR P = 0.002.

ª 2019 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 2187

K. Trimmel et al. Naming fMRI Predicts Language Decline After ATLR



Neuropsychological tests

All subjects underwent neuropsychological testing prior to

scanning to provide a measure of their linguistic profi-

ciency. The measures employed were standardized clinical

tests that form part of the pre- and postsurgical neu-

ropsychological evaluations of TLE patients. Naming was

assessed using the McKenna Graded Naming Test

(GNT),9 which consists of 30 line drawings of objects and

animals, placed in order of difficulty. The total number of

correctly named items is the performance indicator.9 The

GNT is a long-standing, widely used test with excellent

intertrial reliability (0.96).10 A reliable change index

(RCI) of 3.7 points has been suggested for performance

gains, and an RCI of �1.5 points indicates decline.10 In

the present study, the GNT was performed preoperatively

and 4 months postoperatively, and a decline of ≥4 items

was considered clinically significant.1,5

Controls were also retested approximately 8 months

after the initial investigation, which matched to the interval

between investigations in patients due to a median time lag

of 4 months between the fMRI investigation and epilepsy

surgery in patients. Intellectual level was derived from per-

formance on the National Adult Reading Test (NART).11

Magnetic resonance data acquisition

Please refer to the Appendix for details on MRI data

acquisition.

Language paradigms

We employed two overt language tasks, auditory naming

(AN), picture naming (PN), and a covert verbal fluency

(VF) paradigm as described previously.7,12–14 Subjects

responded to visual and auditory stimuli presented via a

magnetic resonance-compatible screen viewed through a

mirror1,7,12 and a compatible audio system (headphone

and microphone devices).

AN sessions consisted of five cycles of alternating 30-s

activation blocks and two control blocks of 15-sec each,

comprising reversed speech (AR) and crosshair fixation.

During the activation phase, subjects were asked to name

aloud objects and animals from their auditory descrip-

tion. Participants were instructed to count aloud “one,

two” during AR and to rest with eyes open during cross-

hair fixation.

PN sessions involved five cycles of visually presented

stimuli, each consisting of alternating 30-sec activation

blocks and three control blocks of 15-sec each, compris-

ing scrambled pictures (SPc), blurred cartoon faces (F),

and crosshair fixation. During the activation phase, par-

ticipants were instructed to name aloud black and white

line drawings of everyday objects and animals. Subjects

were instructed to count aloud “one, two” in response to

SPc and F, and to rest with eyes open during crosshair

fixation.

VF comprised a blocked experimental design with alter-

nating 30-s activation blocks and 30-s of crosshair fixa-

tion over 5 min.7,12 During the activation phase, subjects

were asked to covertly generate different words beginning

with a visually presented letter (A, S, W, D, and E) and

to rest with eyes open during crosshair fixation.

Prior to scanning, each subject was given detailed

explanations with examples to ensure test instructions

were fully understood. We recorded all tasks with an

external microphone inside the scanner. All study partici-

pants successfully performed >80% on the overt func-

tional MRI tasks (AN and PN). Due to technical

problems with the audio and visual presentation systems,

AN could not be acquired in three LTLE patients. Because

of poor fMRI data quality, AN data of two patients as

well as VF data of one patient had to be excluded from

the analyses.

fMRI data analysis

Imaging data were analyzed using Statistical Parametric

Mapping 8 (http://www.fil.ion.ucl.ac.uk/spm/). The imag-

ing time series of each subject was realigned, normalized

into standard anatomical space using a scanner specific

template (created from high-resolution whole brain echo

planar images of 30 healthy controls, 15 patients with left

hippocampal sclerosis, and 15 patients with right hip-

pocampal sclerosis) and smoothed with a Gaussian kernel

of 8 mm full-width at half-maximum.

A two-level random effects analysis was employed. In

the first level, condition-specific effects were estimated

according to the general linear model15 for each subject.

Regressors of interest were formed by convolving blocks

of stimuli with the canonical hemodynamic response

function for each of the conditions of interest, including

motion parameters as confounds. Parameter estimates for

regressors were calculated for each voxel. Three contrast

images were generated for each subject within the three

groups (LTLE, RTLE, CTR), comprising (1) auditory

naming minus reversed speech (AN–AR), (2) picture

naming minus scrambled pictures and faces (PN–
(SPc + F)), and (3) VF. For the convenience of the

reader, we refer to the contrast AN–AR as “auditory nam-

ing,” and the contrast PN–(SPc + F) as “picture naming,”

and the contrast VF as “verbal fluency.”

These contrast images were used for the second-level

analysis. A one-sample t-test was used to examine group

effects for task-relevant activations and deactivations

across the three groups. One-way ANOVA was used to
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quantitatively assess statistical differences in activations

and deactivations among groups (LTLE, RTLE, controls).

Unless otherwise stated, we report peak-level activations

at a threshold of P < 0.05, corrected for multiple compar-

isons (family-wise error rate [FWE]) across the whole

brain. Estimated verbal IQ derived from performance on

the NART11 was used as a covariate of no interest for all

analyses. Due to a scanner upgrade in 2014, type of scan-

ner was used as an additional covariate of no interest for

all analyses.

Language dominance

Lateralization indices (LIs) were calculated to quantita-

tively assess hemispheric dominance for language,16 using

the bootstrap method of the lateralization index toolbox

implemented in SPM817 on three spmT maps (corre-

sponding to auditory naming, picture naming, and verbal

fluency), based on anatomical masks comprising the bilat-

eral anterior and posterior temporal lobe (superior, mid-

dle, inferior temporal gyrus and fusiform gyrus) and

mesial temporal lobe structures (hippocampus, parahip-

pocampal gyrus) for auditory naming and picture nam-

ing, and the inferior and middle frontal gyri for verbal

fluency. The masks were created from the WFU PickAtlas

in SPM8,18 in accordance with previous investigations.7,12

According to the formula [LI = (L � R)/(L + R)], a posi-

tive LI indicates left hemispheric dominance and a nega-

tive index indicates right hemispheric lateralization. In

line with standard practice in language fMRI research, we

defined LI > +0.2 as left hemisphere dominant, bilateral

as (�0.2 ≤ LI ≤ +0.2) and right hemisphere dominant

(LI < �0.2).12,19,20

Relation of fMRI activation to naming decline

The relation of fMRI activation and the extent of naming

decline was explored using naming decline as a regressor

within multiple regression analysis models over the whole

brain for each language task, masked with binarized

group activation maps.21 All multiple regression activa-

tions are shown at an exploratory threshold of P < 0.001

uncorrected, in accordance with previous investiga-

tions.7,22

Statistical analysis

Statistical analyses were performed using SPSS 25.0

(Armonk, NY, USA). Between group comparisons were

performed with one-way ANOVA, independent samples

two-tailed T-tests, and Kruskal–Wallis tests according to

distribution of data. Correlations between LIs and naming

decline scores in LTLE and RTLE patients were per-

formed using Spearman correlation coefficients.

For each fMRI task, linear regression was applied to

investigate the utility of language LIs and clinical variables

(age, gender, age of onset of seizures, preoperative hip-

pocampal volume, preoperative naming scores, surgery

type) in predicting naming decline in LTLE and RTLE.

Receiver operating characteristic (ROC) curves were

obtained and the area under the curve was calculated to

identify the optimal LI cutoff value to identify patients

with a significant naming decline (i.e., ≥4 points on the

McKenna Graded naming Test9).

Results

Neuropsychological language performance

Groups differed significantly with respect to estimated

intellectual level (F(2,62) = 6.99; P = 0.002) and naming

scores (F(2,62) = 4.26; P = 0.02). Post hoc pairwise

comparisons (Tukey HSD) indicated that mean esti-

mated IQ was higher in controls than LTLE patients

(P = 0.002) and RTLE patients (P = 0.01), while there

was no significant difference between LTLE and RTLE

patients (P = 0.90; Table 1). LTLE patients performed

significantly less well on the out of scanner naming task

than controls (P = 0.01), while there was no difference

in naming scores between LTLE and RTLE patients

(P = 0.40) or between RTLE patients and controls

(P = 0.26, Table 1).

One LTLE patient performed in the impaired range

(i.e. <1st centile) on the McKenna Graded Naming Test

preoperatively and was therefore excluded from the pre-

diction of naming decline analyses, as floor effects pre-

vented identification of a postoperative decline.1 Data of

one RTLE patient were excluded from the naming decline

prediction analyses due to incomplete follow-up.

Median naming decline 4 months postoperatively was

2 in LTLE (range +7 to �20 points) and 0 in RTLE

(range +5 to �5 points). Clinically significant naming

decline (≥4 points) was observed in 11 of 24 LTLE

patients and 3 of 20 RTLE patients. Naming decline did

not significantly differ between patients who were free of

seizures postoperatively (75%) and those who continued

to have seizures 4 months after surgery (25%; F(1,42) =
2.69, P = 0.77). None of the control subjects showed sig-

nificant naming changes in the repeat investigation.

Laterality indices

The distribution of lateralization of fMRI activations is

displayed in Table 2. Kruskal–Wallis test for independent

samples did not indicate a significant difference in the
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distribution of LIs across groups for auditory naming

(H = 1.24; P = 0.54), picture naming (H = 0.10;

P = 0.95), or verbal fluency (H = 1.20; P = 0.55).

fMRI results – main effects

During auditory naming, main activations across the

three groups were observed in the left posterior inferior

temporal gyrus and posterior middle temporal gyrus, left

fusiform gyrus, left inferior and superior frontal gyrus

and supplementary motor region, left lingual gyrus, and

left superior occipital gyrus (Fig. 1, Table S1). During pic-

ture naming, activations were seen in the left fusiform

gyrus, left supplementary motor region, left middle occip-

ital gyrus, bilateral cuneus, right inferior occipital gyrus,

and right cerebellum (Fig. 1, Table S1). During verbal flu-

ency, activations were seen in the left inferior frontal

gyrus, left precentral gyrus and left supplementary motor

area, right lingual gyrus, left inferior parietal lobule, left

inferior occipital gyrus as well as bilateral middle occipital

gyrus and cerebellum (Fig. 1, Table S1).

Task-related deactivations across groups can be seen in

Figure 1 and Table S1. Intergroup comparisons indicated

no significant difference in activation or deactivation pat-

terns among groups in all tasks.

Relation of fMRI activations to naming
decline

In LTLE patients, stronger auditory naming activations in

the left posterior inferior temporal gyrus and left inferior

frontal gyrus as well as picture naming activations in the

left fusiform gyrus, left middle occipital gyrus and right

cerebellum were related to greater decline of naming

scores (Fig. 2, Table S2). Verbal fluency activations were

not related to naming decline in LTLE. In RTLE patients,

activation during none of the tasks showed a relation to

naming decline.

Individual fMRI lateralization indices as
predictors of naming decline

In LTLE patients, stronger left-sided lateralization corre-

lated with greater naming decline for auditory naming

(q = 0.58; P = 0.01; Fig. 3), picture naming (q = 0.69;

P < 0.001; Fig. 3), and verbal fluency (q = 0.45; P = 0.03).

In RTLE patients, despite the absence of a relation

between the magnitude of activation and naming decline

(see subsection 3.4), stronger right-sided lateralization of

picture naming activations correlated with greater naming

decline (q = �0.45; P = 0.04). There were no significant

correlations of auditory naming or verbal fluency activa-

tion lateralization indices with naming decline.

Linear regression

In LTLE patients, multiple linear regression showed that,

for auditory naming (F(8,10) = 3.04; P = 0.049, adjusted

R2 = 0.44), stronger left-sided LI was the best predictor

of naming outcome (Beta = 0.58, P = 0.01, T = 2.92),

while none of the other parameters investigated (age, age

at onset of seizures, gender, preoperative hippocampal

volume, preoperative naming score, surgery type) pre-

dicted naming decline (P > 0.05). For picture naming (F

(8,15) = 3.01; P = 0.031; adjusted R2 = 0.41), again LI

was the best predictor (Beta = 0.77, P = 0.003, T = 3.48),

and there was an additional significant contribution of

smaller preoperative right hippocampal volume

(Beta = �0.73, P = 0.03; T = �2.47). For verbal fluency,

the linear regression model was not significant (F

(8,14) = 1.19, P = 0.37; adjusted R2 = 0.06).

In RTLE, none of the models was significant (auditory

naming: F(8,11) = 1.46, P = 0.28, adjusted R2 = 0.16; pic-

ture naming: F(8,11) = 1.74, P = 0.19, adjusted

R2 = 0.24; verbal fluency: F(8,11) = 1.94, P = 0.15,

adjusted R2 = 0.28).

Prediction of significant naming decline in
individual patients

In LTLE patients, ROC curve analyses for auditory nam-

ing yielded an area under the curve (AUC) of 0.82 with a

95% CI between 62% and 100%. A cutoff LI of higher

than 0.18 identified all patients with a clinically significant

naming decline (Fig. 3), with a positive predictive value

(PPV) of 58.3% with 100% sensitivity and 58% speci-

ficity. For picture naming, the AUC was 0.94 with a 95%

CI between 83 and 100% and an optimal cutoff LI of

higher than 0.34 provided a PPV of 91.6% with 100%

sensitivity and 92% specificity (Fig. 3, Table 3).

Table 2. Distribution of lateralization of auditory naming, picture

naming, and verbal fluency activations across the three groups (left

TLE, right TLE, controls). Presented values indicate percentage of sub-

jects showing left hemisphere dominance, bilateral distribution, or

right hemisphere dominance. Left hemisphere dominance was defined

as an LI of >+0.2, bilateral distribution as �0.2 ≤ LI ≤ +0.2), and right

hemisphere dominance was defined as an LI < �0.2.

Auditory naming Picture naming Verbal fluency

L B R L B R L B R

LTLE 65% 5% 30% 54% 17% 29% 75% 4% 21%

RTLE 67% 14% 19% 52% 19% 29% 91% 0% 9%

CTR 63% 5% 32% 58% 21% 21% 95% 0% 5%

L, left hemisphere dominance; B, bilateral representation; R, right

hemisphere dominance; LTLE, left temporal lobe epilepsy; RTLE, right

temporal lobe epilepsy; CTR, controls.
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As only three RTLE patients had a clinically significant

naming decline, we did not formally perform ROC curve

analyses in RTLE. Descriptively, in these three patients, pic-

ture naming activations were right-lateralized in two and

bilateral in one patient, auditory naming activations were

left-lateralized in one and bilateral in two, and verbal flu-

ency activations were left-lateralized in all three patients.

Discussion

In LTLE patients, stronger auditory and picture naming

fMRI activations in the left temporal lobe were related to

greater naming decline 4 months following temporal lobe

resection, while there was no such effect for frontal lobe

activations derived from verbal fluency fMRI. Individual

LI analyses revealed that stronger left-sided lateralization

of auditory and picture naming activation in the temporal

lobes was the best predictor of greater naming decline,

irrespective of age, age at onset of seizures, gender, preop-

erative naming scores, or surgery type (standard ATLR vs.

temporal lobe lesionectomy). Interestingly, for picture

naming, a smaller contralateral hippocampal volume was

also associated with greater naming decline. Several stud-

ies have investigated postoperative plasticity and reorgani-

zation of language areas in TLE5,23,24 and demonstrated

that, particularly in LTLE, language fMRI activation areas

can shift to contralateral homologous regions following

dominant temporal lobe resection.1 One may therefore

Figure 1. Main fMRI activation and deactivation. (A) Main activations (red) and deactivations (blue) across all three groups (LTLE, RTLE, controls)

for auditory naming (upper row), picture naming (middle row), and verbal fluency (lower row) tasks shown rendered at P < 0.05, corrected for

multiple comparisons (FWE). (B) Main fMRI activations across all three groups superimposed on sagittal slices. Crosshairs show left posterior

inferior temporal gyrus fMRI activations for auditory naming, left fusiform gyrus activations for picture naming and left inferior frontal gyrus

activations for verbal fluency. Auditory naming: Sagittal slices also show left inferior frontal activations. Visual naming: Sagittal slices also show

left occipital activations. All activations are shown at a threshold of P < 0.05, voxel-wise corrected for multiple comparisons (FWE) across the

whole brain. Note: A = anterior; FWE = family-wise error; L = left; LTLE = left temporal lobe epilepsy; P = posterior; R = right; RTLE = right

temporal lobe epilepsy.
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speculate that a small contralateral hippocampus is a mar-

ker of an impaired “reserve” for such reorganization pro-

cesses, and thus relates to a higher risk of postoperative

naming deficits.25 We found no association between the

age at onset of seizures and postoperative naming

performance outcome, which is in accordance with previ-

ous investigations.1,26 Preoperative naming scores have

previously been shown to only weakly correlate with post-

operative naming decline in LTLE, and did not withstand

multivariate testing.26

Figure 2. Correlation of fMRI activation (parameter estimates; y axis) with naming decline (McKenna Graded Naming Test change score; x axis)

in left TLE. Activations are shown superimposed on coronal and sagittal images at P < 0.001, uncorrected, and the crosshair indicates the

orthogonal slices. Stronger activations in the left inferior temporal gyrus during auditory naming (crosshair, upper row), and in the left fusiform

gyrus during picture naming (crosshair, lower row), were associated with greater naming decline. Note: A = anterior; L = left; LTLE = left

temporal lobe epilepsy; P = posterior; R = right.

Figure 3. Correlation of laterality indices (LI) of fMRI activations with naming decline in left TLE. A temporal lobe mask was used for the

calculation of LIs. Stronger left-sided lateralization during auditory naming and picture naming was correlated with greater naming decline. For

auditory naming (left panel), an LI cutoff value of ≥ 0.18 (red horizontal-dotted line) identified all patients with a clinically significant naming

decline (i.e,. ≥4 points on the McKenna Graded Naming Test). For picture naming (right panel), an LI cutoff value of ≥ 0.34 (blue horizontal-

dotted line) identified all patients with a clinically significant naming decline.
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In RTLE patients, stronger right-sided lateralization of

picture naming activations correlated with greater naming

decline, which, however, did not withstand multivariate

regression analyses, presumably due to the smaller num-

ber of patients with a postoperative naming decline (three

of 21 had a clinically significant naming decline). How-

ever, it is important to note that none of those three

patients with a clinically relevant naming decline was left-

lateralized for picture naming.

Role of posterior inferior temporal lobe in
naming function in TLE

As previously demonstrated,7,12 the auditory and picture

naming tasks used in this study elicit robust activation in

the left posterior inferior temporal lobe, a cortical site

that is typically not resected during standard ATLR. Acti-

vation in this region is strongly related to better clinical

naming function,7 which is also in line with cortical stim-

ulation27 and lesion studies.28 Recently, a combined fMRI,

electrocorticography and direct cortical stimulation study

demonstrated a typical time course of cortical activation

patterns during visual and auditory object naming: pri-

mary sensory processing, semantic processing, and articu-

latory planning, and identified the left fusiform gyrus as a

“semantic hub” for lexical semantic processing.29

Left posterior temporal lobe naming regions are func-

tionally coupled to the anterior temporal lobe, including

the temporal pole, and the intensity of functional connec-

tivity measures between these regions was previously

shown to be associated with better clinical naming in

TLE.7 This substantiates our finding that fMRI-derived

functional activation with naming in the posterior tempo-

ral lobe is predictive of naming decline, even when the

cortical region showing naming activation is spared. The

inference is that naming decline may be the result of par-

tial disconnection of the posterior inferior temporal lobe

during ATLR.

Individual prediction of clinically relevant
naming decline

Only a few studies have investigated the potential of fMRI

to predict naming decline in individual patients.1,26,30,31

In LTLE, an auditory naming temporal lobe LI of >0.18
predicted a clinically relevant naming decline with a PPV

of 54% with 100% sensitivity and 58% specificity. Pic-

ture naming LI was more specific; an LI of >0.34 gave a

PPV of 92% with 100% sensitivity and 92% specificity. A

previous study in 44 TLE patients (LTLE and RTLE)1

showed that lateralization of frontal lobe activations dur-

ing verbal fluency fMRI predicted significant naming

decline in LTLE, however, with a low specificity of 33.3%

(40% when considering both verbal fluency LI and preop-

erative naming scores). Two studies included the predic-

tive value of temporal lobe fMRI activations, and found

that using an auditory semantic decision task, a signifi-

cant naming decline could be predicted after temporal

lobe resection with a PPV of 46%31 respectively 57%.26

The current study demonstrates that, using picture nam-

ing, the specificity of the prediction of naming decline is

substantially improved (92% specificity and PPV). The

high specificity of both auditory and picture naming may

be explained by the design of the fMRI tasks, particularly

the use of an active baseline condition, which allows to

probe higher order naming function in a more specific

manner. The further improved specificity for picture

naming may be attributed to the strong bilateral represen-

tation of visual-spatial function32 and the differential

information processing of auditory and visual informa-

tion, where the left hemisphere shows a tendency to be

the representation of “local details,” whereas the right

hemisphere is involved in more “global” representa-

tions.33 This is reflected in the relatively high proportion

of bilateral or right-sided lateralization of visual naming

activations in our cohort, even in healthy controls. Future

studies should explore whether the exploration or devel-

opment of other auditory paradigms may lead to

improved specifiticy.

Only three of 21 RTLE patients developed a clinically

significant postoperative naming decline, so no formal

prediction analyses were carried out. Of note, however,

none of these three patients were left-lateralized for pic-

ture naming, and stronger right-sided lateralization of

picture naming was correlated with greater naming

decline. These findings point to a potential predictive use

of naming fMRI tasks in RTLE as well, and future studies

with larger samples are warranted to confirm these find-

ings.

Predicting the risk of postoperative naming decline is

of utmost importance for epilepsy patients, since word

finding difficulties represent the most relevant cognitive

Table 3. Picture naming temporal lobe lateralization index (LI) of

≥0.34 predicts clinically significant naming decline (≥4 points on the

McKenna Graded Naming Test) after left anterior temporal lobe resec-

tion in left temporal lobe epilepsy patients (Chi2 = 20.31, P < 0.001).

Significant naming

decline (number of

LTLE patients)

No significant

naming decline

(number of LTLE

patients) Total

Picture naming

LI ≥ 0.34

11 1 12

Picture naming

LI < 0.34

0 12 12

Total 11 13 24
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impairment by patients after temporal lobe surgery34 and

cause intense feelings of frustration, embarrassment, and

inadequacy. Word finding difficulties put individuals at a

considerable disadvantage in formal settings, such as job

interviews, but also cause difficulties in less formal social

gatherings, with consequent loss of self-confidence and

higher tendency to avoid mixing with others. The ensuing

social isolation can in turn trigger low self-esteem and

low mood. A decline of ≥ 4 points on the GNT is consid-

ered very clinically relevant, and sensitive to detect decli-

nes over time.10

Strengths and limitations

We used overt auditory and picture naming tasks, which

allowed active control for task performance, and directly

compared their prediction of naming decline to a stan-

dard covert verbal fluency task, which is widely applied

clinically in routine presurgical language assessment. Fur-

thermore, the two overt naming tasks included active

baseline conditions, which allowed to negate activation

caused by the type of stimulus presentation (auditory,

picture), primary speech processing as well as motor

cortex activations, and movement artifacts caused by

overt speech production.12 This led to display of higher

order naming function activations in the posterior basal

temporal lobe, which resulted in high specificity and

PPV to predict naming decline, particularly for picture

naming.

Naming ability was assessed 4 months after temporal

lobe resection, and reorganization may continue over a

longer timeframe. We are currently undertaking longitu-

dinal follow-up assessments over 12 months after tempo-

ral lobe resection, including repeat fMRI measurements

to address issues of postoperative plasticity. Postoperative

naming outcome was assessed using a visual confronta-

tion naming test, which is widely used in clinical prac-

tice.35,36 However, it has been suggested that performance

on auditory naming tasks seems to be particularly related

to word finding difficulties in conversational speech with

its multiple neuropsychological demands,37 which should

be addressed in future studies.

A number of subjects were excluded due to technical

problems or floor effects, and we cannot ascertain

whether findings in those subjects could affect the pri-

mary results. Approximately half of our patients had hip-

pocampal sclerosis, but other patient groups, such as

FCD or DNT were also included. Subgroup analyses were

not performed due to insufficient sample sizes. It is

important to note that all patients had identifiable lesions

on MRI, which can positively affect seizure and cognitive

outcomes.38 In future studies with larger sample sizes

including MR-negative patients, further effects of etiology

as well as potential discrepancies between adult and pedi-

atric populations should be explored.

Although drug load was comparable in LTLE and

RTLE patients, we did not account for a potential effect

of medication on fMRI activations. Topiramate and zon-

isamide may particularly affect language fMRI activation

patterns,39,40 which should be addressed in future investi-

gations. It is important to note, however, that the number

of patients taking topiramate or zonisamide as well as the

respective daily doses were comparable between LTLE and

RTLE patients.

Clinical implications

While temporal lobe resection represents an effective

treatment option for refractory TLE, leading to seizure

remission in up to 80% of patients,41 the risk of postop-

erative naming and word finding deficits is a major con-

cern. We show that auditory and, particularly, picture

naming fMRI can specifically predict naming decline in

LTLE following temporal lobe resection. Furthermore, we

also provide the first evidence for a potential use in RTLE

patients. This has implications for the implementation of

auditory and picture naming fMRI into routine presurgi-

cal protocols, to further aid surgical planning and help to

mitigate postoperative naming deficits.

Acknowledgments

We thank Monika Czech for helping with patient recruit-

ment. We would like to acknowledge the radiographers at

the Epilepsy Society, Philippa Bartlett, Jane Burdett and

Andrea Hill, and thank all our subjects and our colleagues

for their enthusiastic cooperation. This study was sup-

ported by the National Institute for Health Research

University College London Hospitals Biomedical Research

Centre. We are grateful to the Epilepsy Society for sup-

porting the Epilepsy Society MRI scanner. We are grateful

to the European Academy of Neurology (EAN) and the

Austrian Society of Neurology (OEGN) who each sup-

ported K.T. with a one-year fellowship. L.C. acknowledges

support from a PhD scholarship by Brain Research UK.

G.G.G. acknowledges support from a fellowship by

Alfonso Mart�ın Escudero Foundation Spain.

Author Contributions

KT, PJT, and JSD formulated the study design. KT, LAG,

GGG, AH, and LC acquired imaging data. LC and SV

contributed to imaging data analysis. KT carried out the

image processing and statistical analyses of neuropsycho-

logical and imaging data, interpreted the data, wrote the

manuscript, and prepared all the supporting material. All

2194 ª 2019 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.

Naming fMRI Predicts Language Decline After ATLR K. Trimmel et al.

http://dx.doi.org/10.13039/501100000765


authors contributed to data interpretation and manuscript

preparation. KT, LC, and PJT acquired neuropsychologi-

cal data. PJT, MJK, and JSD supervised data analysis,

interpretation, and manuscript preparation. All authors

approved the final version of the manuscript before sub-

mission.

Conflict of Interest

Nothing to report.

References

1. Bonelli SB, Thompson PJ, Yogarajah M, et al. Imaging

language networks before and after anterior temporal lobe

resection: results of a longitudinal fMRI study. Epilepsia

2012;53:639–650.
2. Rosazza C, Ghielmetti F, Minati L, et al. Preoperative

language lateralization in temporal lobe epilepsy (TLE)

predicts peri-ictal, pre- and post-operative language

performance: an fMRI study. Neuroimage Clin 2013;3:73–83.
3. Woermann FG, Jokeit H, Luerding R, et al. Language

lateralization by Wada test and fMRI in 100 patients with

epilepsy. Neurology 2003;61:699–701.

4. Szaflarski JP, Holland SK, Jacola LM, et al. Comprehensive

presurgical functional MRI language evaluation in adult

patients with epilepsy. Epilepsy Behav 2008;12:74–83.
5. Thivard L, Hombrouck J, du Montcel ST, et al. Productive

and perceptive language reorganization in temporal lobe

epilepsy. NeuroImage 2005;24:841–851.

6. Szaflarski JP, Gloss D, Binder JR, et al. Practice guideline

summary: Use of fMRI in the presurgical evaluation of

patients with epilepsy: Report of the Guideline

Development, Dissemination, and Implementation

Subcommittee of the American Academy of Neurology.

Neurology 2017;88:395–402.

7. Trimmel K, van Graan LA, Caciagli L, et al. Left temporal

lobe language network connectivity in temporal lobe

epilepsy. Brain 2018;141:2406–2418.
8. Oldfield RC. The assessment and analysis of handedness:

the Edinburgh inventory. Neuropsychologia 1971;9:97–113.
9. McKenna P, Warrington E. Graded naming test: manual.

England: NFER-Nelson Publishing Co, 1983.

10. Bird CM, Papadopoulou K, Ricciardelli P, et al.

Monitoring cognitive changes: psychometric properties of

six cognitive tests. Br J Clin Psychol 2004;43:197–210.
11. Nelson HE, Wilson J. National adult reading test (NART).

Windsor, UK: NFER-Nelson, 1991.

12. Gonz�alvez GG, Trimmel K, Haag A, et al. Activations in

temporal areas using visual and auditory naming stimuli: a

language fMRI study in temporal lobe epilepsy. Epilepsy

Res 2016;128:102–112.
13. Powell HW, Parker GJ, Alexander DC, et al. Hemispheric

asymmetries in language-related pathways: a combined

functional MRI and tractography study. NeuroImage

2006;32:388–399.

14. Bonelli SB, Powell R, Thompson PJ, et al.

Hippocampal activation correlates with visual

confrontation naming: fMRI findings in controls and

patients with temporal lobe epilepsy. Epilepsy Res

2011;95:246–254.

15. Friston KJ, Holmes AP, Worsley KJ, et al. Statistical

parametric maps in functional imaging: a general linear

approach. Hum Brain Mapp 1995;2:189–210.
16. Adcock JE, Wise RG, Oxbury JM, et al. Quantitative fMRI

assessment of the differences in lateralization of language-

related brain activation in patients with temporal lobe

epilepsy. NeuroImage 2003;18:423–438.
17. Wilke M, Lidzba K. LI-tool: a new toolbox to assess

lateralization in functional MR-data. J Neurosci Methods

2007;163:128–136.

18. Maldjian JA, Laurienti PJ, Kraft RA, Burdette JH. An

automated method for neuroanatomic and

cytoarchitectonic atlas-based interrogation of fMRI data

sets. NeuroImage 2003;19:1233–1239.

19. Centeno M, Koepp MJ, Vollmar C, et al. Language

dominance assessment in a bilingual population: validity

of fMRI in the second language. Epilepsia 2014;55:

1504–1511.

20. Berl MM, Zimmaro LA, Khan OI, et al. Characterization

of atypical language activation patterns in focal epilepsy.

Ann Neurol 2014;75:33–42.
21. Sidhu MK, Stretton J, Winston GP, et al. Factors affecting

reorganisation of memory encoding networks in temporal

lobe epilepsy. Epilepsy Res 2015;110:1–9.

22. Sidhu MK, Stretton J, Winston GP, et al. A functional

magnetic resonance imaging study mapping the episodic

memory encoding network in temporal lobe epilepsy.

Brain 2013;136:1868–1888.

23. Pataraia E, Billingsley-Marshall RL, Castillo EM, et al.

Organization of receptive language-specific cortex before

and after left temporal lobectomy. Neurology 2005;64:

481–487.
24. Wong SWH, Jong L, Bandur D, et al. Cortical

reorganization following anterior temporal lobectomy in

patients with temporal lobe epilepsy. Neurology

2009;73:518–525.
25. Noppeney U, Price CJ, Duncan JS, Koepp MJ. Reading

skills after left anterior temporal lobe resection: an fMRI

study. Brain 2005;128:1377–1385.

26. Sabsevitz DS, Swanson SJ, Hammeke TA, et al. Use of

preoperative functional neuroimaging to predict language

deficits from epilepsy surgery. Neurology 2003;60:

1788–1792.

27. Corina DP, Loudermilk BC, Detwiler L, et al. Analysis of

naming errors during cortical stimulation mapping:

implications for models of language representation. Brain

Lang 2010;115:101–112.

ª 2019 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 2195

K. Trimmel et al. Naming fMRI Predicts Language Decline After ATLR



28. Wilson SM, Lam D, Babiak MC, et al. Transient aphasias

after left hemisphere resective surgery. J Neurosurg

2015;123:581–593.
29. Forseth KJ, Kadipasaoglu CM, Conner CR, et al. A lexical

semantic hub for heteromodal naming in middle fusiform

gyrus. Brain 2018;141:2112–2126.
30. You X, Zachery AN, Fanto EJ, et al. fMRI prediction of

naming change after adult temporal lobe epilepsy surgery:

Activation matters. Epilepsia 2019;60:527–538.

31. Rolinski R, Austermuehle A, Wiggs E, et al. Functional

MRI and direct cortical stimulation: Prediction of

postoperative language decline. Epilepsia 2019;60:560–570.
32. Seydell-Greenwald A, Ferrara K, Chambers CE, et al.

Bilateral parietal activations for complex visual-spatial

functions: evidence from a visual-spatial construction task.

Neuropsychologia 2017;106:194–206.
33. Ivry RB, Robertson LC. The two sides of perception.

Cambridge, Mass: MIT Press, 1998.

34. Pauli C, de Oliveira Thais MER, Guarnieri R, et al.

Decline in word-finding: The objective cognitive finding

most relevant to patients after mesial temporal lobe

epilepsy surgery. Epilepsy Behav 2017;75:218–224.
35. Davies KG, Maxwell RE, Beniak TE, et al. Language

function after temporal lobectomy without stimulation

mapping of cortical function. Epilepsia 1995;36:130–136.

36. Hermann BP, Perrine K, Chelune GJ, et al. Visual

confrontation naming following left anterior temporal

lobectomy: a comparison of surgical approaches.

Neuropsychology 1999;13:3–9.

37. Bell BD, Seidenberg M, Hermann BP, Douville K. Visual

and auditory naming in patients with left or bilateral

temporal lobe epilepsy. Epilepsy Res 2003;55:29–37.

38. Helmstaedter C, Petzold I, Bien CG. The cognitive

consequence of resecting nonlesional tissues in epilepsy

surgery-Results from MRI- and histopathology-negative

patients with temporal lobe epilepsy. Epilepsia

2011;52:1402–1408.
39. Yasuda CL, Centeno M, Vollmar C, et al. The effect of

topiramate on cognitive fMRI. Epilepsy Res 2013;105:

250–255.
40. Wandschneider B, Burdett J, Townsend L, et al. Effect of

topiramate and zonisamide on fMRI cognitive networks.

Neurology 2017;88:1165–1171.

41. de Tisi J, Bell GS, Peacock JL, et al. The long-term

outcome of adult epilepsy surgery, patterns of seizure

remission, and relapse: a cohort study. Lancet

2011;378:1388–1395.

Supporting Information

Additional supporting information may be found online

in the Supporting Information section at the end of the

article.

Table S1. MNI Coordinates and Z-scores of whole brain

cluster-level activations and deactivations across all sub-

jects (LTLE, RTLE, controls) during auditory naming,

picture naming, and verbal fluency shown corrected for

multiple comparisons (FWE; P < 0.05).

Table S2. Coordinates and Z-scores of correlations of

fMRI activation during auditory and picture naming with

naming decline in left TLE patients, shown at P < 0.001

uncorrected masked for the group activation maps.
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