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Abstract
Removal of the anterior temporal lobe (ATL) is an effective surgical treatment for intractable
temporal lobe epilepsy but carries a risk of language and verbal memory deficits. Preoperative
localization of functional zones in the ATL might help reduce these risks, yet fMRI protocols in
current widespread use produce very little activation in this region. Based on recent evidence
suggesting a role for the ATL in semantic integration, we designed an fMRI protocol comparing
comprehension of brief narratives (Story task) with a semantically shallow control task involving
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serial arithmetic (Math task). The Story > Math contrast elicited strong activation throughout the
ATL, lateral temporal lobe, and medial temporal lobe bilaterally in an initial cohort of 18 healthy
participants. The task protocol was then implemented at 6 other imaging centers using identical
methods. Data from a second cohort of participants scanned at these centers closely replicated the
results from the initial cohort. The Story-Math protocol provides a reliable method for activation
of surgical regions of interest in the ATL. The bilateral activation supports previous claims that
conceptual processing involves both temporal lobes. Used in combination with language
lateralization measures, reliable ATL activation maps may be useful for predicting cognitive
outcome in ATL surgery, though the validity of this approach needs to be established in a
prospective surgical series.
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Introduction
Partial removal of the anterior temporal lobe (ATL) remains the most common surgical
procedure performed for treatment of intractable epilepsy and is effective at stopping
seizures in a majority of patients (Tellez-Zenteno et al., 2005; Wiebe et al., 2001).
Postoperative decline in naming or verbal memory ability is observed in roughly 30–50% of
patients after left ATL resection (Baxendale et al., 2006; Bell et al., 2000; Binder et al.,
2008a; Chelune et al., 1993; Gleissner et al., 2004; Helmstaedter and Elger, 1996; Hermann
et al., 1994; Langfitt and Rausch, 1996; Lee et al., 2002; Lineweaver et al., 2006; Sabsevitz
et al., 2003; Stroup et al., 2003). The magnitude of these declines is related to the degree of
language lateralization to the left hemisphere and can be predicted using preoperative
functional magnetic resonance imaging (fMRI) (Binder et al., 2008a; Sabsevitz et al., 2003).

FMRI might also be useful for “tailoring” resections to avoid critical language zones in the
ATL. This application of fMRI, however, rests on two critical assumptions: that activated
areas are functionally necessary and should not be resected, and that inactive areas are
functionally unimportant and therefore safe to resect. The former assumption is problematic
because activation may reflect a variety of processes and does not necessarily indicate that
the activated region is critical for the cognitive outcome of interest. The latter assumption is
particularly problematic because different fMRI language contrasts vary dramatically in
their ability to identify functionally active tissue in the ATL (Binder et al., 2008b; Visser et
al., 2010). Though there is an extensive literature on activation of the medial ATL (anterior
hippocampus and parahippoccampus) using episodic memory encoding andretrieval tasks
(see, e.g., Hwang and Golby, 2006; Paller and Wagner, 2002; Rugg et al., 2002; Schacter
and Addis, 2007 for reviews), methods for activating ventral, lateral, and polar regions of
the ATL are less well defined. Most fMRI language paradigms in widespread clinical use
produce little or no activation of these regions (Benson et al., 1999; Binder et al., 2008b;
Jansen et al., 2006; Lehéricy et al., 2000). The validity of tailoring resections using fMRI
maps thus depends on the activation protocol used to generate these maps. Another factor
that can impair fMRI sensitivity in the ATL is signal loss due to macroscopic field gradients,
which commonly affects specific regions of the ATL (Devlin et al., 2000; Ojemann et al.,
1997).

Considerable functional imaging and neuropsychological evidence suggests a role for the
ATL in semantic processing, that is, storage and retrieval of conceptual knowledge that
underlies word meaning (Binder et al., 2009; Mummery et al., 2000; Patterson et al., 2007;
Rosen et al., 2002; Visser et al., 2010). Damage to this semantic system has been proposed
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as a major cause of the naming deficits observed in patients with ATL damage (Bell et al.,
2001; Lambon Ralph et al., 2001). Recent studies suggest several factors that influence the
detection of these ATL areas with fMRI. First, the ATL is more strongly activated by
sentences than by single words or strings of unrelated words (Friederici et al., 2000;
Humphries et al., 2006; Humphries et al., 2005; Mazoyer et al., 1993; Vandenberghe et al.,
2002; Visser et al., 2010; Xu et al., 2005). This observation suggests that at least some parts
of the ATL are involved in multi-word integration processes unique to sentence
comprehension tasks (Jung-Beeman, 2005). Comprehension of sentences, and particularly of
longer forms such as narratives and discourse, requires not only rapid retrieval of conceptual
representations but also integration of individual concepts to form complex scenes with
actors, intentions, and events. Thus there is also evidence for involvement of the ATL in
comprehension of social interactions (Olson et al., 2007; Ross and Olson, 2010; Zahn et al.,
2007), which likely depends on a similar rapid integration of conceptual information.
Activation in these studies typically involves polar and superior aspects of the ATL
bilaterally. Second, ATL activation is more likely to be observed when an active control task
is used as a baseline rather than a resting state (Binder et al., 2008b; Spitsyna et al., 2006;
Stark and Squire, 2001; Visser et al., 2010). For example, Stark and Squire (2001) observed
activation in medial ATL regions during a picture encoding task when an active decision
task was used as a baseline but not when a “rest” baseline was used. Similarly, Spitsyna et
al. (2006) observed activation in the anterior fusiform gyrus and ITG during a story
comprehension task when an active decision task was used as a baseline but not when a
“passive” baseline was used. This observation suggests that semantic and episodic memory
processes carried out by the ATL occur even during resting or passive states, comprising a
component of normal consciousness that supports planning, problem solving, daydreaming,
and other high-level integrative processes that depend on semantic knowledge (Binder et al.,
2009; Binder et al., 1999). Active, attentionally-demanding control tasks disrupt these
ongoing “default” processes, which would otherwise mask ATL activation.

Given the potential clinical benefits of using fMRI to tailor ATL resections, there is a
critical need to define a reliable and sensitive fMRI task paradigm for this purpose. Our aim
in the current study was to develop such a method and test its effectiveness at identifying
ATL language zones in individual subjects. Based on prior studies of the ATL reviewed
above, a story comprehension task was selected to engage rapid integration of conceptual
information, including social concepts. This task was contrasted with an active, attentionally
demanding arithmetic task. Prior evidence indicates that calculation tasks, particularly
addition and subtraction operations, do not engage the temporal lobe (Baldo and Dronkers,
2007; Cappelletti et al., 2001; Crutch and Warrington, 2002; Diesfeldt, 1993), thus this task
was expected to interrupt ongoing “default mode” processing in the ATL and to cause
minimal ATL activation. An additional feature of the arithmetic task is that it used verbal,
sentence-like stimuli that could be matched to the stories on low-level features like auditory
and phonological input. A second aim of the study was to test whether comparable results
could be achieved at different centers with a variety of imaging hardware and software
platforms, as this is a prerequisite for any test under consideration for clinical application. It
was not our aim to test different pulse sequences for optimal ATL coverage, to investigate
alternative data analysis methods, or to examine effects of thresholding at different levels,
though these are all important topics for future research.

Methods
Participants and Centers

Participants in the study were 34 healthy, right-handed adults (17 women, 17 men), age 18–
50 (mean 29). All spoke English fluently and had no history of neurological illness. In the
initial development phase, 18 of these participants were scanned at the Medical College of
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Wisconsin (MCW). Subsequently, 2–3 additional participants were scanned at each of the
following six centers to create a Multicenter cohort: Cleveland Clinic Foundation,
Cleveland, OH (CCF); Georgia Institute of Technology, Atlanta, GA (GT); Medical
University of South Carolina, Charleston, SC (MUSC); University of Cincinnati, Cincinnati,
OH (UCin); University of Rochester, Rochester, NY (UR); and University of Washington,
Seattle, WA (UW). The MCW and Multicenter cohorts were matched on age, sex, and
education. All participants gave informed consent according to local institutional guidelines.

Tasks and Stimuli
Identical stimuli and E-Prime (Psychology Software Tools, www.pstnet.com) scripts were
used at each center. All stimuli were presented aurally using MRI-compatible headphones
adjusted to a comfortable listening level. Participants kept their eyes closed during all
functional scans.

Story task—The language task required attentive comprehension of brief stories adapted
from a collection of Aesop’s fables (www.aesopfables.com). Spoken versions of the stories
were generated using a text-to-speech synthesizer (MacinTalk male “Alex” voice in Mac OS
X 10.5), which enabled control over word rate, speaking style, and prosodic features. Stories
were selected to be relatively brief (around 5–9 sentences) and engaging. All involved
animal or human characters interacting in easily understandable social situations. Salient
characteristics of the stories are listed in Table 1. After each story, the participant was
queried about the general topic of the story in the form of a 2-alternative forced-choice
question. For example, after a story about an eagle that saves a man who had done him a
favor, participants were asked, “That was about revengeor reciprocity?” Participants pressed
a button under the right index finger to select the first choice or a button under the right
middle finger to select the second choice.

Math task—The control task was designed to engage participants’ attention continuously
in mental arithmetic. The materials were problems requiring serial addition and subtraction
and were generated using the same text-to-speech method used for the Story task stimuli,
with matched word and phoneme rate, speaking style, and prosodic features. Each series of
arithmetic operations ended with the word “equals” followed by two alternative choices,
e.g., “Four plus twelve minus two plus nineequals twenty-two or twenty-three?” The
participant pressed a button under the right index finger to select the first choice or a button
under the right middle finger to select the second choice.

Participants were expected to vary widely in ability, experience, and confidence with math
problems. Thus, the presentation program was designed to automatically adjust the difficulty
level of the problems to maintain accuracy at around 78% correct. The stimuli were divided
into 20 levels of difficulty (1 = easiest, 20 = hardest) defined by the number of operations,
size of the integers, and proportion of subtraction (relative to addition) operations. A training
session outside the scanner was used to find an approximate level of difficulty for each
participant. Further adjustment occurred automatically during scanning using a staircase
method. The level increased in difficulty after 6 consecutive correct responses and decreased
in difficulty after any incorrect response. The level at the start of each run was set to the
level attained at the end of the preceding run.

Task training—A scripted training procedure was used to familiarize the participants with
each task prior to scanning, with step-by-step instructions presented on a computer screen
along with example stimuli and practice items. Instructions were visible to the participant
and read aloud by the researcher throughout the training session. All training was performed
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by a neuropsychologist or behavioral neurologist with expertise in cognitive test
administration.

Timing of task blocks—A total of 26 Story blocks and 26 Math blocks were presented
over the course of 5 imaging runs, with the order of the blocks pseudorandomized. Each
block was introduced with an auditory cue word, “Story” or “Math”, presented 3 sec prior to
the beginning of the block. A response period of 2 sec was provided after each story or math
question. The duration of the Math blocks varied across participants depending on the
current difficulty level, which affected the number of operations presented in each math
problem. To compensate for this variability and to ensure that an approximately equal
number of images were acquired in the Story and Math conditions, each run ended with a
Math block that continued until the end of the run. Total scanning time for all 5 runs was
approximately 30 minutes.

Imaging Methods
Imaging was performed at 3 Tesla using GE Excite (MCW), Siemens Tim Trio (CCF, GT,
MUSC, UR), or Philips Achieva (UCin, UW) scanners and head array receive coils with 8
or 12 channels. Two participants at UR were scanned with a 32-channel coil. FMRI used a
gradient-echo echoplanar imaging (EPI) sequence. A short echo time (25 ms) and relatively
small voxel size (2.5 mm cubic) were used to minimize signal dropout from intravoxel
dephasing (Haacke et al., 1989; Merboldt et al., 2000; Morawetz et al., 2008). Other
parameters included TR 3 sec, matrix 96 × 96, bandwidth ~250 kHz, partial Fourier factor of
0.82–0.875, and flip angle 84°. Gapless axial 2.5-mm slices were used in all cases. Number
of slices ranged from 41 to 52. Complete coverage of the temporal lobes was required, and
coverage included nearly the entire cerebrum, excluding only the most superior
frontoparietal region in some participants. A high-resolution T1-weighted image (SPGR or
MPRAGE) was acquired in each participant using approximately 1-mm cubic voxels.

Image Analysis
All data were de-identified and transferred to MCW for analysis with identical procedures,
implemented inAFNI. Preprocessing steps included slice timing correction and rigid -body
image registration of each EPI time series. Translation and rotation parameters estimated
during registration were saved for use as noise covariates. EPI volumes were then registered
to the T1 anatomical image using a modality-specific cost function based on weighted local
Pearson coefficients (Saad et al., 2009). Image time points contaminated by residual
artifactual transients were identified using automated routines in AFNI (‘3dToutcount’) and
excluded from the analysis. This method resulted in an average exclusion of 2.7% of the
image volumes.

BOLD signal changes were analyzed using a multiple linear regression model. The time
series regressors coded: 1) story presentations, 2) math problem presentations (i.e., addition
and subtraction steps up to the word “equals”), 3) story question presentations, 4) math
question presentations, 5) response intervals following story questions, 6) response intervals
following math questions, and 7) task cue words preceding story and math blocks. These
indicator variables were convolved with a canonical hemodynamic response function. Six
orthogonal motion vectors computed during image registration were included as covariates
of no interest. Baseline trends were modeled using a third-order polynomial. A contrast was
performed in each participant comparing the BOLD signal during story presentation
(regressor 1) to the BOLD signal during math problems (regressor 2).

Activation in single-subject BOLD maps increases with image smoothness (Friedman et al.,
2006a; Lowe and Sorenson, 1997; Parrish et al., 2000), and smoothness is known to vary
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across scanners (Friedman et al., 2006a). The smoothness of each dataset was determined
from the time series of residual error values output from the multiple regression analysis,
using the AFNI program 3dFWHMx. Average geometric mean smoothness across all
datasets was 2.83 mm FWHM (range 2.4 to 3.5), with no difference across scanner vendors
(GE = 2.76, Philips = 2.83, Siemens = 2.96). The raw data from each individual were then
smoothed to a common level of 4 mm FWHM using AFNI’s 3dBlurtoFWHM, and these
smoothness-normalized images were reanalyzed with the multiple regression model.
Residual error time series images from this second analysis were used to confirm the target
smoothness value of 4 mm. Individual beta coefficient contrast maps (difference between
regressors 1 and 2) were then smoothed with a 7 mm FWHM kernel for construction of
group activation maps. These individual maps were normalized with linear resampling to the
standard stereotaxic space of Talairach and Tournoux (Talairach and Tournoux, 1988)and
analyzed at the group level using a single sample t -test. Two group maps were generated,
one from the 18 participants scanned at MCW and another from the 16 participants scanned
at the other six sites. A direct, whole-brain, voxel-wise comparison between the MCW and
Multicenter cohorts was also performed. For display purposes, group activation maps were
thresholded at voxel-wise p <.005 and minimum cluster size of 2200 μl, which was
determined by Monte-Carlo simulation to result in a whole-brain corrected p <.05
significance threshold.

ROI analysis—Given our interest in mapping ATL regions typically resected for treatment
of epilepsy, a region of interest was created to measure extent of activation in this region.
This ROI was created using structural MRI data from 23 left ATL resection patients treated
at MCW. Preoperative and postoperative structural scans were aligned and digitally
subtracted to identify resected voxels in each patient. These images were then transformed
into standard space and overlapped across patients. The resulting overlap map was
thresholded to identify voxels resected in at least 20% (5 of 23) of the patients. This ROI
was applied to the stereotaxically transformed activation map of each individual in the
present study. Voxels within the ROI that survived a voxel-wise threshold of p <.01 and
cluster size threshold of 400 μl (whole-brain corrected p <.05) were counted in each
participant.

To further characterize the spatial location and reliability of activation across individual
participants in the ATL, the ATL ROI was further subdivided into 8 subregions using
landmarks on the N27 brain, as shown in Figure 1. These subregions included the superior
temporal pole, consisting of the superior temporal gyrus anterior to a coronal plane at the
level of the limen insula (coronal plane 1); the inferior temporal pole, consisting of the
middle temporal gyrus anterior to coronal plane 1; anterior lateral cortex, consisting of STG
and MTG between the coronal plane 1 and a coronal plane through the posterior edge of the
interpeduncular fossa (coronal plane 2); posterior lateral cortex, consisting of STG and MTG
posterior to coronal plane 2; anterior ventral cortex, consisting of ITG and fusiform gyrus
between coronal planes 1 and 2; posterior ventral cortex, consisting of ITG and fusiform
gyrus posterior to coronal plane 2; anterior medial cortex, consisting of amygdala,
hippocampus, and parahippocampus between coronal planes 1 and 2; and posterior medial
cortex (pMed), consisting of hippocampus and parahippocampus posterior to coronal plane
2. The two coronal planes were oriented perpendicular to the long axis of the temporal lobe.
Voxels surviving the whole-brain corrected threshold were counted in each of these 8
subregions in each participant.

Finally, susceptibility-related signal loss in the ATL was quantified in each subject by
calculating individual signal-to-fluctuation-noise-ratio (SFNR) maps following previously
described methods (Friedman and Glover, 2006; Friedman et al., 2006b). Fluctuation noise
was determined in each voxel using the standard deviation of the residual error time series
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images. Mean signal in each voxel was divided by these noise values to produce the SNFR
maps, which thus represent signal magnitude relative to unexplained temporal signal
fluctuation. These maps were thresholded to include only voxels in the ATL ROI with
SFNR values below 20. Though this cutoff is necessarily arbitrary, previous observations
(confirmed in the present study) suggest that SNFR values averaged over the brain at 3T are
typically around 100. A value of 20 thus represents about 20% of a typical average SNFR
value and at 3T may be a minimal level for detection of activation effects (Friedman et al.,
2006b).

Results
Task Performance

The Math task was adjusted dynamically by increasing the difficulty level after six
consecutive correct responses and decreasing the difficulty level after any incorrect
response. Across all participants, this resulted in an average of 77.0% (SD 11.2) correct and
an average difficulty level of 10.5 (SD 3.7) on a scale from 1 to 20. There were no
differences between MCW and Multicenter participants on either of these measures (both p
> 0.1). In the initial version of the task, the two response options always differed by one
integer. One participant who achieved a very high difficulty level reported using a strategy
of monitoring whether the result of each addition or subtraction step was odd or even. The
program was changed after this so that response options could differ by 1, 2, or 10, the last
to defeat a possible alternative strategy of monitoring only the modulo 10 remainder of each
operation.

The Story stimuli used common vocabulary words and were easy to understand, but the
probe questions were designed to be difficult so that participants would be forced to attend
closely to the stories. Mean accuracy on this task was 75.7% (SD 12.1), with no difference
between MCW and Multicenter participants (p >.1).

FMRI Results: MCW Cohort
Areas engaged selectively by the Story task relative to the Math task are shown in Figure 2.
Stereotaxic coordinates of activation peaks are listed in Table 2. The largest activation
cluster involves the left temporal lobe, including the entire temporal pole and anterior
aspects of the lateral, ventral, and medial temporal cortex, including anterior superior
temporal (STG), middle temporal (MTG), inferior temporal (ITG), and fusiform gyri.
Lateral temporal activation extends posteriorly along most of the superior temporal sulcus
(STS). Strong medial temporal activation involves the uncus, amygdala, and anterior
hippocampus, extending posteriorly into the parahippocampus and posterior fusiform gyrus.
Similar activation is observed in homologous regions of the right temporal lobe.

A second prominent region of activation involves the lateral occipital lobe and angular gyrus
bilaterally, with slightly more angular gyrus activation on the left. Left prefrontal activation
involves the anterior and ventral inferior frontal gyrus (IFG), medial and dorsal aspects of
the superior frontal gyrus (SFG), and ventromedial prefrontal cortex. Similar, though less
extensive activations are observed in homologous right frontal regions. Other activated areas
include the anterior parietal operculum bilaterally and the posterior cingulate gyrus
bilaterally.

Figure 3 shows the degree of overlap in stereotaxic space between the activation produced
by the Story–Math contrast and the ATL ROI representing voxels typically resected in left
ATL surgery (see Methods). For comparison, the overlap between this typical resection
volume and activation elicited by two other language comprehension protocols is also
shown (Binder et al., 2008b). Overlapwith the resection volume is much more extensive for
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the Story – Math protocol than for the others, particularly in the temporal pole, which is only
minimally activated by the other protocols. Interestingly, however, the Semantic Decision–
Tone Decision protocol, which has been the subject of numerous prior studies in healthy and
epilepsy populations (Binder et al., 1997;Binder et al., 2008a;Binder et al., 1996;Binder et
al., 2008b;Sabsevitz et al., 2003;Springer et al., 1999;Szaflarski et al., 2008), produces
stronger activation in more posterior-ventral aspects of the resection zone. Together, the two
protocols activate largely complementary regions of the ATL that cover nearly all cortex in
the typical resection volume.

FMRI Results: Multicenter Cohort
Figure 4 shows the group activation map for 16 subjects from the six other imaging centers.
The results are very similar to those obtained at MCW, including bilateral activation of the
ATL, medial temporal lobe, STS, angular gyrus and lateral occipital lobe, SFG, IFG, parietal
operculum, and posterior cingulate gyrus, with a somewhat larger extent of activation on the
left in most areas. A voxel-wise, whole brain comparison of the MCW and Multicenter
cohorts was also performed. This showed no differences in activation between the groups in
any temporal lobe areas even at a relaxed voxel-wise threshold of p <.01 and small-volume
cluster correction (563 μl) based on the surgical ATL ROI. The Multicenter cohort showed
stronger activation in the ventromedial prefrontal region, likely reflecting greater
susceptibility-induced signal dropout in this region in the MCW cohort.

Representative single-subject activation maps (corrected p <.05 threshold) from each of the
centers are shown in Figure 5. Robust ATL activation is observed in each case.

ATL ROI Analysis of Individual Data
The left ATL resection volume shown in Figure 3 was used as an ROI applied to each
individual’s activation map. Extent of ATL activation in each subject was determined by
counting the number of voxels within this ROI that survived a whole-brain corrected p <.05
threshold. The mean extent of activation was 10,877 μl (SD 4,674), which represents an
average of 38.1% of the grey matter voxels in the ROI. There was no difference in extent of
activation between the MCW and Multicenter cohorts (unpaired t = 1.57, p >.1).

Table 3 summarizes the individual activation data for 8 anatomically defined subregions
within the surgical ROI (see Figure 1). A subregion was counted as showing activation in an
individual if the volume of activation was at least 156 μl, roughly equivalent to 10 voxels in
the original images. Superior and inferior temporal pole regions were activated in 33 of 34
participants, and anterolateral cortex (STG and MTG) in 100%. Ventral regions (ITG and
fusiform gyrus) were activated in over 80% of participants, and anteromedial regions
(amygdala, anterior hippocampus, anterior parahippocampus) in 79%.

Finally, Figure 6 shows ATL regions adversely affected by susceptibility -related signal
loss. Individual maps of signal-to-fluctuation-noise-ratio (SFNR) were calculated following
previously described methods (Friedman and Glover, 2006;Friedman et al., 2006b) and
thresholded to include only voxels in the ATL ROI with SFNR values below 20. The
overlap maps in Figure 6 show that signal loss consistently affected portions of the ATL
bilaterally, most notably the medial temporal pole and adjacent uncus, and a lateral region
overlying the petrous temporal bone that includes portions of the inferior temporal and
fusiform gyri. This signal dropout affected an average of 12.4% of voxels in the left ATL
ROI (SD 6.2). There was no difference in extent of ATL signal dropout between the MCW
and Multicenter cohorts (unpaired t = 0.748, p >.1).
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Discussion
We demonstrate here an fMRI task contrast that produces strong activation of the ATL. The
ATL plays a central role in integration of semantic and syntactic information and is
particularly responsive to meaningful sentences (Binder et al., 2009; Friederici et al., 2000;
Humphries et al., 2006; Humphries et al., 2005; Mazoyer et al., 1993; Mummery et al.,
2000; Patterson et al., 2007; Rosen et al., 2002; Vandenberghe et al., 2002; Visser et al.,
2010; Xu et al., 2005). Some evidence suggests that the ATL, particularly the temporal pole
and superior aspects of the ATL, play a special role in processing social concepts (Olson et
al., 2007; Ross and Olson, 2010; Zahn et al., 2007). Parts of the ATL and medial temporal
lobe appear to be active during resting and other passive cognitive states (Binder et al.,
2008b; Spitsyna et al., 2006; Stark and Squire, 2001; Visser et al., 2010). Based on these
prior observations, the protocol was designed to elicit maximal ATL activation by
contrasting a story comprehension task, which should maximally engage systems required
for complex semantic and syntactic integration, with a continuous, attentionally demanding,
non-semantic task, which should maximally prevent such processes from occurring during
intervals between the stories. The resulting temporal lobe activation is relatively symmetric,
supporting the longstanding view that conceptual processing involves both hemispheres
(Beeman and Chiarello, 1998; Bottini et al., 1994; Hodges et al., 1992; Jung-Beeman, 2005;
Paivio, 1986; Tranel et al., 1997).

We also demonstrate successful replication of this fMRI protocol across six other imaging
centers. Uniformity of results was achieved by implementing uniform task training
procedures administered by clinicians with expertise in cognitive testing, identical fMRI
tasks, and identical analysis procedures for all fMRI data, including compensation for
variation in image smoothness across scanners. Replication across centers is a prerequisite
for conducting multicenter imaging studies. The establishment of multicenter imaging
consortia is becoming increasingly widespread (Evans and Group, 2006; Friedman and
Glover, 2006; Mueller et al., 2005). Such consortia offer a powerful and efficient method for
carrying out imaging studies that require large subject samples, and are particularly useful
for patient studies. Our consortium plans to use the present ATL activation technique to
examine the utility of presurgical fMRI mapping in patients undergoing left ATL surgery.
Given an annual recruitment rate of roughly 5–10 patients at each of seven centers, it
becomes feasible to enroll several hundred such patients in a matter of just a few years.

Retrieval of conceptual knowledge is central to many language tasks, including naming
(Levelt, 1989). Anomic deficits from left ATL damage are generally considered to reflect
damage to either the semantic system or its connections with the phonological system (Bell
et al., 2001; Hadar et al., 1987; Hodges et al., 1995; Lambon Ralph et al., 2001). Despite
evidence that the right temporal lobe plays a role in semantic retrieval, however, naming
deficits are generally not observed after right ATL surgery or right temporal lobe stroke.
Similarly, naming deficits in patients with semantic dementia, a degenerative condition
affecting the temporal lobes, are relatively more severe and rapidly progressive when
atrophy is lateralized to the left. Lambon-Ralph and colleagues (2001) proposed that this
dependence of naming on the left temporal lobe reflects hemispheric asymmetry in the
connection between semantic and phonological systems. According to this model, the
phonological system is represented primarily in the language-dominant (usually left)
hemisphere and receives more input from the dominant-hemisphere semantic system than
from the nondominant hemisphere.

Expanding on this theory, we propose that the Story–Math protocol demonstrated here might
be used in combination with an fMRI index of language lateralization for presurgical
temporal lobe language mapping. The Story–Math contrast would be used to identify
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functionally relevant semantic networks in the ATL, while the language lateralization index
would assess how strongly connected these regions are likely to be with phonological
retrieval and production components of the language network, and therefore how critical
they are for naming. The Semantic Decision–Tone Decision contrast mentioned above
produces a strongly left-lateralized activation pattern, and has been shown to correlate with
Wada language testing, naming outcome, and verbal memory outcome in left ATL surgery
patients (Binder et al., 1997; Binder et al., 2008a; Binder et al., 1996; Binder et al., 2008b;
Sabsevitz et al., 2003; Springer et al., 1999; Szaflarski et al., 2008). On the other hand,
language lateralization accounted for only about 40% of the variance in naming outcome in
the study by Sabsevitz et al. (2003). We hypothesize that naming outcome in left ATL
surgery will be more precisely predicted by an interaction between the degree of language
lateralization to the left hemisphere and the extent of damage to the ATL semantic network.
If language is represented in the right hemisphere or bilaterally, damage to left ATL
networks will not produce naming deficits, whereas if language is lateralized to the left, then
naming decline will be proportional to the degree of damage to the left ATL semantic
system. Interestingly, the Semantic Decision–Tone Decision contrast activates more
posterior left temporal lobe regions that are largely complementary to those activated by the
Story–Math contrast, perhaps because the former emphasizes retrieval of concrete lexical
concepts that are stored more posteriorly in the ventral temporal lobe (Kan et al., 2003;
Sabsevitz et al., 2005; Wise et al., 2000). The combination of these mapping protocols in the
presurgical setting would therefore provide a more complete mapping of the typical ATL
resection zone as well as highly complementary information about the location of semantic
and phonological language networks.

As mentioned in the introduction, an important caveat in all presurgical applications of
fMRI is that activation may reflect a variety of processes and does not necessarily indicate
that the activated region is critical for the cognitive outcome of interest. We have proposed
that the ATL activation elicited in the present study mainly reflects semantic processes,
consistent with a large body of neuropsychological and imaging research on functions of the
ATL (Binder et al., 2009; Mummery et al., 2000; Nestor et al., 2006; Noppeney et al., 2007;
Patterson et al., 2007; Pobric et al., 2007; Rosen et al., 2002; Ross and Olson, 2010; Visser
et al., 2010; Zahn et al., 2007). Comprehension of spoken narratives also requires auditory
and phonetic perception, syntactic analysis, and working memory, but we believe the math
task controls for most of these non-semantic processes. The math stimuli were generated by
the same text-to-speech synthesis method used for the stories, enabling close matching of
auditory and phonetic features, and the two conditions were matched for word presentation
rate. Furthermore, the math stimuli have a simple grammatical structure similar toa subject -
verb-object sentence (Baldo and Dronkers, 2007; Hauser et al., 2002)and make strong
demands o n verbal working memory. In addition to controlling for auditory, phonological,
simple syntactic, and working memory processes, the math task requires only simple
arithmetic and numerical concepts that do not appear to engage the ATL (Baldo and
Dronkers, 2007; Cappelletti et al., 2001; Crutch and Warrington, 2002; Diesfeldt, 1993),
thereby enabling a strong semantic contrast with the story task. On the other hand, the
stories employ more complex syntactic structures, thus some of the observed activation may
represent syntactic processes. The superior aspect of the ATL is sensitive to the presence of
syntactic structure in word strings (Humphries et al., 2006; Humphries et al., 2005; Mazoyer
et al., 1993; Stowe et al., 1999), but whether this effect is syntactic or semantic in nature is
under debate (Humphries et al., 2006; Rogalsky and Hickok, 2009; Vandenberghe et al.,
2002). Syntactic complexity effects are frequently observed in other brain regions, such as
the inferior frontal gyrus and temporoparietal cortex (Ben-Shachar et al., 2004; Caplan,
2001; Caplan et al., 2008; Friederici and Kotz, 2003;Keller et al., 2001; Wartenburger et al.,
2004), but seldom in the ATL.
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A semantic interpretation is also suggested by the bilateral pattern of ATL activation, which
would be unlikely if the activation reflected phonological or syntactic processes. As
mentioned above, there is extensive experimental and clinical evidence for bihemispheric
involvement in conceptual processing (Awad et al., 2007; Beeman and Chiarello, 1998;
Bottini et al., 1994; Chan et al., 2001; Chiarello, 1991; Coltheart, 1980; Coslett and Saffran,
1989; Hodges et al., 1992; Humphries et al., 2006; Jung-Beeman, 2005; Lambon Ralph et
al., 2009; Mummery et al., 2000; Nestor et al., 2006; Noppeney et al., 2007; Paivio, 1986;
Rodd et al., 2005; Rosen et al., 2002; Tranel et al., 1997; Van Overwalle, 2009; Xu et al.,
2005). The right hemisphere may be particularly involved in processing figurative language,
polysemy, and social concepts (Beeman and Chiarello, 1998; Bottini et al., 1994; Jung-
Beeman, 2005; Olson et al., 2007; Thompson et al., 2003). Visser et al. (2010) found in a
recent meta-analysis of neuroimaging studies that ATL activation is often bilateral when it is
observed. This is often true even when linguistic materials such as sentences and narratives
are used, as in the present study (Awad et al., 2007; Crinion et al., 2003; Fletcher et al.,
1995; Giraud et al., 2004; Humphries et al., 2006; Rodd et al., 2005; Rogalsky and Hickok,
2009; Xu et al., 2005), though a few studies using sentences and narrative stimuli have
reported left-lateralized ATL activation (Scott et al., 2000; Spitsyna et al., 2006). The
reasons for this variable lateralization are unclear, but could be related to the semantic
content of the materials. For example, the stimuli may portray social concepts (e.g., theory
of mind, intention, emotion, morality) to varying degrees, or they may contain different
amounts of metaphor, idiom, or implied meaning. Lateralization may also reflect the
adequacy of controls for non-semantic processing. Studies showing left lateralized activation
generally used non-phonological control stimuli (e.g., reversed or rotated speech) or speech
stimuli that were not matched on word presentation rate. Thus, the left temporal lobe
activation in these studies may partly reflect non-semantic phonological or syntactic
processes.

Whether cognitive outcome after left ATL surgery is related to removal of activated regions
in the ATL, and whether this relationship is modulated by language lateralization, can only
be determined from a large prospective study of surgically treated patients. In adapting the
Story-Math protocol for this purpose, we plan to implement an adjustment procedure for the
Story condition similar to that used for the Math condition. Multiple levels of difficulty will
be created, defined by the vocabulary level of the story materials and the relative similarity
of meaning of the response choices, so that the difficulty of the task can be adjusted based
on ongoing performance or on previously available neuropsychological data. With a
sufficiently large sample of surgically treated patients, sensitive preoperative fMRI measures
that are not used to influence the surgical resection, and cognitive outcome data, it will be
possible to determine whether removal of “activated” voxels is correlated with outcome.
These data will also be critical for determining the level of activation that is meaningful, and
therefore how best to threshold fMRI language maps if these are to be used to guide
resections, which at present is a vexing and largely unexamined problem.

Research Highlights

An fMRI protocol emphasizing semantic integration activates the anterior temporal lobe.

ATL activation was consistently observed in individual participants.

The results were successfully replicated at 6 other imaging centers.

The methods provide a valuabletool for studying cognitive effects of ATL resection.
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Figure 1.
Anterior temporal subregions used to quantify activation extent and reliability of activation
across individual participants. Red = superior temporal pole, cyan = inferior temporal pole,
light blue = anterior lateral, dark blue = posterior lateral, dark green = anterior ventral, light
green = posterior ventral, orange = anterior medial, yellow = posterior medial. See Methods
for anatomical definitions of each subregion.
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Figure 2.
Areas of greater activation for the Story condition relative to the Math condition in the
MCW cohort (thresholded at whole-brain corrected p < .05), shown in serial sagittal sections
through the left (top row) and right (middle row) hemisphere, and in serial coronal sections
covering the temporal lobes (bottom row). Colors indicate voxel-wise thresholds at p < .005
(red), p< .0005 (orange), and p < .00005 (yellow). Stereotaxic locations are given in the
upper left corner of each slice.
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Figure 3.
Overlap between activated areas for three fMRI language paradigms and regions typically
resected in left anterior temporal lobe surgery (see Methods). Blue indicates temporal lobe
regions activated with each paradigm (all thresholded at whole-brain corrected p < .05) that
do not fall within the typical resection zone (see (Binder et al., 2008b) for a description of
the Semantic Decision vs. Rest and the Semantic Decision vs. Tone Decision studies). Green
indicates activated regions that overlap with the typical resection zone.
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Figure 4.
Areas of greater activation for the Story condition relative to the Math condition in the
Multicenter cohort, shown in serial sagittal sections through the left (top row) and right
(middle row) hemisphere, and coronal sections through the temporal lobes. Formatting as in
Figure 2.

Binder et al. Page 20

Neuroimage. Author manuscript; available in PMC 2012 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Representative individual subject activation maps (one subject from each center), shown in
serial sagittal sections through the left hemisphere after stereotaxic normalization. Colors
indicate areas of greater activation for the Story condition relative to the Math condition,
thresholded at whole-brain corrected p< .05.
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Figure 6.
ATL areas showing consistent signal loss across participants. Green indicates overlap in at
least 50%, red in 75%, and yellow in 90% of participants.

Binder et al. Page 22

Neuroimage. Author manuscript; available in PMC 2012 January 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Binder et al. Page 23

Table 1

Story characteristics. Numbers represent the mean (sd) value across the 26 stories.

Duration (sec) 29.8 (14.5)

Number of words 88.1 (41.4)

Number of sentences 7.0 (3.0)

Mean sentence length (words) 12.7 (2.7)

Percent content words 47.8 (4.8)

Mean log content word frequency 2.07 (0.20)

Mean noun imageability (1–7) 5.67 (0.34)

Number of actors 2.8 (1.5)

Number of events 9.4 (3.4)
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Table 2

Location of activation peaks in stereotaxic coordinates.

Location X Y Z Z-score

Left Anterior Temporal

L temporal pole −43 13 −19 5.78

L temporal pole −23 12 −35 3.86

L ant. MTG −49 −3 −21 6.51

L ant. MTG −63 −12 −23 3.96

L ant. STS −54 −6 −8 6.48

L ant. STS −58 −14 −3 5.86

L ant. STG −49 7 −12 5.05

L anteromedial STG −18 5 −24 5.30

L anteromedial STG −31 0 −10 5.07

L ant. OTS −38 −12 −24 3.89

L ant. FG −36 −4 −31 5.11

L ant. FG −26 2 −42 3.70

L amygdala −21 −5 −6 5.80

L ant. hippocampus −23 −11 −18 5.73

Right Anterior Temporal

R temporal pole 60 7 −14 4.09

R temporal pole 26 13 −38 3.87

R ant. MTG 49 5 −21 6.56

R ant. MTG 46 22 −22 4.07

R ant. STS 51 −6 −11 5.92

R ant. STG 55 −4 0 5.62

R ant. ITG 49 6 −35 5.63

R ant. ITG 40 8 −40 5.41

R ant. ITG 41 −10 −28 4.45

R ant. ITG 57 −11 −31 3.72

R ant. FG 31 −6 −30 4.88

R uncus 27 5 −22 4.88

R uncus −16 38 50 4.59

R amygdala 24 −5 −13 5.56

Other Temporal

L parahippocampus −30 −31 −15 5.64

L MTG −50 −38 2 5.29

L MTG −68 −34 1 3.81

R Heschl’s gyrus 42 −16 8 5.70

R parahippocampus 27 −28 −13 4.19

R post. ITG 40 −60 −3 4.62

R FG 32 −49 −8 4.50

R OTS 42 −37 −14 4.30
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Location X Y Z Z-score

R MTG 64 −37 4 3.54

Posterior Parietal and Occipital

L AG −45 −62 21 6.34

L AG −59 −60 13 4.87

L MOG −37 −73 1 4.51

L MOG −27 −87 15 3.82

L post. FG −32 −71 −8 5.74

R AG 50 −66 27 6.36

R MOG 39 −79 −1 5.44

R MOG 40 −72 11 5.28

R MOG 32 −85 10 5.26

R MOG 42 −84 11 3.92

R post. FG 25 −69 −10 4.01

Central

L parietal operculum −34 −18 19 5.55

L post. insula −39 −12 8 5.42

L inf. PoCG −43 −13 24 4.46

L central sulcus −48 −16 33 3.55

R parietal operculum 53 −10 17 5.06

R parietal operculum 36 −28 17 4.35

R central sulcus 35 −21 43 3.87

R central sulcus 43 −15 32 3.75

Frontal

L SFG −12 41 38 5.63

L IFG pars orbitalis −44 28 −7 5.41

L IFG pars triangularis −45 23 5 5.12

L rostral cingulate −1 45 −2 3.78

L gyrus rectus −6 17 −12 3.75

R SFG 13 45 24 4.18

R SFG 12 28 55 3.93

R IFG pars orbitalis 48 20 −6 4.43

R IFG pars orbitalis 37 27 −10 3.48

R IFG pars triangularis 56 19 10 4.27

R rostral cingulate 10 43 −5 3.47

Posterior Medial

L post. cingulate −11 −48 36 5.78

L post. cingulate −3 −52 29 5.31

R post. cingulate 10 −52 32 5.23

Abbreviations: AG = angular gyrus, ant. = anterior, FG = fusiform gyrus, IFG = inferior frontal gyrus, ITG = inferior temporal gyrus, MOG =
middle occipital gyrus, MTG = middle temporal gyrus, OTS = occipitotemporal sulcus, PoCG = postcentral gyrus, post. = posterior, SFG =
superior frontal gyrus, STG = superior temporal gyrus, STS = superior temporal sulcus
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Table 3

Individual participant activation in 8 left ATL subregions.

Region Activation volume in μl, mean (sd) Participants with activation

Superior temporal pole 2167 (1234) 97%

Inferior temporal pole 2173 (1264) 97%

Lateral-anterior 2705 (1055) 100%

Lateral-posterior 716 (575) 91%

Ventral-anterior 752 (577) 85%

Ventral-posterior 891 (668) 82%

Medial-anterior 806 (664) 79%

Medial-posterior 435 (397) 68%
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