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Abstract

Longitudinal fMRI studies of language production are of interest for evaluating recovery from post-
stroke aphasia, but numerous methodological issues remain unresolved, particularly regarding
strategies for evaluating single subjects at multiple timepoints. To address these issues, we studied
of overt picture naming in eleven healthy subjects, scanned four times each at one-month intervals.
To evaluate the natural variability present across repeated sessions, repeated scans were directly
contrasted in a unified statistical framework on a per-voxel basis. The effect of stimulus familiarity
was evaluated using explicitly overtrained pictures, novel pictures, and untrained pictures that were
repeated across sessions. For untrained pictures, we found that activation declined across multiple
sessions, equally for both novel and repeated stimuli. Thus, no repetition priming for individual
stimuli at one-month intervals was found, but rather a general effect of task habituation was present.
Using a set of overtrained pictures identical in each session, no decline was found, but activation was
minimized and produced less consistent patterns across participants, as measured by intra-class
correlation coefficients. Subtraction of a baseline task, in which subjects produced a stereotyped
utterance to scrambled pictures, resulted in specific activations in the left inferior frontal gyrus and
other language areas for untrained items, while overlearned stimuli relative to pseudo pictures
activated only the fusiform gyrus and supplementary motor area. These findings indicate that
longitudinal fMRI is an effective means of detecting changes in neural activation magnitude over
time, as long as the effect of task habituation is taken into account.

INTRODUCTION

Neuroimaging studies of aphasia have sought to elucidate the changes in neural organization
that underlie the recovery of function over time following brain damage, typically ischemic
stroke. While early studies compared groups of stable aphasic patients with healthy controls
(Karbe etal., 1998, Rosen et al., 2000, Blasi et al., 2002), recently there has been much interest
in employing repeated measurements on the same individuals at multiple timepoints, in order
to assess the effect of a specific therapy (Leger et al., 2002, Fridriksson et al., 2006, 2007) or

Corresponding author: Jed A. Meltzer, E-mail: jed.meltzer@aya.yale.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Meltzer et al.

Page 2

to explore the natural timecourse of recovery in the first year after stroke (Saur et al., 2006,
Cardebat et al., 2003, Cappa et al., 1997). Although numerous tasks have been shown to be
effective at localizing cortical areas involved in language processing, overt picture naming is
of particular interest as a language production task with practical applicability. Overt picture
naming offers promise for recovery studies because nearly all kinds of aphasic syndromes
include difficulties with naming (Goodglass, 1993), and it provides a clear behavioral measure
of function that can even be assessed on a trial-by-trial basis in the scanner (Meinzer et al.,
2006, Postman-Caucheteux et al., 2007, submitted).

Nonetheless, there are numerous methodological challenges to be overcome in order for
longitudinal studies of picture naming to be effective in elucidating the mechanisms of aphasia
recovery. Many of these are addressed in a recent review by Crosson et al. (2007). Some of
the issues discussed therein deal with difficulties involved in imaging language production in
general, while others relate to the reliability and stability of the signal across multiple sessions,
which is an essential element of any longitudinal neuroimaging study. Consistency across
sessions depends both on behavioral stability in patients and reproducibility of fMRI activation
magnitudes in general (Kurland et al., 2006). In the present study, we focus on the latter issue
of activation reproducibility, examining several factors relevant to the design and analysis of
a longitudinal fMRI study of picture naming, using a cohort of eleven young, healthy subjects.
Subjects were scanned on four occasions, approximately one month apart. The goals of this
study were to identify the strategies that lead to the most consistent and reliable activation
patterns within individuals, and also to establish a baseline of expected activations for overt
picture naming and consistent trends for changes over multiple sessions in neurologically intact
subjects. Only in the context of such a baseline can changes within individual patients with
aphasia be interpreted. Patients with aphasia may exhibit variable performance across repeated
sessions, due to both inherent variability in symptom severity and functional recovery over
time. In contrast, healthy control subjects are expected to exhibit more consistent performance
in picture naming, at ceiling level. Therefore, an evaluation of the amount of signal variability
present in the healthy population over repeated scanning sessions is essential to interpreting
changes in functional activation in aphasic patients as reflecting their behavioral status.

Another leading issue in investigations of aphasia recovery is that of practice. The most
effective treatments of lexical retrieval deficits in people with aphasia are those that
demonstrate expansion of patients’ improvement on items trained in therapy to untrained items
(e.9., Kiran & Thompson, 2003). Since generalization is one of the best indications of the
efficacy of therapy and of real recovery (as opposed to practice), in functional naming tasks
with patients with aphasia, pictures trained in therapy as well as untrained pictures are
commonly incorporated as stimuli (e.g., Vitali et al. (2007), Meinzer et al. (2006)). This raises
the important question of whether it is better to present the same stimuli in each session, in
order to reduce inter-session variability, or to use novel stimuli in each session to produce
optimally reliable activation patterns. Therefore, each imaging session in our study was
divided. In the first portion, subjects named the same pictures in the same order every time,
and were drilled on the same pictures before each session to make them maximally familiar.
In the second portion, untrained pictures were used in each session. Additionally, within the
untrained runs, half of the pictures were truly novel, and the other half were repeated across
sessions (appearing once in each session), although the order was randomized and subjects
were not informed of the repetition. This manipulation allowed us to evaluate the presence of
any long-term priming or habituation effect for stimuli repeated over the course of 4 months,
compared to any changes in activation magnitude that may be present for novel stimuli as well,
the latter representing general processes of habituation to the picture naming task. Furthermore,
we examined the use of a control condition in which subjects viewed scrambled “pseudo”
objects and produced a stereotypical verbal response. This comparison was intended to subtract
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out low-level processes of vocal production and visual stimulation, thus isolating activity
related to picture recognition and lexical access.

Besides evaluating the impact of these design factors on the nature and stability of activation
patterns in overt picture naming, we also present a somewhat novel approach for the analysis
of longitudinal neuroimaging data, featuring a direct statistical comparison of activation
magnitude between multiple sessions. As the most relevant finding in a longitudinal study of
aphasia recovery is changes between the sessions, our analytic method is optimized to detect
evidence of such changes. In some studies, changes between multiple imaging sessions have
been evaluated by visual comparison of statistical maps from each session independently, or
by counting voxels within a given region that exceed a specific arbitrary statistical threshold.
Unfortunately, such a strategy is notoriously unstable. Crosson et al. (2007) note that a voxel
activated in one session is, on average, activated one out of three times in a second session,
while counts of activated voxels within a region of interest (ROI) are somewhat more reliable.
However, previous studies have compared voxel-counting approaches with measurements of
activation magnitude (typically in the form of percent-signal change), and have found that
activation magnitudes are much more consistent across sessions (Cohen and DuBois, 1999,
Chee et al., 2003, Friedman et al., 2007, Kimberley et al., 2008). In this study, we present a
method for producing a single statistical map representing the evidence for a significant change
in activation magnitude across sessions. While a direct statistical comparison between multiple
sessions is optimal, even this method depends on reliable measurement of activation magnitude
within single sessions. Therefore, we compared the reliability of activation values within
individual subjects obtained with the various conditions examined in this experiment, using
the Intraclass Correlation Coefficient (ICC), a popular measure of reproducibility in
neuroimaging studies.

In summary, we report here results of three different analyses related to the design of a
longitudinal experiment of overt picture naming: 1) activation patterns observed for naming
real pictures under overlearned and untrained conditions, and the subtraction of real vs. pseudo
pictures under both conditions, 2) systematic effects of repeated scanning sessions, in the form
of linear increases or decreases in activation magnitude, and 3) reliability of individual subjects’
activation patterns for real naming and real vs. pseudo comparisons, calculated using the
Intraclass Correlation Coefficient.

Eleven subjects (four females, age range 24-39) participated after providing written informed
consent, and were financially compensated. All were right-handed, monolingual native
speakers of North American English, with no history of neurological impairment. Each subject
was scanned during four separate fMRI sessions, at approximately one month intervals, for a
total of 44 individual data sets. Due to a scanner malfunction, data from five of these imaging
sessions (all on the same day) were irretrievably corrupted. The missing data sets were from
the fourth imaging session for two subjects, the third session for two more, and the second
session for another subject. These missing data points impacted the longitudinal analysis
strategies in minor ways, which will be noted below. It is important to note that although some
imaging data points were unavailable, all subjects did complete all four scanning sessions, and
so it is behaviorally valid to consider the final session as session 4 even if session 3 is missing,
for example.
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An overt picture naming task was used throughout the experiment. Subjects were presented
with black and white line drawing pictures and instructed to say the name of each object without
delay. Over the four scanning sessions, subjects named a total of 504 objects (animals, foods,
plants, body parts, clothing, appliances, furniture, musical instruments, and tools), selected
from the International Picture Naming Project (‘IPNP’) database (Szekely et al., 2003, Bates
et al., 2003, http://crl.ucsd.edu/~aszekely/ipnp). Additionally, a set of 320 “pseudo-objects”
was constructed for a control condition. The pseudo-objects were pictures derived from digital
distortions of line drawings of real objects, produced with Adobe Illustrator (Adobe Systems,
San Jose, CA), such that they were not recognizable as real objects but maintained the same
level of visual complexity. Subjects were instructed to utter a single stereotyped verbal response
to each pseudo object, which was an arbitrarily chosen disyllabic CVCV non-word,

“rado” [‘rel-doY] (stress on initial syllable). A fixation cross was displayed on the screen at all
times except when the pictures appeared. Each picture appeared on the screen for 800 ms,
projected against a black background using Presentation software (Neurobehavioral Systems,
Albany, CA).

Each of the four experimental sessions consisted of 12 functional imaging runs. In each run,
18 real objects and 18 pseudo objects were presented. The inter-trial interval was jittered
randomly in 1-second increments between 4 and 8 seconds, to allow for deconvolution of the
BOLD response through multiple regression (Miezin et al., 2000). In order to reduce confusion
between the real object and pseudo object conditions, the two conditions were grouped into
blocks of 9 trials each, and a 20 second fixation period was inserted in between blocks to
separate them and allow the hemodynamic response to return to baseline. The order of blocks
(four per run) was randomized.

Besides the basic distinction between real and pseudo objects, real objects were grouped into
three subcategories in order to investigate effects of stimulus novelty and familiarity in the
context of repeated scans in a longitudinal experiment. 72 pictures were selected as an
“overlearned” stimulus set, henceforth referred to as “OL.” These pictures were printed out on
paper and assembled into a booklet. In a training session prior to the study and again
immediately before each fMRI session, each subject was familiarized with the stimuli by being
asked to name all of the pictures from the booklet aloud. When their responses did not match
the dominant name of the target, they were trained on the dominant name. Thus, they were
trained to utter the same name for a given OL stimulus at each scanning session. In all four
fMRI scanning sessions over four months, the first four runs consisted of the 72 OL real pictures
and 72 pseudo objects, in exactly the same order and timing for each session. In addition,
subjects were familiarized with the task and the pseudo-object stimuli prior to the study, by
practicing with the stimuli of these OL runs outside the scanner on a laptop computer.

After the four OL runs, the remaining eight runs consisted of untrained stimuli (henceforth
“UT?”). The real pictures in the UT set were randomly assigned to two categories, “novel” and
“repeat.” In the first scanning session, all untrained pictures (n=144) were considered to be
novel. In the three subsequent sessions, half of the UT real object pictures were novel, being
presented for the first time. The other half of the real object pictures were repeated from the
first session, such that during the fourth session, the subjects were naming these particular
items (n=72) for the fourth time. Novel and repeated items were randomly interspersed during
the real-object blocks of the UT runs. Each UT run (32 runs over four sessions) contained a
unique arrangement of timings, novel pictures, and pseudo stimuli, and a randomized order of
presentation for the repeated pictures. This arrangement allowed us to assess the potentially
more subtle effect of repeating an individual stimulus that had been seen in a previous
experimental session, as opposed to explicitly overtraining on a set of stimuli. Subjects were
not informed about the repetition of certain stimuli across scans. Real pictures in the three
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categories (OL, UT novel, and UT repeat) were balanced across runs within a scanning session
and across scanning sessions for semantic category, and the following variables based on norms
from the IPNP: number of alternative names; percent name agreement; visual complexity; and
length in syllables, frequency, and age of acquisition of the dominant target name.

FMRI acquisition

Blood oxygen level dependent imaging (BOLD) data were acquired on a 3-Tesla whole-body
scanner (GE Signa; General Electric Medical Systems, Milwaukee, WI) using a standard
quadrature head coil and a gradient-echo EPI sequence. The scan parameters were as follows:
TR = 2000 ms, TE = 30 ms, flip-angle = 90°, 64x64 matrix, field of view 240 mm, 23 parallel
axial slices covering the whole brain, 6 mm thickness. A high-resolution anatomical image
(T1-weighted, axial MPRAGE, 0.86x0.86%1.2mm resolution) was also acquired. A total of
twelve fMRI runs were conducted in each session, and the length of each run was 135 volumes
(4min, 30sec), plus four initial volumes that were discarded to achieve steady-state
magnetization. Foam padding was used to reduce subject movement. Subjects were instructed
to name each picture with a minimal response (i.e. one word, except for occasional familiar
compounds such as “vacuum cleaner.”) Subjects were coached on producing unique responses
with minimal head motion, while avoiding extraneous vocalizations.

FMRI processing

BOLD images were preprocessed in AFNI software (Cox, 1996), with standard steps, including
brain extraction, motion correction, spatial smoothing (8mm FWHM), and voxelwise
timecourse normalization to percent of mean signal level, thus scaling subsequent regression
parameter estimates into percent signal change measures. Due to the increased risk of head
motion involved in overt speech production, an automated procedure coded in Python was used
to identify timepoints at which the EPI signal values were most likely to be affected by motion
occurring within the time of volume acquisition, which cannot be corrected by the standard
volumetric registration approach to motion correction. This procedure tagged all time points
at which the first derivative of any of the six estimated motion parameters (3 translations and
3 rotations) went beyond two standard deviations of its values throughout each run. These
timepoints, comprising 3% of the total, were excluded from subsequent regression analyses.

Hemodynamic response magnitudes for each condition (real and pseudo within the OL runs,
and novel, repeat, and pseudo within the UT runs) were estimated by convolving the stimulus
timings with a canonical gamma density function with default parameters and computing the
regression coefficients with this function. In a subset of subjects, we also performed a full
deconvolution of the hemodynamic response using a more flexible Finite Infinite Response
modeling strategy (Miezin et al., 2000), in order to confirm that the canonical model was an
adequate fit for the responses in this task. Visual inspection showed an excellent match for the
canonical function, and so we elected to use it for subsequent analyses. The use of a single
response function simplifies the computations for analyses across subjects and sessions;
however, it may not be possible in the case of certain stroke patients, who may have altered
hemodynamic responses, or highly delayed verbal reaction times (Bonakdarpour et al.,
2007).

Statistical results (regression coefficients and t-values) from single-session analyses were
spatially transformed into Talairach space using a single warp encompassing two computed
transformations: a 6-parameter rigid transformation from the EPI base image (to which all other
images were registered during motion correction) to the high-resolution T1, and then a fully
non-linear grid-based deformation (Papademetris et al., 2004) to the standard AFNI reference
brain, which is the “colin27” brain transformed to match the space of the Talairach atlas.
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Coregistration and warping were done using the program Biolmage Suite
(http://bioimagesuite.org/).

For activation maps (main effects and across-session trends), the main statistical test took the
form of a voxel-wise one-sample t-test applied to the regression contrast values obtained from
each subject. To correct for multiple comparisons over all intracranial voxels, we used a voxel-
wise threshold of p <.001 (2-tailed) in combination with a cluster size criterion (Forman et al.,
1995) determined by Monte Carlo simulations using the AFNI program Alphasim. The chosen
voxel-wise threshold, combined with the whole-brain search volume and smoothness of the
data resulted in a cluster-size criterion of 62 voxels (496 uL), for a corrected family-wise error
rate of p <.05.

Multi-session analysis

In most multi-subject fMRI studies, each subject is scanned once, and the activation magnitudes
from each subject are submitted to a second-level statistical analysis. The present study is
complicated by the presence of both multiple sessions and subjects. As usual, subjects are a
random effect, sampled from a larger population. In contrast, sessions are a fixed effect, in that
we are explicitly interested in the changes from session to session that may be present in the
cohort. Therefore, we adapted a procedure for estimating both session effects and the main
effects of conditions within each subject individually, and furthermore submitting these effects
to second-level analysis across subjects. To do this, we combined the multiple imaging sessions
for each subject into one regression analysis. This required spatial transformation of the
preprocessed EPI time series into a common space across sessions. We computed a rigid
transformation between each session’s EPI base image and its T1-weighted high-resolution
anatomical image, and concatenated this transform with a rigid transformation between the T1
image for that session and that for the first session. Each EPI volume was then transformed
into the space of the first-session anatomical image and interpolated to a 3mm isotropic
resolution. To ensure that each voxel was adequately sampled in every session, we computed
a binary mask for every in-brain EPI voxel, submitted the mask to the same spatial
transformation, and limited the analysis only to voxels that were included in all four sessions.

In the regression analysis, trials occurring in each session were modeled as separate conditions.
Thus, a multi-session regression for the OL runs yielded parameter estimates for real pictures
in session 1, pseudo pictures in session 1, real pictures in session 2, etc. Thus, the total variance
for within-subject statistical analyses was pooled across sessions. With this approach, changes
in the amount of noise between sessions do not produce misleading changes in activation, as
it is the activation magnitude that is compared, rather than a t-value. To compute main effects
of conditions (real vs. baseline, pseudo vs. baseline, and real vs. pseudo), linear contrasts were
used, resulting in an averaged magnitude over the four sessions, along with a single t-value
reflecting the statistical likelihood of an activation, pooled over all sessions. The magnitude
values were then spatially transformed to Talairach space and submitted to one-sample t-tests
across subjects.

For analysis of changes across sessions, linear contrasts were used to compare, for example,
real pictures in session 1 vs. real pictures in session 2. Additionally, a single linear contrast
was used to test for a trend of increasing or decreasing activation across the four sessions. This
contrast was achieved by multiplying the activation values from sessions 1 through 4 by the
vector [-3 —1 1 3]. In the cases in which subjects completed four scanning sessions but one
session’s data was excluded, the appropriate weights were still used, i.e., in the case of a missing
third session, we used the weights [-3 —1 3], rather than [-1 0 1], as would be used if there
were only three sessions performed.
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Intra-class correlation analysis

Intra-class correlation (ICC) is a measure that originated in the field of psychometrics as a
means of computing agreement between multiple raters (Fleiss, 1986), but has come to be
widely used to evaluate the inter-session reproducibility of fMRI scans. In order to compute
ICC, one first conducts an ANOVA with subject and session as random factors. From the
ANOVA mean-squares values, the measure, which ranges from 0 to 1 is computed as follows:

ICC=[BMS - EMS]/[BMS+(k — 1) EMS]

where BMS is between-subject mean square, EMS is the error mean square, and k is the number
of sessions (Fleiss, 1986). Note that systematic differences between subjects will tend to
increase the ICC value, while differences between sessions, whether systematic or random,
can be expected to decrease it. Therefore, the regions with the highest ICC may be those that
are consistently activated in some subjects but not in others.

While the ICC in the form described above has been used as a measure of reliability in several
multi-session fMRI studies, previous studies have varied greatly in the exact nature of the data
that is entered into the equations. The kinds of measures that have been entered into ICC
analyses include binary classifications of voxels as activated or not (Aron et al., 2006, Eaton
etal., 2006), t-values over a certain threshold (Specht et al., 2003, Fernandez et al., 2003), sums
of z-scores in suprathreshold voxels within an ROl (Wei et al., 2004), and signal change in
super-threshold voxels within a region centered on an activation peak (Kong et al., 2007).
Given this heterogeneity of methods, it is difficult to compare studies that purport to use the
same ICC measure. Fortunately, some systematic comparisons have been performed with the
ICC, and have unanimously indicated that measures of signal change magnitude are more
reproducible than statistical values or crossing of an arbitrary threshold (Friedman et al, 2007,
Kimberley et al., 2008), which agrees with previous studies that have examined reliability with
measures other than the ICC (Chee et al., 2003, Cohen and DuBois, 1999). Therefore, in the
present study, we elected to compute the ICC on the estimated signal change values from each
subject and session, on a voxel-by-voxel basis. We compared the reliability of several different
activation contrasts (see results).

RESULTS

Main effects of picture naming

Main effects reflect average activations across all four imaging sessions. Activation maps for
naming real pictures under overlearned and untrained conditions are presented in figure 1A-
B. These maps display regions in which a hemodynamic response to picture presentation is
detected, relative to a fixation baseline. The activation patterns are quite similar, and cover
extensive regions of the brain, including bilateral activations in motor and premotor cortex,
supplementary motor area, visual cortex, auditory cortex, inferior parietal lobe, middle
temporal gyrus, inferior frontal gyrus and insula, putamen and extensive portions of the
thalamus. The widespread activation pattern is unsurprising, in that overt naming of pictures
engages several neural systems, including areas specialized for visual, motor, auditory,
attention, and linguistic processes. The subtraction of a control condition is required to
highlight regions specifically involved in processes of linguistic interest, which include picture
recognition, lexical access, response selection, phonological planning, and articulation.
Therefore, we examined the main effect of naming real pictures vs. producing a stereotyped
vocal response to pseudo pictures. The resulting activations for overlearned and untrained
conditions are presented in figure 1C-D and table 1A-B. In the overlearned condition,
significantly greater activation for real vs. pseudo picture naming was detected in only two
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regions, the left fusiform gyrus (LFusG) and a small cluster encompassing the dorsal anterior
cingulate cortex (ACC) and supplementary motor area (SMA). In the untrained condition,
however, activations are observed in the same two regions, but also in several additional
regions, including a large portion of the left inferior frontal gyrus (LIFG), left middle temporal
gyrus, bilateral inferior precentral gyrus, pre-SMA, and in subcortical regions including the
putamen and thalamus.

Session effects

Within each individual subject, a linear contrast was computed reflecting the presence of a
linear trend for increasing or decreasing activation over the four sessions. These contrasts were
then submitted to voxel-wise random effects analysis. The resulting maps show regions in
which activation tends to change over repeated testing in a consistent manner across subjects,
but do not necessarily reflect the reliability of single-session measurements within individual
subjects (for that, see the ICC analyses below). The use of a single linear trend contrast
eliminates the problem of multiple comparisons involved in testing each pair of sessions against
each other, and is sufficiently sensitive to reveal an overall pattern of increase or decrease even
if the pattern is not perfectly linear. Trend analyses were done for real and pseudo picture
naming in the overlearned category, while in the untrained category, separate trend contrasts
were computed for novel real items and repeated real items, as half of the pictures repeated in
all four sessions, while the other half were novel each time. All significant changes were
negative. That is, activation magnitudes tended to decrease over subsequent sessions, but never
increased. In the overlearned condition, activation for real object naming decreased in only
one region, within the left precentral gyrus, while activation to pseudo objects decreased in a
few small clusters within the right hemisphere only (table 2A-B). Across the untrained
sessions, no significant changes were detected for pseudo object naming. The modest
attenuation for pseudo objects occurring only in the overlearned runs may be attributable to
the repetition of the same pseudo objects in the same order in each session, whereas the pseudo
objects in the untrained runs were different. For real untrained objects, however, extensive
decreases in activation magnitude occurred, for both novel and repeated items (figure 2A-B,
table 2C-D). The resulting maps of linear decrease for novel and repeated items are similar,
showing decreasing activation across sessions in bilateral motor cortex, bilateral inferior
parietal cortex, supplementary motor area, and left premotor cortex. Signal decrease is also
seen in the left inferior frontal gyrus and insula, but only in the repeated condition.

Using a paired t-test, we also tested for differences in the slope of activation changes across
sessions, to answer the question of whether activation for repeated items declines more than
activation for novel items, reflecting some sort of long-term priming effect over months.
Despite the disparity in LIFG between the two maps, no significant clusters were found when
testing over the whole brain for differences between trend slopes, indicating that the rates of
decline for novel and repeated stimuli are statistically indistinguishable at the sensitivity level
of whole-brain analysis, correcting for multiple comparisons on the cluster level. Similarly,
we also tested for a difference between novel and repeated items within each session separately,
but no significant differences were detected in any session at our specified threshold.

To illustrate these effects, we display in bar graph form the activation changes across multiple
sessions in two regions, LIFG and LFusG. To produce these graphs, activation magnitudes
were averaged across voxels in an 8mm spherical ROI centered at peak activation points for
the main effect contrast Untrained Real vs. Untrained Pseudo. For the overlearned runs, signal
in the LIFG is not consistently different for real and pseudo pictures (figure 2C). While some
differences are present in certain sessions, the directionality of the differences is not consistent.
In contrast, during untrained runs, real pictures consistently induce a much higher response
than pseudo pictures, which do not induce much response at all (figure 2D). Furthermore, the
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magnitude of the response to real untrained pictures tends to decrease across the sessions,
although the decline is similar for both novel and repeated items. In the fourth session alone,
there seems to be a modest difference between novel and repeated items in this region,
consistent with the significant linear decrease in LIFG seen in figure 2B. The direct comparison
between novel and repeated responses in this ROI for the fourth session is not quite statistically
significant [t(8) = 1.92, p=.09, 2-tailed], and the magnitude of this difference is obviously not
nearly enough to meet thresholding criteria for whole-brain analysis. It can be seen from the
bar graph that although the response to novel items seems to level off by the fourth session,
there is still an overall trend of decreasing activation over the four sessions.

In LFusG, responses to real pictures were consistently greater than pseudo pictures, in both
overlearned (figure 2E) and untrained runs (figure 2F). In this region, as in LIFG, there is no
consistent effect of repeating individual untrained pictures, as changes in activation magnitude
across sessions are approximately equal for novel and repeated pictures. This particular ROI,
defined on the basis of the main effect for real vs. pseudo in untrained naming, was not part of
a significant cluster for a decreasing linear activation trend across sessions. Nonetheless,
inspection of the signal changes across sessions in this region, as in many others, shows that
the signal change does tend to decrease across sessions, although the third session was a slight
exception to the general trend. This pattern, along with the lack of a distinction between the
novel and repeated items, indicates that general familiarity with the task and the fMRI
environment may be a major factor in across-session changes.

Reproducibility: Intra-class correlation coefficients

In order to assess the reproducibility of activation patterns from individual subjects across
multiple sessions, we applied the widely used ICC metric to percent signal change values, on
a voxel-by-voxel basis. Due to the missing data points in this experiment (see Methods), this
analysis was limited to eight subjects, for whom the first three imaging sessions were available.
The purpose of this comparison was to see which contrast gave the most reproducible activation
patterns within individual subjects, and also to see if activation was more reproducible in any
particular brain region. We compared four different contrasts: naming of real overlearned
pictures, naming of real untrained pictures, and the subtractions of real vs. pseudo naming
under overlearned and untrained conditions. To evaluate the reproducibility of these contrasts
throughout the brain in an unbiased fashion, we computed the ICC at each voxel, rather than
selecting regions of interest. The resulting ICC maps were thresholded at an ICC value of 0.7,
which is commonly considered to be a high level of reliability (Fleiss, 1986).

The thresholded maps are displayed in figure 3. Figure 3A displays the ICC map for naming
overlearned real pictures. Relatively few voxels achieve the ICC level of 0.7 for this contrast.
Next, the ICC map for naming untrained real pictures is displayed in figure 3B. The reliability
of activation magnitudes for untrained pictures is much better than that for the overlearned
pictures (figure 3A). This may seem surprising, as from the analyses of trends reported above,
we know that activation for untrained pictures declines systematically across multiple sessions.
This effect serves to increase the inter-session variance. Since the ICC is effectively a ratio of
between-subject variance to between-session variance, the systematic activation decline is
expected to decrease the observed ICC. Therefore, one might expect the ICC map for untrained
pictures to indicate less reliability in the untrained condition. However, this is not the case. For
untrained pictures, most voxels throughout the network of activated regions achieve the
specified level of ICC, despite the known activation decline across sessions. High ICC values
are seen across visual, auditory, and motor cortices, and also in bilateral IFG, middle temporal,
and inferior parietal cortex. This indicates that untrained pictures in fact give a more consistent
activation pattern within individual subjects, even though the magnitude of activation may
decline with multiple testing sessions.
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We also evaluated the reliability of the real vs. pseudo subtraction under overlearned and
untrained conditions. In the overlearned condition, not a single voxel achieved the level of 0.7
(data not shown). In the untrained condition, the real vs. pseudo subtraction reached that level
of ICC in relatively few voxels (figure 3C), but the one large region where high ICC was seen
was an interesting one —the right IFG. Since ICC is increased by consistent differences between
subjects, this indicates that a subset of the subjects tended to consistently activate RIFG more
to real than to pseudo objects. In the random effects analysis across subjects, (figure 1D), this
contrast activated the LIFG, indicating that all subjects tended to activate this region. The high
ICC values seen in the right hemisphere homolog indicate that some subjects tend to activate
this region as well in a consistent fashion, but they are only a subset of the group. This finding
thus represents a confirmation of the well-known fact that healthy right-handed subjects vary
in the degree to which their language functions are left-lateralized, with some having a
reproducibly bilateral or even right-lateralized distribution (Chee et al., 1998, Knecht et al.,
2001, 2003, Eaton et al., 2008). Nonetheless, a comparison of figures 3B and 3C indicates that
the activation magnitude of naming real pictures alone (against a fixation baseline) is more
reproducible than the subtraction of real naming vs. pseudo picture naming.

DISCUSSION

Background: Longitudinal neuroimaging of picture naming in aphasia

The purpose of this study was to evaluate the effectiveness of several methodological
alternatives for a longitudinal study of picture naming in aphasia. Before discussing our
findings and recommendations, we will briefly review the motivation for this study and current
progress in the field. Picture naming is a useful task for assessing language function, and has
been frequently studied in aphasic patients in order to assess the degree to which recovery of
language functions can be attributed to the neuroplastic recruitment of brain regions that are
not normally involved (Martin et al., 2005, Fridriksson et al., 2006, Leger et al., 2002). Most
imaging studies of aphasia have conducted a single imaging session in each patient, choosing
patients who are well past their stroke date, in order to ensure that the patient has reached a
stable state. While confining studies to stable chronic patients reduces the confound of temporal
variability within individuals, there may also be much to be gained from studying single
subjects at multiple timepoints, particularly while they are showing improvement in the
intervening time. While some studies have used longitudinal imaging sessions to evaluate the
effect of a specific therapy on stable patients (Crosson et al., 2005, Leger et al., 2002), another
very promising approach is to study patients in a fairly acute stage, in order to characterize the
natural process of recovery that tends to be most pronounced in the first year post-stroke. One
such study has been conducted (Saur et al., 2006), using a language comprehension paradigm
with a plausibility judgment task. In that study, increased right hemisphere activation was seen
in the subacute stage relative to acute and chronic stages, suggesting that RH activation may
be a transient stage in recovery.

In order to evaluate the timecourse of language network reorganization, there is currently much
interest in using overt picture naming as a production task. As methods for recording patient
vocal responses during simultaneous EPI scanning are now widely available, it is possible to
compare correct and incorrect responses within an individual, thus helping to distinguish
between functional reorganization and “ineffective” or “maladaptive” activity. Thus far, a
small number of studies have applied variations of this method. Postman-Caucheteux et al.
(submitted) reported increased right (contralesional) inferior frontal activation for erroneous
responses to novel pictures in three mildly impaired patients with conduction or anomic
aphasia. In the recovery studies by Meinzer et al. (2006) and Vitali et al. (2007), more severely
impaired stroke patients were scanned before and after treatment for anomia. The patient with
Wernicke’s aphasia in the former investigation and a patient with phonological anomia in the
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latter, both showed RIFG activation associated with naming trained items, that increased with
accuracy in tandem with left (perilesional) or left frontal activation. Given the temporal
variability reported by Saur et al. (2006), the next logical step seems to be to evaluate patterns
of activation related to performance at multiple timepoints, especially in patients who show
spontaneous improvement in the first year poststroke. A longitudinal study of overt naming in
recovering aphasics may be able to reveal the emergence of new language networks in the post-
stroke brain, as changes in activation magnitude over multiple sessions (ideally more than two)
may proceed in parallel with, and be correlated with, improvements in naming performance.

To prepare for such a study, it is necessary to evaluate the baseline pattern of activation and
degree of variability to be seen in healthy controls undergoing repeated scans in a picture
naming paradigm over several months. We have done so in the present study, while comparing
different strategies for conducting repeated measurements of picture naming within
individuals. We will now review the findings of this study, emphasizing the specific
recommendations for a longitudinal study generated from the present data.

Use of a control condition, overlearned, and untrained materials

We compared the use of a simple contrast of naming real pictures, relative to an implicit fixation
baseline, versus the subtraction of a control condition, i.e., naming real pictures minus
“naming” pseudo pictures (via a stereotypical nonword response). We found that naming real
pictures activated a large amount of tissue, including visual, auditory, and motor systems, a
pattern which is not surprising given that visual stimulation, vocal response, and auditory
stimulation (from the sound of one’s own voice) are essential components of the trial structure.
The subtraction of a control condition was effective at producing activation maps specific to
regions putatively involved in the higher cognitive aspects of picture naming, although the
extent of the observed activation depended on whether the stimuli were overlearned or
untrained. Using overlearned stimuli, we detected significantly greater activation for real
picture naming relative to pseudo naming in only two regions: SMA/ACC and the left fusiform
gyrus (LFusG). This finding implies that these two regions are critically involved in picture
naming even when it is highly practiced and automatized.

Under untrained conditions, we observed extensive activation for real vs. pseudo picture
naming in Left Inferior Frontal Gyrus (LIFG), a region commonly associated with speech
production and also implicated in naming deficits (Hillis et al., 2006, Deleon et al., 2007). Our
findings suggest a dissociation between LIFG and LFusG, in that LFusG is consistently
activated (relative to the pseudo naming baseline) even when naming objects that are highly
practiced, while LIFG is only engaged in the more effortful condition of naming untrained
objects. It has been suggested that LIFG activations in picture naming may reflect selection
from multiple alternatives, rather than processes of recognition and lexical access per se (Kan
and Thompson-Schill, 2004). Our results are consistent with that interpretation, as there is very
little selection involved when the pictures are overlearned and the subject has already decided
what to call them. Nonetheless, the untrained condition is arguably more applicable to everyday
language use, and thus it can be inferred from our results that LIFG does play an important
role in word finding under normal conditions.

These findings suggest that LIFG is involved in lexical search and effortful word retrieval, but
is not particularly engaged under conditions of low effort, when word retrieval is highly
automatized. They are in good agreement with previous studies of language production, such
as the PET study of Bookheimer et al., (2000), which demonstrated that Broca’s area was
activated when reciting a memorized prose passage, but not by more automatic speech tasks
such as repeating a phoneme sequence or the months of the year. Similarly, some studies of
overt picture naming have shown no activation of LIFG. Etard et al. (2000), using PET, showed
activation in LIFG for verb generation but not for naming the same pictures, while Rau et al.
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(2007) conducted a longitudinal fMRI experiment of picture naming using three sessions with
the same stimuli each time. Using a voxel-counting approach, Rau et al. showed very poor

reproducibility for overt naming, but better reproducibility with a more complex task involving
both naming and word generation. The authors note that priming effects may have reduced the
activation in LIFG, which is confirmed by our finding that naming untrained pictures produces
LIFG activations that are both larger and more reproducible than naming overlearned pictures.

In contrast to LIFG, the left fusiform gyrus was consistently activated in naming real pictures
relative to pseudo pictures, regardless of how overlearned or automatized they were. This
finding suggests that the left fusiform gyrus may be the single region most essential for picture
naming performance. Although anomia is a common symptom in all forms of aphasia arising
from various lesions (Goodglass and Wingfield, 1997), a particularly central role for the left
fusiform gyrus is consistent with studies of hypoperfusion in acute stroke patients, which have
demonstrated that reperfusion of this region is the single best predictor for improved naming
performance (Hillis et al., 2006, Deleon et al., 2007). Models of naming commonly distinguish
between initial stages of picture recognition and lexical access, associated with posterior
regions of the temporal lobe, and a subsequent stage of phonological encoding, which is thought
to involve frontal regions such as LIFG (Gordon, 1997, Levelt et al., 1999). The proposed serial
order of these stages is in good accord with MEG findings that have detected responses in
inferior temporal regions as preceding those in frontal regions (Salmelin et al., 1994, Levelt et
al., 1998). Our findings suggest that while both LIFG and inferior temporal cortex are
differentially involved in naming pictures relative to a pseudo picture baseline condition, the
LIFG may play a role in lexical selection, but be less fundamental to the naming process once
a target word has been selected, given that it can be strongly attenuated by overtraining on the
stimuli. Analysis of aphasic naming errors has suggested that errors can arise at multiple stages
of the naming process (Foygel and Dell, 2000, Schwartz et al., 2006), although thus far attempts
to localize each stage to specific brain regions on the basis of lesions have had limited success.
Nonetheless, fMRI studies of overt picture naming in aphasic populations may contribute
greatly to dissociate between these stages by revealing brain activity differentially involved in
the production of specific forms of errors, such as semantic and phonological paraphasias,
perseverations, and neologisms.

To summarize our recommendations based on the main effects of this study (independent of
multiple sessions), the use of untrained stimuli in a naming task would appear to give a more
comprehensive picture of an individual’s language network than the use of trained
(“overlearned™) stimuli. Furthermore, the subtraction of pseudo-object naming from real object
naming is an effective means of isolating regions critically involved in word finding, as opposed
to visual and motor processes.

Activation changes across sessions

We found that the activation magnitude for naming real, untrained pictures tends to decrease
with each successive scanning session. Interestingly, the rate of decline in most regions,
including SMA, LFusG, and LIFG, tended to be similar for both novel items and items that
were repeated from scan to scan. In other words, we did not observe any significant long-term
priming effect in hemodynamic activation magnitude as pictures were repeated at one-month
intervals, in contrast to studies that have observed activation decrements for specific stimuli
repeated at shorter intervals such as three days (Van Turennout et al., 2003). That activation
tends to decline with repeated performance of the same task is not particularly surprising, as
similar findings have been reported with, for example, working memory tasks (Milham et al.,
2003, Jansma et al., 2001). The apparent lack of a difference in the practice effect between
novel and repeated items indicates that the activation decline is most likely due to greater
familiarity with the task of object naming, rather than priming on specific items. That is not to
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say, however, that individual item identity is a negligible factor. In the overlearned runs, there
were no systematic trends for activation to naming real pictures over the four sessions. At first
glance, this may seem to be a desirable aspect of using overlearned stimuli. However, our
results indicate that the use of overlearned stimuli stabilizes the activation magnitude across
sessions in most regions by minimizing it. The use of overlearned material produces a much
more restricted activation pattern. Essentially, the activation for overlearned stimuli is already
reduced as much as it can be, and so further repetitions do not make a difference. For this
reason, overlearned stimuli are a less effective means to probe an individual’s functional
anatomy for word-finding. Therefore, we would recommend the use of novel materials in each
imaging session in order to maximize the sensitivity of the fMRI technique.

Unfortunately, using all novel stimuli over several imaging sessions may result in a prohibitive
number of stimuli being necessary, depending on how many sessions are desired. In this case,
our findings indicate that the re-use of certain pictures does not drastically affect activation, as
long as they are randomly interspersed with novel stimuli. In this way, a limited set of pictures
can be stretched to cover more sessions. Furthermore, the repetition of some pictures allows
for a very powerful comparison in patients who exhibit appreciable improvement in their
anomia between sessions — one may compare the hemodynamic responses to the same pictures
that elicitincorrect responses in earlier sessions but correct in later sessions (see e.g. Fridriksson
et al., 2006).

The presence of a systematic decline in activation across sessions constrains the interpretation
of sequential decreases that might be observed in longitudinal experiments with aphasic
patients. A linear trend for decreasing activation may simply represent a task practice effect,
as opposed to decreasing reliance on a particular brain region associated with network
reorganization, given that such a decline is easily detected in healthy young control subjects
upon repeated testing. On the other hand, we did not observe any systematic increases in
activation in any area. Therefore, activation increases occurring over a timecourse of aphasia
recovery are quite likely to reflect genuine reorganization and neural recruitment, rather than
being artifacts of repeated task performance. Nonetheless, the behavioral variability in the
performance of aphasic patients may help in interpreting any observed change, be it positive
or negative. In this report, we have focused on systematic linear trends across sessions that are
consistent across subjects. The predominant effect in this case appears to be a decline in
activation associated with general task variability. In patients, one might expect the pattern of
change to be more nonlinear, with the greatest changes in activation magnitude corresponding
to the periods of maximum behavioral improvement, with comparatively small changes in
activation magnitude expected when performance remains stable.

Reliability of individual activation patterns

Using the ICC as a metric of reliability, we evaluated four different contrasts, to determine
which one gave the most reliable map of an individual’s language network in picture naming.
We found that the most reliable activation map was that of naming untrained real pictures,
defined relative to an implicit fixation baseline. The reliability of naming overlearned pictures
was much poorer, despite the fact that the systematic decline across sessions (which reduces
reliability by increasing between-session variance) occurs only in the untrained runs. This
reinforces our earlier statement that the use of overlearned stimuli stabilizes the activation
magnitude by minimizing it, producing values that are closer to the noise level of measurement
and hence less reliable. Therefore, we recommend that the activation magnitude for naming
real pictures be used as the primary measure of interest for evaluating changes across sessions.
Since this measure is relatively reliable, any observed changes are more likely to be attributable
to genuine processes of neuronal plasticity.
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Despite the fact that the subtraction of the pseudo condition gives a more specific picture of
brain regions involved in lexical access as opposed to visual and motor processes, we do not
recommend the use of this subtraction value as the measure of interest for studying between-
session changes. The ICC values for the subtraction were lower than those for the activation
magnitude of real naming alone. This is unsurprising, given that the variance in the subtraction
is impacted by variance in both the real naming task and the pseudo naming task, and thus
should be higher than the variance of either measure alone. Thus, if the goal is to create a map
of an individual’s language network in any given session, then the subtraction is the most
appropriate measure. If, on the other hand, the goal is to create a map of regions that have
significantly changed between sessions, then a direct contrast of real activation alone between
sessions is more appropriate. Ideally, the regions highlighted in these analyses should overlap,
if the observed plasticity is indeed related to improved picture naming abilities.

We have shown that longitudinal neuroimaging of overt picture naming has the power to reveal
consistent patterns of activation in individual subjects as well as changes across sessions, using
a statistically valid method of inter-session comparison. We have evaluated several approaches
for the design and analysis of a longitudinal study using a control condition of pseudo object
naming, thus generating an empirical basis for optimal design of aphasia recovery studies.
Additionally, this study provides a baseline characterization of regions involved in overt picture
naming under both overlearned and untrained conditions, thus dissociating regions that are
necessarily involved in lexical access (even when well practiced) from those in which
activation seems to be largely a function of cognitive effort required for naming. On the basis
of these findings, we recommend against the exclusive use of overlearned materials, in favor
of novel pictures, which produce a robust and reliable activation pattern in regions critical for
lexical access. We also recommend the use of a control condition such as overt responses to
pseudo-pictures, as this serves to better distinguish linguistic activation from low-level sensory
and motor processes. Most importantly, for the evaluation of changes across sessions within
individuals, we recommend that the activation magnitude from a control condition not be used,
but rather that the activation magnitudes from the novel picture naming condition alone,
acquired in multiple sessions, be directly contrasted with each other statistically.
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A. Overlearned Real B. Untrained Real

Figure 1. Main effects over all sessions

A: Regions showing a significant response to onset of real pictures during overlearned runs.
B: Regions showing a significant response to onset of real pictures during untrained runs. C:
Regions showing a significantly greater response to real pictures relative to pseudo pictures
during overlearned runs (see Table 1A). D: Regions showing a significantly greater response
to real pictures relative to pseudo pictures during untrained runs (see Table 1B). All montages
shown depict 10 axial slices, ranging from z = —20 to z = +61, in increments of 9mm (except
for figure 1C, which ranges from —25 to +56). Colors are scaled from red to yellow reflecting
the relative magnitude of activation (or dark blue to light blue for negative activations). See
Methods for thresholding information.
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B: Linear trend: UT repeat
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Figure 2. Trends of activation changes across sessions

D: LIFG, UT runs
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A: Regions showing a significant negative trend in activation magnitude for novel items in
untrained (UT) runs across the four sessions (see Methods). No positive trends were seen. Slice
locations are identical to figure 1. B: Regions showing a significant decline in activation
magnitude for the repeated set of pictures in untrained runs across the four sessions. The sets
of regions showing a decline for novel and repeated items are similar but not identical; however,
no voxels exhibited a significant difference in the rate of decline for novel vs. repeated pictures.
(Note that in the first session, all pictures are effectively novel). C: Activation magnitude for
overlearned (OL) real and pseudo pictures across the four sessions, in Left Inferior Frontal
Gyrus. Values are percent signal change from a spherical ROI of radius 8mm, averaged over
voxels and subjects, centered at Talairach coordinates —37, +13, 0. D: Activation for the LIFG
ROI in untrained runs across four sessions, for novel real pictures, repeated real pictures, and
pseudo pictures. Note that all pictures are actually novel in the first session — the repeated set
are repeated during the subsequent sessions. E: Activation in the left fusiform gyrus (LFusG)
for overlearned runs. ROI coordinates —45, —55, —18. F: Activation in the left fusiform gyrus

for untrained runs.
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A. ICC, Overlearned Real

Figure 3. Reliability across sessions

All maps depict the Intraclass Correlation Coefficient (ICC) at each voxel (see Methods),
binary thresholded at a value of 0.7, indicating high reliability of an individual subject’s
activation magnitude across multiple scanning sessions. Slice locations are identical to figure
1. A: ICC for responses to overlearned real pictures. B: ICC for untrained real pictures. C: ICC
for the subtraction of untrained real vs. pseudo pictures.
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