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Abstract

Reproducibility of three different aspects of fMRI activations—namely binary activation maps,
effect size and spatial distribution of local maxima—was evaluated for an auditory sentence
comprehension task with high attention demand on a group of 17 subjects that were scanned on
five different occasions. While in the scanner subjects were asked to listen to series of six short
everyday sentences from the CUNY sentence test. Comprehension and attention to the stimuli was
monitored after each listen condition epoch by having subjects answer a series of multiple choice
questions. Statistical maps of activation for the listen condition were computed at three different
levels: overall results for all imaging sessions, group-level/single-session results for each of the
five imaging occasions, and single-subject/single-session results computed for each subject and
each scanning occasion independently. The experimental task recruited a distributed bilateral
network with processing nodes located in lateral temporal cortex, inferior frontal cortex, medial
BAG6, medial occipital cortex and subcortical structures such as the putamen and the thalamus.
Reproducibility of these activations at the group level was high (83.95% of the imaged volume
was consistently classified as active/inactive across all five imaging sessions), indicating that sites
of neuronal activity associated with auditory comprehension can reliably be detected with fMRI in
healthy subjects, across repeated measures after group averaging. At the single-subject level
reproducibility ranged from moderate to high, although no significant differences were found on
behavioral measures across subjects or sessions. This result suggests that contextual differences—
i.e., those specific to each imaging session, can modulate our ability to detect fMRI activations
associated with speech comprehension in individual subjects.
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INTRODUCTION

Neuroscientists routinely use functional Magnetic Resonance Imaging (fMRI) to study the
functional organization of the human brain in vivo. However, little is known about the
reproducibility of fMRI measures across repeated scanning sessions, even under invariant
experimental conditions. Understanding the level of reproducibility that can be expected
from a given fMRI experimental design is necessary to avoid making incorrect scientific
inferences, as results may be contaminated by high levels of inter-session variability, and
thus may not directly reflect the neuronal behavior of interest. Although a number of studies
have previously addressed the reliability of fMRI experimentation, they have primarily
focused on simple somatosensory tasks (McGonigle et al., 2000; Rombouts et al., 1998;
Specht et al., 2003), used only two or three sessions (Chee et al., 2002; Havel et al., 2006;
Miki et al., 2000; Rau et al., 2007; Vlieger et al., 2003), evaluated only single aspects of the
fMRI analysis and interpretation process (e.g., activation overlap, size of activation), and/or
focused on differences across scanning sites (Friedman et al., 2008).

The issue of inter-session reproducibility requires special attention in the particular case of
longitudinal fMRI studies. These studies, which are common in the fMRI literature, seek to
evaluate changes in cortical patterns of neuronal activity that accompany an experimentally
controlled manipulation (i.e., training or treatment), and are commonly designed to follow a
particular structure. First, a reduced number of subjects not previously exposed to the
manipulation of interest are randomly selected. Second, all participants undergo a first fMRI
scanning session (pre-manipulation) from which a set of baseline activation statistics are
computed for the group—e.g., significant activation maps, mean T-statistic within a region
of interest (ROI), coordinates of peak locations, etc. Third, the manipulation of interest is
introduced—i.e. subjects undergo training and/or a specific clinical intervention. Fourth,
once the manipulation is complete, subjects participate in a follow-up fMRI scanning
session (post-manipulation) with an experimental paradigm that matches that of the pre-
manipulation session, permitting a second set of activation statistics to be computed for the
group. Finally, cortical regions that exhibit changes in activation statistics between the pre-
and the post-manipulation data are inferred to have been modulated as a consequence of the
experimental manipulation.

Independent of the method used to evaluate the presence of significant changes across the
sessions—differences in ROI averaged  coefficients (Stein et al., 2009), differences in ROI
averaged hemodynamic response time-course (Kwon et al., 2009), shifts of center of mass
(Wang et al., 2003; Wu et al., 2005), or changes in significantly active voxel counts (Wu et
al., 2005)—an implicit assumption in most longitudinal designs is that, in the absence of the
manipulation of interest, activation statistics would be statistically unchanged across
repeated measures. This would mean that, if a second, third or n-th scanning session is
performed in the absence of the manipulation no statistically significant changes would have
been observable in the group results, and, therefore, the observed changes during the
longitudinal study can be attributed to the manipulation. Although this assumption might
hold true for specific brain regions or experimental designs, it is a strong assumption that
requires empirical verification.

One higher cognitive function commonly targeted by longitudinal neuroimaging studies is
language. Better understanding the processes that accompany recovery of language function
after a neural lesion (Harnish et al., 2008; Musso et al., 1999), or adaptation to degraded
speech after cochlear implantation (Giraud et al., 2001; Giraud and Truy, 2002; Giraud et
al., 2000) are medical questions that can greatly benefit from well executed longitudinal
neuroimaging studies. In spite of many such investigations, reproducibility of language
fMRI activations across imaging sessions under “static” conditions—i.e. when no
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manipulation is present—remains an open question. Most existing studies focus on the
reproducibility of language lateralization and/or volume of activation in specific areas
(Fernandez et al., 2003; Harrington et al., 2006a; Jansen et al., 2006; Lohmann et al., 2004;
Rutten et al., 2002); but do not evaluate the reproducibility of these and other aspects of
fMRI-observed activity in the brain as a whole. One reason for this narrow scope is that
most of the studies are motivated by precise potential clinical applications of fMRI, rather
than the more explorative approach associated with many longitudinal studies. As a
consequence, results from these previous reliability studies cannot be used to define a
baseline for longitudinal studies of language.

In the present study we use an auditory sentence comprehension task with high attention
demand on a large corpus of subjects studied on a single MRI system, to produce a robust
reliability assessment for fMRI of speech perception. This work reveals a high level of
reproducibility for group-level fMRI activations associated with auditory comprehension
tasks, and has important implications for the design of longitudinal studies of speech
perception, as even under well-controlled conditions—i.e., a common experimental
paradigm and no significant differences in terms of task performance—reproducibility of
single-subject activations across sessions can vary greatly on a subject basis.

MATERIALS AND METHODS

Subjects

Seventeen native English speakers with no known history of hearing and/or neurological
disorders (9 males, 8 females: mean + SD age 24.4 + 3.0) completed this study. All
participants were right handed (mean £ SD augmented index 83.7 + 7.0) according to the
Edinburgh Handedness Inventory (Oldfield, 1971). All subjects gave informed consent in
compliance with a protocol approved by the Institutional Review Board of Purdue
University. All scans took place in the afternoons (after 4:30 PM) and the total elapsed time
between session one and session five was 7.8 + 2.6 days (range: 5 — 14 days). No more than
one session took place for a given subject on the same day. Participants were asked to
refrain from caffeine on the days of scanning and to vouch that the amount of sleep on the
previous night was satisfactory.

One female subject was removed from the imaging results because of poor performance on
the Response task (see Behavioral Results, below).

Experimental Design

fMRI stimuli consisted of a subset of 660 sentences from the CUNY (City University of
New York) sentences test (Boothroyd et al., 1988). This open-set word recognition test is
commonly used to evaluate speech performance in the cochlear implant population (Buss et
al., 2008; Hay-McCutcheon et al., 2005; Mok et al., 2006).

Four functional runs (duration = 380s) were conducted during each imaging session. Each
functional run had the same organization of blocks (Figure 1), beginning and ending with a
15-s block during which participants viewed a fixation cross while no auditory stimulus was
presented; these blocks were included to achieve equilibrium signal levels. In between were
5 repetitions of the following sequence of blocks: visual instructions (5s); auditory stimulus
block (25s); visual instructions (5s); response/attention control task (15s); and rest (20s).
During visual instruction presentation and response/attention control task blocks, no
auditory stimulus was presented to the subjects. During the auditory stimulus blocks
(“Listen condition”) subjects were asked to look at a fixation crosshair and listen to a series
of sentences presented binaurally via pneumatic headphones. Each block consisted of 6
CUNY sentences (2 questions, 2 statements and 2 commands) selected so that the total
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number of words (51 words) was constant across blocks. During the response blocks
(“Response condition”), subjects were asked to read from the screen and answer three
multiple-choice questions using a response box. For each question a randomly selected
sentence from the preceding auditory block was presented visually with one word
substituted by a blank space. Four words were presented on the screen, below the sentence.
Subjects were required to select from these options the word that filled in the blank to
complete one of the sentences presented during the preceding auditory block. Subjects were
familiarized with the task by exposure to a practice run before entering the scanner.

Data Acquisition

Imaging was performed at the Purdue MRI Facility (West Lafayette, IN) on a General
Electric (Waukesha, W) 3T Signa HDx scanner equipped with AFNI realtime fMRI
capabilities (Bodurka and Bandettini, 2008), using an 8-channel brain-array coil (Invivo).
During each imaging session, a single high resolution axial fast spoiled gradient-echo
sequence acquisition (38 slices, slice thickness=3.8mm, spacing=0mm, FOV=24cm, in-
plane resolution=256x256) was followed by four functional runs. Functional runs were
obtained using a multi-slice echo planar imaging sequence (TR=2.5s, TE=22ms, 38 slices,
slice thickness=3.8mm, spacing=0mm, in-plane resolution=64x64, FOV=24cm, flip
angle=77°). Additionally, at the end of one of the imaging sessions, sagittal high resolution
T1-weighted images (number of slices=190; slice thickness=1.0mm; FOV=24cm; in-plane
resolution=256x224) were also acquired for alignment and presentation purposes.

In addition to imaging data, behavioral data was collected while subjects were in the
scanner. Subjects indicated their selection of the missing word during Response blocks via a
4-button response box (CURDES Fiber Optic Response Box Model No: HH-2x4-C), using
their left hand. Both response and response times were recorded.

fMRI Data Analysis

The focus of this study is the reproducibility of activation associated with auditory sentence
comprehension. The functional runs conducted in this experiment contain two conditions:
Listen and Response. The main purpose of the Response condition was to ensure that
subjects were carefully listening to the auditory stimuli provided during the Listen condition.
Therefore within the scope of this document the Response condition is treated solely as a
means to obtain confirmatory behavioral data during imaging, and the activations associated
with this condition are reported for completeness, but not evaluated.

Subject-level/Single-session (Subject-Session) fMRI Data Analysis—Data
analysis was conducted with AFNI (Cox, 1996). Individual subject pre-processing steps
included: (1) discarding the initial two volumes to allow for T1 saturation effects; (2) motion
correction of each run to its mean; (3) spatial registration of motion corrected functional
runs to the subject’s anatomical scan; (4) spatial smoothing with a Gaussian kernel (full
width at half maximum = 6mm); and (5) intensity normalization by means of dividing each
time-series by its own mean.

Following these pre-processing steps, linear regression analysis with AFNI 3dDeconvolve
was performed independently on each session of each subject to estimate areas of neuronal
activation. Motion parameters were input to the linear regression model as covariates of no
interest. Statistical maps of significant activation were computed for the Listen condition for
each session of each subject.

In addition to the subject-level/single-session (Subject-Session) statistical maps, AFNI
3dDeconvolve was used to compute estimates of the impulse response function (IRF)
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associated with each experimental condition (Listen, Response, and the visually-presented
Instructions). The mean IRF (MIRF) for each experimental condition was subsequently
computed as the average across time of the middle portion of the IRF. Initial and ending tails
of the IRF were discarded to avoid influence of transients on estimated MIRF. MIRFs
obtained this way were then transformed to a common stereotactic space using the Talairach
template provided by AFNI. These Talairach transformed mean IRFs constitute the input for
the two analyses described below.

Group-level/Single-session (Group-Session) fMRI Data Analysis—Group-level
results were calculated independently for each of the five imaging sessions (Group-Session).
In each session, mean IRFs from the 16 subjects were input to a 2-way ANOVA (single-
factor within-subject design of AxB; A=task [Listen, Response, Instructions], fixed,;
B=subject [1..16], random) model. Statistical maps of significant activation were generated
only for the Listen condition.

Omnibus fMRI Data Analysis—Omnibus results were calculated using a single 3-way
ANOVA (double-factor within-subject design AxBxC; A=task [Listen, Response,
Instructions], fixed; B=session [S01, S02, S3, S04, S05], fixed; C=subject [1..16], random)
that allowed us to combine in a single analysis all data (80 sessions). In this case, statistical
maps of activation were produced for the two experimental conditions—i.e., the Listen
condition and the Response condition.

fMRI Reproducibility Analysis

The purpose of the present work is to validate an experimental task that may be used as a
control procedure in longitudinal studies of speech perception. This is achieved here through
the evaluation of three aspects of fMRI activations, namely statistically thresholded
activation maps, effects size and spatial distribution of local maxima. To accomplish this
evaluation, a range of metrics were utilized to provide a robust and sound assessment of
reliability for the given experimental design. Reproducibility of statistically thresholded
activation maps was evaluated via overlap maps, ratio of volume overlap and ratio of
consistent classification. Reliability of effect size was assessed by three measures of
variance (e.g., between-subject, between-session, and residual). Reproducibility of the
spatial distribution of local maxima was studied in terms of the minimum radius sphere in
which a given peak would be most probably found across sessions and subjects. These
metrics and their application are described in detail in the remainder of this section.

Activation Overlap—NMaps of activation overlap across imaging sessions (Havel et al.,
2006; Rau et al., 2007; Rombouts et al., 1997; Specht et al., 2003) were computed for the
Group-Session and Subject-Session results, with the latter computed on both an individual
and aggregate (second-level) basis. In the Group-Session and individual Single-Session
overlap maps, the value at a given voxel is the relative frequency across repeated imaging
sessions at which that voxel was classified as significantly active (pppr<0.005).

To allow for quantitative comparisons of these maps we computed a new ratio called ratio of
consistent classification (R¢c). This ratio is defined as:

R..=100- M
total (1)

where Viqta1 1S the total intracranial volume for which a T-statistic exists in all imaging
occasions, V¢, is the intracranial volume consistently classified as significantly active at all
imaging occasions and V¢, is the intracranial volume consistently classified as not
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significantly active at all imaging occasions. This ratio, which is dependent on statistical
threshold, has a simple interpretation. It provides information about the percentage of
imaged volume that is consistently classified either as active or inactive across all imaging
sessions. The ratio defined in Equation 1 varies from 0 to 100, with O meaning no consistent
reproducibility of classification for any imaged voxel, and 100 representing the case of
perfect reproducibility with every single intracranial imaged voxel being assigned the same
label (active/inactive) in all imaging occasions.

Plausible explanations for observation of differences in activation across subjects include
variability in head motion, task performance, physiological noise, and/or cognitive strategy.
Independent correlation analyses were conducted between R and mean head motion, mean
percent correct responses and mean response time.

In addition, for comparison with previous reliability studies, the ratio of volume overlap
(Roverlap), as described by Rombouts et al. (1997), was also calculated. Royeriap Was
computed for all ten possible pair-wise session combinations (e.g., SO1 vs. S02, S01 vs. S03,
S02 vs. S03, etc.) both at the individual subject and group levels. Given the known
dependence of Royeriap With statistical threshold, the ratios were computed for three different
statistical thresholds (prpr<0.005; pync<0.005; pppr<0.05). The average and standard
deviation of Royeriap across subjects and across session-pairs were calculated to summarize
the data.

To investigate whether Royeriap Varied as a function of session—i.e., longitudinally, possibly
suggesting task adaptation effects—a repeated-measures 1-way ANOVA (Factor: session-
pair) was performed on the single-subject Royeriap Values associated with the prpgr<0.005
threshold.

Reproducibility — Variance Analysis—To evaluate reproducibility of the fMRI
measurements the following three variance-ratios (i.e., equations 2-4) were calculated for all
voxels for which a beta weight for the Listen condition was available in all 80 imaging
sessions.

2 2
oy . oy .
. . . bet—sb bet—sb
Ratio of Between—Subject Variance: RV pes_spj= i > ~100- C, = S
Total cht—sbj +O—bcr—scs FC0%es 2)
2
Ratio of Between—Subject Variance: RV je_ss=100 - —bet—ses
o2
total 3)
2
. . . . _ O es
Ratio of Residual Variance: RV,,;=100 - ——
o2
total (4)

2

In the above set of equations, the total variance in the data (o,,;) can be segregated in three

tota

. . . 2 . .
additive components: between-subject variance (0 4_s), between-session variance

Y

(07sses), and residual variance (o2,,). These variance components were estimated in a two-

crossed-random-effect model via Restricted Maximum Likelihood (REML) method using
the AFNI program 3dICC_REML (http://afni.nimh.nih.gov/sscc/gangc/ICC_REML.html).
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RV pet-shy—Which corresponds to ICC(2,1) in Shrout and Fleiss (1979) nomenclature—and
RV pet-ses, are commonly used to assess reliability of fMRI (Aron et al., 2006; Caceres et al.,
2009; Gountouna et al., 2010; Raemaekers et al., 2007; Specht et al., 2003; Wei et al., 2004).

Reproducibility — Ninety-Five Percent Probability Radius (rgs)—To identify the
most spatially reproducible peak locations in the data, we developed a novel methodology
based on the Omnibus results and the Euclidean distance between pairs of local maxima
(djj). This method allows us to sort the local maxima of the Omnibus results in terms of the
minimum sphere within which we can expect to find a local maximum in the Group-Session
or aggregate Subject-Session results with a 95% probability.

The computation method when applied to the Group-Session results is as follows. A list of
supra-threshold local maxima, sorted by peak intensity, was obtained for the Omnibus
activation map for the Listen condition. Similar lists were also created for each of the five
Group-Session maps. Then, using the Omnibus list as a seed, we performed the following
steps for each peak (p;j) on the list. First, the closest local maxima (cIm)—i.e. the one with
the minimum Euclidean distance—to p; was found in each Group-Session list (cImjy, clm;s,
clm;s, cImiq, clm;s), and the corresponding distances were recorded (d; 1, d; 2, d; 3, dj 4, dj 5).
Second, the mean (u;) and the standard deviation (gj) of these minimum distances were
calculated for each seed peak (p;j). Third, an additional summary statistic for the minimum

distances, what we have called the ninety-five percent probability radius (rgs), was
calculated for each seed peak (p;) using the following equation:

r§5 :[1,‘+1‘96 -0 (6)

Assuming a normal distribution N(u;,o;) for the population of minimum distances (d; 1, dj 2,
...) associated with each seed peak (pj), ninety-five percent of its elements belong to the

interval [u—1.960, u+1.964]. Physically, 755, as defined above, is the radius of a sphere
centered at p; for which there is a ninety-five percent probability of finding a local maximum
in any Group-Session activation map.

A similar procedure was implemented for the aggregate Subject-Session results. Again using
the Omnibus results as a seed (i.e., the same list of p;), the minimum distance location across

the 80 individual sessions was identified. Mean, standard deviation and rjs were calculated
as explained above, but now over the 80 individual sessions.

Histograms of the corresponding populations of rgg were generated to compare the
reproducibility of the spatial distribution of peaks in the Group- and aggregate Subject-
Session results. Histograms that skew to the left (i.e., toward zero) are suggestive of highly
reproducible activation locations, whereas those that skew to the right indicate lesser
reproducibility.

Scanner Quality Assurance

To assess Whether variability observed in our data was likely to have arisen from hardware
instability, scanner stability was evaluated over the course of this study using a quality
assurance (QA) protocol consisting of a subset of the QA metrics proposed by Friedman et
al. (2006). The set of metrics included in this study: signal-to-fluctuation-noise ratio
(SFNR), signal-to-noise ratio (SNR), percent signal fluctuation (%Fluct), percent signal drift
(%Drift), RF Digital Receiver Gain (R1), RF Analog Receiver Gain (R2), RF-Transmit
Gain, and Resonant Frequency (ResFreq).
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QA sessions consisted of two multi-slice echo planar imaging sequences with the spherical
TLT phantom placed in the center of the Invivo 8-channel brain array. On all occasions a
minimum of 10 minutes elapsed between the placement of the phantom at the center of the
scanner and the start of data acquisition, allowing for settling of the fluid inside the
phantom. Scanning parameters exactly matched those of the functional scans conducted on
the human subjects. Data from the first run were discarded, and data from the second run
was included in the analysis. All QA metrics were calculated following the guidelines of
Friedman et al. (2006), using AFNI (Cox, 1996). One important difference between our QA
protocol and the one published by Friedman et al. is the type of phantom being used. While
we used a spherical TLT phantom, Friedman et al. used a custom developed agar gel
phantom. The use of different phantoms must be considered when comparing results.

RESULTS

Behavioral Performance

Percentage of correct responses (Figure 2.A) and average response times (Figure 3.B) for
each session and subject were computed using the behavioral data collected in the scanner.
The overall mean percentage of correct responses was 81.37 + 8.47%. This value is well
above chance level (25%) for a four option multiple-choice test. Overall mean response time
was 2.95 * 0.35 seconds.

Figure 2.A shows that no systematic differences were observed in the percentage of correct
responses across sessions (F=0.07; p=0.99). Figure 2.B shows that while response times
were quite variable, no significant difference was present when comparing across sessions
(F=1.01; p=0.41). Note that Sbj05 performed more than two standard deviations below the
overall mean percent correct on two occasions (sessions one and five) and was more than
one standard deviation below the mean on all five occasions. On the basis of this outlier
performance—suggestive of non-compliance with the task—this subject was excluded from
further analysis.

Scanner Quality Assurance Performance

Figure 3 summarizes results from the QA protocol, demonstrating that the scanner was
stable during the duration of the study. RF-receiver and transmit gains show appreciable
stability across time (Figure 3.A), which if absent can be an indicator of hardware problems.
In the case of the resonant frequency (represented by its last five digits in Figure 3.B), a
simple linear regression analysis (ResFreq = 22,000 —0.33*day; r? = 0.05) showed a very
slow, but steady, decrease with time. This is consistent with results reported by Friedman et
al. (2006) based on a QA protocol conducted over a longer period of time. Mean SFNR was
364.60 £ 24.24 and mean SNR was 439.96 + 24.57 (Figure 3.C), both above previously
reported values for other well-maintained 3T systems (Friedman and Glover, 2006). Mean
percent fluctuation (Figure 3.D) during the duration of the experiment was 0.12 + 0.02%
with a maximum value of 0.18%, below the ceiling value of 0.20% reported by Friedman et
al. (2006) as typical for stable scanners. As for drift values, the average value during the
duration of this experiment was 0.64 + 0.40%; again below the ceiling average previously
reported for stable scanners (1.0%). As stated in the method section, one important
difference between the QA protocol used by Friedman et al. (2006) and the one presented
here is the use of a different imaging phantom. This procedural difference might account for
some or all of the discrepancies, relative to previously reported QA values, discussed here.

Task-Based fMRI Activation

Omnibus Results—Figure 4.A shows surface renderings of Omnibus activations
(pPrpR<0.005) for the Listen (top row) and Response conditions (middle row). Figure 4.B
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shows an overlap map for these two conditions to facilitate identification of areas of
common activity (cyan color).

The Listen condition activated a distributed bilateral network that includes large portions of
the temporal lobe such as the posterior half of the superior temporal plane, the superior
temporal gyrus, superior temporal sulcus, posterior portions of the middle temporal gyrus,
the temporal pole and the parahippocampal gyrus. In the frontal lobe, areas recruited for the
Listen condition include several locations within the inferior frontal gyrus, the medial
supplementary motor cortex (medial BA6) and the precentral gyrus. In addition, activations
are present in right postcentral gyrus, bilateral lingual gyrus, adjacent cerebellar regions (not
shown in the surface rendering), bilateral cuneus and a series of subcortical structures
including bilateral putamen, caudate and thalamus.

For the Response condition, activations include large portions of the occipital lobe that
extend ventrally into posterior portions of the temporal lobe—i.e. infero-posterior end of the
middle temporal gyrus, posterior fusiform gyrus and parahippocampal gyrus—and dorsally
into the inferior and superior parietal lobules. In addition, the Response condition elicits
large areas of activation in bilateral inferior frontal gyrus, precentral gyrus, medial
supplementary motor cortex (medial BAG), cingulate gyrus and subcortical structures
including bilateral putamen, caudate and thalamus.

Avreas of overlap between these activation networks (Figure 4.B) include portions of bilateral
medial visual cortex, adjacent bilateral cerebellar cortex (not depicted in the surface
renderings), bilateral inferior frontal gyrus, bilateral precentral gyrus, bilateral medial BAG6,
left posterior middle temporal gyrus and left temporal pole. Overlap also exists for portions
of the putamen, the caudate and the thalamus.

Group-Session Results—Figure 5 shows the Group-Session activation map
(pPrpr<0.005) for the Listen condition at each imaging occasion. Significant activations at
the group level in all five sessions were generally consistent with the Omnibus analysis.
Avreas of significant activation include bilateral superior and medial temporal cortex, inferior
frontal cortex, medial supplementary motor cortex (medial BA6), early visual cortex,
adjacent cerebellar cortex (not depicted in the surface renderings), putamen and thalamus.
Note the high level of between-session consistency of detected activations that may be
observed by visual inspection across columns (see Task-Based fMRI Activation
Reproducibility for more detail).

Subject-Session Results—A sample of individual Subject-Session results for the Listen
condition is presented in Figure 6. Clusters of significant activation are consistently present
across all individual sessions, being observed in bilateral superior and middle temporal
cortex, inferior frontal cortex, medial supplementary motor area (medial BA 6), visual
cortex, adjacent cerebellar regions (not depicted in the surface renderings), and subcortical
structures. Note that these images exhibit good agreement with the Omnibus (Figure 4) and
Group-Session (Figure 5) results, but that the intensity, extent and precise location of
individual Subject-Session activations exhibit greater variability than at the group-level.

Task-Based fMRI Activation Reproducibility

Probability of Activation Overlap (Rcc)—Figure 7 presents a color-coded activation
overlap map for the Group-Session results. In this map, the value (and therefore color
correspondence) of a given voxel is equal to the relative frequency, across imaging sessions,
at which that voxel was classified as significantly active (Machielsen et al., 2000;Specht et
al., 2003). It is readily observed that detection of activity/inactivity is highly consistent
across imaging sessions. Of the total imaged volume, 11.32% is active in all sessions
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(yellow) and 72.63% is inactive (no color), leading to a total R of 83.95% (Table 1);
meaning that only 16.05% of the total imaged volume exhibits variability of classification at
the group-level. Note that the majority of the volume exhibiting this uncertainty is confined
to the edges of the always-active (i.e., yellow) areas, with small isolated regions of
inconsistent activation observed in bilateral angular gyrus/superior parietal lobule and right
middle frontal gyrus (black circles in Figure 7). The group-level Royeriap also exhibits a high
level of consistency across sessions, with a mean value of 0.79 + 0.01 for prpr<0.005
(Table 2.A). When tested at less stringent levels of statistical significance, Royeriap cOntinued
to be high (punc<0.005: Royeriap = 0.82; prpr<0.05: Royeriap = 0.85 + 0.01; see Table 2.A).

Selected individual Subject-Session overlap maps are shown in Figure 8 (see Supplementary
Figures 1 and 2 for additional maps). Reproducibility of activations clearly varies across
subjects (see also Table 1) with some subjects reaching R values in the vicinity of 70%—
e.g., Shj04 (R.c=76.47%) or Shj17 (Rs=69.89%)—while others are well below that level—
e.9., Shj14 (R.=31.40%) or Shj1l (R=50.85%). This between-subject variability of
activation reproducibility leads to an aggregate Subject-Session overlap activation map
(Figure 9) with large regions of inconsistent activation. A comparison with Figure 7 reveals
that while considerable portions of the bilateral superior temporal cortex, inferior frontal
cortex, precentral gyrus, medial supplementary motor cortex (medial BA 6) and medial
occipital cortex exhibit a large degree of consistent activation across all 80 imaging sessions
(90% or more; yellow), the volume of uncertain activation around these yellow areas has
increased. Averaging over all subjects, the individual Subject-Session R¢. = 58.65 + 10.68%
(Table 1), with Royerjap = 0.69 + 0.09 at prpr<0.005 (Table 2.B). At pync<0.005 Roverlap =
0.69 + 0.09, and at prpr<0.05 Royerjap = 0.71 + 0.09. Note that these values are lower than
those observed at the same thresholds in the group level analysis (Table 1 and Table 2).
Assessing for non-experimental factors that might have affected R, no significant
correlations were observed with mean head motion, (r=—0.36; T=1.44 p=0.17), percent
correct responses (r=0.13; T=0.47 p=0.64), or response time (r=—0.47; T=1.99 p=0.07). No
significant differences (F=1.06; p=0.40) were found between any subject or session pair-
wise comparison of the individual Subject-Session Royerap Values.

Reproducibility — Variance Analysis—Figure 10.A-C presents volumetric maps of the
computed variance ratios (10.A: RVpet.sj, 10.B: RVpet ses, 10.C: RVyes). Voxels with a
variance ratio close to one in these maps correspond to regions where the overall variance
has a high contribution from the corresponding variance. When contrasted with the omnibus
results and the group-session overlap maps (See Supplementary Figure 3 for an overlay), it
can be noted that areas with high RVpe_gpj tend to overlap with areas of consistent
significant activation across sessions; however, voxels with high RVpet.gpj also exist outside
of these areas.

Reproducibility — Ninety Five Percent Probability Radius (rgs)—Figure 11.A
depicts the histogram and cumulative histogram of the Group-Session rgs measure
associated with all local maxima in the Omnibus map for the Listen condition. Note the left
skew of this histogram, indicating high reliability in the Group-Session activation maps.
Summary information about the 30 most spatially reliable Group-Session peaks is provided
in Table 3. Peaks are sub-divided by macro-anatomical labels (e.g. temporal cortex, frontal
cortex, parietal cortex, occipital cortex, subcortical structures and cerebellum). Within each
sub-division peaks are sorted in terms of the Group-Session rgs (column 5); so that the
earlier a peak appears within a sub-division, the higher the spatial consistency of that
location across sessions in the Group-Session results. These peaks are also depicted in
Figure 7, superimposed on the Group-Session probability overlap maps. 15 of the 30 peaks
included in Table 3 lie within temporal cortex or inferior frontal cortex—the primary
cortical locations involved in speech perception. The next largest set of peaks corresponds to
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the occipital cortex (five peaks) and adjacent cerebellar cortex (two peaks), which evidences
once more the consistent recruitment of these areas during the Listen condition. Additional
peaks with high reliability are present in the left medial supplementary cortex (medial BA
6), left putamen, and the right precentral gyrus.

Figure 11.B shows the histogram and cumulative histogram of the aggregate Subject-
Session rgg associated with all the local maxima in the Omnibus map for the Listen
condition. Note that the aggregate Subject-Session rgg histogram is displaced toward the
right relative to the Group-Session rgs histogram (Figure 11.A). Table 4 presents
information about the 30 most spatially reproducible aggregate Subject-Session peaks, also
superimposed on the corresponding aggregate Subject-Session map in Figure 9.

DISCUSSION

In this study we have evaluated the reproducibility of fMRI activations associated with an
auditory sentence comprehension task with high attention demands in the whole brain. The
task demanded from the subjects recruited a distributed bilateral network with processing
nodes located in lateral temporal cortex, inferior frontal cortex, medial BA6, medial
occipital cortex and subcortical structures such as the putamen and the thalamus.
Reproducibility of these activations at the group level was high, indicating that sites of
neuronal activity associated with auditory comprehension can reliably be detected with
fMRI in healthy subjects, across repeated measures after group averaging. At the single-
subject level reproducibility ranged from moderate to high, although no significant
differences were found on behavioral measures across subjects or sessions. This result
suggests that contextual differences—i.e., those specific to each imaging session, can
modulate our ability to detect fMRI activations associated with speech comprehension in
individual subjects.

Behavioral Performance

Behaviorally, our task proved to be stable across sessions. No significant differences
between sessions were found in terms of either percentage of correct responses or response
times. These results suggest that task habituation across imaging sessions, if present, is not
significant and can be eliminated as a potential confound in the analysis of the imaging data.
A lack of habituation effect is a desirable property for any task to be used for longitudinal
studies. Additionally, this finding is consistent with our prior expectation of little to no
habituation, given the use of novel stimuli across all five imaging sessions, the conceptual
simplicity of the task and the pre-imaging practice session conducted with the subjects
outside the scanner.

Scanner Quality Assurance

Of critical importance to the evaluation of all fMRI data in this work, no data were found to
suggest that the MRI hardware had exhibited any instabilities over the course of the data
collection for this work.

Task-Based fMRI Activation

Before considering the reproducibility results, we will discuss the most consistent
activations and briefly address their putative functional role as a means to justify their
reproducible observation. During the Listen condition participants were required to attend to
everyday sentences delivered via pneumatic headphones. While listening to the sentences,
subjects were aware of the fact that they were subsequently going to be questioned about
these sentences. For a task like this, it is reasonable to expect activations in areas involved in
speech recognition (from auditory analysis to syntactic and semantic levels), short-term
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working memory (particularly encoding), and attention control (so that subjects could
concentrate on the sentences instead of the background imaging acoustic noise). All such
regions were reliably detected at all analysis levels.

Large extents of both the dorsal and ventral streams of speech processing (Hickok and
Poeppel, 2004; Saur et al., 2008; Scott et al., 2000) were consistently recruited for the Listen
condition as evidenced by the Group-Session and aggregate Subject-Session overlap maps.
In fact, a high percentage of the local maxima identified as highly spatially reliable fall
within the boundaries of these two streams—e.g., peaks 1, 2, 7, 10, 17, 18, 23, 26 and 30 in
for Group-Session results (Figure 7); peaks 1, 3, 4, 10, 12, 15, 16, 17, 26 for the aggregate
Subject-Session results (Figure 9). Moreover, both streams seem to be recruited not only at
their initial stages, but all the way to their late regions. For the ventral stream, consistent
activations for the Listen condition in late regions include left anterior temporal lobe (ATL),
left posterior end of the middle temporal gyrus (MTG) and the left inferior frontal cortex
(IFC). For the dorsal stream, late activations include both motor and pre-motor frontal
locations that exhibit good agreement with those identified by Saur et al. (2008) as the
frontal targets of the dorsal communication pathways originating in the superior temporal

gyrus.

In addition to the regions discussed above, two of the largest consistent activation clusters
reside within the left medial supplementary motor cortex (medial BA 6), and bilateral
medial superior cerebellum and adjacent visual cortex (BA 17/18). Medial BA 6, although
traditionally regarded as a supplementary motor area, is often reported as significant during
non-motor cognitive tasks with working memory demands (Dehaene et al., 1996; Lawrence
et al., 2009; Peretz et al., 2009; Tanaka et al., 2005). Recent experimental evidence shows
that medial BA6 might play an important role in verbal working memory (Chung et al.,
2005; Tanaka et al., 2005). Yet, more traditional functions for medial BA 6, such as eye
movement (Haxby et al., 2000) or preparation for button pressing (Cunnington et al., 2002),
cannot be discarded.

The consistent activation within medial visual cortex and adjacent cerebellar regions is a
common finding in studies of speech comprehension under noisy conditions (Binder et al.,
2004; Bishop and Miller, 2009; Caceres et al., 2009; Salvi et al., 2002; Wong et al., 2008;
Zekveld et al., 2006). In the present study, as no sparse acquisition techniques were
implemented—e.g., (Edmister et al., 1999; Hall et al., 1999)—acoustic stimuli of interest
were delivered concomitant with imaging acoustic noise. Previous literature has shown that
relative to listening to speech in quiet, listening to speech in noise resulted in recruitment of
additional neuronal resources not only within cerebellum and adjacent visual cortex
(Zekveld et al., 2006), but also within basal ganglia and cingulate gyrus (Binder et al., 2000;
Salvi et al., 2002; Wong et al., 2008). In the present study, highly reproducible activations
were present in all these anatomical structures both for the group and single-subject level—
i.e., all regions had voxels with Group Session Royeriap = 100% (Figure 7) and aggregate
Subject-Session Royerlap > 70% (Figure 9).

Task-Based fMRI Activation Reproducibility

As noted previously, the primary goal of this work was to study the reproducibility of whole
brain fMRI activations for an auditory sentence comprehension task with high attention
demand under “static” conditions—i.e., absence of any experimental manipulation, stable
hardware (as evidenced by the QA results), no caffeine consumption, and well-rested
subjects. The reproducibility of three different aspects of fMRI-observed activations was
evaluated—namely statistically thresholded maps, effect magnitude, and the spatial
distribution of local maxima—at both the group and single-subject level. Overall, results
demonstrate high reproducibility of all three aspects of activations for the group-level
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analysis. For single subjects, reproducibility is moderate and varies as a function of subject
and anatomical region.

Reproducibility of Statistically Thresholded Maps of Activation — Group Level
—Using a statistical threshold of prpr<0.005, over 80% of the intracranial imaged voxels
were given the same binary (active/inactive) classification in all five imaging sessions
(Group-Session R=83.95%). The remaining 16.05% of voxels represent areas with some
degree of uncertainty—i.e., active in one, two, three or four occasions. These areas are
mostly restricted to the perimeter surround of the “always active” areas. This pattern,
commonly found in the literature when comparing across sessions (Rombouts et al., 1997),
suggests that, at the group level, brain regions are not randomly recruited at isolated
occasions, but rather that areas of uncertainty are mainly the result of variability in the
extent of the activation clusters.

Exceptions to this rule were observed in bilateral angular gyrus/superior parietal lobule and
right middle frontal gyrus (black circles in Figure 7). Both locations contain small clusters of
voxels classified as significantly active for a maximum of two occasions that appear isolated
from regions of higher reproducibility. These exception clusters were found to be a
consequence of a high probability of activation for a reduced set of subjects combined with
low-to-moderate probability of activation for the remainder of the group, and thus exemplify
the importance of characterizing baseline binary activation maps for longitudinal studies on
the basis of more than a single pre-manipulation scanning occasion, even when averaging
across subjects.

To avoid cases where inconsistent probability of activation on a between-subject basis might
skew conclusions drawn from a longitudinal group study involving manipulation, at least
two options are available. One option would be to perform a reliability study, as per this
present work, to evaluate the reproducibility of activations for the task of interest in the
absence of the manipulation. This would identify areas of uncertainty within which
reorganization cannot be explored solely in terms of changes in the pattern of significant
activation. A second option is use of more detailed analysis, such as statistical comparisons
of the actual magnitudes during pre- and post-manipulation—i.e., paired t-test—but even in
this case, before any conclusions are drawn, it would be necessary to prove that no statistical
difference would be detected between any two sessions in the absence of the manipulation
(see Reproducibility of Magnitude of Activation section below).

Reproducibility of Statistically Thresholded Maps of Activation — Single-
Subject Level—Using a statistical threshold of pppr<0.005, the individual Subject-
Session R¢ was found to exhibit a mean + SD = 58.65% * 10.68% (range: 31.40-76.47%;
median = 55.97%). This mean (and range) is lower than that observed for the Group-Session
results, confirming that reproducibility of binary activation maps is higher for group
analyses. In addition, the large range of observed individual Subject-Session R values
demonstrates that reproducibility can vary greatly across subjects even when experimental
conditions do not change and the hardware is stable.

Among factors that might contribute to variability in R, it should be noted that a trend
level (p=0.07) relationship was observed with mean response time, suggesting that cognitive
strategy might be an explanatory factor. This is plausible given that subjects did not receive
any guidelines regarding how to approach the task. Note that provision of cognitive strategy
guidelines, although a potential factor that may decrease between-subject differences, was
not implemented given that actual use of the suggested strategy by the subjects could not be
meaningfully monitored.
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The possibility that differences in cognitive strategy across subjects contributed to the
observed variation in activity is also supported by comparison of the patterns of activation
overlap at the group and single-subject levels (i.e., Figures 7 and 9, respectively). Detailed
comparison of the activation overlap maps reveals four distinct activation patterns across the
brain. The first activation pattern corresponds to regions that were consistently activated
both within- and between-subjects. In the overlap maps, these regions are identified by
clusters with high probability of activation both at the single-subject level (aggregate
Subject-Session R = 80%; yellow and orange regions in Figure 9) and the group-level
(Group-Session R¢ > 80%; yellow and orange regions in Figure 7). Given their combined
high within- and between-subject probability of activation, it can be suggested that these
regions present little or no dependency on the specific cognitive strategy selected by a given
subject. For the Listen condition these regions include bilateral temporal cortex, bilateral
inferior frontal cortex (although mainly in the left hemisphere), left medial BAG, bilateral
medial occipital cortex and adjacent cerebellar cortex.

The second activation pattern, apparent in the left parahippocampal gyrus and the left
putamen, corresponds to regions with high within-subject probability of activation for a
large percentage of subjects, but moderate or low for the rest (i.e., subject-dependent
individual Subject-Session R¢; see Supplementary Figure 1). In the aggregate Subject-
Session overlap map they appear as moderately reproducible (between 50% and 70%; pink
and magenta in Figure 9), while in the Group-Session map they appear as highly
reproducible (= 80%; yellow and orange regions in Figure 7).

The third pattern, apparent in the bilateral angular gyrus/superior parietal lobule and the
right middle frontal gyrus, is similar to the second, but in this case the number of subjects
with high within-subject activation probability is lower (i.e., low individual Subject-Session
R¢c; see Supplementary Figure 2) and the region no longer renders consistent activation
across sessions at the group level (Group-Session R¢¢ between 20% and 40%; blue and
green in Figure 7, black circle). We hypothesize that regions consistent with this and the
preceding pattern—consistently recruited by some subjects, and rarely or never recruited by
the remaining participants—may correspond with cortical resources that are recruited as a
consequence of cognitive strategy.

Finally the fourth pattern refers to the perimeter of low probability of activation that
surrounds the areas of high probability in both the aggregate Subject-Session (Figure 9) and
the Group-Session (Figure 7) overlap maps. These regions result from variability in the
extent of consistent activation across sessions. Such variability is clearly larger for the
single-subject results which present a wider perimeter than the group-level results.

Reproducibility of Statistically Thresholded Maps of Activation — Comparison
to Literature—A direct quantitative comparison of Royeriap (€.9., Table 2) across studies is
difficult given differences in task, hardware, analysis methodology, statistical threshold,
volume considered in the analysis, subject demographics, number of sessions and/or elapsed
time between sessions. Nonetheless, Royerlap Provides a valuable means to qualitatively
compare the reproducibility of the auditory sentence comprehension task presented here
with that of previously published cognitive and sensory tasks (Table 5).

For the most stringent threshold, prpr<0.005, the averaged Royeriap for the individual
Subject-Session results was 0.69 + 0.09. This value is above all other Royeriap for single-
subject results included in Table 5 with the exception of a value of 0.78 + 0.26 for a hand
motor task (Havel et al., 2006), 0.70 + 0.26 for a visual scene encoding task (Harrington et
al., 2006h), and 0.94 for a visual stimulation task (Hagenbeek et al., 2002). While two of
these values—hand motor (Havel et al., 2006) and scene encoding (Harrington et al., 2006b)
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—are slightly higher; they correspond to analyses confined to specific regions of interest
associated with the task. In contrast, the values in this study are computed taking into
account activations in the whole imaged volume. Machielsen et al. (2000) previously
reported an increase of 5% to 15% for the Royeriap When only areas of expected activation
are included in the analysis. The only value well above our results is the one reported by
Hagenbeek et al. (2002) for visual stimulation with flashing LED goggles; a task
considerably less cognitively complex than the one under consideration here.

Regarding the Royerlap for group results, we reported a Group-Session value of 0.79 + 0.01
for the most stringent threshold (prpr<0.005). This value is above all Royerjap reported for
group results in Table 5, with the exception of a value of 0.81 for the antisaccades task
(Raemaekers et al., 2007). Overall, these results argue for good reliability of the Listen
condition as compared to previous fMRI reliability studies that implemented Royerlap-

Reproducibility of Magnitude of Activation—Volumetric variance ratio maps (Figure
10) were used to evaluate the reproducibility of voxel-wise magnitude and uncover the
spatial distribution of the contribution of three types of variance present in the data, namely

. . N 2 . ;
between-session (oie,_m), between-subject (07,.,_g;) and residual variance (0'7}:)-

The RVyet-ses map (Figure 10.B) revealed that the contribution of between-session variance
to the total variance was minor across the whole imaged brain. For 99% of the imaged
volume, between-session variance only accounted for less than 10% of the total variance
(RVpet-ses < 0.1), while for the rest of the volume it never reached 20% (RVpet-ges < 0.2).
This result has important implications regarding the validity of characterizing typical
responses to the Listen condition from a single observation.

According to McGonigle et al. (2000), conclusions regarding the representative response to
a given condition can only be made on the basis of a single observation under the
assumption of negligible intersession variability. The almost negligible contribution of
between-session variance to the total variance in 99% of the imaged brain suggests that
potential longitudinal studies with the Listen condition could use a single pre-manipulation
session to obtain the representative group response prior to the introduction of the
experimental manipulation. To test this claim we conducted ten independent paired T-tests,
one for each possible pair-wise session combination (S01 — S02, S01 — S03, and so on)
providing as input the mean IRFs to the Listen condition. No voxels rendered themselves
significant at pepr < 0.005 or prpr < 0.05 for any of the ten independent paired T-test
analyses. This finding confirms that under static conditions, Group-Session results for the
Listen task show no significant differences in magnitude of activation in the absence of any
external manipulation. Nevertheless it is worth noting that this might only apply to
experimental settings that closely match the one described here. Any discrepancy, such as
elimination of the caffeine restriction, different hardware, a drastic change in subject
demographics, etc., might have an important effect on the reproducibility of activations that
would need to be addressed.

The second variance ratio of interest computed here was the voxel-wise RV pet.gpj (Figure
10.A), which corresponds to the most prominent intra-class correlation index (ICC) in fMRI
literature (Caceres et al., 2009; Raemaekers et al., 2007; Specht et al., 2003; Wei et al.,
2004). As a ratio of between-subject variance to the total variance, the RVpet.spj is @ measure
of the absolute agreement of subject activations from session to session relative to the
heterogeneity of the sample (McGraw and Wong, 1996). In other words, the RV pet.gpj map
helps us identify regions of high individual reliability of magnitude across sessions
independently of their status (active/inactive) in the group results.
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For the Listen condition, regions with high RVpe.qpj cover large portions of the bilateral
temporal cortex, inferior frontal cortex, medial occipital cortex, adjacent cerebellar cortex,
medial BA 6, putamen as well as some inferior parietal and posterior cingulate regions
(Figure 10.A). Most of these regions share a high probability of activation at the group level
(see Supplementary Figure 3 for an overlay) and therefore establish themselves as consistent
not only in terms of their binary classification as either active or inactive, but also as regions
with consistent within-subject magnitudes relative to the heterogeneity of the sample.
Moreover the large percentage of overlap between areas of high RVpet.shj and high group-T
across repeated sessions confirms the previous finding by Caceres et al. (2009) of a formal
relationship between group T-statistics and the RVt spj index, in which regions with high
group statistics tend to have high RVpe.qpj. Those areas with high RV ey g; but low group T-
statistic (e.g., the inferior parietal or the posterior cingulate for the Listen condition) are of
special interest in the context of longitudinal studies. Given their high intrasubject reliability
these areas can be confidently targeted by longitudinal studies on an individual basis, and
should not be excluded from conclusions on the basis of no significant activation at the
group level; yet their analysis ought to be performed on an individual basis and their
timeseries inspected closely to evaluate if signal changes that correlate with experimental
task do exist. As Caceres et al. (2009) demonstrated, the low group statistic associated with
these areas can be the result of a consistent, but low amplitude, fitting to the response model.
An experimentally controlled manipulation could potentially modulate the relationship of
these regions to the task, yet if decisions are only based on their appearance as significant at
the group level, subtle yet consistent reorganization patterns associated with the
experimental modulation could remain unidentified.

Finally, the ratio of residual variance to the total variance (RV/,eg; Figure 10.C) shows that
the voxels with greater unexplained variance tend to be concentrated outside of grey matter
in areas such as the ventricles, white matter tracts or the edges of the brain. fMRI signal
changes observed in these regions are commonly brought about by undesired changes in
signal that arise from sources such as respiration, cardiac rhythms and/or field
inhomogeneities. All of these are noise sources not modeled in the regression analysis, and,
as such, any variance contribution from these sources ends up in the residual variance. Grey
matter areas with the highest unexplained variance are concentrated primarily in small
subcortical structures such as the hippocampus and in the medial posterior portion of the
post-central gyrus. The former may be a function of proximity to susceptibility artifacts
associated with the sinuses, whereas the latter is of unknown origin at this time.

Reproducibility of Peak Location—Reproducibility of the distribution of local maxima
observed in the Omnibus results was better (i.e., lesser values of rgs) for the Group-Session
results (Table 3) than for the aggregate Subject-Session results (Table 4). The aggregate
Subject-Session rgg histogram (Figure 11.B) reveals that none of the peaks from the
canonical template can consistently be observed within a radius of 3.75mm (within the same
voxel) and only one peak can be consistently found within 11.25mm (equivalent to three
original voxels). Conversely, in the Group-Session activation maps one peak can
consistently be found at the same voxel ([40, 42, 11] within Wernicke’s area) and for a
radius of 11.25mm (within three voxels) the number of peaks that are within that distance
increases to 26 (Figure 11.A).

Regarding the distribution of spatially reliable peaks across different anatomical structures,
three regions stand out. We found that, both for the Group-Session and the aggregate
Subject-Session results, peaks with the highest spatial reproducibility—i.e., those with a
lesser rgs—tend to concentrate within temporal and frontal cortex. These areas are expected
for an auditory comprehension task and their corresponding rgs values augment the previous
discussion of reproducibility of magnitude and binary classification (active/inactive) for
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these two macro-anatomical regions in association with the Listen condition. The next
region exhibiting multiple reliable peaks is the medial occipital cortex and adjacent
cerebellar cortex, supporting the earlier argument related to the importance of these regions
in auditory comprehension under noisy conditions.

From the perspective of repeated measures—i.e., longitudinal studies—these results suggest
that tracking of local maxima across sessions to evaluate underlying cortical reorganization
associated with some sort of experimental manipulation is possible, but that each peak may
require a different displacement threshold (e.g., see Tables 3 and 4) for a shift to be
considered a result of the manipulation and not simply a consequence of normal variability.
Although a displacement greater than the rgs for a given peak does not entail cortical
reorganization, the opposite is true, meaning that peak displacements below the rg5 observed
for the Listen condition should not be considered indicative of any cortical reorganization
associated with any potential experimental manipulation.

CONCLUSIONS

In this study we have evaluated the reproducibility of fMRI activations associated with an
auditory sentence comprehension task with high attention demands. Reproducibility of
binary maps of activity/inactivity at the group level is high, with 83.95% of the total imaged
volume being consistently classified as active/inactive across the five imaging sessions. This
elevated consistency suggests that auditory sentence comprehension tasks with high
attention demand are good candidates for the longitudinal study of speech using fMRI.
Evaluated at the single-subject level, this study demonstrates that results can achieve levels
of reproducibility comparable with group-level analysis, but that such agreement only
occurs for limited cases. As a result, a single imaging session cannot always be considered
representative of the typical response of a subject, and multiple pre-manipulation sessions
are recommended if individual results are to be included as part of a longitudinal study or
are to be evaluated for clinical purposes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.
Time course of one functional run.
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Behavioral Results. (A) Mean percent correct responses for each subject and each session.
(B) Mean response time for each subject and each session. The overall mean (OAM) in both
graphs appear as a continuous horizontal black line. Limits for one and two standard
deviations from the mean appear as dashed (+1SD) and dotted black lines (£2SD).
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FIGURE 3.

Quality Assurance results. (A) Radiofrequency (RF) digital receiver, RF analog receiver and
RF transmitter gains. (B) Last five digits of the resonance frequency. (C) Signal to Noise
Ratio and Signal to Fluctuation Noise Ratio. (D) Percent Signal Drift and Percent Signal
Fluctuation.
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FIGURE 4.

Activation maps of the Omnibus (3-way ANOVA) analysis at pepr<0.005. The top box
shows activations for the Listen condition (top row) and Response condition (middle row).
The lower box shows an overlap between both conditions to clearly identify areas only
active during the Listen condition (green), only during the Response condition (dark blue)
and activated areas common to both conditions (cyan).
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Group-level/single-session (Group-Session) significant activations. Group level activations
are shown for each of the five imaging sessions at pepr<0.005. Activations common to all
five sessions include areas dispersed across the superior temporal cortex, inferior frontal

cortex, the supplementary motor area, early visual cortex and subcortical structures such as

the putamen and the thalamus. Activations were also present in the superior medial
cerebellar region, although these activations are not depicted in the cortical surface
renderings.
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FIGURE 6.

INDIVIDUAL SUBJECT-SESSION RESULTS
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Selected individual subject-level/single-session (individual Subject-Session) activation maps

at pppr<0.005. First and second rows correspond to subject Sbj08 (sessions 2 and 5
respectively). Third and fourth rows correspond to subject Sbj10 (sessions 2 and 3
respectively). Fifth and sixth rows correspond to Shj16 (sessions 2 and 4 respectively).
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FIGURE 7.

Reliability analysis (Rc) for Group-Session data. The color-coded overlap activation map
indicates the relative frequency at which a voxel was classified as significantly active
(PrDR<0.005) in the five Group-Session results (blue = significantly active only in one
session; green = significantly active in two sessions; red = significantly active in three
sessions; orange = significantly active in four sessions; yellow = significantly active in all
five sessions). Numbered cross-hairs in the map correspond to the thirty most reliable peak
locations (as measured by rgs) for the Group-Session results (see column 5 on Table 3). The
black circles on bilateral angular gyrus/superior parietal lobule and right middle frontal
gyrus indicate isolated areas of inconsistent group activation across repeated measures.
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FIGURE 8.

Reliability analysis (Rcc) for individual Subject-Session data. Selected individual Subject-
Session color-coded overlap activation maps indicate the relative frequency at which a voxel
was classified as significantly active (pppr<0.005) for the given subject (e.g., Figure 6).
Data from four subjects (Sbj04, Shj17, Sbj11 and Shj14) are presented in the figure. Maps
are sorted vertically in terms of descending R value (reported on the left of each map).
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PROBABILITY OF ACTIVATION OVERLAP MAP
(AGGREGATE SUBJECT-SESSION RESULTS)
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FIGURE 9.

Reliability analysis (R.c) for aggregate Subject-Session data. The color-coded aggregate
Subject-Session overlap activation map indicates the relative frequency at which a voxel
was classified as significantly active (pppr<0.005) out of the 80 individual Subject-Session
results (e.g., see Figure 6). Numbered cross-hairs in the map correspond to the thirty most
reliable peak locations (as measured by rgs) for the individual Subject-Session results (see
Table 4). The black circles on bilateral angular gyrus/superior parietal lobule and right
middle frontal gyrus indicate the isolated areas of inconsistent group activation noted in
Figure 7.
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VARIANCE ANALYSIS RESULTS

LEFT E MEDIAL Vi

FIGURE 10.

Volumetric Variance Ratio Maps. (A) Ratio of Between-subject Variance (RVpet.shj) map
indicating the voxels for which between-subject variance is an important contributor to the
overall variance. (B) Ratio of Between-session Variance (RVpet.ses) Map depicting voxels
for which between-session variance is an important contributor to the overall variance. (C)
Ratio of Residual Variance (RV es) map depicting voxels for which residual variance in an
important contributor to the overall variance.
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Results for the 95% probability radius (rgs) analysis. (A) Histogram and cumulative
histogram for the rgg associated with the Group-Session results. (B) Histogram and
cumulative histogram for the rgg associated with the aggregate Subject-Session results.
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