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fMRI Activation Mapping as a Percentage of Local
Excitation: Consistent Presurgical Motor Maps
Without Threshold Adjustment

James T. Voyvodic, PhD,1* Jeffrey R. Petrella, MD,2 and Allan H. Friedman, MD3

Purpose: To evaluate the performance of a relative activa-
tion amplitude algorithm, versus standard t-value thresh-
olding, for reliably establishing the location, amplitude,
and spatial extent of functional magnetic resonance imag-
ing (fMRI) brain activation for presurgical planning.

Materials and Methods: Diagnostic fMRI maps from 42
neurosurgical patients performing a simple hand move-
ment task were analyzed. Relative activation maps were
made by normalizing statistical t-value maps to the local
peak activation amplitude within each functional brain re-
gion. The spatial distribution of activation was quantified
and compared across mapping algorithms, subjects, and
scan duration.

Results: Whereas the spatial distribution of blood oxygen-
ation level-dependent (BOLD) t-value statistical activation
maps was highly variable across subjects and scan dura-
tion, the spatial distribution of relative activation maps was
highly reproducible both within individual subjects and
across different subjects. In every case the 40% most active
voxels in the cortical hand region were consistently local-
ized to the pre- and postcentral gyri of the sensorimotor
cortex.

Conclusion: The reproducibility and anatomical specificity
of the spatiotemporal pattern of BOLD activation makes
relative amplitude fMRI mapping a useful tool for clinical
imaging, where accuracy, reproducibility, and quality con-
trol are critical concerns.
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FUNCTIONAL MAGNETIC RESONANCE IMAGING
(fMRI) detects brain regions with task-dependent signal
fluctuations, but is currently not very consistent at
quantifying the spatial extent of those regions, nor is it
able to discriminate whether a task-correlated region is
directly involved in the observed behavior. The first
problem, determining spatial extent, arises because
fMRI active areas are usually defined using a statistical
significance threshold; image voxels are defined as “ac-
tive” if their task-dependent signal fluctuations exceed
the threshold criterion (1). Spatial extent can be highly
variable, therefore, because it depends on the quality
and quantity of signal acquired, rather than on intrinsic
boundaries of brain function itself (1,2). The second
problem, determining whether a task-correlated region
is essential for a particular function, arises because
most fMRI is based on a blood oxygen level-dependent
(BOLD) signal, which is an indirect indicator of neuro-
nal function. BOLD signals can change in nonessential
active brain regions and in nonactive regions with vas-
cular connections to active regions (3).

Despite being an indirect statistical measure of brain
activity, however, fMRI could be a more reliable map-
ping tool if conditions could be found empirically under
which fMRI consistently and accurately identifies re-
gions of behaviorally important brain function. Identi-
fying such conditions and measuring their reliability is
particularly important when fMRI is being used in a
clinical context. In diagnostic localization of function
for neurosurgical planning, for example, fMRI is in-
creasingly being used to identify essential speech and
sensorimotor regions of the brain for treatment plan-
ning. Numerous feasibility studies have reported that
functional areas identified by presurgical fMRI gener-
ally agree with areas identified by intraoperative func-
tional mapping (4–17). However, such reports also
show considerable variability, with no clear guidelines
for how to assess the reliability of any particular fMRI
map.

The issue of variability in fMRI mapping has been
assessed directly in control studies in which normal
healthy volunteers underwent multiple scans, each
time performing a consistent simple task (2,18–23). For
example, Liu et al (19) showed considerable variability
in fMRI activation even when comparing repeated scans
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of a single subject performing identical motor tasks
under controlled performance conditions. In general,
the central locations of brain activation tend to be con-
sistent across repeated scans, but the amplitude and
spatial extent of activation is highly variable. Such vari-
ability in spatial extent can be partially compensated by
adjusting the statistical threshold criterion, but there
are as yet no clear guidelines for what activation thresh-
old should be used for any particular fMRI scan. Defin-
ing active voxels by a minimum significance threshold
makes the spatial extent of activation highly dependent
on scan duration and the stability of the least active
voxels, rather than on any intrinsic boundaries of the
activation signal itself. This uncertainty about spatial
extent is especially troubling for diagnostic fMRI scans,
where determining proximity of a tumor to a functional
brain region is an important clinical goal.

To address this issue we used an automated adaptive
method for assessing statistical threshold levels that
greatly improves the consistency of fMRI activation
maps (2). This method, activation mapping as a per-
centage of local excitation (AMPLE), combines standard
statistical significance testing with a relative analysis of
the spatiotemporal distribution of all brain voxels
within a local region of brain activity. AMPLE analysis
generates standard parametric maps for assessing sta-
tistical significance, as well as temporal consistency
measures for assessing the reproducibility of the acti-
vation pattern, and relative signal amplitude maps for
assessing the spatial extent of activation. An important
advantage of this approach is that it provides consis-
tent normalized assessments of the spatial extent of
brain activity without the confound of changing abso-
lute significance levels. A previous study (2) demon-
strated that AMPLE analysis resulted in consistent ac-
tivation maps when healthy individual subjects
repeated the same behavioral task under a variety of
scanning conditions; it also improved the accuracy of
detection of active voxels as assessed by simulated fMRI
scans.

In the current study we empirically tested whether
this AMPLE approach can consistently and accurately
identify regions of behaviorally important brain func-
tion in patients undergoing fMRI mapping for presurgi-
cal planning. For this we focused on diagnostic local-
ization of the motor cortex and used the known
functional anatomy of the hand region of cortex in the
pre- and postcentral gyri in order to assess the accu-
racy of fMRI maps during a hand sensorimotor task. To
ensure normal anatomical localization of the hand
area, only patients whose pathology was found to be
remote from the sensorimotor cortex were included in
the study. Our goal was to test whether the relative
spatial distribution of the BOLD signal can provide a
consistent description of the spatial extent of brain ac-
tivity, and whether the AMPLE approach can provide
objective and empirically validated metrics for assess-
ing the reliability of fMRI data. The results indicate that
for presurgical motor mapping, at least, the AMPLE
analysis approach establishes conditions under which
fMRI may be considered a consistent and reliable map-
ping tool.

MATERIALS AND METHODS

Subjects

This study involved retrospective analysis of fMRI mo-
tor mapping data from patients who underwent presur-
gical diagnostic fMRI mapping at our medical center
over a 22-month period (July 2006 to May 2008). Sub-
jects were included if they had complete structural and
functional datasets and no visible pathology within 5
cm of the hand sensorimotor cortex. Subject selection
was blind to the fMRI results obtained for any patient.
All patients gave written Institutional Review Board
(IRB)-approved informed consent to be included in this
research.

MR Image Acquisition

Scanning was performed on a 3.0 T GE Signa LX scan-
ner (Milwaukee, WI) using standard clinical pulse se-
quences. The three-scan series used in the current
analysis were: a whole brain high-resolution T1-
weighted series (fast spoiled gradient echo [FSPGR] TR/
TE/TI/flip � 8/3/450 msec/12°, field of view [FOV]
25.6 cm, 1 mm slices, 256 � 256 � 166 voxels) for 3D
reconstruction of the cortical surface; a gradient echo
echo-planar series (TR/TE/flip � 1500/35 msec/90°,
FOV 24 cm, 5 mm thick, 64 � 64 � 22 voxels, 256
timepoints) for BOLD fMRI analysis; and a spin echo
echo-planar series (TR/TE/flip � 10,000/92 msec/90°,
FOV 24 cm, 5 mm thick, 128 � 128 � 22 voxels) for
aligning EPI to T1-weighted anatomical images.

fMRI Behavioral Paradigm

Subjects performed an alternating hand-squeezing
task to localize the motor cortex. Prompted by a visual
cue, they alternated 9-second blocks of rest with 9-sec-
ond blocks of opening and closing one hand (�1/sec).
One full task cycle was 9 seconds rest, 9 seconds left
hand motion, 9 seconds rest, 9 seconds right hand
motion. Each fMRI scan lasted 6:24 (384 sec). The first
10 full task cycles (360 sec) were used in our analyses;
in some cases only the first two task cycles (72 sec) were
used, as indicated in the text.

Data Analysis

All data processing was performed using the fScan
analysis program for fMRI (2,24) on a Pentium IV com-
puter running RedHat FC6 Linux. Analysis for each
subject involved the following steps (all steps were fully
automated except where indicated): 1) Spin-echo EPI
images were registered with the whole-brain T1-
weighted images and manually affine adjusted by vi-
sual inspection to ensure that the central sulcus re-
gions were aligned near the top of the brain. 2) Two
subset datasets were extracted from the hand motor
fMRI data series, one containing the first 10 complete
task cycles (360 sec) and one containing only the first
two task cycles (72 sec). 3) Each subset dataset was
detrended to remove low-frequency signal drifts and
spatially smoothed in-plane. 4) t-value activation maps
were generated comparing left–right and right–left hand
movement conditions. t-maps were spatially smoothed
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across adjacent voxels in 3D. 5) Nonoverlapping 3D
rectangular regions of interest (ROIs) were manually
defined for each motor cortex area; each ROI was drawn
to be large enough to extend beyond the hand motor
activation region on all sides (Fig. 1A). 6) AMPLE maps
were created by converting t-values within each ROI to
percentage of the peak t-value for that ROI (AMPLE
value � t-value/ROIpeak_t-value � 100). 7) AMPLE
stability plots were generated by counting the number
of voxels at or above each relative activation level (10%–
90% of peak t-value), as a function of scan time (2). 8)
T1-weighted images were segmented semiautomatically
to separate brain from surrounding tissue and identify
the gray/white matter tissue boundary; segmented im-
ages of the top portion of the brain were then converted
to a 3D reconstruction of the superior aspect of the
cortical surface (Fig. 1B,C). 9) t-value and AMPLE value
maps with different activation thresholds were pro-
jected onto the superior surface reconstructions and
saved as JPEG images. All maps projected onto cortical
surfaces included any active voxel within 5 cm of the
surface. 10) t-value and AMPLE maps were similarly
projected onto cortical surface views approximately
tangential to the hand regions of the central sulcus in
each hemisphere and saved as both projected statisti-
cal maps and JPEG images. 11) 3D surface locations for
the peak of sensorimotor activation were calculated

from the t-value maps and projected onto the cortical
surface reconstructions, along with 15 concentric an-
nular regions of interest spaced 5 mm apart (Fig. 1D).
12) Irregular ROIs were manually drawn on the left and
right hemisphere superior surface views by tracing the
central, precentral, and postcentral sulci to identify the
sensorimotor pre- and postcentral cortical gyri; to gen-
erate activation profiles across the sensorimotor gyri a
10 pixel-wide rectangular ROI was added perpendicular
to the central sulcus, passing through the activation
peak (Fig. 1E). 13) t-value and AMPLE surface-pro-
jected map regions corresponding to each surface-de-
fined ROI were extracted automatically, and the spatial
distribution of voxels at different activation levels was
quantified as a function of anatomical ROI gyrus and
distance from the local peak of sensorimotor activation
(Fig. 1F).

RESULTS

We analyzed presurgical diagnostic fMRI data for 42
patients (25 male, 17 females) with ages between 13
and 83 (mean 48 � 17) years old. These 42 patients
were all of the most recent 150 consecutive patients
with complete hand motor datasets (T1-weighted, hand
fMRI, and coplanar spin-echo EPI), who did not have
brain tumor pathology within 5 cm of the hand cortical
sensorimotor areas (omega bend of the central sulcus),
nor such large tumors that it was difficult to generate
satisfactory 3D reconstructions of the superior cortical
surface. Of the 42 patients included, 40 had brain tu-
mors and two had vascular malformations.

Comparison of Standard t-Value and AMPLE
Relative Activation Maps

Satisfactory fMRI maps were obtained for every subject,
showing bilateral activation of the cortical sensorimotor
areas along the central sulcus in both hemispheres (Fig.
2A). Standard t-value parametric maps showed large
brain regions with highly significant (t-value � 6.0, P �
0.0001) task-dependent BOLD activation. At this signifi-
cance level, thresholded activation maps identified not
only the precentral and postcentral gyri, but also large
regions of activation in more anterior and posterior gyri as
well. Increasing the threshold for t-value maps reduced
the apparent size of activation (not shown). For any par-
ticular subject and statistical threshold, the apparent
spatial extent of activation was also highly variable, de-
pending on how long the fMRI task lasted. Thus, maps
generated after 10 task cycles (360 sec) resulted in appar-
ently larger brain areas activated than in maps generated
from just two task cycles (72 sec) of the same scan data
(Fig. 2B). Activation thresholds could be adjusted to
change the apparent size of activation, but there was no
statistical threshold that consistently localized activation
to the sensorimotor cortex region, either within the two
hand regions of single subjects or across subjects (Fig.
2C). Counting the number of voxels at different statistical
significance levels as a function of scan duration demon-
strated that the apparent spatial extent of activation var-
ied initially and then increased continuously for all sub-
jects (Fig. 2D).

Figure 1. Methods for quantifying the spatial extent of fMRI
activation in each subject. a: 3D rectangular ROIs were drawn
to completely encompass the fMRI activation in each hemi-
sphere. b: A 3D rectangular ROI was drawn in T1-weighted
images to include the superior portion of the brain, which was
then segmented to separate brain from surrounding tissues
and find the gray/white matter boundary. c: The 3D cortical
surface of the brain was reconstructed from the segmented
T1-weighted images. d: Fifteen concentric 5-mm wide annular
regions of interest centered on the peak of fMRI activation
(colored circle) were automatically superimposed on the 3D
surface rendering of each sensorimotor area. e: The central
sulcus and pre- and postcentral gyri were manually traced on
the surface view of each cortical hemisphere, and then pro-
jected onto a rectangular ROI drawn perpendicular to the
central sulcus, passing through the activation peak. f: t-value
and AMPLE maps were projected onto each cortical hemi-
sphere and the spatial distribution of voxels at different acti-
vation levels were automatically sampled along the perpendic-
ular rectangular ROI and quantified as a function of
anatomical ROI gyrus and distance from the local peak of
sensorimotor activation (see Figs. 4, 5).
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When activation maps were converted to relative-am-
plitude AMPLE maps (see Materials and Methods) the
apparent spatial extent of fMRI activation was more
consistent than in the standard t-value maps (Fig. 3). In
color-coded AMPLE activation maps, the peak of hand
movement activation in each ROI was consistently in or
near the central sulcus. Moreover, the top 40% of active
voxels was consistently within the precentral or post-
central gyrus. The spatial distribution of relative fMRI
activation in AMPLE maps was also independent of how
long the scan lasted. Thus, the top 40% of AMPLE maps
generated after just two task cycles resulted in active
brain areas with similar spatial extents of activation as
in maps generated from 10 task cycles of the same scan
(Fig. 3B). The effect of adding eight more cycles of scan
data was to increase the overall statistical significance

of all AMPLE voxels, without changing the spatial dis-
tribution of voxels with different relative activation lev-
els. In each case, the top 40% of activation was ana-
tomically localized to the sensorimotor cortex pre- and
postcentral gyri. Counting the number of voxels at dif-
ferent relative activation levels as a function of scan
duration demonstrated that the apparent spatial extent
of activation fluctuated initially but then reached stable
plateau levels for all subjects (Fig. 3C).

Consistency of Anatomical Localization of AMPLE
Peak Across Subjects

The consistency of anatomical localization to the sen-
sorimotor cortex was confirmed by manually tracing
the pre- and postcentral gyri for each subject and ex-

Figure 2. Spatial extent of standard t-value activation maps. t-value activation maps contrasting left hand and right hand BOLD
signals were sorted by the mean peak t-value for both hemispheres, and the 1st, 11th, 31st, and 41st subjects’ results were
arbitrarily selected to demonstrate the full range of fMRI responses. Each row shows surface-rendered activation maps and voxel
counts for a single subject. Although the contrast was between hands, both hand activations are shown as positive t-values
using the same color scale. a: Hand-movement activations for four subjects after 10 task cycles (360 sec) thresholded at
t-value � 6.0. b: t-value maps generated from the first two task cycles (72 sec) at the same, t � 6.0, threshold. c: The 10-cycle
data from A with t-value threshold adjusted to t-value � 16.0, which was approximately midway between subjective optimal
thresholds for all 42 subjects. At t � 16.0, subjects with the weakest BOLD signal changes had no active voxels, while the
strongest had activations that extended beyond the primary sensorimotor cortex. d: Plots of voxel counts for each hand ROI
(left � red, right � green) are shown as a function of time across 10 task cycles for six different t-value thresholds (square: t �

5, filled triangle: t � 6, circle: t � 7, asterisk: t � 8, plus: t � 9, open triangle: t � 10). Most curves increased continuously over
time.
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tracting spatial profiles oriented perpendicular to the
central sulcus, where each profile passed through the
peak of activation. Figure 4 shows these activation pro-
files under different analysis conditions for both hand
regions of every patient in the study. To determine the
specificity of anatomical localization, the profile
through the sensorimotor cortex (precentral plus post-
central gyri) is shown separated from the surrounding
regions. In all 42 subjects, the top 40% of AMPLE peaks
for both hand regions lay within the primary motor
(precentral) and somatosensory (postcentral) gyri. Out-
side these sensorimotor gyri, only the least active (lower
60%) voxels were seen in AMPLE maps (Fig. 4B). In
AMPLE maps made from only the first two cycles (72
sec) of the hand movement task, the top 40% peak
regions were also confined to the primary sensorimotor
gyri (Fig. 4C). The AMPLE spatial distributions seen
after 2 or 10 cycles were very similar for every subject.

In contrast, sampling the same cortical regions in
standard t-value maps demonstrated that the spatial

profile of statistically significant hand activation often
extended well beyond the pre- and postcentral gyri (Fig.
4E). Moreover, the spatial extent of active voxels varied
greatly depending on how many task cycles were in-
cluded (Fig. 4D,F).

Consistency of AMPLE Peak Shape Across Subjects

The spatial distribution of AMPLE activation was quan-
tified by calculating a weighted average of relative acti-
vation amplitude as a function of distance from the
peak activated voxels (Fig. 5). Similar spatial distribu-
tion curves were observed for all 84 cortical ROIs. When
only the first two task cycles of fMRI data were consid-
ered there was more variability across the 84 hand
activations than after 10 task cycles. On average, how-
ever, the mean distribution of relative activation ampli-
tude calculated as a function of distance from the peak
was quite similar regardless of scan duration. The num-
ber of strongly activated voxels (above 50% peak ampli-
tude) fell rapidly as a function of distance within 15 mm
of the peak, and the spatial rate of fall was the same for
both sampling durations. The number of less activated
voxels (below 50% peak amplitude) fell more gradually
over greater distances. The spread of these less active
voxels was somewhat narrower after 10 task cycles
than after two cycles.

Quantifying the spatial distribution of absolute t-val-
ues resulted in very different curves after 10 task cycles
compared to after two cycles (Fig. 5D) because statisti-
cal significance of all active voxels increased with the
length of the task. For the two cycle maps, voxels be-
yond 40 mm had low t-values (t � 2) and would nor-
mally not be considered statistically “active.” For the
full 10 cycle maps, however, voxels over 40 mm from
the peak of activation still had highly significant (t � 4)
task-dependent BOLD signal changes. Those voxels
would normally be considered “active,” therefore, de-
spite lying well outside the anatomical region of the
sensorimotor cortex.

Combining Statistical Significance and AMPLE-
Coding in the Same Map

The AMPLE maps shown in Fig. 3 were color-coded to
show relative BOLD activation amplitude, and thresh-
olded to highlight the anatomical localization of the
upper portion of the activation peak. This approach
demonstrates that such maps result in more consistent
spatial patterns of functional activation than do stan-
dard t-value maps. However, AMPLE maps presented in
that way convey little information about the absolute
statistical significance of BOLD activation, nor about
relative amplitude differences between different AMPLE
peaks. In practice, therefore, AMPLE maps are usually
combined with t-value maps for visualization. Figure 6
shows examples of AMPLE maps, in which the t-value
map was used to set the display threshold of AMPLE
color-coded voxels. In this case, only voxels with t-value
at least 6.0 were included in the AMPLE maps. Such
maps show the color-coded spatial distribution of acti-
vation within each region, as well as how much of each
peak passed the specified absolute statistical signifi-

Figure 3. Spatial extent of AMPLE activation maps. Data con-
verted to AMPLE relative activation values are shown for the
same four subjects as in Fig. 2. Only voxels with absolute
t-values � 2.0 were included in these maps. a: The 40% most
active voxels in each hand movement ROI after 10 task cycles.
b: The 40% most active voxels after only the first 2 task cycles.
c: Plots of voxel counts for each hand ROI (left � red, right �
green) are shown as a function of time across 10 task cycles for
six different AMPLE relative activation levels (square: A � 40%,
filled triangle: A � 50%, circle: A � 60%, asterisk: A � 70%,
plus: A � 80%, open triangle: A � 90%). Most curves reached
stable levels over time.
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cance criterion. For any single map, changing the t-
threshold would change how many voxels were visible,
but the relative activation color of voxels included in the
map was independent of threshold level. Conversely,
changing statistical significance by comparing 2 versus
10 task cycles increased the number of AMPLE voxels
above a fixed t-value threshold, but the AMPLE map
color of each active voxel again remained relatively con-
stant.

DISCUSSION

The hand area spanning the primary motor and so-
matosensory cortex is one of the few functional regions
of the brain with a well-characterized anatomical loca-
tion. In the normal brain it lies on either side of the

central sulcus, near the omega-shaped bend of the pre-
central gyrus. In this study we used this known ana-
tomical location of the hand sensorimotor region as a
reference against which to assess the accuracy and
consistency of fMRI mapping of hand motion.

Our results demonstrate that fMRI mapping using a
simple hand movement task results in statistically sig-
nificant BOLD signal in the hand region of the precen-
tral and postcentral gyri, but also produces statistically
significant activation that extends well beyond these
gyri. Moreover, the apparent spatial extent of signifi-
cant activation varies considerably among individuals
and is highly dependent on scan duration. In contrast,
the spatial distribution of relative voxel activation is
quite consistent among different individuals and is es-
sentially independent of scan duration. A previous re-

Figure 4. Profiles of hand activation through the sensorimotor cortex. Rectangular regions perpendicular to the central sulcus
and passing through the peak of activation were used to extract hand activation profiles from surface-rendered views of AMPLE
maps and t-value maps. To assess the anatomical extent of activations, the sensorimotor cortex (precentral and postcentral) was
extracted from the surrounding anterior and posterior regions of the sampling rectangle. Both the left and right hemisphere
activation ROIs are shown for all 42 subjects in the study (columns show the same ROIs across panels). a: Sensorimotor pre- and
postcentral gyrus regions of AMPLE maps from the full 10-cycle (360 sec) hand movement task. b: The same AMPLE maps as
A showing activation levels in the brain regions surrounding the sensorimotor cortex (the sensorimotor region of A would fit in
the gap). There is almost no strong activation outside the sensorimotor region. c: Sensorimotor regions of AMPLE maps from the
first two task cycles (72 sec) only. Activation patterns in A and C were similar despite differences in task duration. d:
Sensorimotor regions of standard t-value maps from the full 10-cycle task. e: Regions of the t-value maps in D surrounding the
sensorimotor cortex, showing variable activation outside the central gyri. f: Sensorimotor regions of t-value maps from the first
two task cycles only. Activation patterns in D and F varied with task duration.
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port (2) showed that mapping brain function as a per-
centage of local activation resulted in consistent
relative activation maps when individual subjects per-
formed the same hand movement task under different
imaging conditions (spiral or linear EPI) and at different
field strengths (1.5 T or 4 T). The current results extend
those earlier findings by showing that AMPLE activa-
tion maps consistently identify the known anatomical
location and spatial extent of the hand cortex across a
large subject population. Thus, in every subject tested
(84 hand regions), and for two different scan durations
(72 and 360 sec) the upper 40% of each AMPLE area
consistently fell within the expected anatomical gyri of
the hand sensorimotor cortex.

Although normalizing fMRI activation maps to a per-
centage of the local peak value is not mathematically
sophisticated, this simple transformation has impor-
tant implications. These arise because the important
voxels in fMRI are all those with statistical values above
the minimum activation threshold. Traditional fMRI
maps focus on identifying which voxels are above the
minimum threshold and thus define the entire activa-
tion relative to the least active voxels, which are highly
variable and presumably the least important. By nor-
malizing to the peak, AMPLE maps redefine activation
as relative to the most active voxels, which are presum-
ably the most important (25) and which we demonstrate
to be highly stable. An advantage of color-coding acti-
vation maps relative to the peak is that the color of
individual active voxels does not change if the statisti-
cal significance of the entire activation increases. Both
the current study and previous findings (2) demon-
strate that the spatial distribution of relative voxel ac-
tivations are stable for a particular task, despite large
increases in overall BOLD activation levels. Adjusting
statistical thresholds changes how much of the active
region is visible, but the spatial pattern of the color-

coded AMPLE map is unaffected by changing statistical
threshold values (see Fig. 6).

An important goal of this study was to empirically
determine what fraction of the peak of activation for our
clinical motor fMRI task actually coincides with the
anatomically relevant sensorimotor cortex, and
whether that fraction is consistent among different pa-
tients. The results suggest that the 40% most active
voxels in each hand area do consistently correspond to
the expected sensorimotor hand area along the central
sulcus. Active voxels below the top 50% were frequently
located outside the pre- and postcentral gyri. Although
statistically significant, those less active portions of the
fMRI map would be considered negative from a clinical
perspective because they are not essential sensorimo-
tor regions. Having a reproducible method that consis-
tently identifies the spatial extent of clinically relevant
functional regions is very important when interpreting
diagnostic fMRI scans.

Our results confirm previous findings (2) that the
spatial distribution of AMPLE activation maps fluctu-
ates initially during a scan but then stabilizes (eg, Fig 3)
and remains consistent relatively independent of scan
duration. This property therefore provides a simple and
powerful quality control metric for objectively assessing
the reliability of each fMRI scan. In our diagnostic fMRI
scans, for example, we routinely perform real-time im-
age analysis to assess the stability of the activation map
while the patient performs the task. Once the pattern
stabilizes, as indicated by plateau behavior in the AM-
PLE voxel count plots, the scan is terminated because
our data show that continued scanning will not signif-
icantly affect the result. Having this simple stability
metric thus provides an immediate assessment of data
quality during acquisition, and also provides a tool for
evaluating confidence in the reliability of the maps
when interpreting activation results. If the pattern was

Figure 5. Spatial distribution of AM-
PLE normalized activation peaks. The
sampling rectangle perpendicular to
the central sulcus was used to mea-
sure the distribution of relative acti-
vation amplitude as a function of dis-
tance from the most active voxels. a:
Relative amplitude profiles from the
full 10-cycle (360 sec) task for all 84
hand movement ROIs. b: Relative
amplitude profiles from the first two
task cycles only for every ROI. c:
Mean relative activation amplitude
profiles for 10 task cycles (x) and 2
task cycles (o) with SD bars. d: Mean
absolute t-value amplitude profiles
for 10 task cycles (x) and two task
cycles (o).
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not stable the results should probably be interpreted
with caution.

In conclusion, a hand movement task provides a good
test case for analyzing the anatomical specificity and
spatial extent of fMRI activation because the task elicits
robust BOLD signals and the functional anatomy of the
sensorimotor cortex is well understood. Our results em-
pirically demonstrate the reproducibility and anatomi-
cal correlates of AMPLE maps for hand motor mapping
in the absence of obvious pathology. Additional studies
using direct validation with intracranial stimulation
mapping will be needed to evaluate the anatomical re-

liability of this approach in the clinically important con-
text of language mapping and to see how the spatial
distribution of active voxels is affected by tissue pathol-
ogy. However, we have already found that the AMPLE
approach provides a useful stability metric for assess-
ing scan quality and highly consistent spatial distribu-
tion maps of relative voxel activity. By combining such
relative maps with standard activation maps showing
the absolute statistical significance of overall activa-
tion, the AMPLE approach may help to improve the
overall reliability of fMRI brain mapping.
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