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Abstract

This study evaluates the intra- and inter- subject variability of digit maps in area 3b of anesthetized
squirrel monkeys. Maps were collected using high field Blood Oxygenation Level Dependent
(BOLD) fMRI. BOLD responses to individual digit stimulations were mapped and their response
properties (location, area of activation, % signal change, time to peak response) were compared
within and across imaging sessions separated by up to 20 months. During single digit stimulation
using a block design, the spatio-temporal response of the BOLD signal for individual runs within
and across sessions and animals was well conserved, with a time to peak BOLD response of 20 + 4
sec. The variability in the center of BOLD activation in area 3b was 0.41 + 0.24 mm (mean + SD)
across individual 5-7 minutes runs within a scanning session and 0.55 + 0.15 mm across sessions.
The average signal change across all animals, runs and sessions was 0.62 + 0.38 %, and varied 32%
within and 40% across sessions. In a comparison of the stability and reproducibility of the area of
single digit activation obtained using three approaches, use of a fixed statistical threshold (p<107°)
yielded an average area of 4.8 + 3.5 mm? (mean + SD), adaptive statistical thresholding 1.32 + 1.259
mm? (mean + SD), and combined fixed statistical and adaptive BOLD signal amplitude 4.4 + 2.5
mm? (mean + SD) across image runs and sessions. The somatotopic organization was stable within
animals across sessions, while across animals, there was some variation in overall activation pattern
and inter-digit distances. These results confirm that BOLD activation maps of single digits in area
3b as characterized by activation center, signal amplitudes, and temporal profile are very stable. The
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activation sizes determined by various criteria are the most variable measure in this preparation, but
adaptive statistical thresholding appears to yield the most stable and reproducible maps. This study
serves as a baseline assessment of the limits imposed on the detection of plastic changes by
experimental variations of the digit BOLD fMRI activation maps in normal animals, and as an
indicator of the likely performance limits in human studies.

Keywords
high field functional MRI; primates; somatosensory cortex; digits; topography

1. Introduction

fMRI can image brain activity across a wide range of distances and scales, from whole brain
networks to cortical columns in humans, and in anesthetized and awake animals. By virtue of
its non-invasiveness, fMRI is particularly well suited for studying brain function longitudinally
and for mapping plastic changes in the central nervous system. Several studies have confirmed
the ability of high field fMRI, using both endogenous blood oxygenation level dependent
(BOLD) and exogenous intravascular contrast, to resolve sub-millimeter functional
organization in the CNS, including fine scale ocular dominance and orientation modules in
primary visual cortex (Menon and Goodyear, 1999; Fukuda et al., 2005; Fukuda et al., 2006;
Moon et al., 2007; Goense and Logothetis, 2008; Yacoub et al., 2008), single digit tactile
response in somatosensory cortices (Chen et al., 2007; Zhang et al., 2007; Meier et al., 2008;
Nelson and Chen, 2008; Schweizer et al., 2008), and odor maps in olfactory cortex (Kida et
al., 2002; Schafer etal., 2006; Courtine etal., 2007). These results suggest that high field BOLD
fMRI can be used to follow the spatio-temporal trajectory of functional reorganization, such
as that observed following spinal cord injury for example see (Jones, 2000; Kaas, 2000; Kaas
et al., 2007), with sub-millimeter resolution. To do so, it is necessary to establish the intra-
subject stability and inter-subject variability of BOLD fMRI maps of the particular system to
be studied.

The stability and variability of BOLD signal have been investigated previously within and
across subjects both in humans and animals (Moser et al., 1996; Rombouts et al., 1998; Tegeler
et al., 1999; van Gelderen et al., 2005; Schafer et al., 2006; Leontiev and Buxton, 2007; Yoo
et al., 2007). In humans, while functional maps have generally been reproducible, variations
in location, activation volume and temporal profiles have been observed in repeat fMRI
mapping studies in visual, motor, and somatosensory cortices (Rombouts et al., 1998; Tegeler
etal., 1999; Waldvogel et al., 2000; Salli et al., 2001; Fernandez et al., 2003; Neumann et al.,
2003; Tjandra et al., 2005; van Gelderen et al., 2005; Harrington et al., 2006; Menz et al.,
2006; Costafreda et al., 2007; Yoo et al., 2007; Whalley et al., 2009) though the origin of these
variations are not well understood. Excellent intra-subject reproducibility of high field high-
resolution odor maps has been demonstrated within a single imaging session in rats (Schafter
et al 2006). However, the long-term stability of high resolution fMRI maps, particularly in
somatosensory cortices of non-human primates is less well known (Chen et al., 2005). The aim
of the present study was to establish the longitudinal intra-subject stability and inter-subject
variability of fMRI activation maps of digit representations in primary somatosensory cortex
(area 3b) of squirrel monkeys collected at sub-millimeter spatial resolution. This region was
chosen because electrophysiological and optical imaging studies have consistently identified
somatotopically organized discrete representations of individual digits in area 3b that are
readily activated by physiologically relevant somatosensory stimuli, and which undergo
significant functional reorganization following focal loss of sensory inputs, such as can occur
in cervical spinal cord injury.
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In primates, somatosensory area 3b plays an important role in touch perception, and it contains
a fine representation of the body surface. The somatotopic organization of digit representations
in area 3b of non-human primates has been well established with various invasive techniques
such as microelectrode receptive field mapping, histology (Nelson et al., 1980; Sur et al.,
1982; Pons et al., 1987; Reed et al., 2008), optical imaging of intrinsic signal (Tommerdahl et
al., 1999; Chenetal., 2001; Tommerdahl etal., 2002; Chen et al., 2003), and noninvasive fMRI
(Chen et al., 2007; Zhang et al., 2007). Somatotopically, each digit occupies about 1 mm2
cortical area in area 3b of squirrel monkeys. Functionally, neurons in area 3b representing the
digits typically have small receptive fields (e.g. limited to a finger pad), and are organized in
columnar structures (Mountcastle, 1957; Sur et al., 1984; Favorov and Whitsel, 19883,
1988b; Kohn et al., 1997; Mountcastle, 1997, , 2003; Friedman et al., 2004). When cortical
responses to tactile stimuli have been mapped using hemodynamic signals in anesthetized
monkeys (e.g. optical imaging of intrinsic signal), comparable activations of 1 mm?2 with
limited overlap between adjacent digit responses have been observed (Chen et al., 2001; Chen
etal., 2003, , 2005), supporting the notion that functional mapping using a hemodynamic signal
corresponds well spatially to local neuronal activities (Yang et al., 1997; Disbrow et al.,
1999; Tommerdahl et al., 1999; Disbrow et al., 2000; Logothetis et al., 2001; Tommerdahl et
al., 2002; Lauritzen and Gold, 2003; Chen et al., 2007; VVanzetta and Grinvald, 2008).
Furthermore, the close correspondence of maps obtained using the BOLD mapping signal to
those derived from optical imaging and electrophysiological mapping in the same animal has
also been demonstrated (Chen et al., 2007). All three approaches reveal the same orderly and
separable single digit somatotopic organization. These results are in contrast to reports of the
spatial extent of digit representation overlapping observed in human primary somatosensory
cortex (e.g. subregion area 3b) (Gelnar et al., 1998; Maldjian et al., 1999; Krause et al.,
2001; van Gelderen et al., 2005; Nelson and Chen, 2008; Schweizer et al., 2008), and may
reflect the lower spatial resolution of the earlier studies. Taken together, these studies suggest
that high field fMRI can map cortical and subcortical functional structures with submillimeter
resolution, permitting longitudinal quantitative assessments of functional plastic changes of
cortical and subcortical structures in primates non-invasively with submillimeter spatial
resolution. However a quantitative measure of the variability and reproducibility of these maps,
particularly across multiple mapping sessions in a longitudinal study, is an essential pre-
requisite for distinguishing and characterizing functional reorganization. This is the goal of the
present study, and the data presented serve as a baseline assessment of the limits imposed by
fMRI mapping methods on the detection of plastic changes in normal animals and after
experimental interventions, as well as suggesting the potential sensitivity available in human
studies.

2. Methods

2.1 Animal Preparation

Six monkeys were used in this study. Each animal was sedated with ketamine hydrochloride
(10mg/kg)/atropine (0.05mg/kg) and mechanically ventilated with isoflurane anesthesia (0.5—
1.1%) delivered in a 30:70 O,:NO, mixture. After intubation, the animals were placed in a
custom-designed MR cradle and their heads secured with ear and head bars. Saline was infused
intravenously (2-3ml/kg/hr) throughout the imaging session to prevent dehydration. SpO2 and
heart rate (Nonin, Plymouth, MN), ECG, ET-CO2 (22-26 mmHg; Surgivet, Waukesha, WI),
and respiratory pattern (SA instruments, Stony Brook, NY) were monitored. Rectal
temperature was monitored (SA instruments) and maintained (37.5-38.5 °C) viaa combination
of a circulating water blanket (Gaymar Industries, Orchard Park, NY) and a flow of warm air
(SA instruments). Real time monitoring of the animal was maintained from the time of
induction of anesthesia until full recovery. All procedures were in compliance with and
approved by the Institutional Animal Care and Use Committee of VVanderbilt University.
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2.2 Stimulus Protocol

Fingers were secured by gluing small pegs to the fingernails and fixing these pegs firmly in
plasticine, leaving the glabrous surfaces available for vibrotactile stimulation. Piezoceramic
actuators (Noliac, Kvistgaard, Denmark) delivered a vertical indentation of a 2 mm diameter
probe with 0.34 mm displacement to individual distal fingerpads. The piezoactuators were
driven by Grass stimulators (Grass-Telefactor, West Warwick, RI) at a rate of 8 Hz with 30
ms pulse duration. Five to seven alternating 30 s blocks of baseline and vibrotactile stimulation
were delivered per imaging run. The MR scanner controlled the timing of the stimulus blocks.

2.3 MR Methods

All scans were performed on a 9.4T 21-cm narrow-bore Varian Inova magnet (Varian Medical
Systems, Palo Alto, CA) using a 3-cm surface transmit-receive coil positioned over the
somatosensory cortex. Scout images using a gradient-echo sequence were used to define a
brain volume covering the primary somatosensory cortex (SI) and to plan oblique coronal slices
for structural and functional images (See Fig 1 of Chen et al. 2007 for details). After shimming
over this volume, T2*-weighted gradient echo structural images (repetition time (TR), 200 ms;
echo time (TE), 14 ms, three slices, 512X512 matrix; 78 X 78 X 2000 pum resolution) were
acquired to identify venous structures on the cortical surface, that were used to locate Sl cortex
and provide structural features for coregistration of MRl maps obtained across imaging
sessions on different sessions. FMRI data were acquired from the same slice using a gradient
echo planar (GE-EPI) sequence (TE=16 ms; TR=1.5 sec; 64 X 64 matrix; 625 X 625 X 2000
um resolution). The TR on individual scans was adjusted to match the ventilation rate to
minimize respiration-induced signal variations in the functional time-courses. Typically an
experiment lasted about 6 hours, so the functional images acquired within the same experiment
(e.g. in response to the same digit stimulation) could be several hours apart.

2.4 fMRI Data Analysis

Reconstructed images were imported into Matlab (Mathworks, Natick, MA) for analysis. The
time courses of the EPI data were drift corrected using a linear model and temporally smoothed
with a low-pass filter. The correlation of each functional time course to a reference waveform
and the positive BOLD percentage signal change were calculated. Activation maps were
interpolated to 512 x 512 to match the structural images, and for each animal the activated
voxels were overlaid on the corresponding structural images for display and calculation. All
maps are displayed as single condition activation maps.

2.5 Alignment of BOLD activation maps across imaging sessions

To calculate the spatial shifts of activation centers across imaging sessions, we first aligned
anatomical images acquired from each imaging session using an automatic rigid coregistration
algorithm (Hill et al., 1991; Chen et al., 2002). An example of two aligned T2* weighted
structural images are shown in Figure 1A, B. The T2* weighting reveals venous structures
(thindark lines, red arrows) that were used together with anatomical features (central and lateral
sulci, green arrows), as coregistration landmarks. Typically we chose as landmarks more than
8 points surrounding the region of interest (digit representations), selected from anatomical
images acquired in the different imaging sessions. These were then input into a point-based
registration algorithm (implemented in MATLAB) for automatic transformation. The
landmarks were selected without a priori knowledge of the location of functional activations.
For each pair of anatomical MRI images, the registration transformation between these two
sets of coordinates was then applied to one activation image, thereby co-registering the fMRI
images across sessions (Hill et al., 1991; Chen et al., 2002).
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2.6 Stability measures

Within one imaging session (day), we first generated a single condition (stimulus versus
baseline) activation map for each imaging run at a fixed statistical threshold. Generally each
digit representation was mapped three to five times to increase the signal noise ratio. To
calculate the variability in the location of the BOLD activation across runs, the center of digit
activation was determined by the x-y coordinate of the voxel that had the highest statistical
significance. We also generated an average activation map for each session by averaging
weighted statistical maps across runs. The distances between the center of the averaged
activation map and center locations of the same digit across individual imaging runs were
calculated and used as a measure of the variation across runs. The variability in location across
sessions (days) was measured in the same way, comparing the location in average activation
maps for a given session, with that in the grand average across sessions after image
coregistration.

For fMRI data, there is still no consensus on what methods or criteria are most appropriate to
quantify the spatial extent of activation. Therefore, in this study, we compared three different
methods for defining the area of activation: 1) fixed statistical thresholding; 2) adaptive
statistical thresholding; 3) dual threshold (statistical threshold followed by adaptive % signal
change threshold). In the fixed threshold method, activated voxels were determined by
thresholding voxels to a fixed statistical significance value (e.g. p<10~°). With the adaptive
threshold method (Moser et al., 1996; Krause et al., 2001), activated voxels were calculated in
each run by adjusting the acceptance threshold (p value) to have a p< pmin*102 where ppin is
the lowest p value in that imaging plane, as shown in Figures 2 and 3. For dual thresholding,
voxels were first thresholded at a fixed statistical threshold (p< 1073), and those passing the
statistical threshold were then thresholded again at % signal change greater than or equal to
20% of the maximum BOLD signal within that image plane.

To calculate the time course and amplitude of BOLD signal change, a common ROI (same
voxel size and location) was defined by the average area of 3b activation within or across
sessions, and then the BOLD signal profiles within the ROI were calculated for each run or
session as appropriate. Time to peak measurements were calculated from the averaged time
courses. The variation of percentage signal change was calculated as (%A — %B)/(%A+%B).

12 imaging sessions generated from six monkeys (four animals had two image sessions, one
animal had 3 sessions and 1 animal had one session) were included in the analysis. Across the
five animals that were scanned repeatedly, the inter-session intervals were 2, 2, 8 weeks, 5 or
20 months, respectively. A typical imaging session lasted 4—6 hrs. Within each imaging session,
either three (d2, d3, d4) or four (D1, D2, D3, and D4) individual digits were mapped using
single digit stimulation. Online correlation analysis of each run was conducted during the
imaging session to guide the optimization of anesthesia level. Individual runs were included
in subsequent analyses if they met the following minimal quality criteria: 1) structured
activations consistent with prior optical imaging studies (e.g. Chen et al., 2001 and 2003) were
revealed in area 3b when correlation maps were thresholded at a minimal p<10~° uncorrected
for multiple comparisons; 2) ROI analysis revealed a BOLD signal response clearly
distinguishable from any baseline fluctuations. Microelectrode mapping validated the location
of area 3b. Imaging sessions that detected at least two repeatable BOLD responses for each
digit stimulation condition were included in quantitative analysis.

Neuroscience. Author manuscript; available in PMC 2011 January 13.
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a) Within imaging sessions

Center of activation: We first measured the variation in the distance between the centers of
BOLD activations for each run within one imaging session. Examples from three monkeys
(M1-M3) are shown in Figure 2. Consistent with our earlier study (Chen et al., 2007), we
observed focal activations in each run during single digit 8 Hz vibrotactile stimulation (Figure
2B, C: D3in M1; H, I: D3 in M2; N, O: D4 in M3). When adaptive thresholding was applied
(P< Pmin*x102), we observed similar sized activations in area 3b in all three animals. In addition,
average maps (Figure 2D, J, and P; red-yellow patches) were also generated to illustrate the
effects of across run averaging on activation location and size. When anatomically coregistered
functional images from individual runs were overlaid on average activation maps, we observed
excellent co-localization of activations across single runs (green and blue outlines), and with
the activation maps calculated by averaging all runs (Figure 2E, K, and Q). In M1, the center
of activation (defined as the voxel with the most significant p value) obtained in M1 differed
by 0.55 mm between runs 1 and 2, and this was reflected also in a shift of the activation
boundary (Fig. 2E). The between run differences in activation center were much smaller for
M2 (0.078 mm, Fig. 2K) and M3 (0.175 mm, Fig. 2Q), and in both these animals the activation
boundaries across runs were very similar. The mean pair-wise distance between all pairs of
single run activations within a session, averaged across all runs and all monkeys was 0.41 +
0.24 mm (mean + SD; 5 animals, 11 sessions).

Percentage BOLD signal change: We next evaluated the stability of the fractional BOLD
signal change across imaging runs within a single session, using the average signal change
within the region of interest (ROI) in area 3b identified from the activation map generated by
combining all runs in the session. The peak percentage change of BOLD signal in each run of
5-7 alternating blocks of baseline and stimulation, and the averaged BOLD signal across all
runs for each animal are also illustrated (Fig 2F, L, R, for M1-M3 respectively). Average
percentage BOLD signal change within and across runs within a session ranged from 0.35%
(M3 run 1) to 0.9% (M1 runl) within a single run, and 0.4% (M3) to 0.6% (M1, M2) for the
average across runs. Across animals, the fractional signal changes within a session varied 32%.

b) Across imaging sessions (2 weeks — 20 months)

Center of activation: In contrast to the calculation of changes in center of activation within
one imaging session where all the cross-run activation maps are coherently registered into one
imaging space, an intermediate co-registration step was required for quantifying differences
in activation centers across sessions. Imperfections in this step can introduce additional
variability. As expected, more variations were present in activation pattern (shape), size, and
locations during single digit stimulation across image sessions. Figure 3 summarizes four
examples (out of five monkeys studied longitudinally) of activation maps (determined by
adaptive threshold) during two different imaging sessions separated by 2 weeks (M3, M4), 5
months (M5) and 20 months (M2). In comparison to the within session measurements, the
variability in location of the activation centers across sessions, measured as the distance
between the most significant voxel in the session 1 and session 2 average activation maps, was
slightly greater (0.55 + 0.15 mm; n=5 animals). Finally, there was considerably more variation
across sessions in the patterns of activation beyond area 3b (Figure 3C and D). We attribute
this to the greater sensitivity of higher order sensory areas to subtle variations in anesthesia
within and across sessions (Chen et al., 2001;Chen et al., 2005;Friedman et al., 2008).

Area extent of activation: Three different methods were assessed to quantify the size of the
activation area. For a given fixed threshold, the area of single digit activation in area 3b across
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runsin all sessions (n =49 total) in all animals varied widely (Figure 4), reflecting the variations
in signal to noise ratio across imaging runs and sessions. At a relatively conservative fixed
threshold of p<10~° (uncorrected), the average area for single digit activation was 4.8 + 3.5
mm?, i.e. a variation of 72% (SD/mean). When, we applied the dual threshold of fixed statistical
(p<10~3) followed by adaptive signal amplitude (>20 % of maximum signal change), the mean
area of activation for single digits was 4.4 + 2.5 mm? with a variation of 57%. Finally, the
adaptive statistical threshold method resulted in a smaller average activation size of 1.32 +
1.25 mm? (mean + SD), but with a larger variation of 95%. Thus of the three approaches, the
dual threshold approach (fixed statistical-adaptive signal amplitude) had the lowest variability,
while the adaptive statistical threshold yielded a more focal area of activation whose boundaries
were most reproducible from run to run and across sessions, with activation areas that most
closely resembled the ~1 mm? area observed for digit representations in area 3b by optical
imaging and electrophysiological studies in vivo and post mortem myelin staining.

Temporal profile of BOLD signal change: We next evaluated the stability of the BOLD
signal time course in area 3b across imaging sessions on different days. Figure 5 compares the
mean timecourses of the BOLD signal changes (averaged across baseline-stimulus epochs and
runs) from the same ROI (defined by the area 3b activation in session 1) in two sessions
separated by 2 weeks (M3, M4), 5 months (M5) and 20 months (M2). The temporal profiles
of the BOLD signal in area 3b were typical of responses to long duration stimuli (30 sec),
reaching a peak at an average of 20 + 3.9 sec after stimulus onset, and showing delayed post-
stimulus undershoot. There were no consistent patterns of difference between the first and
second sessions across all animals’ studies. Thus for the two animals restudied at 2 weeks (M3,
M4), there were small differences in the early response between the session 1 and session 2
time courses-M3’s early response was stronger in session 1, M4‘s in session 2-but there was
no difference in post-stimulus undershoot (Fig 5C, D). Conversely, in M5 and M2, restudied
at 5 and 20 months, there were no significant differences in the positive BOLD time course
between sessions but for both animals post-stimulus undershoots were smaller and briefer for
session 2 (Fig 5A, B). This variability probably reflected imperfect filtering of small run to run
fluctuations in the amplitude of baseline BOLD fluctuations unrelated to the stimulus. The
average 0.62% BOLD signal amplitude change is consistent with our previous report in this
experimental model system (Chen et al., 2007). Across animals, the cross-session variation of
BOLD signal was ~40%, with no consistent trends across animals for either an increase or
decrease in later sessions. Figure 6 summarizes the stimulus-associated % signal changes
averaged across runs and days (sessions) (mean = SD) for all animals (n=6). These data confirm
the stability of the BOLD signal time course across imaging sessions separated by as long as
20 months (M2).

In sum, intra-subject single digit BOLD activation maps as characterized by center of
activation, percentage signal amplitude, and temporal profile of signal were very stable across
runs and sessions.

Inter-subject variability of digit somatotopic representation in area 3b

Previous mapping studies have reported some inter-subject variability of digit representations
in monkey primary somatosensory cortex (Juliano and Whitsel, 1985; Merzenich et al.,
1987). We therefore evaluated the ability of BOLD fMRI mapping to reveal consistent inter-
subject variations in the somatotopic organization of digit activations in area 3b. Time
constraints imposed in each imaging session limited our mapping to the distal fingerpads of
digits 2 to 4 (D2-D4). Figure 7A-F compares the somatotopic maps for each of the six animals
studied, overlaid on their corresponding anatomic images. For illustration purposes, adaptive
statistical thresholds resulting in non-overlaying adjacent digit activations were used. Although
the general fingerpad topography, with lateral to medial ordering of D2-D4 representations,
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was similar in all animals, there were clear inter-subject variations (Fig. 7A-F). Nonetheless,
the inter-subject variations were small compared with the general somatotopic organization,
and the mean inter-digit distances measured as the distance between centers of activation of
individual digits in each animal (Fig. 7G). Thus the average distances between activation
centers were: D2-D3 1.25 £ 0.01 mm (n = 4); D3-D4 1.07 £ 0.4 mm (n = 6); D2-D4 2.04
0.55 mm (n = 5). Again, consistent with previous fMRI, optical imaging of intrinsic signal
(OIS) and electrophysiological mapping studies (Sur et al., 1982; Chen et al., 2001; Chen et
al., 2003; Chen et al., 2007) in this species, the average distance between non-adjacent digits
was roughly twice that between adjacent digits. These data confirm and provide normative
information regarding inter-individual variations in the somatotopic representation of
individual digits at fine scale.

4. Discussion

Summary

In this study, using endogenous BOLD contrast fMRI, we have confirmed the long-term
stability of intra-subject digit representation maps, and examined the inter-subject variability
of somatotopic maps of the distal finger pads in primary somatosensory cortical area 3b during
vibrotactile fingerpad stimulation. Extending our previous findings (Chen et al 2007), we have
demonstrated that the spatial and temporal features of the BOLD fMRI mapping signal,
including center location of activation, peak % signal change, and time to peak, were stable
over a period of up to 20 months. The sizes of activation determined by various methods were
the most variable measures. A relatively conservative fixed statistical threshold generated the
largest single digit activation areas in area 3b, with significant variability across runs and
sessions, adaptive statistical thresholding generated ~ 1 mm? activations most congruent with
the areas identified by optical imaging and myelin staining, but with the greatest % variability
across runs and sessions, and the dual threshold (fixed statistical, adaptive signal amplitude)
areas closer to those defined by the fixed statistical threshold, but with the lowest variability.
This study confirmed the general similarity of digit somatotopy in area 3b across the six animals
studies, but also revealed significant inter-individual variations. Finally, this study quantified
the sensitivity, spatial resolution and stability limits of high field BOLD fMRI mapping of
somatosensory cortices in anesthetized monkeys. The stability and reproducibility of the
BOLD responses and maps generated from them over periods of up to 20 months confirm the
utility of serial non-invasive high field BOLD fMRI mapping sessions for quantifying changes
in patterns of cortical activation over long periods time, and this study provides baseline
measures for the design of future studies on the plasticity of somatotopic activation following
experimental manipulations (behavioral training or spinal cord lesion) in this experimental
model.

Stability of BOLD fMRI activation maps of digit in somatosensory area 3b

In adults, the body surface map in primary somatosensory area 3b is generally stable, but can
undergo plastic changes (increase, decreased or reorganized cortical territories) in response to
behavioral training, injury, or loss of inputs (Pons et al., 1988; Fox et al., 2000; Rosso et al.,
2003; Schaefer et al., 2004; Feldman and Brecht, 2005), reviews see (Kaas, 1991; Jones,
2000; Kaas et al., 2007). The functional significance of these plastic changes has been linked
to behavioral adaptation and compensation, as well as being a key component of functional
recovery (Ungerleider et al., 2002; Godde et al., 2003; Feldman and Brecht, 2005; Schaechter
etal., 2006). A complete understanding of the functional relationship between plastic changes
in the central nervous system and functional or behavioral outcomes is crucial for developing
effective therapeutic interventions. This relationship is not well understood, however,
particularly in the primate somatosensory system, due in large part to the difficulty of
systematically monitoring and assessing functional reorganization of large areas at multiple
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time points over long periods of time following controlled manipulations (e.g. focal spinal cord
lesion). Noninvasive high-resolution fMRI is well suited for this purpose. When compared
with other high resolution mapping techniques it has the advantages that it can map changes
in the larger distributed networks (e.g. SI, SlI, and thalamus) involved in somesthesis, and also
probe individual network elements (e.g. at the columnar scale) with submillimeter spatial
resolution. Once established, the findings can be directly related to human spinal cord injury
patients using the same fMRI method.

With that goal in mind, this study aimed to first establish the long-term (weeks to months)
baseline intra-subject stability of single condition fMRI activation maps of individual digits,
and evaluate the inter-subject variations of digit somatotopy in the primary somatosensory
cortex area 3b of primates. In this study we have used single condition (stimulus vs. no stimulus)
maps to assess reproducibility and stability of the single digit representations, since it is this
that will limit our ability to detect changes in the activation map associated with remodeling
of cortical inputs. An commonly used alternative mapping approach (Grinvald et al., 1986;
Grinvald et al., 1991; Chen et al., 2005; Duncan and Boynton, 2007), is to generate differential
contrast maps, which identify those areas that differ in their response between two stimulus
conditions (e.g. D2 vs. D3). However these differential contrasts are not well suited to map the
underlying spatial profile of responsiveness to either of the individual stimuli, or to changes
in this profile resulting from remodeling of inputs.

We chose to study area 3b in this longitudinal high-resolution fMRI mapping study for several
reasons. First, this cortical area has been fairly well characterized, with tight sub-millimeter
spatial correlation between electrophysiologically and histologically defined representations
for individual digits, linking the functional single digit representations to underlying
cytoarchitectural features (Favorov et al., 1987; Pons et al., 1987; Garraghty et al., 1989; Chen
et al., 2001; DiCarlo and Johnson, 2002; Sripati et al., 2006). These patches are ~1 mm in
diameter, and are well differentiated from each other and from their surroundings (Nelson et
al., 1980; Sur et al., 1981; Sur et al., 1982; Pons et al., 1987). Secondly, during stimulation of
single distal fingerpads in anesthetized squirrel monkeys, OIS mapping of area 3b at ~50 um
spatial resolution also reveals focal, distinct, millimeter sized activations with limited overlap
(~10 %) between adjacent digits (Chen et al., 2001; Chen et al., 2003, , 2009). Finally, the
homologous area in human SI with comparable somatotopic organization has also been
identified with BOLD fMRI (Nelson and Chen, 2008; Schweizer et al., 2008). In supporting
these previous findings, we have shown that at 9.4T, GE-BOLD fMRI can reliably localize
and distinguish individual digit activations in single condition maps (Chen et al., 2007), and
that with appropriate statistical thresholding (discussed further below), the somatotopic maps
of digits generated from single condition maps using the GE-BOLD signal were similar to
maps obtained using OIS in the same animal (Chen et al., 2005; Chen et al., 2007). Similar
agreement between OIS and GE-BOLD has also be reported in visual cortex (Moon et al.,
2007). Extending these findings, this study demonstrated that high-resolution BOLD fMRI
could be used to reliably monitor and quantitatively assess the spatial and temporal
characteristics of functional digit representations in area 3b. Vibrotactile evoked digit
activation in area 3b was quite stable over periods of up to 20 months with ~0.5 mm variability
in mapped center across sessions, corresponding to roughly a one half digit representation shift.
This half a millimeter variation sets the spatial limit, using the current acquisition protocol, for
detecting plastic changes in cortex in our current experimental model system. Interestingly,
the variation in digit somatopic maps between individual animals was greater than could be
explained by the variations observed within animals across sessions, indicating that the present
methods are capable of distinguishing inter-subject variability in somatotopic organization.
Given the spatial resolution and sensitivity of the present study, this finding was expected and
is consistent with the results obtained with mapping tools such as ultra-high resolution optical
imaging at ~ 50 um resolution (Chen et al., 2005), 2-DG (2-deoxyglucose) (Juliano and

Neuroscience. Author manuscript; available in PMC 2011 January 13.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang et al.

Page 10

Whitsel, 1985), and electrophysiology mapping studies (Merzenich et al., 1987). This inter-
subject variation in digit baseline somatotopy, as well as the wide variability in the nature and
degree of reorganization likely across individuals (Kaas, 1991; Jones, 2000; Kaas et al.,
2007), underscores the importance of the ability to monitor and assess plastic changes at the
individual subject level.

The magnitude and temporal profile of BOLD signals across imaging sessions was also quite
stable, and the mean BOLD signal change (~ 0.6%) was consistent with previous studies at
9.4T by ourselves (Chen et al., 2007) and others (Kim et al., 2000; Cohen et al., 2002). This
study extends these previous reports by quantifying, for the first time, the long-term spatial,
temporal and signal amplitude stability of single digit representation maps in area 3b obtained
using the BOLD mapping signal. Knowledge of the limits of long term (weeks to months)
intra-subject reproducibility of BOLD activation maps in normal subjects is an essential
prerequisite for defining the sensitivity with which dynamic functional changes in the central
nervous system, whether in response to injury, deafferentation, or rehabilitation, can be
observed. In this regard, the reproducibility and stability of maps obtained using GE-BOLD
are of particular interest, given its wide adoption in human brain mapping studies.

Factors contributing to the stability of high field BOLD fMRI maps

Several technical and biological factors may influence the run to run and session to session
reproducibility and stability of these BOLD maps. These include variation in image slice
positioning, accuracy of image co-registration algorithms, image acquisition point spread
functions (Shmuel et al., 2007), contrast to noise ratio of the BOLD signal, stability and
reproducibility of the stimulus and the animal’s physiological state across imaging sessions
(Dagli et al., 1999; Peeters et al., 2001; Kannurpatti et al., 2003; Zhang et al., 2007; Goense
and Logothetis, 2008).

Ina high-resolution fMRI experiment, typically, whole brain coverage is traded for high spatial
resolution with partial brain volume coverage. Variability in planning of imaging planes across
imaging sessions could be a significant contributor to the stability of activations to be
monitored. Depending on the region of interest, a range of approaches may be used to guide
image slice positioning. In this study, anatomical and fine vascular landmarks were used both
for positioning of imaging slices and also for subsequent across session image coregistration.
High resolution T2* weighted images visualized the network of pial and even small trans-
cortical veins, providing a rich set of landmarks for guiding slice planning and coregistration
with sub-voxel accuracy (Fitzpatrick and West, 2001). The sub-millimeter reproducibility of
the locations of digit activation centers across runs within a session observed in the present
study is comparable to published studies at ultra high field (Fukuda et al., 2006; Schafer et al.,
2006; Moon et al., 2007). This spatial variability is close to that of the native resolution at
which the functional maps were collected. Theoretically, the stability (or reproducibility) of
single digit maps can be improved by increasing spatial imaging resolution, provided that the
BOLD contrast to noise is not degraded significantly by the reduced voxel dimensions (Fukuda
et al., 2006; Shmuel et al., 2007).

It is generally observed that draining veins contribute significantly to the fMRI maps collected
using GE-BOLD fMRI at lower field strengths, limiting the available spatial resolution,
particularly when compared with spin-echo BOLD mapping. We believe that at least two
biophysical factors may contribute to our ability to obtain GE-BOLD maps with sub-millimeter
reproducibility in this study. First, the shorter T2 of the intravascular signal (~9 ms vs ~40 ms
for tissue, (Lee et al., 1999)) greatly reduces the contribution of intravascular water, and
accentuates the contribution of extravascular BOLD signals. These effects are already evident
at 7T compared with 3T and 1.5T, where intravascular draining veins may dominate the BOLD
PSF (Menon and Goodyear, 1999; Shmuel et al., 2007). Taken together, high MRI field
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provides significant benefits for signal specificity. Second, it is likely that the mild and focal
physiological activation of a single fingertip representation in area 3b has relatively little effect
on the deoxyhemoglobin concentration in even relatively small draining venules and veins,
reducing their contribution to extravascular BOLD effects and consequently their influence on
the BOLD PSF (point spread function). Such an explanation is consistent with recent studies
by Moon and colleagues (Moon et al., 2007) who have demonstrated that while the PSF of the
GE-BOLD mapping signal in cat primary visual cortex at 9.4T is roughly twice that of the SE-
BOLD PSF, it is nonetheless possible to resolve a spacing of 1.4 = 0.05 mm between iso-
orientation patches using GE-BOLD mapping, and agreement to ~0.22 mm, between iso-
orientation domains mapped using SE-BOLD and OIS as the mapping signal, considerably
less than the dimensions of individual cortical columns. Physiologically, it is well known that
the BOLD signal is sensitive to the type and level of anesthesia (Peeters etal., 2001; Kannurpatti
and Biswal, 2004; Goense and Logothetis, 2008), pCO2 ((Landuyt et al., 2001; Cohen et al.,
2002; Kannurpatti et al., 2003; Macey et al., 2004; Thomason et al., 2005) and BP (Harper et
al., 1998; Wang et al., 2006). Therefore, continuous monitoring and tight control of physiology
(ETCO2, HR, temp, anesthesia level) of animal condition during imaging is essential.

Mapping cortical function longitudinally

Error associated with misregistration of functional maps collected across imaging sessions
contributes to the spatial variance in longitudinal studies. Co-registration errors are likely to
be low for maps generated within a single imaging session in anesthetized, stereotaxically
immobilized animals, but are a probable contributor to the increased variation in location of
activation peaks across sessions, compared with within sessions, particularly for high
resolution studies. Nonetheless, this inter-session variability contributed only a small
additional 0.14 mm error (mean pairwise distance between centers of activation across all runs
for a single digit was 0.55 + 0.15 across sessions compared with 0.41 + 0.24 mm (mean £ SD)
within sessions), despite the fact that in this study the coregistration algorithm corrected only
in-plane misregistration, using manually identified structural and vascular landmarks, and did
not correct for any misregistration of slice location and or slice angulation between sessions
(Fitzpatrick and West, 2001; West et al., 2001). Thus, with improved full 3D coregistration we
anticipate that inter-session coregistration error may be further reduced. In sum, our data
demonstrated that BOLD fMRI with our current imaging acquisition and co-registration
settings is capable of detecting submillimeter changes in functional representations over
periods of weeks to many months in a non-invasive manner that is ideally suited for longitudinal
studies of functional reorganization and plasticity of the primate brain.

Measurements for assessing spatio-temporal stability of GE-BOLD mapping signal

We have examined a range of measures of intra-subject inter-session reproducibility of GE-
BOLD activation maps, including the center of mass of activation (Rombouts et al., 1998),
average signal amplitude (Rombouts et al., 1998; van Gelderen et al., 2005; Leontiev and
Buxton, 2007), normalized statistical threshold (Waldvogel et al., 2000; Yoo et al., 2005;
Harrington et al., 2006), and the temporal profile of the BOLD signal (Neumann et al., 2003).
Of these, and consistent with previous studies (Rombouts et al., 1998; van Gelderen et al.,
2005), we found the center of activation and average signal amplitude to be the most stable
measurements for assessing intra-subject reproducibility of BOLD activation maps. Indeed our
current study confirmed that the location of GE-BOLD activation centers, signal amplitudes
and temporal profiles of individual digit response in somatosensory area 3b were reproducible
over periods of up to 20 months. As we have established in a previous paper (Chen et al.,
2007) and in this study, changing the statistical threshold of the fMRI maps led to various
degrees of changes in the estimated area of activation, but did not alter the location. However,
one caveat is that the activation size and boundaries varied the most across sessions even when
different statistical threshold criteria were used. Importantly, the variation in BOLD activation
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size is significantly larger than what we have observed with optical imaging method. This
finding is not surprisingly given the significant imaging resolution differences (50 um in Ols
versus 625 um in fMRI), and differences in image analytic approaches generally employed
(Chen et al., 2007). In addition, given the already known differences in origins of mapping
signals, one should be cautious in the interpretation of spatial map differences (e.qg. size,
location and shape) as revealed by different mapping methods such as fMRI, OIS, receptive
field mapping. Differences in contributions from neural activity, neurovascular coupling, and/
or hemodynamic component of mapping signal may all contribute to the map differences.
Further studies focusing on understanding of spatial correlations between various components
of mapping signal are urgently needed.

In sum, these observations suggest that the locations of the strongest BOLD activation,
irrespective of threshold, rather than the size of activation determined by various criteria may
be a more stable measurement for monitoring cortical functional organization longitudinally
particularly in anesthetized animals. This study provides baseline measures of the variation of
high-resolution BOLD fMRI for future long-term intra-subject applications assessing brain
plasticity at millimeter scales.

5. Conclusions

In this paper, we have quantified the intra-subject variation of single digit BOLD activation
maps generated using vibrotactile stimulation, and examined the inter-subject variation of these
digit somatopy maps. Our data confirm that GE-BOLD fMRI can be used to reproducibly map
fine scale functional organization longitudinally with sub-millimeter resolution. The observed
inter-subject variability in digit somatotopy underscores the importance of mapping fine scale
functional maps longitudinally in individual subjects when assessing fine functional
reorganization, and suggests that such reorganization can be tracked with submillimeter
sensitivity using current GE-BOLD fMRI methodologies.
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Figure 1.

Across session image alignment. Two T2* weighted structural images (A: session 1; B: session
2) were aligned based on the local structural and blood vessel landmarks around area 3b area.
Color arrows indicated the selected landmarks used for co-registration. Red arrows: small
venous structures; green arrows: large veins and sulci. CS: central sulcus. LS: lateral sulcus.
m: middle. p: posterior. a: anterior. |: lateral.
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Figure 2.

Within session reproducibility of BOLD activation centers and percentage BOLD signal
change in three monkeys (M1-M3). A—F: M1 with D4 stimulation; G-L: M2 with D4
stimulation; M—R: M3 with D3 stimulation). Single-condition single digit activation maps from
two runs were compared in each individual monkey (M1-M3; blue activations for run 1, green
activations for run 2). The averaged activation maps (see method) across two runs are shown
in D, Jand P for M1, M2 and M3, respectively. E, K, Q show the composite outlines of the
single session activations (green and blue outlines) over the averaged activation map (yellow-
red patches). The actual statistical significance values (p) identified in runl, run2 and average
run in each animal are p<107°, 1074 and 10710 in M1, p<104, 107 and 102 in M2, and
p<10712,10712and 10712in M3. F, L, and R: maximum BOLD signal (+ SD) amplitudes across
runs (blue and green columns) and in average (red columns) in M1-M3 monkeys. White scale
bars indicate 1mm scale. m: medial; a: anterior.
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Figure 3.

Cross-session reproducibility of the BOLD activation location in monkeys M2, M3, M4, M5.
Single condition activation maps of individual finger pad acquired on separate sessions (blue
patches for session 1, green patches for session 2) for each animal are shown. A-C: M1 with
D3 stimulation; E-G M2 with D3 stimulation; I-K: M3 with D3 stimulation; M-O: M4 with
D3 stimulation. Session 1 and session 2 images were co-registered (see method), overlaid and
shown in D, H, L, P, using green outlines to indicate the session 1 activation. The p thresholds
(102 x pyin) for each animal are M1: p<10~9 session 1 (A, B), p<107° session 2 (C); M2:
p<10~14 session 1 (E, F), p<107° on session 2 (G); M3: p< 10712 session 1 (1, J), p<10~14 (K)
session 2.; M4: p< 10724 session 1 (M, N), p<10714 session 2 (O). White scale bars indicate
1mm scale. m: medial; a: anterior.
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Figure 4.

Relationship between statistical threshold and size of activation in area 3b. Sizes of activation
inmm2 are plotted as a functional of statistical threshold (p values) for each imaging run across
all imaging sessions (total of 49 runs). Thresholds range from 1073 to 10716, Each symbol
represents measures from one run. Red diamond line with error bars indicates the mean size
of activation plus standard deviation. Black dotted line indicates the mean size of activation
along y-axis when the threshold is set at p<107°.
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Figure 5.

Comparison of BOLD signal temporal profiles across image sessions. Temporal profiles of
averaged multiple trial BOLD signal changes in area 3b for M1 — M4 (Session 1: blue curves;
Session 2: green curves). Each point on the curve represented the mean + SD signal amplitude
measured from a common region of interest for each animal. Grey bars indicate the 30 sec
duration of vibrotactile stimulation.
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Figure 6.

Summary of peak percentage signal changes (mean + SD) across animals, imaging runs and

sessions.
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Figure 7.

Variation in fingerpad somatotopy across animals. The composite activation maps of D2 (red),
D3 (blue) and D4 (green) showed similar but distinct topographic organization in six monkeys
(A-F). The distances between the activation centers of adjacent and non-adjacent digits were
calculated across animals and sessions (G). White scale bar indicate 1mm scale. a: anterior;
m: middle. Error bars: standard deviation.
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