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Nonlinearity in the Somatosensory Cortex Response to Vibrotactile
Stimulator in fMRI

Hyunsook Lee

Department of Oriental Biomedical Engineering, College of Health Sciences, SangJdi University

The nonlinearity of hemodynamic response in the somatosensory coriex was investigated with vibrotactile
stimulation. The stimuli consisted of a train of 25 Hz, each lasting five different duration periods, 2 s, 4 s, 8
s, 12 s, or 16 s with 20 sec periods of no vibration in a pseudo-random order. In order to understand the
linearity on the change of stimulus duration for somatosensory cortex, two different tests— checking the
linearity of system and finding the impulse response function from gamma=-variate function were applied to
analyze the hemodynamic response functions. They have produced nearly same results. The BOLD response
in the somatosensory cortex is nonlinear for stimuli of less than 8 seconds, but nearly linear for stimuli
greater than 8 seconds. The amplitude, area, TTP, and FWHM as functions of the stimulus duration were
calculated and showed a significant downward trend with increasing stimulus duration for the amplitude and
the area. It supports the ranges of nonlinearity are less than 8 seconds.
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INTRODUCTION

Functional magnetic resonance imaging (fMRI) has recently
emerged as a technique for mapping human brain function.”™
Blood oxygenation level-dependent (BOLD) contrast-based fMRI
has been used as a noninvasive method to measure vascular
oxygenation changes due to brain activity.4’5) It has been
known that the shape of the hemodynamic response in fMRI
depends on the stimulus intensity, stimulus duration and interval,
cerebral blood flow (CBF), etc.” Therefore, in designing
activation experiments it is important to understand the effects
of stimulus task parameters (e.g., rate, duration, amplitude) on
the hemodynamic response.

Analysis method for fMRI experiments depend on a complete
understanding of the BOLD response. Early fMRI experi-
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ments' " reported a linear relationship between increasing pa-
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rameters, such as duration, in the stimulus and the resulting
hemodynamic response and used a linear system analysis for
modeling the BOLD response.'™"” But recent experiments'”?
have shown an interesting amount of nonlinearity in the re-
sponse. For the periodic stimulus, the BOLD response shows
expected periodic one, but it is not easy to expect the BOLD
response for the non-periodic case.

Understanding the nonlinearity of hemodynamic response
with respect to stimulus duration will have an important impact
on the analysis of fMRI experiments, where the stimulus
prompts subjects for a response, for example, motor tasks,"”
language tasks in stroke patients'® and complex reasoning
tasks.'”

It has been known that the nonlinearity "of the BOLD
response is caused by a combination of factors, such as neural
adaptation, blood flow and oxygen extraction. But, it is not
entirely clear if the BOLD response is always nonlinear or if
there is a point at which it changes from nonlinear to linear.
The relationship between task parameters and the magnitude of
the hemodynamic response has not been investigated far in the
somatosensory system.'” Therefore this study was proposed to
understand the linearity on the change of stimulus duration for

somatosensory cortex in the design of fMRI experiment.
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The study for the effect of the rate of vibratory stimuli on
the somatosensory cortex'” demonstrated that there may be
significant differences in the cortical representation of Meisser
and Pacinian afferents. Such changes in anatomical activation
patterns for somatosensory stimuli have been found by
others™ and they make rate-effect linearity studies of the
somatosensory cortex difficult. Therefore, the present study
will focus on the activation patterns elicited by a pneumatic
vibrotactile stimulus in the range of flutter (< 40 Hz) which
is perceptive to Meissner corpuscles. The goal of the non-
linearity experiments is to examine the .nonlinearity of the

BOLD response across a range of duration periods.

MATERIALS AND METHODS
1. Data acquisition and experimental protocol

Six normal right-handed male subjects (371+4.9 years old)
participated in the study. In order to understand the non-
linearity between the duration of sensory stimuli and BOLD
activation in the primary somatosensory cortex, a pneumatic
vibrotactile device delivered a vibratory effect to a small
rubber valve attached to the subject’s right middle finger.*"
The frequency of stimulus was fixed to the 25 Hz because
signal percentage change increases with increasing frequency.””
Stimuli of 2’5, 45, 85, 12 s, or 16 s duration were presented
in eight functional runs in a pseudo-random order alternating
with 20 sec periods of no vibration. The acquisition began and
ended with 20 sec without vibration. Total acquisition time
was 5 min and 4 sec. Each stimulus was repeated two times
for each run.

All of the imaging was acquired on a whole-body GE 3T
LX scanner using a dome-shaped quadrature RF head coil.
High resolution anatomic images were obtained using both a
T1-weighted 3D-spoiled GRASS sequences (TR/TE/FA=23 ms/
7 ms/25°, matrix size=256 X 192, 1.3 mm thickness, 124 slices,
FOV=240 mm) and a time-of-flight MR angiogram (TR/TE/FA=
17 ms/4.9 ms/50°, matrix size=256% 128, FOV= 200 mm, 4
mm thickness) before the functional images. The functional
data were acquired using a 1-shot spiral sequence (TR/TE/FA=
1,000 ms/18 ms/60°%) covering the supplementary motor area
(SMA), the primary motor cortex and the somatosensory

cortex with twenty contiguous coronal slices (slice thickness 4

mm, FOV=200 mm, matrix size=64 X64). Foam padding was

used to minimize head motion. All experiments were
undertaken with the informed consent of the volunteers, as

approved by the Institutional Review Board for human studies.

2. Data analysis

The image processing and statistical analysis were per-
formed with the use of AFNI software™ and MATLAB (The
Mathworks, Natick, MA). The reconstructed fMRI data were
realigned with the use of 3-dimensional rigid-body registration
method in order to minimize residual motion between images
in the time series. After the linear trends of each time series
were removed, eight fMRI runs containing randomized stimuli
of the five different durations (2, 4, 8, 12, 16 sec) were
concatenated and then sorted to create five separate runs, one
for each duration. Five runs were obtained, each containing 16
trials for one specific duration. A cross correlation analysis
using the gamma variate function was applied to the time
course data of each duration (2, 4, 8, 12, 16 sec) and phase
shifting was allowed to select the best reference waveform and
then to localize activation in the somatosensory cortex. The
hemodynamic responses for each duration were then averaged
across all 16 trials. Maximum and minimum signal intensity
was obtained from the curve and used to calculate the signal
percentage change for each duration.

ROIs (Regions of Interest) were drawn in three slices
showing sensotimotor cortex (S1) based on the activation map.
The same ROIs were used for activation maps of 5 different
durations. AlphSim was used to correct for multiple compa-
risons and to discriminate against false positive using a cluster
size threshold approach. For a voxelwise p value of 10~ and
a cluster size of 160 L. (4 voxels), an alpla (false positive
probability) <0.001 could be achieved.

The linearity of the hemodynamic response can be checked
to obey two properties of additivity and scaling in the system.
Given that L(x;) and L(x;) are the responses to an input x;
and x, then the response to an input x=a x;+b x; is L(x)=a
L(x))+b L(x2). In this experiment, we are concerned only
duration of stimulus, not amplitude, for checking additivity.
Changing the duration of the stimulus is changing the input
from x to x;+xp;, where x; represents the duration of the

stimulus. If a result is linear, the BOLD response curve is
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expected to change from L(x) to L(x;) +L(x2). Another test for

linearity was applied to the HRE."

Gamma-variate function,
G@W=at exp(—c-t) )
where the parameters a, b and ¢ affect the amplitude, full
width at half maximum (FWHM) and time to peak (TTP) of
the response function was used to find the impulse response
functions to the observed HRF’s for each of five stimulus
duration periods. Knowledge of the impulse function for
different types of stimuli can increase understanding of the

system’s nonlinearity.
RESULTS AND DISCUSSION

The hemodynamic response function (HRF) in the somato-
sensory cortex averaged across repeated stimulus trials for each
of five duration periods for each of the six subjects are shown

in Fig. 1. These hemodynamic responses were then averaged
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across subjects to produce the group-averaged responses. As
can be seen, HRF amplitudes increase in response to stimuli
increasing from 2 to 8 seconds. Above 8 seconds of stimulus,
the response amplitude stays relatively constant or, as oddly
seen in the case of subjects 4 and 3, increases. The response
to the 16-second stimulus has a noticeable double-peak in the
case of subjects 2 and 3.

Shown in Fig. 2 are the results of additivity test for a
group-averaged HRF’s. The responses to shorter stimuli were
used to predict the responses to longer stimuli. The 2-second
response was shifted by 2 second and added to the 2-second
response to predict the HRF to the 4-second stimulus. The
HRF’s for the 2-, 4-, and 8-second stimuli are used to predict
the responses to 4-, 8-, 12-, and 16-second stimuli. Overpre-
dictions were made in most cases. The prediction of 4-second
response by the 2-second response is only slightly greater than

the observed 4-second response, while the prediction of the
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Fig. 2. The additivity test was used to assess the linearity of the BOLD response of the somatosensory cortex. Predictions (grey lines)
from the 2-, 4-, 8-second stimuli are compared against the actual responses (black lines) from the 4-, 8-, 12-, 16-second stimuli.
Overpredictions are seen in all cases except for the 16-second HRF prediction of the 8-second HRF.
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16-second rtesponse by the 8-second response is fairly con-
sistent with the observed 16-second response. In this latter
case, the amplitude is roughly even for both curves, although
the predicted curve has a higher peak than the observed HRF.
From this data, we can find that the BOLD response in the
somatosensory cortex is nonlinear for stimuli of less than 8
seconds, but nearly linear for stimuli greater than 8 seconds.

The results from convolving the modeled impulse function
with the stimulus function are shown along the observed
HRF’s for the group-averaged data in Fig. 3. The correlation
coefficient (r) between the observed HRF and the fitted HRF

Time (seconds)

square) and the fitted HRF (solid line).

was calculated. Although the fitted HRF fails to predict the
tail end, it does fit the post-stimulus overshoot remarkably
well.

In a linear system, the impulse function would be the same
for any stimulus duration or intensity. Knowing how the shape
of the impulse function changes as a stimulus parameter
changes can help in better visualizing the point at which the
system changes from nonlinear to linear. The impulse func-
tions for each of the five stimuli durations for the individual
subject data as well as for the group-averaged data are shown

in Fig. 4. In most cases, there is a clear trend toward a
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decrease in the amplitude of the impulse function as the
stimulus duration increases. Subject 4 is anomalous in showing
a 2-second impulse response function smaller than the
16-second impulse response function.

A further analysis of the functions is shown in Fig. 5,
where the amplitude, area, TTP, and FWHM are plotted as
functions of the stimulus duration. The dotted lines are the
values of group data which extracted from the group-averaged
data in Fig. 4 and the solid lines with error bars are the mean
values of individual data. The values for the amplitude, area,
TTP, and FWHM with increasing stimulus duration would be
consistent when the BOLD response was lincar. But a sig-
nificant downward trend with increasing stimulus duration can
be seen for the amplitude and the area. After 8 seconds of

stimulus, the amplitude and area of the impulse function begin

Time (seconds)

Time (seconds)

Fig. 4. The impulse response functions for somatosensory cortex in the group-
averaged data and the individual subjects.

to level off. The downward curves for amplitude and area can
be interpreted as being due to neural adaptation. Nangini et

a124)

have assumed the input stimulus envelope is proportional
to neural activity and neural activity exhibits both transient
and steady-state components, consistent with extensive electro-
physiological data. Their results have showed nonlinearity for
shorter stimulus duration and overestimated BOLD signal with
the time-shifted summation (TSS) procedure to assess linear
time invariance (LTI). Therefore in order to further understand
the nonlinearity, temporal characteristics of neural activity
should be considered adequately. There are also slight trends
seen for TTP, but not for FWHM. It has been known that the
TTP of the BOLD response varies as a function of blood

25,26)

vessel diameter. From the second linearity analysis, it

appears that the BOLD response in the somatosensory cortex
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Fig. 5. The parameters of the impulse function for individuals and group data in the somatosensory cortex as functions of stimulus

duration period.

is nonlinear for stimuli less than 8 seconds, but linear above

this range.

CONCLUSION

This research on the linearity of the hemodynamic response
in somatosensory cortex has found the ranges of nonlinearity
are less than 8 seconds. The additivity test which used to
check the linearity of the BOLD response and the other test
which found the impulse functions for each HRF have
produced nearly same results. The findings in this research
may lead to new and interesting research ideas. Forming a
mathematical model of nonlinearity would be useful to
interpreting fMRI results where the duration of brain activity
is not constant. This includes language tasks on stroke patients

or memory experiments on Alzheimer’s patients. Variations in

nonlinearity can also occur during different steps of neural
processing throughout the brain. By understanding the dif-
ferences between brain activation at different levels of cortical
processing, we can better improve fMRI results of complex
mental tasks. Such research ideas must await a more thorough
understanding of the nonlinear response of BOLD signals

throughout the brain.
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