Non-Linearities of the BOLD Response in the Human Brain
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Abstract

In this study, event-related functional magnetic resonance imaging (fMRI) studies were
performed on healthy volunteers at 7 Tesla (T), the highest field strength currently available for
human studies. This study assessed the linearity of the hemodynamic response to short-duration
stimuli of 0.25s, 0.5s, 1.0s, and 2.0s. This study expected clearer resolution at 7T.

Results showed that the hemodynamic response at short duration stimulus exhibited non-linear
characteristics. Analysis of response location showed a clustered dispersion to the observed non-
linearity. Noteworthy discrepancies were found between the non-linear aspects of the
hemodynamic responses in this study when compared to a previous study done at 4T. Unique to
this study was the initial creation of a linearity index map, showing the spatial clustering of the
non-linearity.

Introduction

In previous neuroimaging studies of the human brain, it has been suggested that hemodynamic
response to long-duration stimuli (visual or auditory) shows a linear relationship. The purpose of
this study was to determine the linearity of the hemodynamic response to short duration stimuli
less than two seconds. It is important to determine whether the relationship between stimulus
duration and BOLD response is different for different durations so that the physiologic
significance of the response can be accurately determined. The hypotheses of this study were:

1) There would be a non-linear relationship between stimulus duration of less than two seconds
in the hemodynamic response using event-related BOLD functional magnetic resonance
imaging (fMRI) at high magnetic field strength of 7 Tesla (T).

2) The higher field strength would give sufficiently clear resolution to show that the non-
linearity is spatially clustered in the human brain.

Background

The technique of fMRI is used to image brain activity at video rates (30 milliseconds/image)
while the brain is functioning. Since active brain cells use oxygen, the activity of the cells can be
detected and seen as ‘activated’ against a background of less active cells. Changing levels of
deoxyhemoglobin are sufficient to cause measurable changes in the blood-oxygen level in the
visual cortex (1). Mapping regions of the brain that control motor functions is possible because
of these changes.

Most fMRI studies assume a linear relationship to model stimulus duration versus corresponding
BOLD response (2), but Vazquez and Noll in 1998 suggested that at short duration stimuli the
relationship might be non-linear (3). Therefore knowing the true nature of the relationship
between stimulus duration and BOLD response is crucial to response modeling.

Vazquez and Noll reported that the hemodynamic response to stimuli of less than four seconds at
1.5T was non-linear; therefore short duration stimuli could not be used to predict responses to
long-duration stimuli (3). In a 2000 study, Pfeuffer (4) showed that non-linear relationships
existed for stimulus duration (SD) less than two seconds at 4T. Using short-duration stimuli, he



showed that the BOLD response exhibited strong non-linear characteristics in both amplitude
and width. Yacoub et. al. (5) showed that the sensitivity and spatial specificity are improved at
7T. This suggests that ultrahigh field magnetic resonance systems are advantageous for
functional mapping in humans. The study reported in this paper dealt with the non-linear aspects
of the hemodynamic response done at 7T in order to improve spatial specificity. Since non-
linearity in the BOLD response has been reported using 1.5 and 4T instruments, and 7T
instruments provide more sensitive and accurate readings, this study was designed to use the
most sensitive techniques presently available to establish whether the BOLD response to short
duration stimuli in non-linear.

Methods:

Data Acquisition

Healthy volunteers were subjects in this study. This author assisted Professor Pfeuffer in carrying
out scans using event-related fMRI with a 7T Magnex magnet/Varian INOVA capsule, the
largest magnet for human studies in the world. Heart rate and respiration of volunteers were
monitored to correct for movement artifacts from heartbeats and breathing. Visual stimuli were
presented to the volunteers using light-emitting diode goggles with a flashing checkerboard
pattern. Images were obtained to identify the slice of interest. Event-related studies were

performed at a 256 x 40 matrix size, 4.8-cm field of view, and 1.2 x 1.2 x 3.0 mm?’ voxel
(volumetric pixel) size. In the event-related stimulus series, repetition time was 0.125s; SD was
0.25s, 0.5s, 1s, & 2s; inter-stimulus interval was 18s with 16 trials per scan.

Data Processing

Each scan consisted of multiple trials, which were averaged to increase signal to noise ratio.
Averaging over the total series was required to assess interseries movement between trials. When
movement was detected, the series was discarded. The data were analyzed using Stimulate, a
fMRI data analysis statistical software package developed at the University of Minnesota (6).
Realignment, spatial normalization, spatial smoothing, voxel by voxel and statistical analysis
were required for data analysis (7). Parametric maps, or ‘activation maps’, were calculated from
the data and overlaid onto anatomic MR images for direct spatial comparison.

The generation of ‘activation maps’ to identify areas of brain activity was the primary data
processing step. To test the activation intensity significance, it was necessary to assess the
probability that the maximum value in the map was greater than a given threshold under the null
hypothesis (8). The neural responses elicited by a given task gave rise to hemodynamic effects,
which were sampled at discrete intervals by the scanner. In a student t-test, the fMRI signal for a
given voxel was split into two sections, the baseline part and the activated part. The difference in
means of the two parts divided by a measure of the standard deviation for the two parts was
modeled by the student t-distribution and t-measure and/or probability measure for the two parts
being equal was derived. This identified voxels that passed a predetermined confidence level,
then calculated a percentage change from baseline value and presented it as a color image on an
activation map (6). The data were then realigned to a reference image, spatially normalized and
smoothed (9). Plots of the intensity time course were displayed for those voxels in a region of
interest (ROI).



A cross-correlation method for parameter map generation was used to measure the temporal
cross correlation between the paradigm and the measured data, using a Gaussian model for
correlation against the intensity time course of each voxel in the functional image (10). Cross-
correlation values for voxels were used to plot activation maps showing correlation value or
percent intensity change in areas with correlation coefficients over a specified threshold. To
obtain an equal number of activated voxels across series, a varying threshold was employed.

"Masks’, generated through a series of specified algorithms and processing operations, were
directly superimposed using a color overlay onto anatomical images. Cross correlation maps of
the 400 most highly activated voxels were calculated on a voxel by voxel basis against a
Gaussian function, then integrated. The voxel onset time was used to categorize voxels as t ,<2s,
2s<t,,<3s, or t,>3s. The relative time versus percent relative BOLD change was plotted for each
time classification.

Results

Figure 1 shows voxel correlation coefficients overlaid onto an image showing gray, white, and
surrounding matter in the brain, where yellow is most strongly correlated with a Gaussian
function and red is less strongly correlated.

Figure 1: Visual Cortex Activation

Figure 2 shows relative time versus relative BOLD percent change plotted at different SD, which
was then smoothed resulting in the graph seen in Figure 3.

Figure 2: Averaged Time Course Relative BOLD Percent Change
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Both figures show a sharp initial increase in BOLD levels, with a derivative consistent across all
SD series. After reaching a peak, the BOLD levels decreased with a smaller derivative than the
rise. After a return to baseline levels, an undershoot occurs, dipping the BOLD levels below their
initial values, then returning to original levels.

Figure 3: FFT Filtered Averaged Time Course Relative BOLD Percent Change
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Figure 4 shows a plot of voxel linearity coefficients where red shows coefficients that are less
than 0.8, orange are between 0.8 and 0.9, and yellow are greater than 0.9. The figure shows a
clustered non-linearity, since individual colors are not randomly dispersed.

Figure 4: Voxelwise Linearity Index Map (0.8<L.1<0.9)

Figure 5 shows a scatter plot of values of normalized response integrals to stimuli of durations
0.1s, 0.2s, 0.4s, 0.8s, and 1.6s, plotted from data collected at 4T by Pfeuffer in 2000. An assumed
linear model was used to calculate percent deviation, which is shown in Figure 6. Data obtained
at 4T (4) were compared to data obtained at 7T. A linear pattern starts at the origin and continues
to rise with constant slope. The line of best fit to the data shows a y-intercept at 0.3. From this
data modeling, percent deviation from the predicted intensity was calculated as seen in Figure 6.
A linear response to the stimuli would have shown a constant deviation of 0% while these data
show more than a 400% deviation at 0.25s SD.

Figure 5: 4T Integrated Non-Linearity Figure 6: 4T Intensity Non- Linearity
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Figure 7 shows integral-value scatter plots from 7T data. The y-intercept of the 7T data line of
best fit is less than 0.1 as opposed to 0.3 at 4T. Figure 9 shows percent deviation from intensity,
which was less than 70% at 0.25s SD, whereas it was more than 400% at 4T.

Figure 7: 7T Integrated Non-Linearity Figure 8: 7T Intensity Non-Linearity
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Discussion

The hemodynamic response to short duration visual stimuli was shown to be non-linear: the
95%-confidence bands bars did not extend to the line of linearity at both 4T and 7T, as seen in
Figures 6 and 8. The SD increased eight times across series, whereas the BOLD response
increased only 4.3 fold, and the width of the response functions increased only 1.8 fold. This
shows a significant deviation from linearity.

The voxels were compared across tissues and series to determine ‘sites’ of non-linearity. As seen
in Figure 5, a linearity-index map was created, which shows a spatially clustered non-linearity.
Through visual inspection, the voxel-specific analysis of gray, white, and surrounding matter
showed the non-linearity of the hemodynamic BOLD response to be strongly associated with the



gray matter of the brain and less strongly associated with the white and surrounding matter of the
brain.

Although the specific paradigms (voxel size, SD, repetition time, number of trials, etc.) of the 4T
and 7T studies were not the same, logical conclusions can be made regarding discrepancies
between the data. The y-intercept of the best-fit normalized response integral as seen in Figures 5
and 7 decreased from 0.3 to less than 0.1. The 95%-confidence bands on the 4T data extend
down to approximately 0.25, whereas the 7T 95%-confidence bands reach only to 0.12. Thus, the
difference in the linear-fit models is statistically significant. Percent deviation of the response
data from linear was also statistically significant between 4T and 7T; the 4T data show a
deviation of greater than 400%, i.e. the linear model prediction based on al.6s SD response to a
0.1s SD response was off by over 400%. The 7T data show only a 70% deviation when 2s SD
responses are used to model 0.25s SD responses, showing a noteworthy difference.

Conclusion

At short duration stimuli, the BOLD signal exhibited non-linear characteristics. Voxel by voxel

analysis showed a clustered dispersion to the observed non-linearity. Studies done at 4T and 7T

imply a correlation between magnetic field strength and the non-linearity of the BOLD response
to short duration visual stimuli, but to scientifically conclude this, further study is necessary.
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Appendix B: Statistical Methods

The normal distribution, reasonably approximated for large sample size by the Gaussian
distribution (used in this study to model the hemodynamic response to visual stimuli), describes
the distribution of random observations for many experiments as well as describing the
distributions obtained when the parameters of most other probability distributions are estimated
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More specifically the Gaussian distribution is an approximation to the binomial distribution for
the special limiting case where the number of possible different observations becomes infinitely
large and the probability of success for each is infinitely large. In a Gaussian distribution, the
points X plus or minus the standard deviation are the two points of inflection. The distribution is
reasonable, has a fairly simple analytic form, and it is accepted by convention and
experimentation to be the most likely distribution for most experiments. Additionally, the most
probable estimate of the mean from a random sample of observations is the average of those
observations. It is a continuous function describing the probability of obtaining the value x in a
random observation from a parent distribution with parameters corresponding to the mean and
standard deviation. A given interval must be defined such that the probability that the value of a
random observation will fall within an interval around x (12). The width of the curve is



dependent upon the standard deviation and symmetric about the mean. Regionally specific
effects are framed in terms of differences among parameter estimates (an activation effect) and
are specified using linear compounds or contrasts (13). The significance of each contrast is
assessed with a statistic, with a student’s t distribution under the null hypothesis.
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