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Abstract

The underlying biophysical mechanisms which affect cerebral diffusion contrast remain poorly
understood. We hypothesized that cerebral metabolism may affect cerebral diffusion contrast. The
purpose of this study was to develop the methodology to reversibly deactivate cerebral metabolism
and measure the effect on the diffusion MRI signal. We developed an MRI-compatible cortical
cooling system to reversibly deactivate cortical metabolism in rhesus monkey area V1 and used MR
thermometry to calculate three-dimensional temperature maps of the brain to define the extent of
deactivated brain in vivo. Significant changes in the apparent diffusion coefficient (ADC) were
only observed during those experiments in which the cortex was cooled below the metabolic cutoff
temperature of 20°C. ADC decreases (12—-20%) were observed during cortical cooling in regions
where the temperature did not change. The normalized in vivo ADC as function of temperature was
measured and found to be equivalent to the normalized ADC of free water at temperatures above 20°
C, but was significantly decreased below 20°C (20-25% decrease). No changes in fractional
anisotropy were observed. In future experiments, we will apply this methodology to quantify the
effect of reversible deactivation on neural activity as measured by the hemodynamic response and
compare water diffusion changes with hemodynamic changes.
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Diffusion MRI measures the Brownian motion of water molecules in brain tissue on length
scales ranging from 10 nm to 100 um, and on time scales ranging from 1 msto 1 s (1). Given
that the average size of neurons in the brain is approximately 10 um, diffusion MRI provides
a sensitive probe of tissue microstructure. Diffusion MRI has emerged as a powerful tool to
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investigate a wide range of neuropathologies such as stroke, Parkinson’s disease, HIV
dementia, schizophrenia, cocaine addiction, normal aging, Alzheimer’s disease, chronic
alcoholism, multiple sclerosis, epilepsy, and amyotrophic lateral sclerosis (2,3). More recently,
diffusion MRI has also been proposed as a promising technique to identify anatomical white-
matter fiber tracts in vivo (4—7) and even to measure neural activity (8).

Inclinical diffusion MRI, the two scalar measures of diffusion in cerebral tissue are the apparent
diffusion coefficient (ADC) and fractional anisotropy (FA). The ADC represents the magnitude
of diffusion, whereas the FA is a measure of its anisotropy. Despite the widespread applications
and usefulness of diffusion MRI in basic and clinical neuroscience, the underlying biophysical
mechanisms which affect diffusion contrast (ADC and FA) remain largely unknown (9).

Initially, it had been assumed that FA in cerebral white matter was caused by the diffusion
barrier presented by the myelin sheath. However, diffusion anisotropy has been observed in
de-myelinated garfish nerve (10), premyelinated newborn white matter (11), cortical gray
matter in rat (12), and the thalamus (13). Furthermore, FA changes in ischemia studies have
been shown to occur over longer time periods (hours to days) and after lesions causing
anterograde and retrograde secondary white matter degeneration (14,15).

A recent study suggested that ADC depends on neuronal activity (8). It has also been suggested
that the ADC of water decreased during the inhibition of fast axonal transport (10). Another
study in which microtubule concentration was depleted found no affect on the ADC (16). Yet,
the latter experiments were confounded by crystal formation during the artificial breakdown
of microtubule, which could have affected the ADC. Because of the immediate decrease in
ADC during (i) ischemia, (ii) spreading depression, (iii) inhibition of fast axonal transport
(10), (iv) and changes during neuronal activity (8), we hypothesized that processes directly
dependent on cerebral metabolism affect the ADC.

The purpose of this study is to describe the methodology that we developed to focally reversibly
deactivate cerebral metabolism and measure the diffusion MRI signal. By focally deactivating
cerebral metabolism in a reversible manner, the relationship between the diffusion MRI signal
and one aspect of neural activity, the fMRI response, can be quantified throughout the brain.
A later study will discuss the application of this methodology to study the effect of reversible
deactivation on the hemodynamic response. Monkeys were chosen instead of rats because of
the future desire to compare the ADC with the hemodynamic response in visual cortex.

To reversibly deactivate the cortex, we developed an MRI-compatible cortical cooling probe.
Indeed, it is well-established that cooling cortical tissue below 20°C blocks metabolism, hence
also neuronal activity (17-20). By reversibly deactivating cerebral metabolism, rather than
making permanent lesions or inducing stroke, we avoided confounding mechanisms that could
contribute to the diffusion signal as observed during neuropathology, such as functional and
anatomical reorganization (plasticity), blood accumulation, macrophage infusion, gliosis, and
necrosis. Marked cooling could also have an ischemic effect and ADC decreases would be
expected in the deactivation region. In deoxyglucose (DG) studies, DG uptake decreased in
foci connected with the deactivated site which would could also cause ADC decreases outside
the deactivation region (21).

Hitherto, it has been difficult to quantify in vivo the degree and three-dimensional (3D) extent
of brain tissue affected during reversible deactivation experiments, irrespective of the method
used (e.g., cortical cooling or drug injection). To overcome this problem, we measured the
temperature of the brain inside the MR-scanner using proton resonance frequency shift
thermometry (PRFST) (22,23). To assess the accuracy and precision of the PRFST method,
we compared ex vivo MR thermometry measurements with concurrent temperature
measurements using MRI-compatible thermocouples. The PRFST method allowed us to
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calculate 3D temperature maps (isothermals) at a temporal resolution of four seconds and infer
the amount of affected cortex during a cooling experiment. A potential confound during
combined cooling-DTI experiments is the temperature dependence of ADC, such that a change
in the ADC may simply reflect a change in temperature. However, the in vivo 3D temperature
maps allowed us to quantify precisely ADC changes in voxels where the temperature did not
change.

Another potential confound of this study is that cooling will induce a physiological response
in the local vasculature (i.e., blood flow) so that a change in ADC could not be attributed solely
to changes in metabolism (24). Although the authors believe that the small volume fraction of
blood in cerebral tissue, ~5% (25,26), could not be responsible for the changes in diffusion
observed, the quantification of changes in blood flow during deactivation was not measured
directly and warrants investigation.

In summary, we were able to reversibly deactivate cerebral metabolism in a small portion of
macaque V1 in a MRI-compatible manner. Moreover, we were able to define dynamically the
extent of this deactivation. Short-term deactivations (~30 min) led to pronounced changes in
ADC, but not FA, in voxels at distant sites from the deactivated region where the temperature
had not changed. These data suggest that a considerable fraction of the ADC in the brain
depends on normal cerebral metabolism.

MRI data were acquired from three juvenile male rhesus monkeys (Macaca mulatta, weighing
5.5 kg [M1] and 4.2 kg [M2], 6.2 kg [M3]). A 0.75-inch-diameter recording well (Crist
Instruments, Washington, DC) was placed over V1 of the right hemisphere. The recording well
exposed the dura and was sealed with a cap when the monkey was not in the scanner. The data
were acquired on a Siemens Allegra (M1) and Trio (M2) 3T MRI scanner located at the
Athinoula A. Martinos Center for Biomedical Imaging, Massachusetts General Hospital
(Charlestown, Massachusetts). All procedures conformed to Massachusetts General Hospital
and National Institutes of Health guidelines for the care and use of laboratory animals
(Subcommittee on Research Animal Care protocol #2003N000338). The animal was
anesthetized with a ketamine and xylazine mixture (induction 10 and 0.5 mg/kg, i.m.,
maintenance with 0.5 mg/kg ketamine every 30 min).

The monkey was placed into a MRI-compatible stereotactic apparatus (Kopf, Inc.). Local
anesthetic (lidocaine cream) was applied to the ends of the ear bars and ophthalmic ointment
was applied to the eyelids to minimize discomfort induced by the stereotactic apparatus. A
heating pad was placed beneath the monkey to maintain a constant body temperature.

MRI-Compatible Reversible Deactivation (RD) of the Cortex Using a Cooling System

A small portion of the primary visual cortex of the right hemisphere was deactivated by placing
an MRI-compatible coolant probe on the surface of the dura above V1. The probe was made
from G10/FR4 (fiberglass). Up to three MRI-compatible fiber optic thermocouples
(00-11874-01, Luxtron Corp.) were placed on the lateral side of the probe (see Fig. 1)
surrounding the cooling surface. During the experiments on the second monkey, the recording
well was adapted to allow a thermocouple to be placed directly under the cryo-surface of the
cooling probe. All thermocouples touched the dura during the experiment and yielded a real
time measure of the cortical surface temperature either immediately below or lateral to the
cooling probe. Methanol (reagent grade anhydrogenous, S75965, Fisher Scientific) was passed
through the probe with a pump (QV pump, Q3 pump head, FMI Pump). Teflon tubing (1667xl,
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Upchurch Scientific) was used to transfer the methanol from the pump, and ferrules and nuts
(P-343 ferrule, P-331 nut, Upchurch Scientific) were used to secure the tubing to the pump and
coolant probe. An illustration of the MRI-compatible cooling probe and a schematic of the
placement of the probe relative to the brain are shown in Figure 1.

MR-Based Thermometry

MR thermometry imaging used single shot multi-slice echo planar imaging with an isotropic
resolution of 2.0 mm. Twenty-five axial slices were acquired using repetition time/echo time
(TR/TE) = 4000/19 ms, 128 mm field of view, and a 90° flip angle. Magnitude and phase
images were acquired.

Temperature maps were calculated from the MR thermometry scans using the proton resonance
frequency shift thermometry (PRFST) method which relates the temperature change to the
difference in phase between successive time points (22,23). The equation reads:

Ap=2r-a-w-TE-AT 11

where Ag is the change in phase, a is the thermal coefficient (0.01 ppm/°C), w is the resonance
frequency, TE is the echo time of the pulse sequence, and AT is the temperature change.
Equation [1] needed to be modified to account for the linear phase drift which occurs even in
voxels where the temperature does not change. The phase drift is caused by heating of the
gradient and shim coils during heavy duty cycles. The change in the phase drift is constant
over the image so Eq. (1) can be rewritten as:

Ap=2r- @ - w - TE - AT+A@q;i 2]

where A@grif; is calculated in a region far from the probe (i.e., the left frontal lobe) where the
temperature has not changed.

Quantification of Accuracy and Precision of Ex Vivo MR Thermometry

The accuracy and precision of the MR temperature maps was quantified by cooling ex vivo
bovine muscle tissue. One cooling cycle lasted 5.5 min and was followed by a warm epoch of
7 min. The accuracy of the MR temperature maps relative to the thermocouple readings was
quantified by averaging four voxels surrounding the thermocouple. The precision of the MR
temperature maps was quantified by calculating the standard deviation of the temperature in a
region far from the cooling probe. The location of the thermocouple could be accurately (2
mm) determined by locating sharp changes in the phase maps.

Temperature maps were calculated using Eq. (2). Figure 2a shows a 2-dimensional temperature
map of a slice (at a 2.1 x 2.1 x 1 mm? spatial resolution) under the cooling probe. Figure 2b
shows the MR thermometry values (averaged from four voxels in the first slice under the probe)
as compared to the thermocouple measurements from the same location.

The precision of the MR-based temperature maps was + 1.8°C and the accuracy of the average
of four voxels was within + 0.7°C of the thermocouple measurements. The high correlation
coefficient between the MR thermometry maps and the thermocouple (r% = 0.99) indicates the
robustness of the phase difference method for calculating temperature.
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Measurement of the ADC and FA During In Vivo Reversible Deactivation of Cerebral

Metabolism

Experimental Design—DT]I was acquired at the beginning of the experiment while room
temperature (23°C) methanol flowed through the coolant probe (~ 12 min). The brain was then
cooled for 11 min while MR-based thermometry images were taken. Flow rates ranged from
50 mL/min-120 mL/min and inlet temperatures of the methanol (1 meter from probe) ranged
from —30°C to —70°C during the experiments. Only methanol flow rates > 80 mL/min and inlet
methanol temperatures < —40°C resulted in cortical temperatures of < 20°C, the threshold
temperature at which cortical metabolism is blocked (17). Such low inlet temperatures were
needed because of the thermal conductivity properties of the fiberglass used to build the cooling
probe. After 11 min, the temperature distribution in the brain was at equilibrium as measured
by the PRFST method and the stability of the supra-dural thermocouple readings. DTI was
acquired during the remainder of the cooling period (~ 30 min). The temperature of the brain
was then raised for 8 min using methanol at room temperature while MR thermometry images
were taken. DTI images were then taken during the recovery period. Below follows a
description of the DTI, MR thermometry, and T1-weighted images acquired.

DTI—Twenty-five axial slices were taken of the monkey at a slice thickness of 2.0 mm (with
0 mm skip). The in-plane resolution was 2.0 x 2.0 mm, with a matrix size of 64 x 64. The
sequence parameters were TR/TE = 5500/87 ms, b = 700 s mm~2. The diffusion gradient
sampling scheme consisted of n = 60 directions which were obtained using the electrostatic
shell method (27). Ten images with no diffusion-weighting were also obtained for a total of
70 acquisitions. The total acquisition time was 5 min 31 sec. ADC and FA maps were calculated
from the log signal relation using the b = 0 and b = 700 s/mm? scan (28). Because the
temperature was held constant during the diffusion scans, the relaxation rate was a constant
between the b = 0 and diffusion weighted scans (b = 700 s/mm?).

Low-Resolution T1 Images—Low-resolution T1 images were acquired during each trial
with an MPRAGE sequence (29) with TR/TI/TE = 2730/ 1100/3.19 ms, o. = 8°, 1.5 mm
isotropic resolution, total acquisition time: 2 min 54 s.

Six T1 images were acquired for all experiments with this sequence and reconstructed (motion
corrected, averaged and normalized) using Freesurfer, http://surfer.nmr.mgh.harvard.edu
(30). All diffusion and temperature maps from an individual trial were registered to this image.
The low-resolution T1 image was then registered to the high resolution image (template). The
transformation matrix from this registration was then applied to the diffusion and temperature
maps so all analysis could be performed in the high resolution coordinates.

High-Resolution T1 Images—~For both monkeys, high resolution T1 images were acquired
in a separate session with an MPRAGE sequence (29) with TR/TI/TE = 2500/1100/4 ms, o. =
8°,0.35 mm isotropic resolution, total acquisition time; 16 min. Eight T1 images were acquired
with this sequence and reconstructed (motion corrected, averaged, and normalized) using
Freesurfer, http://surfer.nmr.mgh.harvard.edu. The resulting T1 image was used as a template
to co-register all diffusion images, and temperature maps.

Thermocouple Measurements—Using a Luxtron 3100 Fluoroptic Thermometer (Luxtron
Corp.), thermocouple readings were stored at a rate of 4 Hz. The thermocouple readings were
used during the experiment to approximate the temperature of the deactivated region and to
ensure an equilibrium temperature distribution during the cooling period (as was always
verified post hoc using the PRFST method).
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Image Registration and Visualization—Images were registered using the flirt command
(rigid registration, 6 degrees of freedom) in the FSL toolbox (http://www.fmrib.ox.ac.uk). All
visualization postprocessing was performed using custom software written in Matlab (version
6.5.1.199709 (R13) Service Pack 1).

Statistical Analysis

Nonparametric permutation testing (NPPT) was applied using the method of Nichols (31). For
each experiment, n =500 permutations of 5 time points of the warm condition and 5 time points
of the cold condition were performed. P-value maps were generated using a standard two tailed
t-test. The maximum cluster size was calculated for each permutation considering P-values <
0.05 using Matlab with a connectivity of 26 (i.e., each voxel in the cluster was surrounded by
26 statistically significant voxels, P < 0.05). The final P-value map was calculated using the
equation:

n [3]

where p, is the P value of the original time series and pj is the P-value from the i random
permutation of the time series. The threshold for the size of statistically significant regions in
the final P-value map was determined by considering the distribution of the maximum cluster
size. The minimum statistically significant cluster size was determined to be the 25th largest
cluster size in the maximum cluster size distribution (i.e., 5% confidence for n = 500 is 25).
The results from the NPPT analysis were used to determine suitable regions for the region of
interest (ROI) analysis (see below).

ROI Analysis

The regions showing a statistically significant change in ADC as determined by the NPPT
analysis was split into three sub ROIs based on the temperature distribution during the cold
epochs. The three temperature ranges were: 34—40°C (no temperature change), 20-34°C
(cooled, although not completely deactivated region), 8—20°C (completely deactivated region).
The value of 34°C was chosen as the normal background temperature of the brain because the
precision of the ex vivo temperature measurements in a voxel was £1.0°C at a resolution of
2.0x 2.0 x 2.0 mm. Thus, 37 + 3o or 37 + 3°C represented the 99% confidence interval where
temperature did not change significantly (P > 0.01) from the normal brain temperature.

RESULTS

In Vivo Reversible Deactivation Experiment

Diffusion tensor imaging (DTI) was acquired during a warm or “normal temperature” epoch
(12 min) while warm (20°C) methanol was pumped through the cooling probe. This ensured
that potential changes in diffusion as measured during the cold epochs could not be merely

attributed to changes in methanol flow. Thereafter, we cooled a portion of the primary visual
cortex (right hemisphere, lower visual field, 0.7 cm? surface) and acquired MR temperature

maps until the temperature, as measured by the supra-dural MRI-compatible thermocouple

positioned immediately beneath the cooling probe (or lateral to the probe), reached the desired
steady state temperature. By altering the flow rate of the methanol during each experiment, we
were able to reach a steady-state cortical temperature (~ 30 min duration) immediately below
the cooling probe of, T, =37, 34, 29, 26, 22, 11 (cortical deactivation experiment #1, M1), 9.5
(cortical deactivation experiment #1, M2), 8°C (cortical deactivation experiment #2, M1), 8°
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C (cortical deactivation experiment #1, M3). During the experiment at 22°C the cortex was
near but still above the metabolic cutoff temperature. During the experiments where the cortex
reached a temperature of respectively 11, 9.5, and 8°C (M1, M3) the brain was cooled as low
as possible with-out inflicting damage to the dura. During the remainder of the cooling period
we kept the cortical temperature constant while DTI images were acquired. Finally, the brain
temperature was allowed to recover by pumping through warm ethanol (20°C), while MR
temperature maps were acquired (~ 8 min). When the thermocouples revealed a steady-state
“recovered” temperature of 30°C, we acquired three additional DTI images.

ADC Decrease During Metabolic Deactivation

Figure 3 shows examples of the raw ADC (top row) and FA maps (bottom row) acquired during
the (1) warm, (2) cold, and (3) recovery conditions of cortical deactivation experiment #2 (M1).
Note the difference in ADC maps during the cold condition in the region under the probe when
the temperature was 8°C (white rectangle). No such change is obvious in the FA maps (bottom
row, Fig. 3).

To identify voxels showing a significant change (P < 0.05) in ADC and FA between the warm
and cooling epochs, we used non parametric permutation testing (NPPT, see the Methods
section) (31).

Nonparametric Permutation Testing (NPPT)

The entire brain volume was used for the NPPT analyses (both for the ADC and the FA maps).
Importantly, the NPPT analyses revealed cooling-induced ADC changes only in those
experiments where cortical tissue was cooled well below 20°C—thus not even in the
experiment in which the cortical temperature reached 22°C. Figure 4a,b shows large brain
regions in M1 (3.36 cm? brain tissue) and M2 (3.83 cm3) where the ADC had decreased
significantly (P < 0.05) when T, = 11°C (cortical deactivation #1, M1). Those results suggest
already that ADC changes depend on processes directly dependent on metabolism (which is
silenced < 20°C) and not on temperature alone.

To answer the question whether the observed ADC changes were restricted to these voxels in
which the temperature was below 20°C (i.e., the cortex where metabolic activity was blocked)
or whether the ADC changes extended outside the deactivated region, we calculated the 3D
temperature maps using the PRFST method and overlaid them upon the ADC maps. The 20°
C isothermal reveals the region of the cortex where metabolism has been completely blocked
(17,19). Figure 4 shows decreased ADC in regions where the temperature did not change (>
34°C). The amplitude of the observed ADC changes in the region where temperature did not
change was similar across all three monkeys (see Table 1), although the effect was spatially
more extended in M1 and M3 compared with M2 (40% of the region calculated from NPPT
in M1, 75% in M3, and 10% in M2).

The ADC changes at a distance from the cooling probe were most apparent in M3. Figure 5
shows the region where the ADC changed (in red) compared with the temperature maps.
Changes in the ADC are seen far from the cooling probe despite the fact that the deactivation
region was very restricted.

ROI Analysis

To quantify the ADC changes as a function of temperature, we performed a ROI analysis for
the three experiments in which the cortex was cooled below the critical temperature of 20°C
(i.e.,t011°C, 9.5°C, or 8°C). To restrict our analysis to gray or white matter voxels, we masked
the voxels corresponding to cerebral spinal fluid (CSF) from the ADC maps at a threshold of
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ADC < 0.0012 mm?/s. It was determined that only 7% of all the voxels showing a decrease in
ADC in M1, 3% in M2, and 6% in M3 were CSF.

We defined three ROIs (ROI 1-3) which were based on the isothermals as measured during
the cold epochs. Those three ROIs encompassed voxels that showed a significant change in
ADC as defined by the NPPT analysis, and they were further subdivided in gray and white
matter compartments. ROI 1 included those voxels that did not change in temperature during
the cold epochs (34-40°C) and ROI 2 and 3 showed significant ADC changes when the
temperature during the cooling period was between 20-34°C, or between 8 and 20°C,
respectively.

Table 1 shows the normalized ADC values from ROIs 1-3 during the warm, cold, and recovery
conditions. The data were normalized to the first warm ADC value. Unlike the ADC changes
observed during the cold epoch in ROI 1, the ADC changes in ROIs 2 and 3 could be (partially)
due to temperature changes. Below, we will argue that temperature is most likely not the only
factor contributing to the observed ADC decrease in the voxels < 34°C. Note that, despite the
very cold inlet methanol, we were able to cool cortex below the metabolic cutoff temperature
of 20°C only in a relatively small region (0.2 cm? voxels in M1 and 0.4 cm3 in M2).

We assume that the temperature distribution throughout the brain remains constant throughout
the 30 min that DTI images are acquired. We believe that this is the case because the
thermocouple measurements at the cortical surface remained constant throughout the cooling
period. Second, the temporal characteristics of the ADC measurements showed that they were
stable throughout the same cooling period. Indeed, Figure 6 shows the mean normalized ADC
(= SEM) in M1 versus time in three temperature ranges: 8-20°C (ROI 3), 20-34°C (ROl 2),
34-40°C (ROI 1). The ADC values were constant during the cold conditions in each ROI,
which indicates the brain was already deactivated at the beginning of the cold condition and
the temperature inside the brain had reached equilibrium when we started the acquisition of
these DTI images.

In Vivo ADC as a Function of Temperature

The previous analysis revealed that in a substantial fraction of voxels, in which the temperature
did not change, the ADC values decreased. Moreover, these changes were only observed in
those experiments where at least a small fraction of the cortex was cooled below 20°C. Hence,
only those experiments where metabolism could be completely blocked resulted in decreased
ADC values. Furthermore, if ADC is dependent on “normal” metabolism, one would expect
that ADC decreases in “cold” voxels (< 20°C ) are larger than that predicted by temperature
alone. Using the data from the nine reversible deactivation experiments, we tested this
hypothesis by calculating the in vivo ADC as a function of temperature and compared it with
the diffusion of free water (32,33). The voxels of ROI 1, that could be completely deactivated
in 3/9 experiments (i.e., ROl 1, T < 20°C), were used to calculate the ADC as a function of
temperature for all 10 experiments (the same voxels reached a different temperature in each
one of those 10 experiments). Figure 7 plots the in vivo ADC as a function of temperature
relative the diffusion of free water. The in vivo ADC follows the same trend as the diffusion
of free water above the metabolic cutoff (on the right of the vertical dotted line) but shows a
significant decrease relative to the diffusion of free water only below the metabolic cutoff (data
points on the left of the black dotted line). This result suggests that a substantial fraction of the
ADC depends on processes directly dependent on metabolism and not on temperature alone.
Table 2 presents the difference between normalized ADCip, vivo — ADCtree water- The normalized
ADC of free water was interpolated to the temperature points of the 9 reversible deactivation
experiments with a second order polynomial. Statistically significant decreases in the

ADCjp, vivo relative to that of free water were only observed below the metabolic cutoff and
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ranged between 22-25%. It is likely that the ADC decrease in the deactivation region was
underestimated because of an increase in blood flow to compensate cooling.

FA Shows No Change During Metabolic Deactivation

Using the same NPPT analysis as for the ADC data, we compared the FA maps between all
combinations of the warm, cold, and recovery conditions. In addition, we compared the FA
values in ROI 1, 2, and 3 between the warm, cold, and recovery conditions. None of these
analyses revealed changes in the FA maps during cortical cooling, in either monkey.

DISCUSSION

Effect of Cerebral Metabolism on the ADC and FA

Reversible deactivation of cerebral metabolism by cortical cooling resulted in ADC decreases
of 12-21% in regions far from the cooling probe, in voxels where the temperature did not
change (Fig. 4, Fig. 5). No changes in FA could be revealed using NPPT analysis, nor using
more sensitive ROI-based statistics. The decrease in ADC at distant sites induced by cooling
can be explained by the effect that cooling has on processes regulated by cerebral metabolism.
Cooling reduces deoxyglucose uptake in neurons that are at a temperature below 20°C (21,
34,35). Moreover, cortical cooling has a profound functional effect at distant sites receiving
anatomical projections from the deactivated region (21,36). In addition, reversible deactivation
studies using cooling in combination with electrophysiology indicated that action potentials
cannot be generated below 20°C, hence cooling also blocks neuronal activity (17).

In the present study, changes in ADC were revealed only during those cooling experiments
where the cortical temperature under the cooling probe was below the metabolic cutoff of 20°
C and not in those experiments where the cortical temperature was > 20°C. This strongly
indicates that the ADC depends on metabolism. This is also supported by the marked decrease
of the in vivo ADC (22-25%) compared with that of free water below the metabolic cutoff of
20°C. The magnitude of this decrease agrees with the ADC decrease in regions where the
temperature did not change. It is tempting to suggest that those regions showing an ADC
decrease but no change in temperature are anatomically connected to the region which was
effectively deactivated. These results indicate that the changes in ADC are not due to the effect
of temperature on diffusion alone and are due to the deactivation of cerebral metabolism in a
small portion of the cortex.

Which biophysical mechanism that depends on cerebral metabolism could be responsible for
such ADC changes? One possible mechanism could be fast axonal transport (cytosolic
streaming) (10). Fast axonal transport of proteins and vesicles is induced by the motion of the
microfilaments and microtubuli (37) and is regulated by ATP (38). Local anoxia (cold-block)
experiments showed inhibition of fast axonal transport by affecting oxidative metabolism
responsible for ATP production (39-42). It is possible that the reversible deactivation of
cerebral metabolism by cooling affected the diffusion of water by inhibiting the fast axonal
transport throughout the axon. The diffusion coefficient of water arising from fast axonal
transport can be calculated by assuming a parabolic velocity profile of water in the axon with
no flow on the boundary of the axon and a maximum velocity, vnax, in the center of the axon.
The range of viax can be approximated by the velocity range of the fast axonal transport of
proteins, Vmax = 1-10 um/s (43-46). The range of diffusion coefficients resulting from this
parabolic flow profile would be 2.5 < D < 250 pm2/ms which is partially in the range of
diffusion coefficients, D = 0.1 — 10 pm?/ms, as measured in the brain.

Another possible mechanism which could explain the ADC decrease at distant sites from
cooling is neuronal activity. As local deactivation of cerebral metabolism has been shown to
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affect action potential generation at distant sites (21), changes in the electric potential of axons
and neurons can affect the diffusion of water (47). When the cell is active, the electrical
potential and phenomena directly related to action potential generation (e.g., the displacement
of water associated with the flow of ions through ion channels or pumps) may act as a driving
force for the diffusion of water and other materials (proteins, vesicles) along the axon.

ADC decreases observed during this experiment (12-21%) could partially explain the marked
decrease in ADC during ischemia (in which cerebral metabolism is affected) of 20-50% (48,
49) and postmortem studies (~ 40%) (9). FA changes were not expected to change because of
the short deactivation period (~ 30 min). FA changes in stroke and lesion studies have been
shown to occur over a long time period (hours to days) and may be related to neural processes
like Wallerian degeneration (14) and other changes to the neuroarchitecture.

Although the results in this study may compel one to deduce that the ADC in the brain has a
metabolic component, the limited sample size in this experiment prevents this conclusion.
Future studies with large populations of rats would provide the necessary biostatistics to justify
such a statement. To provide conclusive evidence of a link between ADC and metabolism,
other reversible deactivation techniques also may be used. Besides cortical cooling, reversible
deactivations can be achieved using pharmacological approaches (e.g., injection of local
anesthetics and GABA agonists, fast axonal transport and action potential blockers (47), etc.).
Drug-induced deactivations, however, have two disadvantages, (a) a limited number of drug
injections can be performed before the cortical tissue is severely damaged, and (b) it is more
difficult to quantify the deactivation region because of the low MR sensitivity (107°) of NMR
spectroscopy compared with conventional MRI. In the present experiments, cortical cooling
was chosen because it allowed focal deactivation of cerebral metabolism over a shorter time
scale (~ min) as compared to drug injection (~ hours) (20). Hence, we could perform multiple
deactivations during the same scan session. However, reversible deactivation in conjunction
with MR-spectroscopy could measure which metabolites are suppressed during deactivation
to more accurately quantify the effects of cooling on cerebral metabolism.

It would also be of great interest to study the blood flow during cortical cooling reversible
deactivation to understand the physiological response of the brain to metabolic changes. These
studies could address if blood flow is increasing to the deactivated region and address how
local can the temperature (and thus deactivation) control be. Although the authors believe that
the small volume fraction of blood could not cause the magnitude of the diffusion changes
measured in this experiment, it is possible that maybe there is increase/decrease in blood flow,
thus, mitigating the diffusion effect.

The results from this experiment validate the methodology developed to reversible deactivate
cerebral metabolism in the brain and perform MRI measurements. In a latter study, the diffusion
MRI results during reversible deactivation will be compared the hemodynamic response
throughout visual cortex to determine the relationship between water diffusion and the
hemodynamic response. The MRI-compatible cortical cooling system presented in this study
will also be used to explore functional interactions between anatomically connected regions
(50). The fast deactivation capabilities of the cooling system (~ 4 min) makes it ideal for fMRI
studies (51-53) in which regions can be deactivated and re-activated many times within a
typical scan session.

Finally, the results from this experiment suggests that futures studies which explore the
relationship between cerebral metabolism, anoxic depolarization, cell volume, and acute ADC
changes would provide valuable information regarding the underlying biophysical mechanisms
of the diffusion MRI signal (54-57).
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CONCLUSION

In summary, we presented a novel in vivo method to deactivate cerebral metabolism in an MRI-
compatible, focal, and reversible manner. Combined with in vivo 3D thermometry
measurements with an accuracy of £1°C, the present experiments indicated that reversible
short-term deactivation of the cortex resulted in a significant decrease in the ADC at distant
sites from cooling but has no measurable effect on FA. In our study, we used MR temperature
maps to show that ADC decreases (12-21%) occurred even in restricted locations where the
temperature did not change. Furthermore, the temperature dependence of in vivo ADC follows
that of free water above the metabolic cutoff of 20°C but shows a marked deviation (i.e., a 22—
25% decrease) below the metabolic cutoff. These data suggest that a relatively large fraction
of ADC in V1 in the monkey brain depends on normal metabolism. By using the technology
developed in this study to examine the hemodynamic response, we can understand the
relationship between the hemodynamic response and water diffusion.
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FIG. 1.

a: Coolant probe used and attached thermocouples. b: Schematic (not to scale) of coolant probe
orientation on the dura above V1. The radial symmetry of the probe ensured that it was in the
same position for each experiment.
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FIG. 2.

a: MR-defined temperature map during cooling of ex vivo bovine muscle (5.5 min after start
of cooling). The location of the probe is indicated by the black circle and the location of the
thermocouple under the probe by the circle with an “x” inside. b: Plot of MR thermometry
measurements (average of four voxels) versus thermocouple readings during the cooling and
recovery stages of the experiment. Both images show the change in temperature from room
temperature (22°C).

Magn Reson Med. Author manuscript; available in PMC 2009 November 28.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Khachaturian et al.

Page 17

Raw data — M1

FIG. 3.

Epoch-averaged ADC (top row) and FA maps (bottom row) for the warm, cold, and recovery
conditions for an experiment where the temperature under the probe = 8°C (cortical
deactivation #1, M1). The change in ADC is apparent under the probe (white rectangle) during
the cold condition, however, no change in the FA is visible.

Magn Reson Med. Author manuscript; available in PMC 2009 November 28.



ydudsnUeIN JoyINY Vd-HIN 1duasnueN JoyINY Vd-HIN

1duasnuey Joyiny vd-HIN

Khachaturian et al. Page 18

NPPT analysis (ADC) with Isothermal Overlay

M1 M2
— S

Metabolic cutoff
thermocline

iDeactivation
Region

Metabolic cuto
thermocline

FIG. 4.

a,b: Region where ADC changed significantly (P < 0.05) between the warm and recovery
conditions versus the cold condition as calculated by NPPT for (A) M1 and (B) M2. Isothermals
at 34, 30, 20, 15, 10°C were overlaid on the images. Note that the statistically significant region
extends beyond the cooled region and is present where the temperature has not changed
significantly from the body temperature (T > 34°C isothermal).
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FIG. 5.

a,b: Raw data from M3 showing the (A) region where the ADC changed (in red) as calculated
from the NPPT analysis and (B) raw temperature maps (T < 30°C). The region where the ADC
decreased extended far beyond the cooling region.
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FIG. 6.

Plot of the mean normalized ADC (x SEM) in M1 versus time in three temperature ranges: 8—
20°C (ROI 3), 20-34°C (ROI 2), 34-40°C (ROI 1). The ADC was normalized relative to the
first warm image for each ROI. The consistent ADC decrease in function of time during the
cold condition indicates the brain was already deactivated at the beginning of the cold DTI
scans and that the temperature remained constant in each region.
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FIG. 7.

The normalized in vivo ADC (ADCip, vivo, red) and the normalized ADC of free water
(ADCfHree water, blue) (32,33) plotted as a function of temperature for the nine reversible
deactivation experiments. The deactivated region, T < 20°C (ROI 1), from M1, M2 and M3
was used to compare the ADC between the nine reversible deactivation experiments. Note the
ADC;j, vivo follows the diffusion of free water for T >20°C, but not below the metabolic cutoff.
ADC;, vivo Values with an asterisk are statistically significant P-values (alpha level = 0.001)
from a one sample t-test comparing the difference between the normalized ADC;;, vivo —
ADCrHree water (5€€ Table 2).
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