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Abstract

Blood oxygenation-level dependent (BOLD) contrast in skeletal may reflect the contributions of
both intravascular and extravascular relaxation effects. The purpose of this study was to determine
the significance of the extravascular BOLD effect in skeletal muscle at 3T. In experiments, Ry*
was measured before and during arterial occlusion under the following conditions: 1) the leg
extended and rotated (to vary the capillary orientation with respect to Bg) and 2) with the blood’s
signal nulled using a multi-echo vascular space occupancy experiment. In the leg rotation
protocol, 3 minutes of arterial occlusion decreased %HbO, from 67% to 45% and increased Ry*
from 34.2 to 36.6 51, but there was no difference in the R,y* response to occlusion between the
extended and rotated positions. Numerical simulations of intra- and extravascular BOLD effects
corresponding to these conditions predicted that the intravascular BOLD contribution to the Ry*
change was always >50 times larger than the extravascular BOLD contribution. Blood signal
nulling eliminated the change in Ry* caused by arterial occlusion. These data indicate that under
these experimental conditions, the contribution of the extravascular BOLD effect to skeletal
muscle Ry* was too small to be practically important.
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INTRODUCTION

Variations in the rates of permanent and effective transverse relaxation (Ry and Ry*,
respectively) or in To-weighted signal may be used to evaluate the hemodynamic, metabolic
and structural changes associated with muscle contractions (1), an approach known as
muscle functional MRI (mfMRI) (2). During and following muscle contractions, changes in
muscle R, and Ry* result from increases in intracellular water content, secondary to
metabolite accumulation (3,4); variations in intracellular pH (4-6); and changes in the
concentrations of paramagnetic molecules such as deoxyhemoglobin, as reflected in the
blood oxygenation level dependent (BOLD) effect (7,8). The magnitude of each of these
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changes, and thus the variations in R, and R,*, depend on the exercise and intensity (9), the
muscle fiber type composition (3), and whole-body aerobic capacity (10). Since these
factors affect R, and Ry* to different degrees, quantifying the independent contributions of
and interactions among these factors is important to interpret physiological and pathological
variations in muscle R, and Ry*.

Regarding the source of oxygen-level dependent contrast in skeletal muscle, it is noteworthy
that skeletal muscle cells themselves contain several potential magnetic field perturbers that
may also contribute to susceptibility-related signal decay in skeletal muscle. However, both
theoretical calculations and experimental observations suggest that a true BOLD effect, and
not a muscle oxygenation level dependent effect, occurs in skeletal muscle (8). The presence
of a muscle BOLD effect has allowed the development of several new protocols for studying
skeletal muscle physiology and pathophysiology. For example, Meyer et al. (11), with
subsequent modifications by Damon et al. (12), have proposed the use of BOLD and proton-
density weighted signals to studying microvascular and metabolic recovery following brief
isometric contractions. In addition, several studies have proposed BOLD imaging protocols
based on the Fick principal; in these protocols, constant muscle oxygen consumption with
perfusion increases brought about by vasodilator infusion increase BOLD-dependent signal
(13).

Because of the potential for using such protocols to assess muscle function, it is important to
understand the biophysical basis of BOLD contrast in skeletal muscle, including the relative
contributions of intravascular and extravascular relaxation effects. The intravascular BOLD
effect refers to the effect of oxyhemoglobin saturation (%HbO>) and the hematocrit on the
relaxation of blood water (14,15). Intravascular BOLD phenomena result from the effects of
chemical exchange between free intracellular water and water in the hydration shell of
deoxyhemoglobin and/or diffusion through the magnetic field gradient surrounding
deoxyhemoglobin (14,16-18); because the transmembrane exchange of water is rapid on the
T, timescale (18), the relaxation of the blood as a whole is affected. The extravascular
BOLD effect describes the effect of magnetic susceptibility gradients surrounding blood
vessels on the relaxation of extravascular spins; in addition to %HbO, and hematocrit, this
effect depends also on blood volume, the diffusion coefficient of water perpendicular to the
vessels (D), vessel radius, and the orientation of blood vessels with respect to By (o)
(19,20). In skeletal muscle at resting length, 90% of the length of capillaries is parallel to
skeletal muscle fibers (21,22). Because many muscles have oblique fiber orientations and
these orientations change during contraction (23), the predominant orientation of the blood
vessels will also vary. If the extravascular BOLD effect is a significant contributor to Ro* in
skeletal muscle, these factors would confound the simple interpretation of BOLD
phenomena as reflecting physiological factors only by introducing a structural dependence
to the BOLD effect.

Although previous numerical simulations (11,13,24) have predicted that extravascular
BOLD effects in skeletal muscle are small, we know of no experimental studies that have
evaluated extravascular BOLD effects and their contribution to skeletal muscle Ry*.
Therefore, the purpose of this study was to use empirical evidence to test for extravascular
BOLD contribution to skeletal muscle Ry* at 3.0T. In the first experiment, we tested the
hypothesis that if there is a practically significant extravascular BOLD effect in skeletal
muscle at 3.0 T, then the sine2(c)) dependence of the chemical shift difference between the
blood and tissue parenchyma (19,20) would cause R,* to increase with o and also cause the
effect of %HbO, changes on Ry* to increase with a. In addition, we evaluated the
extravascular BOLD effect by determining the change in R,* before and during ischemia
while nulling the MR signal from inflowing blood using an inversion recovery sequence
configured according to the vascular space occupancy (VASO) scheme (25). Following an
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inversion pulse, because of the different T, values of the blood (1624 ms) (26) and the
muscle tissue (1420 ms) (27), the times at which the magnetization originating in the blood
and the magnetization from the muscle tissue cross the zero line differ. To test for an
extravascular BOLD effect, we acquired images at the time corresponding to blood signal
nulling. Under this circumstance any changes in Ro* reflect the contribution from
extravascular BOLD effect. We expected that R,* would not differ between the non-
occlusion and occlusion conditions when the signal from the inflowing blood is eliminated.
Finally, we used numerical models to aid in interpreting the observed experimental effects
and to understand the external validity limits of our experimental findings.

MATERIALS AND METHODS

Subjects

This study was approved by the Vanderbilt University Institutional Review Board and was
in accordance with the principals of the Declaration of Helsinki. Ten male volunteers free of
known acute or chronic medical conditions and having age=23.7 + 3.5 years (mean +
standard deviation), body mass index=23.6 + 2.1 and ankle brachial index (ABI) =1.03 =
0.08, reflecting healthy peripheral vasculature (28) were informed of the potential risks and
benefits of the study and provided written informed consent to participate.

Study Procedures

Participants reported to the lab for an orientation and a testing session. During the
orientation session, subjects completed an MRI screening form and a health history
questionnaire. To calculate the ABI, blood pressure was measured at the brachial and dorsal
pedis arteries. For the testing session, the subjects were asked not to consume any alcohol
and to avoid moderate or heavy exercise for 24 hours prior to the testing session.
Additionally, subjects were asked not to drink caffeinated beverages or smoke tobacco
during the six hours prior the test. To test the significance of the extravascular BOLD effect,
two protocols were used (Table 1). For the first protocol (leg rotation protocol), the potential
effect of o on Ry* was determined by changing the orientation of the leg with respect to By
under occlusion and non-occlusion conditions. For the second protocol (blood signal nulling
protocol) Ro* was measured before and during cuff occlusion when the signal from the
blood was eliminated using VASO.

Five subjects participated in the leg rotation protocol. Each participant lay supine in the MRI
scanner and a series of images of the leg was acquired while the leg was fully extended or
partially flexed at a knee angle of about 40°, as measured using a goniometer. The subjects
were instructed to lie passively (i.e., not contract the muscles) during the procedure. In each
leg orientation, the foot angle was 90 ° to avoid T, changes related to sarcomere overlap
(29). In each position, the subjects were studied with and without proximal arterial
occlusion. Arterial occlusion was accomplished by placing a blood pressure cuff at the mid-
thigh and rapidly (<1 s) inflating it to 240 mm/Hg using a rapid cuff inflator (Hokanson
Model E20, Bellevue, WA) for a total occlusion duration of 3 minutes. Five other
participants completed the blood signal nulling protocol. A series of images was acquired 30
s before, during 3 minutes, and for 45 s following the cuff occlusion procedure. The leg was
in the extended position and the foot was held at 90°. The cuff occlusion procedure was
performed as for the leg rotation protocol.

Near Infrared Spectroscopy (NIRS) Data Acquisition

NIRS-measured %HbO, and total hemoglobin concentration ([THb]) were determined for
both experiments. %HbO, and [THb] were measured concurrently to the MRI acquisition
using a frequency domain, multi-distance NIRS oximeter using an MRI compatible emitter-
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detector probe (Model 96208; ISS Inc. Champaign, IL). The operation of the system has
been described in detail previously (30). Briefly, the system was calibrated before initiating
the experimental procedures. The border of the tibialis anterior (TA) muscle was located by
requesting the participant to dorsiflex. The NIRS probe was placed on the skin over the
muscle and slightly distal to the surface coils. The NIRS probe was held in place by an
elastic strap and was covered with a dark cloth to prevent interference from visible light.
The strap was tightened only enough to avoid probe motion and to cause as little discomfort
and anatomic distortion as possible. [THb] and %HbO, were calculated according to the
manufacturer’s algorithms. The mean values during the initial 20 s before cuff occlusion and
the last 20 s of the cuff occlusion were used in subsequent analyses.

MRI Data Acquisition

MRI data were obtained on a 3T Philips Intera/Achieva MR imager/spectrometer using a
pair of 14x17 cm flexible surface coils placed over the anterior compartment of the right leg.
After acquiring scout images in three planes, a volume of interest was specified in the leg
and used for second-order shimming. A T1-weighted anatomical image was obtained at the
maximum girth of the leg with repetition time (TR)/echo time (TE)=500/16 ms, slice
thickness (ST)=10 mm, one slice, field of view (FOV)=18x18 cm, matrix size=256x256,
and number of excitations (Ngx)=2. For the leg rotation protocol, R,* was measured using a
dual gradient-echo, dynamic EPI sequence with TR/TE=2000/6, 46 ms with ST=6 mm,
acquired matrix=64x64 (reconstructed at 128x128), and the other geometric parameters of
the anatomical image. Dynamic images were acquired for 30 s before, during, and for one
minute following cuff occlusion in the extended and the rotated positions. As noted above,
muscle fiber orientation was assumed to reflect o (21,22). To estimate the local muscle fiber
orientation using the first eigenvector of the diffusion tensor (31,32), diffusion weighted
images were acquired in fifteen diffusion directions using: TR/TE=4000/49 ms, diffusion
weighting (b) value=500 sec/mm?, Ngx=4, and the same geometric parameters as for the
functional images. For the VASO protocol, Ry* was measured using a dynamic, non-slice
selective GRE-EPI inversion recovery sequence with an inversion time (T1)=1125 ms and
TR/TE=8500/10, 50 ms. This TI was based on the average T; values of arterial and venous
blood, as noted above.

MRI Data Analysis

The Philips Research Imaging Development Environment (PRIDE) diffusion registration
program, version 4.1 was used to register the diffusion-weighted images to the b=0 images
with an affine transformation algorithm. Then, parametric maps of the tensor’s eigenvalues
(A1, A2 Ag), first eigenvector (g1), and the ADC values were calculated using the PRIDE fiber
tracking software version 4.1. Custom-written Matlab v. 7.5.0 (The Mathworks, Natick,
MA, USA) routines were used to define a region of interest (ROI) around the TA muscle,
carefully excluding resolved vessels and connective tissues. The TA muscle was chosen
because the distribution of muscle fiber orientations with respect to By is spatially uniform
in each compartment of this muscle (33). Within the ROI, the mean orientation of ¢; with
respect to By was calculated as the arccosine of the inner product of g1 and a unit vector in
the Z direction. The mean values for ADC, A1, Ap, A3 and Ro* were also calculated in the
ROI; A3 was used to represent DL. For Ro* calculations from either protocol, the mean
signal (S) in the ROI was measured for 30 seconds before and during the final 30 seconds of
cuff occlusion. Ry* was calculated as:

Ri=
2"TTATE [1]
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where the subscripts 1 and 2 indicate the first and second echoes, respectively.

Statistical Analysis of Experimental Data

Data are presented as mean + SE. For the leg rotation protocol, a general linear model
repeated measured analysis was performed to test for main effects of position and occlusion
and the positionxocclusion interaction. A non-significant position main effect and a non-
significant positionxocclusion interaction would indicate that the effect of %HbO, on Ry*
does not depend on the leg position, providing evidence against an extravascular BOLD
effect. For the blood nulled protocol, a paired Student’s t-test was performed to test for
differences in variables before and at the end of cuff occlusion. Statistical significance was
set at p<0.05.

Numerical Simulations

Numerical simulations of the extravascular and intravascular BOLD effects were performed
in Matlab v. 7.5.0. Extravascular BOLD simulations were performed essentially as
previously described (24). Briefly, we calculated the magnetic susceptibilities for blood and
tissue parenchyma by adapting procedures from Spees et al. (15). The mean chemical shift
difference between the blood and tissue parenchyma was calculated using the infinite
parallel cylinders model of Stables et al. (20). The gradient echo signal and Ry* were
calculated for TE=30 ms using Eqs. 6 and 24 of Stables et al., respectively. In the first set of
simulations, we predicted the extravascular and intravascular BOLD contributions to the Ry*
difference between the free flow/straight leg and the occluded flow/rotated leg conditions of
the leg rotation protocol. We used the measured values of D1 and o and assumed blood
volume percentages of 3.0 and 2.7% for free-flow and occlusion, respectively. Intravascular
BOLD effects were simulated using the To* dependence of blood on %HbO, at 3.0T
reported in Ref. (34), interpolated for a hematocrit of 0.3.

We will use the experimental data and the first set of simulations to argue that the observed
R,>* changes were due essentially entirely to intravascular BOLD phenomena. If so, then the
difference between the mean Ry* values for the straight leg/occluded flow conditions
measured by VASO and traditional gradient-echo acquisitions represents the blood’s
contribution to Ry* during occlusion. Further, the upper limit of its 95% confidence interval
(95% CI) represents the magnitude of extravascular BOLD effects needed to increase the
total BOLD effect significantly. In the second set of simulations we determined the values
for DL, o, and the blood volume fraction that would have been necessary to have resulted in
a significant extravascular BOLD effect. D1, a, and the blood volume fraction were varied
because they change during and after exercise (23,35). Because different subjects
participated in the two experiments, the 95% CI was formed using error propagation
methods.

RESULTS

Experimental Protocols

Leg rotation protocol—Figure 1 shows the changes in the NIRS-observed data for the
leg rotation protocol. %HbO, did not differ between the extended and the flexed positions
(p=0.58; Figure 1A), but decreased during occlusion (67.5 + 2.7 vs. 45.5 + 4.8 %; p=0.002;
Figure 1A). There was not a significant positionxocclusion interaction (p=0.22), indicating
that the mean %HbO, response to occlusion was similar in each leg position. [THb] did not
differ between the extended and the rotated positions (p=0.82; Figure 2B) or when the cuff
was inflated (p=0.09; Figure 2B). There was not a significant positionxocclusion interaction
(p = 0.78). Figures 2A and B show the changes in o and the diffusion tensor eigenvalues,
respectively, due to leg rotation. The o increased when the leg was rotated from the
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extended to the flexed position (from 17.1 + 1.1 to 25.0 £ 3.0 °; p=0.047; Figure 2A). There
were no differences in 11, A, or A3 between the extended and the rotated conditions (p=0.56;
Figure 2B). Figure 3A shows the changes in Ro* during the leg rotation protocol. Ry*
increased during cuff occlusion from 34.2 + 1.1 to 36.6 = 1.4 s (p=0.02), but did not differ
between positions (p=0.35) and there was not a significant positionxocclusion interaction
(p=0.28).

Blood signal nulling protocol—During cuff occlusion, %HbO, decreased from 59.7 +
4.8 10 38.7 + 3.4 % (p=0.002); [THb] decreased from 83.0 £ 5.2 to 76.5 + 6.8 uM (p=0.02).
There was no difference in the mean R,* values before and at the end of cuff occlusion (33.7
+0.31vs. 34.5 £ 0.6 s1; p=0.27) (Figure 3B).

Numerical Simulations

Figure 4A shows the predictions of the first set of simulations. The red solid line shows the
extravascular BOLD contribution to Ry* for o =17.1°, D.=1.31x10"° m?/s, and 3% blood
volume, corresponding to the free-flow/straight-leg condition. The blue solid line shows the
extravascular BOLD contribution to Ry* for o =25.0°, D1=1.28x10"9 m?/s, and 2.7% blood
volume, that is, the occluded flow/rotated leg condition. Points on each curve are circled at
the observed %HbO, levels. The difference between the ordinates of these two points gives
the extravascular BOLD contribution to the Ry* difference between these conditions (0.0245
s'1). Also shown in each plot are the corresponding intravascular BOLD effects on the
whole-tissue Ry* for blood volumes of 3.0% (red dashed line) and 2.7% (blue dashed line).
The circled data points on these curves indicate the intravascular BOLD contribution to Ry*
in the free-flow and occluded conditions; the Ro* difference between their ordinates is 0.79
s'L. This value is similar to the experimentally observed effect (0.62 s1; Figure 3A) and
more than an order of magnitude larger than the extravascular contribution. In Figure 4B, we
present the ratio of modeled intravascular to extravascular BOLD effects for free flow/
straight leg and occluded flow/rotated leg conditions. The circled points correspond to the
observed %HbO> levels. The ratios of intravascular to extravascular BOLD contributions to
R,* for the free flow/straight leg and occluded flow/rotated leg conditions were 558 and 61,
respectively. The lowest modeled ratio was for the rotated leg with %HbO,=0%; the value
was 36.

Figure 5 shows the results of the second set of simulations. The plain black line in panel A
shows a weak dependence of the extravascular BOLD effect on DL when blood
volume=3%, a =17.1°, and %HbO,=40%); the dotted line shows the data for %HbO,=70%.
The difference between the R,* values observed during the flow-occluded periods of the
conventional and VASO gradient echo experiments and its 95% CI was 3.08 s1 +2.08 51,
with the value 2.08 s1 shown as the horizontal gray line and representing the additional Ry*
change needed to produce a significant extravascular BOLD effect. The data in Figure 5A
indicate that there is no reasonable value of DL that could raise the extravascular
contribution to total BOLD effects to a significant level. Panel B shows the extravascular
BOLD contribution to Ry* at a =0-90°. For blood volume =2%, 3%, and 4% and at
%HbO,=40% (plain lines), a significant extravascular BOLD effect would begin to occur at
a =52°, 46°, and 41°, respectively. The dotted lines, showing the data for %HbO,=70%,
indicate that there is no reasonable blood volume fraction/o. combination for which the
extravascular BOLD contribution would be significant. Figure 5C shows that extravascular
BOLD effect increases linearly with blood volume fraction, but at physiologically relevant
levels is always less than the minimum threshold for a significant extravascular BOLD
contribution; this is true both for %Hb0O,=40% and 70%.
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DISCUSSION

The results of this study confirm and extend prior observations of a BOLD effect in skeletal
muscle and provide evidence that under the experimental conditions employed, the
extravascular BOLD effect in skeletal muscle is too small to be of practical significance.
This conclusion is different from those concerning the role of the extravascular BOLD effect
in the brain, but is supported by three lines of evidence: 1) the first set of simulations that
predict a much smaller extravascular than intravascular BOLD effect for the experimental
conditions employed; 2) the quantitative similarity of the BOLD effect across a
physiologically significant range of capillary orientations; and 3) the absence of a significant
BOLD effect under conditions of blood signal nulling. Within the limits defined by the
second set of simulations, the absence of a practically significant extravascular BOLD effect
in muscle at 3.0T means that muscle BOLD data from field strengths of 3.0T and below can
be interpreted with intravascular mechanisms only.

Numerical Simulations Predict a Small Extravascular BOLD Effect

The simulations described in Figure 4 predict that for all %HbO, levels and the levels of DL
and o encountered in the experimental studies, the extravascular BOLD effect is
insignificant in comparison to intravascular BOLD effects. This finding is similar to those
from models implemented by previous researchers, who have found that in skeletal muscle
the extravascular BOLD effect is of very small magnitude. Meyer et al. (11) calculated that
at 3.0T the extravascular BOLD effect following a 13% increase in %HbO, would increase
the BOLD-dependent signal by 0.5% compared to a 2.26% increase from the intravascular
BOLD effect. Similarly, Utz et al. (13) estimated that the extravascular BOLD effect at 1.5T
contributed to only 1% of the total BOLD signal.

One difficulty in modeling the extravascular BOLD effect is the need to account properly
for the blood vessel geometry. One issue pertains to the distributions of vessel diameters and
orientations in skeletal muscles. Branching in the arteriolar tree through five orders results in
arterioles measuring between ~50 to 10 um in diameter, which continue on to form
capillaries and venules. However, because the capillaries constitute most of the vessels in
the muscle tissue bed and 90% of their length is parallel to the muscle fibers (21,22), it is
appropriate to model extravascular BOLD effects by treating capillaries as a collection of
parallel, infinite cylinders. Another issue is how the vessel geometry affects the local
magnetic field. We note that Frghlich et al. (36) concluded that Stables et al.’s model
underestimates the contribution of capillaries to susceptibility-induced relaxation rates by
55%, because of differing treatments of the capillary geometry. However, even increasing
the contribution of the extravascular BOLD effect by twofold would still not have increased
the relative importance of the extravascular BOLD effect to within an order of magnitude of
the intravascular BOLD effect.

In summary, previously published and the present simulations predict a very small
extravascular BOLD effect relative to the intravascular BOLD effect. These data provide the
first line of evidence supporting the conclusion that the Ro* change due to arterial occlusion
that we observed resulted almost entirely from intravascular BOLD phenomena.

No Effect of Leg Rotation on Ry*

In this protocol, we tested for an independent contribution of a on Ry* at different levels of
%HbO,. We observed that Ry* increased by 2.4 s at the end of cuff occlusion; for TE=46
ms, this would decrease To*-weighted signal by ~10%, similar in magnitude to the ~6%
decrease in To*- weighted Sl observed at the end of 5-7 minutes of cuff occlusion in
previous reports (8,37). However, the magnitude of the Ry* effect did not differ when o was
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changed (Figure 3A). Before interpreting this result, we first consider the influence of
potential confounding variables.

As discussed above, transverse relaxation in skeletal muscle is influenced by many
physiological factors. These include factors affecting a potential extravascular BOLD effect,
the magnetic susceptibility effects of myoglobin, and metabolic contributions to Ro.
Regarding influences on the extravascular BOLD effect, DL and [THb] did not differ among
the four experimental conditions (Figures 1B and 2B). In addition, capillary radii and
hematocrit are not expected to change because of cuff occlusion or leg rotation. Therefore,
the other contributors to extravascular BOLD effects were constant during the procedures.
While in principle the paramagnetic effect of myoglobin may potentially affect the
extravascular Ro*, Lebon et al. (8) showed a temporal incompatibility between the time
courses of myoglobin desaturatation and the BOLD effect, indicating that the potential
confounding effect of myoglobin may be eliminated as well. Concerning the metabolic
influences on Ry, prolonged ischemia can increase lactate and inorganic phosphate (Pi)
concentrations and decrease pH (38,39); these changes may decrease muscle R,. However,
Wilkie et al. (39) did not show any change in Pi or pH in the first 10 minutes of cuff
occlusion and lactate only increased by 1 mmol/kg wet muscle weight. Therefore, it is very
unlikely that those metabolic factors significantly altered the Ro* values during the short (3
min.) cuff occlusion procedure.

The remaining potential influences on the observed variations in Ry* are %HbO, and a. Our
implementation of the Stables et al. (20) model had predicted a very small extravascular
BOLD contribution to Ry* (0.0245 s™1) in comparison to the intravascular effect (0.79 s1).
The lack of difference in the Ry* response to occlusion between the extended and rotated
positions indicates that this small predicted extravascular contribution to R,* is below the
level of detection, adding a second line of evidence to support our conclusion that the Ry*
change due to arterial occlusion in this study resulted almost entirely from intravascular
BOLD phenomena.

No BOLD Effect when the Blood’s Signal is Eliminated

In this protocol, we acquired multi-echo VASO data before and during arterial occlusion. By
doing so, we eliminated the signal from the blood compartment and observed the resulting
R,>* change due to arterial occlusion. If there were a significant extravascular BOLD effect,
an Ry* increase would have occurred under these conditions. However, elimination the
blood’s signal also eliminated the BOLD effect, as reflected by the absence of a significant
R,>* change (Figure 3B). The lack of change in Ro* under these experimental conditions
adds a third line of evidence strongly supporting the argument that the extravascular BOLD
effect was not a significant contributor to the observed Ry* changes in this study.

Conclusions and Implications

The results of the two experiments performed in this study and the first set of simulations, in
concert with previously published simulated data (11,13), provide three independent lines of
evidence to support the conclusion that the R,* changes due to arterial occlusion observed
experimentally resulted almost entirely from intravascular BOLD mechanisms. While the
experimental studies used echo-planar imaging (EPI), which has a lower signal-to-noise
ratio than conventional spin-warp acquisitions and therefore a reduced sensitivity for
measuring small Ro* changes, we note that EPI has been used in a large number of dynamic
imaging studies of skeletal muscle contractions (40-42). Therefore, the measurement
conditions of the present study are highly relevant to how BOLD-dependent data in skeletal
muscle are acquired.
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This conclusion has practical implications for interpreting Ro* and Ry*-dependent signals in
skeletal muscle. Specifically, it means that within the following limits to external validity,
BOLD phenomena in skeletal muscle can be interpreted using intravascular mechanisms
only. To define these limits, we start by noting that the statistical analysis of the
experimental data necessarily treated the extravascular BOLD effect as a binary
phenomenon (the result was either significance or non-significance). However, vessel
geometry and other determinants of the extravascular BOLD effect are continuously
distributed and at some point may cause the extravascular BOLD effect to become
practically significant. Thus we used the second set of simulations (Figure 5) to determine
the values, if any, for DL, o, and blood volume fraction at which the extravascular BOLD
effect would become a significant contributor to total BOLD effects.

Figure 5A showed that for %HbO, ranging from 40-70%, a=25°, and blood volume fraction
=0.03, there was not a value of D that could result in a significant extravascular BOLD
effect. The extravascular BOLD contribution to Ry* did vary weakly with DL, however.
This weak dependence has two implications. First, it suggests that the static dephasing
regime (SDR) does not exist around the capillaries of skeletal muscles, at least under the
conditions assumed for the model. The product of the correlation time for water molecules
to sample the magnetic environments near to and distant from the capillaries and the
chemical shift difference between blood vessels and tissue parenchyma was always <0.11
for %HbO,=40% and <0.017 for %HbO,=70%. The values for this product are closer to
meeting the criteria for the motional averaging regime, as defined by Kennan et al. (43),
than for the SDR. The departure from the SDR probably results from the low values for 5
that result from vessels closely oriented to Bg. These data also imply that any physiological
alterations in DL due to exercise probably do not alter the interpretation of R,* data, as far
as extravascular BOLD effects are concerned.

Unlike the case for D, there can be values for a for which the extravascular BOLD effect
may have statistical significance (Figure 5B). At %HbO,=40%, this transition begins in the
range 41-56° (depending on the blood volume fraction). Therefore, the extravascular BOLD
relaxation mechanism may need to be considered when examining BOLD effects during
contractions in highly pennate muscles; to assess this possibility, o should be measured in
relaxometry studies of such muscles. Figure 5C showed a strong, linear dependence of the
extravascular BOLD effect on blood volume fraction. However, for any of the modeled
values, the extravascular contribution never reached the level corresponding to statistical
significance. Therefore, it is unlikely that changes in blood volume would require an
interpretation of BOLD data that goes beyond intravascular mechanisms.

The final limits to generalization pertain to the static magnetic field strength. Because the
chemical shift difference between blood and tissue that leads to the extravascular BOLD
effect varies with field strength, the conclusion of the practical insignificance of the
extravascular BOLD effect in skeletal muscle at 3.0T also applies to lower field strengths.
However, at higher field strengths, extravascular BOLD phenomena may need to be
considered.

Therefore, considering the experimental and model results from this study, those in the
literature, and the just-discussed limitations to external validity, we conclude that at field
strengths of 3.0T and below and for skeletal muscles with a<40° and %HbO,>40% or with
a<25° and any value of %HbO,, the extravascular BOLD relaxation mechanism does not
contribute significantly to total BOLD effects. This relaxation mechanism may need to be
considered under other experimental conditions, however.
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As a final point, we note the distinction between this conclusion from those regarding the
role of this relaxation mechanism in the brain. In the brain, large relative contributions (up to
50% of total BOLD effects) have been predicted or observed experimentally (20,44,45).
Figure 5C suggests that the difference between skeletal muscle and brain probably does not
relate to the higher relative blood volume in the brain (5%). Rather, the difference between
the extravascular BOLD effects in skeletal muscle and brain may be related to the distinct
spatial distributions of capillaries between the two tissues. In the limb muscles, pennation
angles are generally small and capillaries are oriented close to parallel to Bg; but in the
brain, capillaries are spherically distributed (46). Accordingly, our model results predict that
the contribution of the extravascular BOLD effect assuming parallel capillaries with a =15°
is >20 times smaller than the effect with the spherical distribution, for similar levels of blood
volume and %HbO,.
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Figure 1.

Mean near infrared spectroscopy-measured %HbO, (A) and [THb] (B) levels by leg position
with and without cuff occlusion for the leg rotation protocol. Error bars indicate the SE. The
asterisk (*) indicates a difference between mean %HbO, levels between free flow and
occluded flow conditions (p = 0.002); there was not a significant difference between
positions (p=0.58) and the positionxocclusion interaction was not significant (p=0.22). For
[THDb], there was not a significant difference between positions (p = 0.82) or due to
occlusion (p=0.09) and the position x cuff occlusion interaction was not significant (p =
0.82).
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Figure 2.

Mean muscle fiber orientation with respect to By (A) and first, second, and third eigenvalues
of the diffusion tensor (B) by position during the leg rotation protocol. Error bars indicate
the SE. The asterisk (*) indicates difference in fiber orientation between extended and
rotated positions (p = 0.047). There were no significant differences between the mean values
of the eigenvalues between the two positions.
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Figure 3.

Changes in mean R,* leg in A) leg rotation protocol and B) blood signal nulling protocol.
Error bars indicate the SE. In panel A, the asterisk (*) indicates a significant difference
between the mean Ro* values for the free flow and occluded flow conditions; p = 0.02.
There was neither a significant effect of leg position (p=0.35) nor a significant
positionxocclusion interaction (p=0.28), indicating that the Ro* response to occlusion was
not affected by leg orientation. Panel B shows that eliminating the blood’s signal caused the
R,* change due to flow occlusion not to be significant (p=0.27).
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Figure 4.

Results from the first set of numerical simulations. A) Calculated intravascular and
extravascular BOLD effects, for conditions designed to match the free flow/straight leg and
occluded flow/rotated leg conditions of the leg rotation protocol. Solid lines depict the
extravascular BOLD response and dashed lines depict the intravascular BOLD response; red
lines show the free flow/straight leg condition and blue lines show the occluded flow/rotated
leg condition. The circled points correspond to the measured %HbO, levels. The differences
of ordinates of the points correspond to a 0.0245 s extravascular R,o* effect and a 0.79 s
intravascular Ro* effect. B) Ratio of the intravascular-to-extravascular Ro* contributions,
calculated using the data in Panel A. For all values of %HbO,, the intravascular contribution
is at least 100 times the extravascular contribution.
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Results from the second set of numerical simulations. A) The solid line indicates a weak
dependence of the calculated extravascular BOLD effects on D, for o, =17.1°, 3% blood
volume, and %HbO,=40%; the dashed lines indicate the dependence for %HbO,=70%. B)
The solid lines indicate the dependences of the calculated extravascular BOLD effects on a
for D.=1.31x10-9 m?/s, three levels of blood volume (see legend), and %HbO,=40%. The
dashed lines indicate the dependences for %HbO,=70%. Non-linear relationships, owing to
the sine?(a) dependence of the chemical shift difference between blood and tissue
parenchyma, is seen. C) The solid lines indicate linear dependences of the calculated
extravascular BOLD effects on relative blood volume for D.1=1.31x10"% m?/s, three levels
of o (see legend), and %HbO,=40%. The dashed lines indicate the dependences for

%HbO,=70%.
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Table 1

Experimental designs for the leg rotation and blood signal nulling protocols. Ry,* was measured under each
experimental condition indicated; note that the difference in Ry* between the free flow/straight leg conditions
in the leg rotation and blood signal nulling protocols reflects the blood’s contribution to Ro*. The diffusion
tensor was measured only in the free flow conditions under the leg rotation protocol.

Protocol Leg Position Occlusion

No Yes

Extended Free flow/Straight leg Occluded flow/Straight leg
Leg Rotation
Rotated Free flow/Rotated leg Occluded flow/Rotated leg

Blood Signal Nulling Extended Free flow/Straight leg (VASO)  Occluded flow/Straight leg (VASO)
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