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Background: Noninvasive techniques used to determine the
changes in cerebral blood volume in response to carbon diox-
ide are hampered by their limited spatial or temporal resolu-
tion or both. Using steady state contrast-enhanced magnetic
resonance imaging, the authors determined regional changes
in cerebral plasma volume (CPV) induced by hypercapnia in
halothane-anesthetized rats.

Methods: Cerebral plasma volume was determined during
normocapnia, hypercapnia and recovery in the dorsoparietal
neocortex and striatum of each hemisphere, in cerebellum,
and in extracerebral tissue of rats with either intact carotid
arteries (group 1) or unilateral common carotid ligation
(group 2). Another group was studied without injection of a
contrast agent (group 3).

Results: Hypercapnia (partial pressure of carbon dioxide in
arterial blood [Pa,, ] ~65 mmHg) resulted in a significant in-
crease in CPV in the striatum (+42 + 8%), neocortex (+34 +
6%), and cerebellum (+49 = 12%) compared with normocap-
nic CPV values (group 1). Carotid ligation (group 2) led to a
marked reduction of the CPV response to hypercapnia in the
ipsilateral striatum (+23 + 14%) and neocortex (+27 + 17%)
compared with the unclamped side (+34 + 15% and +38 +
16%, respectively). No significant changes in CPV were found
in extracerebral tissue. In both groups, the CPV changes were
reversed by the carbon dioxide washout period. Negligible
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changes in contrast imaging were detected during hypercap-
nia without administration of the contrast agent (group 3).
Conclusions: The contrast-enhanced magnetic resonance
imaging technique is sensitive to detect noninvasively regional
CPV changes induced by hypercapnia in rat brain. This could
be of clinical interest for determining the cerebrovascular re-
activity among different brain regions. (Key words: Contrast
agent; hypercapnia; regional cerebral plasma volume.)

THE determination of cerebrovascular reactivity is clini-
cally important, such as after head injury, subarachnoid
hemorrhage, and in patients with carotid disease. The
response of blood vessels to carbon dioxide or acetazo-
lamide is usually quantified by measuring cerebral blood
flow (CBF)' or CBF velocity.” Few data exist about cere-
bral blood volume (CBV) changes in response to carbon
dioxide in humans, although experimental data show
that CBF and CBV do not change in parallel.’ © Studies
in humans have used single-photon emission computed
tomography (SPECT), with **Technetium as a marker
for erythrocytes™® and for human serum albumin.®
These techniques are hampered, however, by limited
spatial or temporal resolution, or both, and by the need
for patient exposure to ionizing radiation. Because CBV
differs greatly among brain regions,”'’ a noninvasive
determination of the regional CBV changes in response
to carbon dioxide is required.

Contrast-enhanced magnetic resonance imaging (MRI)
has been proposed as a tool to determine relative re-
gional CBV'' via two main approaches: first-pass im-
aging after injection of a bolus of a nondiffusible para-
magnetic contrast agent (dynamic susceptibility-con-
trast MRI) or steady state imaging before and after
administration of a nondiffusible paramagnetic or super-
paramagnetic long-lived contrast agent (steady state sus-
ceptibility-contrast MRI). In both methods, the intravas-
cular compartmentalization of the contrast agent in-
duces a difference in magnetic susceptibility (Ay)
between vascular and extravascular compartments.
This susceptibility difference results in magnetic field
perturbations that increase the decay rate (R,") of the
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nuclear magnetic resonance (NMR) of tissue protons,
resulting in an increase in the water peak line width.

' This effect is commonly called the susceptibility-in-

duced T,* shortening (T,* = 1/R,*) (see the appendix
for more details). It has been shown that the local varia-
tion of the transverse relaxation rate induced by the
contrast agent (AR,") is linearly proportional to
CBV,'*" assuming a constant plasma concentration of
the contrast agent. Thus the determination of absolute
CBV values requires the measurement of the propor-
tionality constant. If the regional NMR signal intensity
changes induced by perturbations in the partial pres-
sure of carbon dioxide in arterial blood (Pa, 0,) 4re con-
verted to changes in AR, the relative CBV changes in
response to carbon dioxide can be monitored within
different brain regions. However, because the contrast
agent is a plasma marker, this method is sensitized to the
measurement of cerebral plasma volume (CPV), where
CBV = CPV + cerebral erythrocyte volume. No extrapo-
lation to CBV should be made from one single-tracer
method because of uncertainties about the precise
value of the cerebral hematocrit value during carbon
dioxide perturbations.”®®

The aim of the present study was to evaluate the
feasibility and sensitivity of the steady state contrast-
enhanced MRI technique during reversible moderate
hypercapnia in anesthetized rats. The changes in rela-
tive CPV were measured in the dorsoparietal neocortex
and the striatum of each hemisphere and in the cerebel-
lum in two series of experiments: with intact carotid
arteries, and with unilateral common carotid ligation,
which produces asymmetrical CBF response to hyper-
capnia.'" In addition, we investigated the effect of hy-
percapnia on the NMR signal intensity in the absence
of contrast agent.

Materials and Methods

Animal Preparation

All experiments were approved by the National Ani-
mal Care and Use Committee. Fed Sprague-Dawley fe-
male rats (weight, 250-270 g) were studied. Anesthesia
was induced with 4% halothane and then maintained
with 1-1.5% halothane during surgery. One percent
lidocaine was injected subcutaneously for local anesthe-
sia at all surgical sites. After tracheostomy, the rats were
mechanically ventilated with 0.5% halothane and 65%
nitrous oxide - 35% oxygen using the a rodent ventilator
(model 804; Edco/NEMI, Medway, MA). Ventilation was
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adjusted to maintain Pac,, at 30-35 mmHg. The frac-
tional inspired oxygen concentration was continuously
monitored (MiniOX I analyzer; Catalyst Research Corp.,
Owings Mills, MD). Normal saline containing pancuro-
nium bromide (0.04 mg/ml) was infused intraperitone-
ally at a rate of 1-2 ml/h throughout the study. Rectal
temperature was maintained at 37 + 0.5°C by a heated
pad placed on the abdomen.

Three groups of rats were prepared. In group 1 (n =
7 rats), a 0.7-mm indwelling catheter was inserted into
the tail artery to monitor mean arterial blood pressure
via a graphic recorder (8000S; Gould Electronics, Bal-
lainvilliers, France). Blood gases (Pa,,, Pacy,), arterial
PH, and arterial hemoglobin concentration were mea-
sured from arterial blood samples <0.1 ml (Radiometer
ABL 510, Copenhagen, Denmark). Blood gases and arte-
rial pH were corrected for rectal temperature. Another
0.7-mm catheter was inserted into the left femoral vein
to inject the contrast agent. Group 2 (n = 7 rats) and
group 3 (n = 5 rats) were prepared as group 1 was,
except that the left common carotid artery was ligated.
Mean arterial blood pressure and blood gases were mon-
itored via a 0.7-mm catheter inserted into the carotid
artery for these groups.

Magnetic Resonance Imaging Experiments

Magnetic resonance imaging was performed with a
Bruker MSL console (Bruker Spectrospin, Wissem-
bourg, France) equipped with a 2.35-T, 40-cm diameter
horizontal bore magnet and a 10-cm diameter home-
built gradient system. The anesthetized rats were ven-
trally positioned in a specially designed stereotaxic de-
vice, including ear bars that secured the rat’s skull. A
30-mm diameter surface coil was positioned directly
above the brain. The animal was placed so that the
bregma was located 5 mm above and 5 mm in front
of the isocenter of the magnet. Good positioning was
assessed by acquiring a T,-weighted transverse scout
image. After radiofrequency coil matching and tuning,
the magnetic field homogeneity was adjusted to obtain
a line width for water smaller than 0.5 ppm in the whole
brain. Two coronal slices (2 mm and 5 mm below the
bregma) were chosen from the scout image. Eight im-
ages of both slices were obtained using a multiple-gradi-
ent-echo sequence with an interecho spacing of 6 ms
(repetition time Ty = 1.5 s; slice thickness = 1 mm:
field of view = 4 cm; 64 X 64 image matrix; number
of averages = 2; number of echoes = 8; echo times = 6,
12, 18, 24, 30, 306, 42, 48 ms). A single-phase encoding
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gradient was applied at each excitation. Acquisition of
images lasted about 3 min.

To induce susceptibility effects, a solution of an iron
dextran-coated, ultra-small (particles that were 30 nm
in diameter), superparamagnetic iron oxide agent (AMI-
227 [Sinerem]; Guerbet, Aulnay-sous-Bois, France) was
injected via the femoral vein in group 1 and group 2
animals at a dose of 200 pymol iron per kilogram body
mass. At this dose, the plasma elimination half-time of
the contrast agent is 4.5 h (Guerbet Laboratory; unpub-
lished data). No contrast agent was administrated to
group 3.

Experimental Protocol

Animals were subjected to successive periods of nor-
mocapnia, hypercapnia, and recovery (carbon dioxide
washout). Each Pac,, period lasted about 20 min, in-
cluding the determination of mean arterial blood pres-
sure, blood gases, and arterial pH, and the acquisition
of the NMR images. If the initial arterial pH was <7.25,
or the initial Pa,, was <100 mmHg, the animal was
excluded from the study. The control period was nor-
mocapnia (Paco, ~35 mmHg), during which pre- and
postcontrast (5-min after the injection of contrast agent)
images were acquired. Hypercapnia was then induced
by adding 6% carbon dioxide to the initial breathing
mixture (Paco, ~65 mmHg). Nuclear magnetic reso-
nance images were collected after 15-min exposure to
hypercapnia. Normocapnia was then restored (recov-
ery), and all the measurements were carried on again
after a 15-min period of equilibrium. When the cycle
of measurements was ended, the animals were killed
by administration of 5% halothane in pure nitrous oxide.

Data Analysis

Image postprocessing and determination of the
changes in relative CPV were performed using an
Axil320 desktop work station (Axil Computer Inc.,
Santa Clara, CA). For each Pac, period, T,* images were
obtained by least-square fitting of the intensity data at
each echo time to a monoexponential function on a
pixel-by-pixel basis. Differences in relaxation rates in
each pixel were then calculated according to the for-
mula:

1 1
¥ * *
T.’ post TZ pre

AR,* (@)

with T,* pre and T,* post being the decay time constants
before and after administration of the contrast agent.
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The AR,* values were obtained from the T," postcon-
trast values during normocapnia, hypercapnia, and re-
covery, which allowed AR," maps to be obtained. The
regions of interest were the dorsoparietal neocortex
and the striatum of the two hemispheres, and the cere-
bellum. The selection of cerebral regions was made
from the superficial slice (for the neocortex) and deep
slice (for the striatum and the cerebellum) by compar-g
ing the data to that of an atlas of anatomy. 2 e ;1dditi()n,§
AR," values in extracerebral tissue were determined.g
Large AR,* values (>120 s ") corresponding probablyg
to large vessels (radius >80 pm) were discarded. AZ
correction for plasma clearance of the contrast agents
was applied because the postcontrast experiments;"”_
lasted approximately 60 min. The plasma concentrationd
of the contrast agent was assumed to decay exponen-Z
tially over the time, according to the formula:

leyo.

£l

Q@) = Cy &3 "

where t is the time after administration of the contras

agent and \ is the elimination time constant of the con3
trast agent (= 0.154 h™ ' at 200 gymol iron per kil()gram§
of body mass). Because AR,* depends linearly on bothg

~
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plasma concentration of the contrast agent and CPV: %
AR,*(t) o C(OCPV 33

- = ~ (=]
the corrected AR,* value (AR,".,) was obtained fromg
the measured AR.,* value (AR.*,.,) at each time p()intg
using the equation:

/ * = A
‘AR.’u)r T ‘AR_);FH(’\ CXP i

~
LSS

61.000-0007086

d

No contrast agent was given to group 3. The AR,
values were calculated as the 1/T,* changes observeds
in cerebral and extracerebral regions from n()rmoczlpnia%
to hypercapnia.

Statistical Analysis

Data were expressed as means = SD. Analysis for
statistical significance was performed within each
group of rats using one-way analysis of variance for
repeated measurements (StatView SE program; Abacus
Concepts, Berkeley, CA). Each value was compared
with that obtained at the control period (normocapnia)
using the Scheffeé F test. The differences between the
two hemispheres (striatum, neocortex) or between the
two groups of rats were tested using a paired or an
unpaired Student’s 7 test, respectively. Significance was
declared when P <0.05.
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Table 1. Physiological and Biochemical Data in Group 1 (No
Carotid Occlusion) and in Group 2 (Left Carotid Occlusion)
throughout the Successive Pa.,, Periods

Normocapnia Hypercapnia Recovery

MABP (mmHg)

Group 1 107 =13 104 + 18 110 + 14

Group 2 108 + 10 OIS 114 + 13
Temperature (°C)

Group 1 SEl=EI 07 36.7 = 0.8 36.6 + 0.6

Group 2 872 0.3 373 = 04 372 =104
Pao, (mmHg)

Group 1 164 + 13 157+ 14 152 + 19

Group 2 1285813l 130 = 7T 125 =511
Paco, (mmHg)

Group 1 85182210 6812 =E[0%] 37.2 = 4.1

Group 2 85281815 675582 7.3+ 34
Arterial pH

Group 1 742 =+ 0.04 719 +0.04 7.40 + 0.04

Group 2 7:40 %= 0.04 718 £ 0.080 737 = 0:03
Hemoglobin (g- L")

Group 1 ISS===10" 121688110 12.55=11{0

Group 2 1keli7A == gl 13.8 + 0.8 13.4 £ 0.8

Values are mean + SD. As expected, Paco, and pH values in hypercapnia
are significantly different (P < 0.01) from normocapnia.

*P < 0.05 versus group 1.

T P < 0.01 versus group 1.

Results

Table 1 shows physiologic and biochemical data for
groups 1 and 2. No significant changes in mean arterial
blood pressure, temperature, Pa,,,, and hemoglobin val-
ues were found during the successive periods. Despite

Fig. 1. Typical coronal R,* images (5 mm
below bregma) before (4) and after (B) the
injection of contrast agent (AMI-227; 200
pmol iron per kilogram of body mass). Ty
= 1.5 s; slice thickness = 1 mm; field of
view = 4 cm; 64X 64 image matrix; number
of accumulation = 2; number of echoes =
8. In C, the AR," map was derived from
removal of A to the B image. The lightest

points correspond to the highest CPV
values.
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comparable procedures, differences in Pa,, and in tem-
perature values were found between the two groups
(table 1). Figures 1A and Bshow typical R,* images of
the coronal section before and after injection of the
contrast agent, respectively, during normocapnia. Ad-
ministration of the contrast agent results in an increase
in R," values, leading to positive AR,* in the cerebral
regions (fig. 1C).

Values of AR.* in cerebral and extracerebral regions
are shown in table 2 (group 1) and in table 3 (group
2) throughout the successive Pa.,, periods. In both
groups, AR,* (i.e., CPV) was less in extracerebral tissue
and in striatum than in neocortex and in cerebellum
during normocapnia. In group 2, unilateral carotid liga-
tion did not result in significant interhemispheric differ-
ences in CPV in the striatum and in the neocortex dur-
ing normocapnia. Hypercapnia resulted in a statistically
significant CPV increase in striatum, neocortex and cer-
ebellum compared with the normocapnic control val-
ues in group 1 and in group 2 (P < 0.01). Surprisingly,
the left side of the neocortex had higher CPV values
than the right side in group 1. Left carotid occlusion
led to a significantly reduced CPV response to hypercap-
nia in the ipsilateral side of the striatum and neocortex
compared with the unclamped side in group 2 (table 3
and fig. 2). In both groups of rats, the CPV changes
were reversed by the carbon dioxide washout period.
There was no statistically significant CPV change in the
extracerebral tissue regardless of the Pac,, periods in
groups 1 and 2.

Table 4 shows regional increases in CPV during hyper-
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Table 2. AR,* Values (s ') in Group 1 (No Carotid Occlusion)
throughout the Successive Pac,, Periods

Normocapnia Hypercapnia Recovery

Striatum

Right side 42.0 = 6.2 59658 41.5 = 5.8

Left side A C)ies 572 58.6 + 6.6" 41.2 + 4.6
Neocortex

Right side 59.9 + 45 79.1 = 4.8* 63.0 + 5.6

Left side 604 == 438 hL8) 22 B e (50)C) == &35
Cerebellum 5.4 £+ 4.1 1625 =585 50.0 = 4.3
Extracerebral tissue e23) as A2 il =415 SRS

Values are mean + SD.
*P < 0.01 versus normocapnia.

t P < 0.05 versus right side.

capnia in groups 1 and 2. The left striatum of group 2
(clamped side) had significantly lower CPV response to
carbon dioxide than did that of group 1. No difference
between the two groups was found regarding the CPV
response of the cerebellum and of the extracerebral
tissue.

In group 3 (no contrast agent, left carotid ligation),
R, (=1/T,") was measured during normocapnia
(Paco, = 34 £ 1.7 mmHg) and hypercapnia (Paco, =
59 + 16.8 mmHg). The R,* values in the striatum, neo-
cortex, and cerebellum were significantly less during
hypercapnia compared with normocapnia, leading to
negative absolute AR,* values in these regions (—0.6 =
07, 2.1+ 1.0, and —0:8 =05 s= ', respectively: /2=
0.05). No significant difference in striatal and neocorti-
cal AR," was found between the two hemispheres. The
change in R,* in the extracerebral tissue (AR,* = —0.2
+ 1.6 s ') was not statistically significant.

Discussion

There are two main approaches to determine CPV (or
CBV if a constant cerebral hematocrit is assumed) using
contrast-enhanced MRI. In the dynamic susceptibility-
contrast MRI approach, a bolus of an intravascular para-
magnetic contrast agent was shown to change the NMR
signal as it passed through the vascular bed.'® The bolus
produces transient local magnetic field inhomogeneit-
ies, leading to a reduction in T,* of the bulk tissue.
Relative CBV maps have been obtained from the area
under the AR,* curve during the first bolus passage in
human gray and white matter.'"” The CBV changes of a
large section of the middle cerebral artery territory were
recently assessed in patients with occlusive cerebrovas-
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cular disease during acetazolamide administration.'®
However, repeated CBV measurements for cerebrovas-
cular reactivity testing require a time interval depending
on the clearance of the contrast agent from the plasma.
Furthermore, the signal-to-noise ratio and the spatial
resolution of these NMR images are reduced by the
short time allowed for image acquisition. Conversely,
relative changes in CBV can be determined by the
steady state susceptibility-contrast MRI approach. This
approach has been used successfully to monitor CBV
changes during various stimulations.'”"** The study of
Jones et al.*® done during 60 s of anoxia in rat brain
and our study are the first reports of intrahemispheric
measurements of CBV changes. In addition, our results
show that the effects of carotid occlusion on the CPV
changes induced by moderate reversible hypercapnia
can be measured in the ipsilateral hemisphere of a rat
brain, indicating the high sensitivity of this method
to detect a decrease in the cerebrovascular reserve
capacity.

The ability of the ultrasmall superparamagnetic iron
oxide agents (e.g., AMI-227) to enhance magnetic reso-
nance contrast has been described.”* As these are not
initially recognized by the reticuloendothelial system
because of their small hydrodynamic diameter and the
hydrophilic dextran coating,”* the plasma elimination
half-time of such agents is prolonged. Contrast-en-
hanced MRI thus can be performed via a steady-state
approach. Boxerman et al."” found good agreement be-
tween the predictions of CBV based on a Monte Carlo
model and the experimental data obtained from the
serial injection of AMI-227 used as a blood pool contrast
agent. This contrast agent has been used to monitor
hyperemia in a feline model of transient global isch-

Table 3. AR,* Values (s ') in Group 2 (Left Carotid
Occlusion) throughout the Successive Pa, o, Periods

Normocapnia Hypercapnia Recovery

Striatum

Right side 8461 ==0416) 49175219k 338.5 = 4.7

Left side 86:9 4188 448 3Dk 88:5-850)
Neocortex

Right side 5518 = 518764 =16 58 52:3 =516

Left side 5459106616 9.5 =5 010 I 53 RO 00
Cerebellum 5410 =101 4878 8-E86 15" 548 + 8.2
Extracerebral tissue 27.3 + 9.1 26.8 + 9.6 274 =94

Values are mean + SD.

*P < 0.01 versus normocapnia.
1t P < 0.05 versus right side.

¥ P < 0.01 versus right side.

—+1
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Fig. 2. Typical cerebral AR,* maps (5 mm
below bregma) during hypercapnia in a
normal rat (4) and in a rat with a left ca-
rotid occlusion (B). Ty = 1.5 s; slice thick-
ness = 1 mm; field of view = 4 cm; 64 %
64 image matrix; number of accumulations
= 2; number of echoes = 8. The extracere-
bral tissue has been removed from the im-
ages. The left carotid ligation decreases the
ipsilateral striatal CPV response to carbon
dioxide, as reflected by smaller AR,* values
(arrow) compared with those in the un-
clamped side.

emia’' and to enhance the signal changes induced by
apnea in the rabbit,** and it is undergoing further inves-
tigation in clinical trials. However, the approach we
report here is valid under certain conditions, as pre-
viously noted by Hamberg et al.*' First, the plasma con-
centration of the contrast agent must be unchanged
during the 3-min acquisition time of the NMR images.
This was reasonably the case considering the elimina-
tion half-time of this agent. Although there remains un-
certainty about the exact correction factor for the clear-
ance of agent, the plasma clearance was probably mini-
mal in this study because the postcontrast experiment

Table 4. Regional CPV Response to Hypercapnia (% Value in
Normocapnia X 100) in Group 1 (No Carotid Occlusion) and
Group 2 (Left Carotid Occlusion)

Group 1 Group 2

Striatum

Right side 143 = 7 134 = 15

Left side 140 + 9 123 = 141%
Neocortex

Right side 32 16 188 = 16

Left side 136 = 67 127 =17
Cerebellum 149 + 12 147 = 15
Extracerebral tissue 98 + 4 G817

Values are mean + SD.

" P < 0.05 versus right side.
T P < 0.01 versus right side.
¥ P < 0.01 versus group 1.
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lasted 60 min. Second, the contrast agent must be con-
fined to the intravascular compartment. In the case of
blood -brain barrier disruption, the carbon dioxide-in-
duced changes in CPV could be underestimated be-
cause of the decreased susceptibility difference be-
tween vessels and tissue. However, a breakdown of the
blood -brain barrier is unlikely with our model because
reversible AR,* changes were observed during the car-
bon dioxide washout period. Third, CPV measurements
and correction for plasma clearance of contrast agents
were based on the assumed linear relation between CPV
(or contrast agent plasma concentration) and AR,*. This
assumption was verified in previous studies.'>"?

The plasma concentration of the contrast agent must
be large enough so that the steady state susceptibility
difference between vascular and extravascular compart-
ments is much larger than susceptibility changes of the
blood. Indeed, hypercapnia increases CBF without sig-
nificantly altering rates of cerebral metabolism. Thus the
blood concentration of the paramagnetic deoxyhemoglo-
bin is expected to decrease, leading to a change in the
T,* of blood. The resulting decrease in R,* could be com-
pensated partly by an increase in R,* due to the hypercap-
nia-induced CBV changes. This mechanism could explain
the lower R,* values observed during hypercapnia com-
pared with normocapnia in group 3, which corresponds
to findings of other studies in which no contrast agent
was administered.”>** However, the magnitude of the de-
oxyhemoglobin-induced AR.* is small (<10% of normo-
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capnic values™?’; 0.5-2 s ' in the present study) com-
pared with that observed in the presence of a contrast
agent (see tables 2 and 3). This explains why no abnormal
cerebrovascular reactivity was detected in group 3.

The relation between AR,* and CPV should not de-
pend on the pulse sequence or on the distribution of
vessel diameters. It was shown recently that use of
spin-echo imaging techniques allow the respon-
siveness of the microvascular bed to be measured
selectively.'” Conversely, the authors found that AR,*
changes can be detected at all vessel radii, reaching
a plateau for vessel radius >10 pym using a gradient-
echo pulse sequence. Furthermore, this AR,* plateau
should be reached for capillaries when a high dose
of contrast agent is used, as occurred in the present
study, resulting in a large intra-extravascular suscepti-
bility difference."”” Therefore, the dose of contrast
agent, and the gradient-echo pulse sequence we used
here, were adequate to detect vascular volume
changes within brain parenchyma. This method al-
lowed us to observe differences between cerebral re-
gions during normocapnia, because the CPV in the
neocortex and in the cerebellum were 1.2-1.5 times
higher than that of the striatum in groups 1 and 2.
These results are similar to those found in awake nor-
mocapnic rats using autoradiography.>” '

Using this method, we detected CPV changes only.
Extrapolation to CBV should assume that the cerebral
hematocrit value remains constant during the experi-
ment. However, separated measurements of both ce-
rebral erythrocyte volume and CPV have shown that
the increase in CPV is larger than for cerebral erythro-
cyte volume in humans® and rats”° during hypercap-
nia. No measurement of the CBV response to carbon
dioxide thus can be made using contrast-enhanced
MRI. We found that moderate hypercapnia signifi-
cantly increased the CPV in the absence of any sig-
nificant changes in arterial blood pressure. The re-
versible effect on CPV during carbon dioxide washout
and the expected absence of any changes in extrace-
rebral signal intensities with varying Pa.., argue for
the sensitivity of this method as a noninvasive moni-
tor of the response of intracerebral plasma volume to
carbon dioxide.

In vivo determination of the CBV response to car-
bon dioxide (expressed as a percentage change per
millimeter of mercury of Pac,,) showed comparable
values, ranging from 0.9 to 1.2 %/mmHg Pa ., in hu-
mans,” primates,® goats,”” and rats,” although Sakai et
al® found higher values in humans (2.2 %/mmHg
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Pa.,.). From these data, an increase in CBV of 30-
35‘,‘43—is expected when Paco, increases by approxi-
mately 30 mmHg, a result that corresponds with our
35-50% CPV changes in group 1. However, recent
studies reported only a 10-25% CPV change in rats
during severe hypercapnia.”* Different explanations
could account for these discrepancies. First, our pro-
tocol was performed during anesthesia with halo-
thane, which results in a 12% increase in CBV in nor-
mocapnic dogs.”® Previous studies were, however,
performed in anesthetized animals without the use
of a volatile agent.”**” Second, in the studies of Berec-
zki et al.’ and Keyeux et al., CPV was determined
by autoradiography in animals killed by decapitation,
which may decrease the measured CBV (and CPV)
because of the possible loss of radiolabeled blood
during brain removal.”” Third, Bereczki et al.’ as-
sessed the CPV in microvessels with luminal radii <25
pm. Our method, used during moderate hypercapnia,
includes the volume present in vessels of various
sizes, probably larger intraparenchymal vessels. How-
ever, the inclusion of the pial vasculature remains
unlikely in the selected coronal images.

Unilateral carotid ligation significantly reduces the
CPV response to hypercapnia in the striatum and neo-
cortex in the ipsilateral side of the occlusion (group
2). In addition, comparison of groups 1 and 2 suggests
that the striatum is more sensitive to carotid ligation
than are the other cerebral regions. The higher Pa,,
values in group 1 compared with group 2 (see table
1) would attenuate in part the signal intensity changes
during hypercapnia in this group, as shown by Berry
et al.’? Knowing the effects of body temperature on
cerebral vasculature, similar effects on NMR signal
would be expected in group 1 where rectal tempera-
ture was slightly less than that in group 2. Despite
experimental conditions a priori that were less favor-
able in group 1 than in group 2, we must be cautious
when comparing the two groups because no determi-
nation of CPV was performed before the carotid liga-
tion in group 2. It has been shown that this occlusion
results in a CBF reduction of approximately 20% in
the area confined to the middle cerebral artery region
in the ligated side during control conditions.’® Con-
versely, the CBF response to hypercapnia is markedly
asymmetrical because the increase in CBF in the ipsi-
lateral side is only 50% of that in the unclamped side."*
The metabolic response to hypoxic hypoxia is also
strongly impaired in the ipsilateral neocortical side.”"
Our findings indicate that carotid occlusion also af-
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CO,-INDUCED REGIONAL CHANGES IN CEREBRAL PLASMA VOLUME

Fig. 3. Schematic representation of the

distribution of resonance frequencies

(4) and evolution of the free induction

decay (B) in a voxel, in the presence (1)
(1) and in the absence (2) of a contrast

agent.

A

fects the ipsilateral CPV response to hypercapnia. Be-
cause the CBF'" and the CPV are, however, increased
during hypercapnia even in the ligated side, these
results show that the ipsilateral cerebrovascular re-
serve capacity has been decreased. Furthermore, the
more important reduction in the CPV response to
carbon dioxide in the striatum compared with that
in the neocortex reflects the distribution territory of
such a ligation. No reduction in CPV of the cerebel-
lum was noted, as expected in this model in which
the posterior circulation remains unaffected.>°

In conclusion, a contrast-enhanced MRI method
was used to detect noninvasively changes in CPV dur-
ing moderate variations in Pac,, within various brain
regions in anesthetized rats. Regional differences in
the CPV between striatum, neocortex, and cerebel-
lum in normocapnia and the CPV changes induced
by hypercapnia within these brain regions are in ac-
cordance with the results obtained with other meth-
ods. Furthermore, the ipsilateral decrease in the
cerebrovascular reserve capacity induced by unilat-
eral carotid ligation was detected. These results show
that regional CPV changes can be assessed in the rat
brain in wvivo. This form of MRI reactivity testing
might be useful for designing diagnostic testing in
humans.

Appendix

The magnetic field in a sample ) depends both on the strength
of the magnet and on the materials that comprise the sample, as
described by the formula:

B = By + x) A)

where x is the magnetic susceptibility constant of the sample and
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(1) )
—> —>
resonance time
frequency

B

B, the magnetic field in the absence of sample. In tissue, x is very
small and negative (the magnetic field B in the tissue is smaller
than B,). Such substances are called diamagnetic (y = —107° to
—107%). In some materials, x is positive and they are called para-
magnetic or superparamagnetic. In the later case, y depends on
the magnetic field strength. Paramagnetic materials (such as deoxy-
hemoglobin, oxygen, and nitric oxide) have positive x values (x
= 1077 to 10 °). Magnetic resonance imaging contrast agents are
either paramagnetic (e.g., gadolinium-DPTA) or superparamag-
netic (e.g., AMI-227).

The presence of an MRI contrast agent in the blood pool induces
a susceptibility difference (Ay) between vascular and extravascu-
lar compartments, which is proportional to the concentration of
the contrast agent. Due to this susceptibility difference, the mag-
netic field around the vessels is not homogeneous (fig. 3A)
Thereby the resonance frequency, which is proportional to the
magnetic field, varies through the voxel.

The NMR signal S(t) created by a radiofrequency pulse decays
with a time constant T,*, according to the formula:

S@) = S, exp — t/T,* 6)

where S, is the signal intensity immediately after the radiofre-
quency pulse. The presence of macroscopic and microscopic mag-
netic field inhomogeneities creates a distribution of resonance fre-
quencies that increases the signal decay rate. Thus the presence
of a contrast agent in the blood pool results in a decrease in T,*
(fig. 3B) or equivalently in an increase in relaxation rate R,*, where
IR = T

The changes in R,* (AR,*) due to the injection of a contrast
agent are mainly due to the dephasing of the extravascular spins
in the spatially nonuniform field created by the magnetic suscepti-
bility difference between vascular and extravascular compart-
ments. The value of AR,* has been shown to be linearly propor-
tional to the mean concentration of the contrast agent in the vol-
ume of interest (7.e., to the product of its blood concentration by
CBV)."*" The relaxation rates R,*, and thus their changes AR,*,
can be determined with gradient echo techniques that are sensitive
to macro- and microvasculature.'?

The authors thank Jean-Luc Bosson and Dan Veale for helpful com-
ments on the study.
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