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Relative Changes of Cerebral Arterial and Venous Blood
Volumes During Increased Cerebral Blood Flow:

Implications for BOLD fMRI

Sang-Pil Lee,’ Timothy Q. Duong,” Guang Yang,? Costantino Iadecola,? and

Seong-Gi Kim'*

Measurement of cerebral arterial and venous blood volumes
during increased cerebral blood flow can provide important
information regarding hemodynamic regulation under normal,
pathological, and neuronally active conditions. In particular, the
change in venous blood volume induced by neural activity is
one critical component of the blood oxygenation level-depen-
dent (BOLD) signal because BOLD contrast is dependent only
on venous blood, not arterial blood. Thus, relative venous and
arterial blood volume (rCBV) and cerebral blood flow (rCBF) in
«-chlorolase-anesthetized rats under hypercapnia were mea-
sured by novel diffusion-weighted '°F NMR following an i.v.
administration of intravascular tracer, perfluorocarbons, and
continuous arterial spin labeling methods, respectively. The
relationship between rCBF and total rCBV during hypercapnia
was rCBV(total) = rCBF°*°, which is consistent with previous
PET measurement in monkeys. This relationship can be linear-
ized in a CBF range of 50-130 ml/100 g/min as ArCBV(total)/
ArCBF = 0.31 where ArCBV and ArCBF represent rCBV and
rCBF changes. The average arterial volume fraction was 0.25 at
a basal condition with CBF of ~60 ml/100 g/min and increased
up to 0.4 during hypercapnia. The change in venous rCBV was
2-fold smaller than that of total rCBV (ArCBV(vein)/ArCBF =
0.15), while the arterial rCBV change was 2.5 times larger than that
of total rCBV (ArCBV(artery)/ArCBF = 0.79). These NMR results
were confirmed by vessel diameter measurements with in vivo
videomicroscopy. The absolute venous blood volume change
contributes up to 36% of the total blood volume change during
hypercapnia. Our findings provide a quantitative physiological
model of BOLD contrast. Magn Reson Med 45:791-800, 2001.
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Cerebral arterial and venous blood volumes (CBV) are
important indicators of brain tissue physiology, viability,
and function. Measurement of the arterial and venous CBV
in vivo can provide valuable information regarding hemo-
dynamic regulation under normal and pathological condi-
tions. In addition, measurements of arterial and venous
CBV changes during increased cerebral blood flow (CBF)
can provide insight into the mechanism of blood oxygen-
ation level-dependent (BOLD) contrast, commonly used
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for functional brain mapping (1). BOLD signals are modu-
lated by changes in venous, not arterial, blood volume
because venous blood contains paramagnetic deoxyhemo-
globin which dephases NMR signals as a result of its
difference in susceptibility from surrounding tissue. On
the other hand, arterial blood that contains diamagnetic
oxyhemoglobin does not contribute significantly to BOLD
signals (2,3). Therefore, separation of the blood volume
contribution from the arterial and venous sides of the
vascular system is crucial to quantify BOLD signals.

CBV has been measured in vivo using various intravas-
cular contrast agents with NMR (e.g., iron-oxide com-
pounds and Gd-DTPA) (4-8) and using intravascular ra-
dioactive tracers with positron emission tomography
(PET) (9,10) and computed tomography (11). Although the
volume change of the entire vascular system (including
both arterial and venous blood) can be measured, arterial
and venous blood volumes cannot be separated by these
methodologies. Nevertheless, it has been proposed that the
change in venous blood volume dominates the total CBV
change during altered CBF by neural stimulation and hy-
percapnia (8,12). However, this assumption is question-
able since small arterioles are known to dilate during
increased CBF (13-15).

Recently, this laboratory developed a regional arterial
and venous CBV fraction measurement method using a
diffusion-weighted *°F NMR method following i.v. admin-
istration of perfluorocarbon (PFC) (16). Diffusion-weighted
NMR signals of intravascular PFC show two distinct pseu-
do-diffusion (D*) components: one a fast-moving compo-
nent, the other a slow-moving component. It has been
demonstrated that the larger D* component predomi-
nantly reflects more oxygenated arterial blood, while a
smaller D* component represents less oxygenated venous
blood (16). Thus, diffusion-weighted "°F NMR can be used
to separately measure the volume fractions of arterial and
venous blood.

Here, this '°F diffusion methodology was further em-
ployed to investigate the modulation of arterial and venous
CBV during hypercapnia-induced CBF change. Relative ar-
terial and venous CBV (rCBV) were determined by diffusion-
weighted "°F NMR, while relative CBF (rCBF) was measured
using a two-coil continuous arterial spin labeling method
(17). To correlate our NMR results, changes in arterial and
venous vessel diameters induced by hypercapnia were also
measured by in vivo optical microscopy (14).

THEORY

Since the details of the arterial and venous blood volume
fraction measurement method were described previously
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(16), only a brief summary is included here. PFC emul-
sions are excellent blood substitutes and NMR-detectable.
When PFCs are administered into blood, they do not cross
the blood-brain barrier, and, thus, are reliable intravascu-
lar NMR tracers.

The cerebral vasculature can be modeled as two nonex-
changing compartments, namely, an arterial and a venous
pool. Tt is assumed that the capillary volume is small
and/or the contribution is distributed to arterial and ve-
nous components. To examine intravascular blood mo-
tion, diffusion-weighted "°F NMR can be used. According
to the intravoxel incoherent motion (IVIM) model (18), the
diffusion-weighted signal from two nonexchanging com-
partments with randomly oriented blood vessels can be
described as:

%z: f o~ TER . e—b‘Df_'_ (1 _ f) . g~ TERa) . e—b‘Dz*’ [1]
where S, and S, are the signal intensities obtained at
diffusion-weighting factors of b and 0, f is the fraction of
spins with a large pseudo-diffusion coefficient, TE is the
echo time, R,(,, and R, ,, are the transverse relaxation rates
of the fast- and slow-moving components, and D3 and D3
are the pseudo-diffusion coefficients of fast- and slow-
moving spins, respectively. Assuming rectangular-shaped
gradient pulses, the diffusion weighting factor, b, can be
expressed as (19):

b= (y-8-G)*(A—13/3), [2]

where v is the gyromagnetic ratio of nuclei, G is a bipolar
gradient strength, A is the inter-gradient separation, and &
is the gradient duration.

Assuming R,.,, and R,(,, are the same, Eq. [1] can be
rewritten as:

Sy/Sy= frexp(=b-DY)+ (1 —f)-exp(=b-D3). [3]

In this case, fcan be easily determined by fitting diffusion-
weighted NMR data using Eq. [3]. Previous studies showed
that two pseudo-diffusion coefficients exist in vivo; D7 is
approximately 80 times greater than D%, and f is about
0.3 in a normocapnic condition (16,20). This biexponen-
tial characteristic disappeared when animals were sacri-
ficed (16).

Since dissolved O, is an effective longitudinal relax-
ation agent of *F in blood, the spin-lattice relaxation rate
(R,) of 'F is linearly correlated with dissolved oxygen
concentration. Thus, PFCs in blood have two distinct lon-
gitudinal relaxation time constants (T,), the shorter T,
associated with fully oxygenated arterial blood, and the
longer T, associated with less oxygenated venous blood.
To determine whether the D} component is related to the
shorter T, of arterial blood, inversion recovery experi-
ments were combined with a diffusion-weighting method,
previously described in detail (16). At each inversion re-
covery time, the fraction of spins, f, with a large pseudo-
diffusion coefficient, D}, was determined by fitting diffu-
sion-weighted '’F NMR data from the rat brain using Eq.
[3]. Figure 1 shows the fraction of the fast-moving compo-
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FIG. 1. Cerebral blood volume fractions of the fast-moving compo-
nent (f) in diffusion-weighted experiments in a representative rat at
various inversion times. Inversion time was varied to selectively null
one T, constituent in two, nonexchanging T, components. Based
on the dependence of T, on blood oxygenation level (16), the short
T, component is associated with arterial blood, while the long T,
component is associated with venous blood. The fraction of the
fast-moving arterial component became almost zero at Tl =
0.28 sec, which nulls arterial blood, and 1.0 at Tl = 0.49 sec, which
nulls venous blood. At very short and long inversion times, f (= 1,)
was about 0.25.

nent in diffusion-weighted '°F NMR as a function of in-
version time (TI). The fraction of the fast moving compo-
nent decreased to almost 0% when TI was ~0.28 sec,
whereas it became 100% when TI was ~0.49 sec. This
result demonstrates that the fast-moving D’ component is
associated with a shorter T, (oxygenated arterial blood),
while the slow-moving D’ component is associated with a
longer T, (less-oxygenated venous blood). Thus, the diffu-
sion-weighting method can provide arterial and venous
blood volume fractions.

MATERIALS AND METHODS
NMR Studies
Perfluorocarbon

The effect of PFC as a blood substitute on an in vivo system
has been extensively studied and reviewed (21,22). No
significant disturbance in living systems has been reported
and some PFCs are approved for use in human studies.
The perfluoro-15-crown-5-ether (Exfluor Research Corp.,
Round Rock, TX) emulsion used in this experiment has
been successfully used in mice and rats without detrimen-
tal effects (23). Unlike other PFC compounds, perfluoro-
15-crown-5-ether has a single resonance peak from
20 equivalent 'F atoms, resulting in high sensitivity.
Since the PFC is not water soluble, it was emulsified into
~200-nm diameter micelles (40% v/v; Gateway Technol-
ogy, St. Louis, MO). The mean half-life of PFC in the blood
stream is expected to be 2 days (22).

To determine the relationship between oxygen tension
and '°F R,, the T, of PFC in blood was measured by using
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FIG. 2. Anatomical images with a region of
interest used in all NMR measurements.
Coronal (left) and axial (right) slices are
shown. Imaging parameters for FLASH se-
quence were TE/TR of 5 msec/10 msec,
slice thickness of 1 mm, and flip angle of
16°. The size of the ROl was 9 X 6 X 8 mm®.

a double spin-echo spectroscopy technique. The oxygen
tension and oxygenation level of the blood were varied by
bubbling the specimen with a mixture of oxygen and ni-
trogen gases with different oxygen concentrations at room
temperature (20°C). Blood oxygenation and blood oxygen
tension were measured using a blood gas analyzer (Chiron
Diagnostics, Norwood, MA). R, data were fitted as func-
tions of hemoglobin oxygenation level (Y) and dissolved
oxygen tension (pO,) by using a multiple regression
method (with a hemoglobin dissociation curve at pH of
7.4).

Animal Preparation

Sprague-Dawley rats weighing 200—-275 g were anesthe-
tized with 2% isoflurane (Marsam Pharmaceutics, Cherry
Hill, NJ) in a 1:1 mixture of N,O and O, during surgical
procedures. Catheters were inserted into the left femoral
artery and the femoral vein to measure arterial blood pres-
sure and arterial blood gases and to deliver drugs, respec-
tively. Arterial blood pressure and breathing pattern were
recorded with a multitrace recorder (AcqKnowledge;
Biopac Systems, Santa Barbara, CA). Mean arterial blood
pressure was 105 = 10 mmHg. End tidal CO, concentra-
tion and inspired O, concentration were continuously
monitored with a capnometer (SC-300; BCI International,
Waukesha, WI) and an oxygen sensor (Kent Scientific,
Litchfield, CT).

After surgery, isoflurane anesthesia was switched to
a-chloralose, which was administered through the femoral
vein. The a-chloralose was initially administered as an
80-mg/kg bolus and continuously infused afterwards at
26.7 mg/kg/hr. The head of the animal was secured in a
head holder by means of ear pieces and a bite bar. Before
NMR measurements, at least 1-2 hr were allowed for sta-
bilization of the animal and clearance of isoflurane after
switching anesthesia to a-chloralose. Body temperature
was maintained throughout the measurements at 37 =+
0.5°C by means of a temperature-controlled water blanket.
The pH-balanced, isotonic PFC emulsion was adminis-
tered intravenously (10-12 ml/kg) without withdrawing
any blood.

To induce graded hypercapnic conditions, CO, gas was
added to the breathing gas mixture by substituting a vol-
ume of N,O gas with the equivalent volume of CO, gas (up
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to 9%) and leaving the inspired O, tension unperturbed.
Mechanical ventilation parameters (e.g., breathing rate,
volume) were kept constant.

NMR Methods

All NMR measurements were performed on a 9.4 T, 31-cm
diameter horizontal magnet (Magnex Scientific, Abingdon,
UK), equipped with an actively shielded, 11-cm inner
diameter gradient-insert operating at maximum gradient
strength of 30 G/cm and a rise time of 300 ps (Magnex
Scientific), interfaced to a Unity INOVA console (Varian,
Palo Alto, CA). Experiments were conducted with a home-
built RF coil (0.d. = 1.2 cm) which is actively tunable to 'H
(400 MHz) or *°F frequency (376 MHz) by employing both
a PIN diode and a variable capacitor in parallel to the RF
coil (24). The capacitor serially connected to the PIN diode
was adjusted to the separation of the two frequencies.
When a PIN diode was reverse-biased, it worked as a
capacitor whose capacitance was ~2.5 pF. With this setup,
the RF coil was tuned to the '°F frequency. On the con-
trary, when the PIN diode was forward-biased it func-
tioned as a short circuit with very little stray capacitance.
The switchable RF coil was positioned on top of the rat
head for '"°F and '"H RF excitation and detection and a
butterfly-shaped surface coil (0.5 cm diameter) was placed
under the neck for arterial spin labeling.

Multislice FLASH images were acquired to identify an-
atomical structures in the brain and to position the region
of interest at the isocenter of the magnetic field. Magnetic
field homogeneity was optimized by volume localized
shimming (FASTMAP) (25) to yield a water spectral line
width of 16-24 Hz on a typical 9 X 7 X 8 mm® voxel
located in the brain without noncerebral tissue contami-
nation (Fig. 2). A volume-localized STEAM sequence with
ultrashort echo-time (26) was used for interleaved *°F and
"H studies.

Total rCBV and CBF Measurements

In order to measure relative CBV and CBF changes, '°F and
"H spectra were acquired in an interleaved manner while
the inhaled CO, concentration in the gas mixture was
gradually increased up to 9%. Eight scans of '"F NMR
spectra were averaged for CBV measurements and four "H
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spectra were averaged for CBF measurements using the
continuous arterial spin labeling method. Temporal reso-
lution of both "H and "°F NMR measurements was typi-
cally 120 sec.

Since the total CBV is directly related to the spin density
(M,) of PFC in blood, in vivo volume-localized 'F NMR
spectra were obtained at two or three echo times (TE = 2.2,
7, and 15 msec or TE = 2.2 and 8 msec) with a long
repetition time (~57T, = 4 sec). Line broadening of 20 Hz
was applied before Fourier transformation and integration
of the spectra were performed. M, was estimated by two
methods: extrapolation from a least-squares fit of multiple
echo-time data and estimation from the NMR data with the
shortest echo time of 2.2 msec. Because the two methods
yielded almost identical results, M, obtained from the
shortest echo-time data was used (due to less signal fluc-
tuation) for further data analysis. Relative CBV was deter-
mined by normalizing with the spin density at normocap-
nia.

For continuous arterial spin labeling, a 3-sec long rect-
angular RF pulse was applied to the neck coil (17,27). The
power of the labeling RF pulse was adjusted to maximize
the degree of spin labeling («) in each animal. Control and
labeled spectra were obtained alternately by switching the
sign of the frequency offset. Assuming the effect of mac-
romolecules is negligible, CBF values were calculated in
units of ml/g tissue/sec using:

)\ SC_SL

CBE = 5, ¥ (2a = 1)S.’

(4]

where \ is the blood—brain partition coefficient of water,
T, is the tissue water spin-lattice relaxation time, and S
and S; are signal intensities of control and arterial spin
labeling periods, respectively. The values used for the
calculation were \ of 0.9 (28), T, of 1.9 sec, and « of
0.62—0.75 obtained from high-resolution FLASH images
acquired during arterial spin labeling (17,29).

Arterial and Venous CBV Fraction Measurements

Interleaved measurements of CBF and arterial/venous CBV
were performed on six rats. Three to four hypercapnic
conditions were used for each animal. At least 20 min
were allowed for CBF values to reach equilibrium after
changing CO, conditions. During waiting periods, CBF
was continuously measured to ensure the steady-state con-
dition. For arterial/venous CBV fraction measurements,
typical parameters were TE = 9 msec, A = 15 msec, d =
4 msec, and G up to 25 G/cm. Eleven logarithmically
spaced b values, 0, 3, 6, 12, 25, 50, 100, 200, 500, 800, and
1200 sec/mm?, were used. The orders of the b values were
randomized to minimize potential systematic errors. Since
arterial and venous blood have different T, values, a suf-
ficiently long delay time (~57,) was used to avoid uneven
T, weighting effects on two different components. To ob-
tain a sufficiently high SNR with diffusion-weighted spec-
tra, 32 transients were averaged for ~24 min. Exponential
apodization (20 Hz of line broadening) was applied before
Fourier transformation. The signal intensities of the spec-
tra were used for biexponential curve-fitting to Eq. [3]
(Origin; Microcal, Northampton, MA). Pseudo-diffusion
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coefficients and the fraction of arterial blood component
were determined.

Artery and Vein Diameter Measurements

To validate our NMR measurements of relative arterial and
venous CBV changes during hypercapnia, diameters of
arteries and veins were measured in vivo using methods
described in detail previously (14). A different group of
Sprague Dawley rats (275-300 g; n = 8) were initially
anesthetized with 5% halothane in 100% oxygen and
maintained with 1-2% halothane. A small cranial window
(3 X 3 mm?®) was produced in the interparietal bone and
then continuously superfused with Ringer solution equil-
ibrated with 95% O, and 5% CO,, (pH 7.3—7.4). Diameters
of pial vessels in cerebellar cortex were measured with a
microscope placed directly above the cranial window. Im-
ages of vessels were obtained with a video camera (Pana-
sonic, Japan). Vascular diameter was measured with a
calibrated video microscaler (Optech, Trenton, NJ). Arte-
rioles could be easily distinguished from venules on the
basis of bright red blood color, fast red blood cell flow, and
thicker vessel walls.

RESULTS
T, of PFC in Blood

The R, of '°F in blood at various oxygen concentrations in
vitro is shown in Fig. 3. Shaded areas indicate typical
ranges of venous blood oxygenation and arterial oxygen
tension in our in vivo experimental condition (3). The R,
of PFC in blood was influenced not only by dissolved
oxygen but also by the concentration of paramagnetic de-
oxyhemoglobin. When the oxygen saturation of hemoglo-
bin is less than ~0.98, such as in venous blood, the R, of
PFC is negatively correlated with the blood oxygenation
(Y), as shown in Fig. 3a. This suggests that deoxyhemoglo-
bin is a dominant relaxation agent compared to the dis-
solved oxygen in blood at 9.4 T. At a higher blood oxygen-
ation level, such as in arterial blood, R, is positively cor-
related with the blood oxygen tension (pO,), as shown in
Fig. 3b. The difference in R, between arterial and venous
blood can induce errors in determining arterial and venous
volume fractions when Eq. [3] is used because it is as-
sumed that T, values in the two pools are the same. Since
T, of arterial blood is longer than that of venous blood, the
arterial volume fraction (f = fa) calculated using Eq. [3] is
likely to be slightly overestimated. However, the R, differ-
ence of PFC in arterial and venous blood is not significant,
resulting in less than 0.4% error in the fa measurement.
The in vivo T, of perfluorocarbon in the cerebral vascu-
lature of a-chloralose anesthetized rats was also deter-
mined at 9.4 T. The value of T, in vivo was ~10 msec,
which is much smaller than the in vitro T, of 200—300 msec
of arterial and venous blood samples. The shortened T,
can be attributed to the flow of blood in vivo, which can
dephase 'F transverse magnetization and result in the
decrease of the apparent T,. To confirm that the shortened
T, is due to flow, the T, of PFC in a flow phantom with a
mixture of pseudo-randomly orientated tubes was mea-
sured. When flow velocity increased, T, decreased dramat-
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FIG. 3. Dependence of '°F R, in blood on blood oxygenation level.
Relationship between R, of '°F and blood oxygenation (Y) is shown
in a. Deoxyhemoglobin dominated the transverse relaxation of PFC
until blood was fully oxygenated. Only when blood was fully oxy-
genated, the oxygen tension dependence of '°F R, could be seen in
b. Filled circles represent data acquired at room temperature (20°C).
A solid line was obtained by fitting data as function of oxygenation
level and dissolved oxygen pressure using a multiple regression
method. Shaded areas are normal physiological ranges in our ex-
perimental condition.

ically, suggesting that flow is the major cause of short '°F
T, in vivo (data not shown).

Total rCBV and rCBF Relationship During Hypercapnia

After the PFC emulsion was infused into rats via the fem-
oral vein, arterial mean blood pressure, heart rate, end-
tidal CO,, and blood gases were not significantly changed.
Physiological parameters during normocapnic conditions
were mean arterial blood pressure 100—110 mmHg, heart rate
400-430 BPM, pO, 170-195 mmHg, pCO, 36—42 mmHg,
and pH 7.3-7.4.

Figure 4 shows total rCBV and rCBF changes of two
animals during graded CO, gas inhalation. End-tidal CO,
level increased from 4% during a normocapnic condition
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to 13% during inhalation of a 9% CO, gas mixture. Total
rCBV and rCBF values were normalized by those measured
during the normocapnic condition (PaCO, = 40 =*
2 mmHg), which corresponds to CBF of 58 = 3 ml/100 g
tissue/min. The relationship between rCBF and rCBYV is
rCBV(total) = 0.97 X rCBF°*°, and also can be expressed
in a linear equation rCBV(total) = 0.31 X rCBF + 0.67 (r =
0.85) in the range of the CBF between 40 and
130 ml/100 g/min. This implies that when rCBF increases
100%, total rCBV increases ~31%. This relationship be-
tween rCBF and rCBV is in good agreement with that
determined by PET (9) and MRI with contrast agent (12).

Arterial and Venous rCBV Measurements

Eleven volume-localized diffusion-weighted '°F spectra
were acquired for arterial and venous CBV separation.
Representative spectra obtained during a normocapnic
condition are shown in Fig. 5a. Normalized diffusion-
weighted "°F NMR signals at three different CBF condi-
tions in one representative animal are plotted in Fig. 5b.
Clearly, biexponential signal decay characteristics were
evident in two CBF conditions of 47 and 79 ml/100 g/min,
while negligible signal decrease was observed postmor-
tem. The pseudo-diffusion coefficient of PFC in blood was
~1 X 10~ % mm?/sec postmortem. Pseudo-diffusion coeffi-
cients for the arterial and venous components were 40 X
107% and 0.28 X 10~° mm?®/s at a CBF level of 47 ml/
100 g/min, and 33 X 10~ % and 0.58 X 10~® mm?/s at a CBF
level of 79 m1/100 g/min, respectively. Fitting errors of the
D* given above were ~33% and ~14% for arterial and
venous components, respectively. Due to the large fitting
errors and the large inter-animal variations of D* values of
arterial and venous blood, no statistically significant cor-
relation between D* and CBF values was observed. The
average values of D* coefficients over all animals were
43 X 10~ °® mm?/s in arterial blood and 0.57 X 10> mm?/s

rCBV (arbitrary unit)

0.6 4

0.4 . . T : T
1.0 1.4 1.8
rCBF (arbitrary unit)

2.2

FIG. 4. Relationship between total rCBV and rCBF. Total CBV val-
ues were normalized with the CBV value at normocapnia (CBF =
58 ml/100 g/min). The relationship between rCBV and rCBF was
fitted either in linear or in allometeric equations with almost identical
chi-square values (sum of squared error) (rfCBV(total) = 0.97 X
rCBF®“ or rCBV(total) = 0.31 X rCBF + 0.68, r = 0.85, P < 0.0001).
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FIG. 5. a: Diffusion-weighted '°F NMR spectra from the rat brain.
Line broadening of 20 Hz was applied and the frequency range of
each spectrum is 10 kHz. The critical velocity corresponding to the
phase dispersion of =w/2 was 1.2 mm/sec for a b-value of
100 s/mm?. b: Plots of the normalized signal intensities at three
different CBF conditions (CBF = 0, 47, and 79 ml/100 g/min). Solid
curves are least-square biexponential curve fits of live animal data.
Pure diffusion of PFC was minimal based on the postmortem study.

in venous blood (a ratio of ~80), consistent with previous
reports (16,20).

When CBF increased from 47 to 79 m1/100 g tissue/min,
the arterial CBV fraction increased from 0.20 (with a fitting
error of 0.02) to 0.29 (with a fitting error of 0.03) (Fig. 5b).
All measured arterial blood volume fractions (f,) in six
animals are plotted in Fig. 6. Each animal contributed
three to four data points corresponding to different hyper-
capnic conditions. A linear correlation between absolute
CBF and f, was observed (f, = 0.002 X CBF + 0.137,r =
0.7, P < 0.001).

The '°F NMR signal intensity without diffusion-weight-
ing obtained for arterial and venous CBV fraction measure-
ments can provide total CBV if '°F T, of blood remains
constant. However, the T, of '°F in venous blood increases
when the venous oxygenation level elevates during hyper-
capnia (Fig. 3). Thus, total tCBV could not be directly
determined from single-echo, diffusion-weighted *°F spec-
tra with a relatively long echo time (9 msec), which was
necessary for incorporating diffusion gradients. Alterna-
tively, total rCBV can be obtained from rCBF using the
known relationship between rCBF and total rCBV (Fig. 4).
Then arterial and venous rCBV can be separately deter-
mined using venous and arterial CBV fractions (Fig. 6).
The relationship between arterial/venous rCBV and rCBF
is shown in Fig. 7. Total rCBV and rCBF were normalized
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to those at a normocapnic condition (CBF = 58 ml/100 g
tissue/min) in Fig. 7a, and arterial and venous rCBVs were
normalized to their corresponding basal values for deter-
mining relative changes in Fig. 7b. Relative CBV data were
block-averaged in a CBF range of 10 ml/100 g/min. Note
that arterial and venous volume fractions during the nor-
mocapnic condition were 0.25 and 0.75, respectively (Fig.
7a). The arterial rCBV change was approximately 5.3 times
of the venous rCBV change, as indicated by the slopes of
the regression curves. Table 1 summarizes the results of
linear regressions of rCBV and rCBF. A 100% increase in
CBF results in 31% increase in total rCBV, 79% increase in
arterial rCBV, and 15% increase in venous rCBV (Fig. 7b).
When the fractional arterial and venous volume contribu-
tions were taken into account, the arterial CBV increase
constituted 64% of total CBV increase while the venous
CBV increase constituted 36% of the total CBV increase
(Fig. 7a).

Artery/Vein Diameter Measurement During Hypercapnia

The diameter of small arterioles and venules was mea-
sured using in vivo videomicroscopy. Vascular structure
data were grouped according to size (10-20 pm, 20—30 wm,
and 30—40 wm). Figure 8 shows the fractional increase in
the diameters of arterioles and venules during a hypercap-
nic condition (with an arterial pCO, increase from 34 to
54 mmHg). Smaller vessels showed larger diameter in-
creases compared to larger vessels. More importantly, the
diameter of arterioles changed more than that of venules.
The average diameter increase of venous vessels with
10-30 pm diameter during hypercapnia was ~10%, while
that of similar size arteries was ~50%. Assuming that the
length of these vessels did not change, relative CBV in
small vessels is directly proportional to the square of the
vessel diameter. Thus, venous small vessel CBV increased
by 11-23%, while arterial small vessel CBV increased by
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0.1+

f,=0.137 + 0.002 CBF
(r=0.71)

Arterial CBV Fraction (f,)

0.0 T T T T T T
40 50 60 70 80 90

CBF (ml/100 g/min)

T 1
100 110

FIG. 6. The plot of the arterial blood volume fraction (f,) vs. CBF
measured by an arterial spin labeling method. Data are from six
animals. Each animal contributed 3-4 data points from normocap-
nia to hypercapnia. A strong linear correlation between arterial CBV
fraction and CBF was observed (f, = 0.002 X CBF + 0.137,r = 0.7,
P < 0.001).
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FIG. 7. Plots of venous and arterial rCBV vs. rCBF. a: Arterial and
venous CBV values were obtained by multiplying arterial/venous
blood volume fractions in Fig. 6 and total CBV changes in Fig.
4. Error bars indicate standard deviations of block averaged values
of rCBVs and rCBF. Error bars on the rCBF axis are shown only in
the rCBV(artery) trace. A solid line indicates the correlation of ve-
nous CBV and CBF (fCBV(vein) = 0.11 X rCBF + 0.63, r = 0.9) and
dotted line indicates that of arterial CBV and CBF (rCBV(artery) =
0.20 X rCBF + 0.05, r = 0.97). Note that the sum of the slopes of
both regression lines is 0.31, equivalent to the slope in Fig. 4 and the
contribution of venous CBV changes to total rCBV change is ~36%.
b: All rCBV and rCBV values were normalized to the corresponding
values at normocapnia (CBF = 58 ml/100 g tissue/min) for better
comparison. For visual clarity, one-sided error bars are displayed on
the rCBV axis. Venous rCBV was linearly correlated with CBF (rCB-
V(vein) = 0.15 X rCBF + 0.85, r = 0.90, P = 0.014). Linear corre-
lation between arterial rCBV and CBF (rCBV(artery) = 0.79 X CBF +
0.19,r = 0.97, P < 0.002) was observed. The slope of the regression
line of arterial rCBV was ~5.3 times that of venous rCBV.

43-150% in three groups of vessels. Thus, the ratio be-
tween the venous and arterial CBV increases ranged from
1:4 to 1:7.

DISCUSSION
Technical Considerations

The "F NMR method for measuring total rCBV is simple
and model-free since the spin density of infused PFC re-
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flects intravascular blood volume. Because no endogenous
fluorinated compounds exist, subtraction and/or suppres-
sion of background NMR signals is not necessary in *°F
NMR. In comparison, other MRI methods using contrast
agents rely on the relaxation properties of water, which is
modulated by the concentration of contrast agents in the
blood. The reduction of water T, and/or T, due to contrast
agents in blood can be detected by T,- and/or T,-weighted
MRI to measure CBV changes. For accurate measurements,
it is important to acquire changes of NMR signals only
from vascular regions, not from neighboring tissue. Unfor-
tunately, relaxation-based techniques may contain NMR
signals from both vessels and tissue depending on the
applied NMR techniques. This results in potential errors
in determining relative CBV. However, the limitation of
the "°F NMR technique is its lower SNR compared to other
MRI approaches. The degree of substitution of blood by
PFC determines the SNR, which is limited by total blood
volume and the alteration of physiology following the
blood substitution by PFC. Thus, it is difficult to determine
CBV changes at high spatial resolution using '°F NMR.
The basis of venous and arterial CBV fraction measure-
ments is that the fast-moving component is mostly of ar-
terial origin, whereas the slow-moving component is
mostly of venous origin, and the capillary volume is ab-
sorbed into its arterial and venous constituents (16). This
method has two potential errors in determining arterial
and venous volume fractions. First, since the diffusion-
weighting method may not distinguish arterial blood com-
pletely from relatively fast-moving venous blood, there is a
possibility that arterial blood volume fraction measured
with the diffusion-weighting method may have a contri-
bution from the fast-moving venous blood component. If
the venous blood contribution to the fast-moving arterial
component is significant, the arterial blood volume frac-
tion is overestimated and its change induced by hypercap-
nia is underestimated. However, as shown in the inver-
sion-weighted diffusion experiment (Fig. 1), the fast- or
slow-moving component can be selectively eliminated
based on the T, difference. It should be noted that Fig. 4a
in our previous article (16) was mislabeled; correct vertical
scaling factors should be 12x, 4x, and 1x for inversion
recovery spectra with TI of 0.49 sec, 0.28 sec, and 57},
respectively. Taken together, the contamination of venous
blood in the fast-moving blood pool is minimal. Second,
the R, difference of PFCs in arterial and venous blood can
induce errors. During normal arterial and venous blood
oxygenation level conditions, typical in vitro R,(,, and
R, are 4.3 and 4.7 sec™ ', respectively. Since R,(;; and
R,(,) cannot be determined separately in living animals, it
is assumed that the difference of R, in arterial and venous
blood due to oxygenation is the same in vitro and in vivo.
In this case, f, determined using Eq. [3] would be overes-
timated by up to 0.4% based on a simulation. When CBF
increases due to hypercapnia, arterial oxygen tension does
not change while venous oxygenation level increases (de-
creasing R,(,). Then the arterial volume fraction measured
using Eq. [3] during hypercapnia would still be overesti-
mated, but less than that during normocapnia. This results
in the underestimation of arterial blood volume change
and overestimation of venous blood volume change in-
duced by hypercapnia. Overall, the arterial blood volume
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Table 1
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Linear Regression Coefficients for Venous/Arterial/Total CBV and CBF Relationships

rCBV(total) vs.

rCBV(vein) vs. rCBV(artery) vs.

fa vs. CBF rCBF® rCBF® rCBF®
Slope 0.0020 0.31 0.15 0.79
Intercept 0.14 0.68 0.85 0.19
r (P-value) 0.70 (P < 0.001) 0.85 (P < 0.001) 0.90 (P = 0.014) 0.97 (P < 0.002)

2All data points from six animals were pooled and analyzed with linear regression.
PSimilar number of rCBV and rCBF pairs from two animals were pooled and analyzed with a linear regression.
°rCBVs were block averaged in the CBF range of 10 mI/100 g/min before the linear regression.

contribution to total blood volume change reported in this
article provides a lower limit.

As an alternative to 'F NMR, 'H diffusion-weighted
NMR methods can be used to separate arterial and venous
blood components based on the difference in flow charac-
teristics of arterial and venous blood if signals from tissue
are suppressed sufficiently. Multiple inversion recovery
can be used to suppress tissue water signal based on the T,
difference between blood and tissue (30). T, difference
between blood and tissue can be enhanced by the intro-
duction of relaxation or contrast agents into the blood (31).
Additionally, due to the high sensitivity of "H NMR, this
method can provide an estimate of arterial and venous
blood volume changes in localized areas using imaging
approaches.

rCBV and CBF Relationship

CBF in the entire brain was 58 = 3 ml/100 g/min during
normocapnia, which seems to be slightly lower than the
literature values (32). A likely reason for the discrepancy is
a partial volume effect. The brain volume covers not only
cortex but also other structures such as white matter and
ventricular areas, where CBF values are significantly lower
than that of the cerebral cortex (data not shown). When
CBF was obtained from the somatosensory cortex, it was
70—90 ml/100 g/min, which agrees extremely well with
literature values (33).

70

B Arteries
M Veins
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Diameter Increase (%)

10-20 21-30 31-40
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FIG. 8. Arterial and venous diameter changes produced by hyper-
capnia. Resting diameter (uwm) represents vessel diameter at nor-
mocapnia. Data were averaged across eight animals and error
bars = SEM.

The relationship between total rCBV and rCBF observed
in the present study (rCBV = rCBF°*°) agrees extremely
well with previous measurements using PET in monkeys
during hypercapnia (rCBV = rCBF®®?) (9). In addition, the
result is consistent with other NMR measurements using a
contrast agent in the rat brain during forepaw stimulation
(12).

Neil et al. (31) measured the change in the fast-moving
component in diffusion-weighted "H spectra during hy-
percapnia. In their study, albumin-bound Gd-DTPA was
used to reduce the T, of blood water. By utilizing large T,
differences between tissue and blood water, blood signal
can be predominantly obtained by selective nulling of
tissue water using double inversion methods (30,31).
Since the characteristics of blood flow is invariant regard-
less of probing methods, e.g., '°F NMR with PFC or 'H
NMR with the selective suppression of tissue water signal,
the fast-moving component in 'H NMR results can be
interpreted as the fast-moving arterial blood volume (16).
The fast-moving component fraction measured by Neil et
al. was about 0.25 at a pCO, level of 40 mmHg, and
increased up to 0.45 in the hypercapnic condition (fig. 3 in
Neil et al. (31)). These data are consistent with our arterial
blood volume (fast-moving component) fraction changes
during hypercapnia.

In our NMR studies, venous rCBV changes are much less
than arterial rCBV changes. The ratio of arterial and ve-
nous rCBV changes measured by NMR is consistent with
that determined by our vessel diameter measurements. It
should be noted that vessel diameters were measured in
the cerebellum under halothane anesthesia, while rCBV
was measured in the cerebrum under a-chloralose anes-
thesia. It is known that hypercapnia similarly induces
vascular diameter changes in the cerebrum and cerebellum
(34). Furthermore, although the difference in anesthesia
may affect vascular responses to hypercapnia, it is likely
that the ratio between the diameter changes of arteries and
veins will be preserved. Translation of the vessel diameter
data into accurate rCBV change should take into account
the fractional diameter change represented by all sizes of
vessels and the distribution of these vessels. Thus, it is
difficult to directly compare diameter change measured by
videomicroscopy with rCBV measured by "°F NMR. How-
ever, the ratio of arterial and venous rCBV changes in the
entire brain measured by '°F NMR can be compared with
the ratio of arterial and venous diameter changes in small-
size vessels measured by videomicroscopy, assuming large
arterial and venous blood vessels behave similarly and
also assuming that the ratios of blood volume fractions in
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small and large vessels are similar in the arterial and
venous trees.

Volume flow through blood vessels, which can be deter-
mined by the product of the cross section of the blood
vessel (A) and the linear velocity (v), should be conserved
at various sections of blood vessels. Thus, CBF can be
changed by the modulation of A and/or v. Since the change
of A is directly related to CBV, CBF and CBV changes are
inter-related as CBF;,,/CBF .ot = (Astim/Acont) X (Vatim/
Veond) = (CBVim/CBV o) X (Vaiim/ Veond)» Where subscripts
“stim” and “cont” indicate “stimulated” and “control”
conditions, respectively. According to our CBV and CBF
observations during hypercapnia, it is expected that the
increase of venous blood velocity is much more than that
of arterial blood velocity considering that the rCBV change
in venous blood is much less than that of arterial blood. An
increase in blood velocity, especially in the venous blood
pool, increases the dephasing of diffusion-weighted NMR
signals, resulting in increased D* during hypercapnia. Neil
et al. (31) demonstrated that D} and D’ are linearly corre-
lated with pCO, level, which is closely related to CBF. In
our case, the D* values of arterial and venous blood did
not show significant correlation with CBF due to a large
variability between animals and trials. This needs to be
further investigated.

The pseudo-diffusion coefficient (D*) is directly related
to the pseudo mean-squared displacement ((r*)), which is
proportional to the square of velocity (35); (t?) ~ D* - 7/6 ~
((v-1)?), where v is the velocity of blood in the vessels and
7 is the diffusion time. The average velocity of blood in
various vascular sections can be estimated as 3.0, 9.4, 18.8,
and 37.5 mm/s for venules, small veins, arterioles, and
small arteries, respectively (36). Thus, based on blood
velocity, it is expected that arterial blood has greater D*
than venous blood. Additionally, the pseudo-diffusion
phenomenon in a vascular network depends on flow char-
acteristics (e.g., plug flow, laminar flow, and turbulence)
and the distribution of vessel orientation in the vascula-
ture. Thus, the critical velocity of diffusion-weighting
given in Fig. 5a can only be considered an approximate
indicator in determining signal attenuation upon diffusion
weighting in vivo.

Implications for BOLD-Based fMRI

BOLD-based fMRI techniques are sensitive both to large
venous vessels and to capillaries/tissue. Especially with
gradient-echo techniques, the BOLD response is sensitive
in and around large venous vessels, which can be distant
from the neuronally active sites. To improve the spatial
localization of fMRI and to understand the source of the
fMRI signal, flow-crushing bipolar gradients have been
used in several laboratories (3,35,37,38). The flow-crush-
ing gradients typically employed b-values of ~30 s/mm?
with a maximum b-value of ~600 s/mm?. In particular,
BOLD-based fMRI signals at 1.5 T are almost eliminated by
applying a b-value of 30 s/mm?, suggesting that BOLD
fMRI signals at 1.5 T originate from large venous vessels
based on the characteristics of flow-crushing gradients.
Based on our PFC study, the total venous blood compo-
nent from all venous vessels would be attenuated by
~1.5% when a b-value of 30 s/mm®* was applied. In all
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venous vessels, the volume fraction of large veins is much
less than that of small-size venous vessels, including
venules (39). Signals from relatively fast-moving spins in
large veins will be selectively reduced by bipolar gradients
before those from relatively slow-moving spins in venules
and capillaries are suppressed, expecting that the BOLD
signal contribution from large veins will be minimized
even with a small b-value. Thus, our PFC data are not
inconsistent with the BOLD signal elimination at 1.5 T
with a b-value of 30 s/mm?®. It should be noted that our
estimation based on data obtained in anesthetized animals
might not apply to humans because pseudo-diffusion co-
efficients of arterial and venous blood are closely depen-
dent on flow velocities, which differ in conscious humans
and anesthetized animals.

Since BOLD contrast arises from the susceptibility dif-
ference between deoxygenated blood and its surroundings,
changes in venous blood volume and venous oxygenation
level determine BOLD signal changes. Thus, only venous
blood volume, not total blood volume, affects BOLD sig-
nals (2,40). Until now, it has been assumed that relative
venous blood volume change equals the relative total
blood volume change, which was measured by contrast
agent-based methods (8,12) or estimated from relative CBF
change using Grubb’s CBF-total CBV relationship (9).
Based on Grubb’s equation and our findings, a 100% in-
crease in CBF induces ~31% total CBV increase. However,
venous rCBV change (e.g., 15%) is about half of the total
rCBV change (e.g., 31%). An increase in venous blood
volume decreases the BOLD signal, while an increase in
venous oxygenation level increases the BOLD signal. For a
given BOLD signal change, less venous blood volume con-
tribution requires less blood oxygenation level change.
Therefore, the venous oxygenation level change calculated
from BOLD and total rCBV changes (instead of the venous
CBV change) would be overestimated. The overestimation
of venous oxygenation level by using total rCBV during
neural stimulation results in an underestimation of oxygen
consumption change determined from BOLD and CBF/
CBV data (41). These problems can be alleviated by replac-
ing the total rCBV change with the venous rCBV change,
i.e., approximately 50% of total rCBV change (40).

To apply the relationship between arterial/venous rCBV
and rCBF determined under global stimulation to neural
activity, it is assumed that the relationships between rCBV
and rCBF during focal stimulation and hypercapnia are
similar. Indeed, Mandeville et al. (12) reported that is the
case. Given the important application of hypercapnia to
modeling the BOLD signal and determining oxygen con-
sumption rate changes using BOLD and CBF measure-
ments, further studies are needed to investigate the rela-
tionship between arterial/venous rCBV and rCBF during
neural stimulation.

CONCLUSIONS

The relationships among CBF, total CBV, arterial and ve-
nous CBV changes were measured in the rat brain during
hypercapnia. We found that the venous CBV change dur-
ing hypercapnia contributed 36% of the total CBV change,
and the relative CBV change in venous blood was ~50% of
the relative CBV change in the entire blood. Also, the
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arterial rCBV increase was 5.3 times that of the venous
rCBV, consistent with the ratio measured in vivo by opti-
cal microscopy. The relationship between venous rCBV
changes and CBF can be readily implemented in the exist-
ing BOLD models as a correction factor. Therefore, the new
findings will provide a quantitative understanding of the
hemodynamic changes underlying the BOLD contrast.
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