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Age-Related Vasodilatory Response to
Acetazolamide Challenge in Healthy Adults: A

Dynamic Contrast-Enhanced MR Study

Jeffrey R. Petrella, Charles DeCarli, Mandeep Dagli, Cécile B. Grandin, Josef H. Duyn,
Joseph A. Frank, Elizabeth A. Hoffman, and William H. Theodore

PURPOSE: We examined age-related changes in baseline regional cerebral blood volume
(rCBV) and response to acetazolamide stimulation by using dynamic contrast-enhanced MR
imaging.

METHODS: Thirty healthy volunteers ranging widely in age (23 to 82 years) were examined
before and after intravenous injection of acetazolamide with dynamic susceptibility contrast-
enhanced MR imaging. rCBV values were normalized for intersubject and intrasubject com-
parison by estimating an arterial input function directly from the imaging data. Preacetazol-
amide baseline rCBV and the percentage volume change index (PVCI) of the postacetazolamide
to preacetazolamide state were calculated and examined as a function of age.

RESULTS: Older adults (>50 years) had lower baseline rCBV per unit tissue than did
younger adults (<50 years), but higher rCBV after acetazolamide stimulation. Baseline rCBV
tended to decrease with age in the medial frontal and frontoparietal gray matter regions.
Response to acetazolamide stimulation, measured by PVCI, showed a significant age-related
increase in gray matter, approximately 0.5% per year.

CONCLUSION: rCBV can be significantly increased after acetazolamide stimulation in the
healthy aged. These results support the notion that age-related decreases in rCBV measured at
rest reflect reduced regional metabolic requirements rather than reduced capacity for regional
substrate delivery. These data serve as a normative baseline for comparison studies of rCBV
vascular reserve in aging persons with various cerebrovascular disorders.
Although age-related decreases in brain volume,
cerebral metabolism, and blood flow (1–3) accom-
pany normal human aging, microvascular studies re-
veal relative preservation of the cerebrovascular cap-
illary bed (4, 5), implying that substantial vascular
reserve may be present in older persons despite loss
in parenchymal volume. Vascular reserve in humans
can be measured by various methods (6). Most com-
monly, regional cerebral blood flow (rCBF) or blood

Received March 14, 1997; accepted after revision June 5.
Dr Grandin was supported by a grant from the “Fondation St

Luc,” Catholic University of Louvain (Belgium).
Presented at the annual meeting of the American Society of

Neuroradiology, Toronto, Ontario, Canada, May 1997.
From the Laboratory of Diagnostic Radiology Research (J.R.P,

M.D., J.H.D., J.A.F.), the National Institute of Neurological Dis-
orders and Stroke (C.D., E.A.H., W.H.T), and the In Vivo NMR
Research Center (C.B.G.), National Institutes of Health, Bethesda,
Md; and the Department of Radiology, Hospital of the University
of Pennsylvania, Philadelphia (J.R.P).

Address reprint requests to Jeffrey R. Petrella, MD, Department
of Radiology, Box 3808, Duke University Medical Center, Durham,
NC 27710.

© American Society of Neuroradiology
39
volume (rCBV) is measured before and after a vaso-
dilatory challenge and the two measurements are
compared. Studies measuring changes in rCBF using
xenon single-photon emission computed tomography
after vasodilatory challenge with acetazolamide (7, 8)
have shown significant age-related decreases in rCBF
cerebrovascular reserve. Studies measuring age-re-
lated changes in rCBV after acetazolamide challenge,
however, have not been reported, although a number
of studies have evaluated rCBV cerebrovascular re-
serve in the setting of severe extracranial carotid
occlusive disease (9, 10). Age-related normative val-
ues are therefore important for understanding the
effect of cerebrovascular disease on rCBV cerebro-
vascular reserve measures.

Recently, dynamic contrast-enhanced magnetic
resonance (MR) imaging has been proposed as
a method for quantitating rCBV (11), and rCBV
vascular reserve has been measured with this tech-
nique using the acetazolamide challenge (10, 12).
In this study, we used dynamic contrast-enhanced
MR imaging to determine how rCBV and acetazol-
amide-induced changes in rCBV varied as a function



of age in 30 healthy adult humans over a broad age
range.

Methods

Subjects
Our study was approved by the Intramural Research Review

Board of the National Institutes of Neurological Disorders and
Stroke, National Institutes of Health, Bethesda, Md. Thirty
healthy subjects ranging in age from 23 to 82 years (mean, 47 6
20 years) were recruited from the community. All subjects had
normal findings on a screening examination, which consisted of
a full medical and neurologic history and physical examination.
The exclusion criteria included a history of cardiovascular dis-
ease, diabetes, hypertension, head trauma, previous central
nervous system (CNS) infections, exposure to CNS toxins,
metabolic or endocrinologic diseases, and psychiatric history.
Written informed consent was obtained from all subjects.

Study Design
A dynamic contrast-enhanced MR imaging study was per-

formed in each volunteer to look at baseline rCBV values as a
function of age. Imaging was also performed after intravenous
administration of acetazolamide (15 mg/kg) and a 50- to 60-
minute (mean, 50 6 9 minutes) postinjection rest period out-
side the magnet to assess rCBV vascular reserve as a function
of age. Perfusion images were analyzed to calculate gray and
white matter baseline rCBV values and poststimulation rCBV
values. The imaging protocol and data analysis methods have
been described in detail elsewhere (12), and will only be re-
viewed here briefly.

Imaging Protocol
A 20-gauge intravenous catheter was placed in an antecubi-

tal vein and connected to an MR-compatible double syringe
prototype power injector (Medrad, Pittsburgh, Pa) containing
gadopentetate dimeglumine in one syringe and normal saline in
the other. Imaging was performed on a conventional 1.5-T MR
system using a standard quadrature head coil. Routine struc-
tural images were obtained before dynamic contrast-enhanced
MR imaging using short-repetition-time spin-echo and double-
echo long-repetition-time fast spin-echo techniques. Whole-
brain dynamic susceptibility contrast-enhanced MR imaging
was performed using a three-dimensional frequency-shifted
burst sequence (65/42.5/1 [repetition time/echo time/excita-
tions]) with a 90° flip angle), which has been described previ-
ously in detail (12, 13). A total of 40 brain sequences (voxel
size, 4.0 3 4.0 3 6.1 mm; matrix, 40 3 48 3 36) were obtained
during the bolus injection, for a total imaging time of 1 minute
29 seconds. The bolus injection was started 20 seconds into the
acquisition, using a dose of 0.1 mmol/kg gadopentetate dime-
glumine followed immediately by 24 mL of normal saline flush,
both at the maximal injector flow rate of 6 mL/s.

Image Analysis
Reconstruction and analysis of the dynamic contrast-en-

hanced MR images to obtain rCBV values were performed
according to a previously described method (12), and will be
briefly reviewed. In this method, the images were registered
(14) to correct for interscan motion during the examination and
differences in positioning between the preacetazolamide and
postacetazolamide examinations. Using the first volume of the
preacetazolamide data set as a reference, we drew regions of
interest in each hemisphere to correspond to the major cortical
cerebrovascular distributions (15) and the supraventricular
white matter. The gray matter regions were as follows: medial
frontal, corresponding to the anterior cerebral artery territory;
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frontoparietal, corresponding to the middle cerebral artery
territory; and occipital, corresponding to the posterior cerebral
artery territory. Time signal intensity curves were generated for
each voxel in the region of interest and averaged into a single
time signal intensity curve over the 40 time points. This curve
was converted to a time concentration curve, which was then fit
with a gamma variate function to remove the effect of recircu-
lation (16). The area under the fitted curve was then deter-
mined, and rCBV was calculated in arbitrary units. To normal-
ize the rCBV values for interexamination comparisons, an
arterial input function unique to each examination was ob-
tained directly from the images using an empirically developed
algorithm to select arterial voxels. The rCBV values were
converted to fractional rCBV units (milliliter of blood per
milliliter of brain tissue) by dividing them by the area under the
arterial input function. The fractional rCBV values were mul-
tiplied by 0.73 to adjust for the difference in percentage of
plasma volume between tissues and arteries accountable by
different hematocrits (17).

Regions of interest drawn from the preacetazolamide data
set were applied to both preacetazolamide and postacetazol-
amide data sets for calculation of rCBV values.

Data Analysis
rCBVs were described in units of fractional blood volume

(milliliter of blood per unit milliliter of brain tissue), and
summarized as mean 6 SD. Response to acetazolamide was
determined by calculating a percentage volume change index
(PVCI) (18) of the post- to preacetazolamide state as follows:

PVCI 5
rCBVpost 2 rCBVpre

rCBVpre
,

where rCBVpre and rCBVpost represent the preacetazolamide
and postacetazolamide rCBV values, respectively.

To analyze the data statistically, we used repeated measures
of analysis of variance to assess differences between younger
(,50 years) and older (.50 years) groups with regard to
baseline rCBV and response to acetazolamide. We also per-
formed multiple regression analysis to assess general age-re-
lated trends in baseline rCBV and response to acetazolamide.
Statistical significance was defined as P 5 .05.

Results

Baseline rCBV
Older adults (.50 years; n 5 15) had a lower mean

preacetazolamide rCBV than did younger adults
(,50 years; n 5 15) in both gray and white matter
regions (see the Table 1 and Fig 1). These differences
did not reach statistical significance, however. Base-
line rCBV tended to decrease with age in the medial
frontal and frontoparietal gray matter regions, but
these trends also did not reach statistical significance
(Fig 2). Neither age group showed a significant gray
matter regional difference in baseline rCBV.

Postacetazolamide rCBV
Older adults had a higher mean postacetazolamide

rCBV than did younger adults in the medial frontal
and frontoparietal gray matter and white matter;
however, these differences were not statistically sig-
nificant. Both age groups showed a regional differ-
ence in postacetazolamide rCBV, with a statistically
significantly higher value in the medial frontal region
as compared with all other regions (Table 1).
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Differential age-related regional cerebral blood volume response to acetazolamide challenge

Region

Younger Adults (,50 y), n 5 15 Older Adults ($50 y), n 5 15

Before
Acetazolamide*

After
Acetazolamide*

Percentage
Volume

Change Index

Before
Acetazolamide*

After
Acetazolamide*

Percentage
Volume

Change Index

Gray matter (overall) 22.9 6 3.5 26.8 6 6.6 17.0 21.4 6 2.5 27.8 6 5.0 29.9
Medial frontal 24.1 6 4.8 28.3 6 7.3 17.4† 21.4 6 4.3 30.4 6 6.5 42.1†
Frontoparietal 22.7 6 3.9 26.1 6 7.3 15.0 21.0 6 3.4 28.0 6 4.6 33.3
Occipital 21.9 6 4.5 25.9 6 6.0 18.3 21.8 6 4.0 25.6 6 5.1 17.4

White Matter 12.2 6 3.2 15.0 6 3.9 23.0 11.9 6 1.7 16.7 6 2.9 40.3

* Units are in fractional cerebral blood volume or percentage of blood volume per unit volume brain tissue.
† Statistically significant difference between younger and older groups.
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Acetazolamide Response
Acetazolamide challenge produced a statistically

significant increase in rCBV in all regions studied.
Older adults had a significantly higher rCBV re-
sponse to acetazolamide stimulation than did younger
adults in the medial frontal gray matter region, as
assessed by repeated measures of analysis of variance
(P , .05). Moreover, looking at age as a continuous
variable, the PVCI showed a significant age-related
increase in the medial frontal and frontoparietal re-
gions, as well as in the gray matter overall (P , .05)
(Fig 3). Response was inversely correlated with base-

FIG 1. Effect of acetazolamide challenge on rCBV in younger
(,50 years, n 5 15) and older (.50 years, n 5 15) healthy adult
volunteers in gray (A ) and white (B ) matter.
line rCBV in the medial frontal gray matter and white
matter regions (P , .05) (Fig 4).

Discussion
In this study, we used dynamic contrast-enhanced

MR imaging to show that acetazolamide-induced
changes in rCBV vary as a function of age in healthy
adult humans. When evaluating global gray matter
response to acetazolamide, we found that PVCI in-
creased by approximately 0.5% per year of age. In
addition, older adults (.50 years) had a significantly

FIG 2. Effect of age on baseline rCBV in the medial frontal (A )
and frontoparietal (B ) gray matter regions in 30 healthy volun-
teers.



greater PVCI in the medial frontal gray matter region
as compared with younger adults (,50 years). Con-
versely, and consistent with other studies of age-re-
lated rCBF (2, 3), baseline rCBV, before acetazol-
amide stimulation, tended to decrease with age,
particularly in the medial frontal gray matter region.

The reason for an age-related increase in
acetazolamide-induced rCBV response is uncertain.
Age-related neuronal loss is thought to be the prin-
cipal cause of atrophy and decreased oxygen (19) and
glucose use (1) in gray matter. Because oxidative
metabolism and blood supply are closely coupled
(20), decreases in demand normally cause a concom-
itant decrease in blood supply. However, neuronal
loss and brain atrophy are not necessarily accompa-
nied by a reduction in cerebral microvasculature, and
it has been shown that the capillary diameter and
length (5, 21) per unit volume of brain tissue increase
with age, while intercapillary distance decreases (21).
Through its vasodilatory effects, acetazolamide
causes an increase in blood volume in the capillary
bed and an increase in rCBV per unit tissue after
stimulation. Because there is more capillary capaci-
tance per unit tissue in older adults, the PVCI is
greater.

FIG 3. Effect of age on response to acetazolamide stimulation,
measured by PVCI, in the medial frontal (A ) and frontoparietal (B )
gray matter regions in 30 healthy volunteers. A significant age-
related increase was seen in both regions (P , .05).
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PVCI measures, however, may be biased or artifi-
cially elevated in older persons because of a generally
lower baseline rCBV than found in younger persons.
Given the same absolute difference in rCBV before
and after acetazolamide challenge, there would be, by
definition, a greater fractional or percentage increase
in persons with a lower baseline rCBV. In fact, we
showed in our study that PVCI was inversely corre-
lated with baseline rCBV in the medial frontal gray
matter and white matter regions (Fig 4). This bias,
however, cannot account completely for the age-re-
lated increase in rCBV response to acetazolamide.
Analysis of the absolute differences between baseline
and poststimulation rCBV versus age results in the
same age-related increase in response as that seen
with PVCI.

These results of age-related increase in rCBV re-
sponse are the reciprocal of studies examining age-
related responses to rCBF (8). The vasodilatory ef-
fects of CO2 in rhesus monkeys is known to increase
rCBV and rCBF in a closely correlated manner, but
the relationship between rCBF and rCBV is not lin-
ear (22) and may reflect the multiple mechanisms of
action attributed to hypercapnia and acetazolamide
(6). Acetazolamide decreases smooth muscle tone in

FIG 4. Effect of baseline rCBV on response to acetazolamide
stimulation, measured by PVCI, in the medial frontal gray matter
(A ) and white matter (B ) regions in 30 healthy volunteers. Re-
sponse was inversely correlated with baseline rCBV in both
regions (P , .05).
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the walls of arteries and arterioles, and reduces the
resistance of the precapillary circulation, thereby in-
creasing flow through the capillary bed (23). This
increase in flow through the capillary bed expands
capillary diameter but also results in recruitment of
additional capillaries (24). Although capillary recruit-
ment results in an increase in rCBV, it also causes a
relative increase in the average length of the path the
blood must traverse, which, according to Poiseuille’s
law (25), somewhat offsets the augmentation in flow
resulting from increases in capillary diameter and
number. If older persons have a greater capacity for
capillary recruitment per unit volume of brain than
younger persons, they will have a greater acetazol-
amide-induced increase in rCBV but less of an in-
crease in rCBF. The evolution of the normal cortical
structure with aging (5) suggests an increased ability
to recruit blood vessels on the basis of a per unit
volume of brain, and therefore significant age-related
variability in capillary capacitance. This might explain
the reciprocal age-related response in rCBV and
rCBF.

One must not, however, confuse vasodilatory ca-
pacity, measured by changes in rCBV, with true ce-
rebrovascular reserve capacity; that is, the ability to
maintain normal rCBF in the face of decreased per-
fusion pressure. It has been suggested that the base-
line rCBV or the rCBF/rCBV ratio can be used as an
index of cerebral hemodynamic reserve to assess risk
of stroke or as an indication for surgery in patients
with carotid occlusive disease. This supposition is
based on cerebral hemodynamic studies in patients
who have shown an increased rCBV, a decreased
rCBF/rCBV ratio, and an increased oxygen extraction
fraction in areas of “misery perfusion” or hemody-
namic stress (9, 26). Such patients typically have a
decreased rCBF response to a vasodilatory challenge
(10, 27, 28) but a variable rCBV response (9, 10).

We found great intersubject variability in the
PVCI, even among subjects of similar ages. Without
reproducibility studies, it is difficult to tell how much
of this was due to biological variation and how much
to a lack of precision in the technique. This study was
performed on a 1.5-T system, without specialized gra-
dient hardware, using a frequency-shifted burst pulse
sequence that sacrifices spatial resolution and signal-
to-noise ratio for whole brain coverage. Although the
PVCI is valid, there is loss of precision and systematic
bias in absolute rCBV measurements. This issue has
been discussed in detail elsewhere (12). Nevertheless,
the age-related increase in PVCI found in this study is
significant, regardless of the source of variability.

Conclusion
Dynamic contrast-enhanced MR imaging in

healthy adult humans shows an age-related increase
in rCBV vascular response to acetazolamide chal-
lenge in cerebral gray matter. Our findings, taken
together with findings from normal human aging
studies of the capillary bed, support the belief that
capillary bed architecture is preserved despite the loss
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of neuronal and glial tissue that occurs with aging.
Data from this study may serve as normative mea-
surements for studies looking at rCBV vascular re-
serve in patients with cerebrovascular disease.
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