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Purpose : To evaluate changes in total cerebral blood flow (tCBF) with aging, parenchymal
volume changes and vascular abnormalities, using 2 dimensional (D} phase-contrast
magnetic resonance imaging (PC MRI). :

Materials and Methods : Routine brain MRI including T2 weighted image, time-of-flight
(TOF) MR Angiography (MRA) and 2D PC MRI were performed in 73 individuals,
including 12 volunteers. Normal subjects (12 volunteers, and 21 individuals with normal
MRI and normal MRA| were classified into groups according to age {18-29, 30-49 and 50~
66 years). For the group with abnormalities in brain MRIs, cerebral parenchymal volume
changes were scored according to the T2 weighted images, and atherosclerotic changes
were scored according to the MRA findings. Abnormal groups were classified into 4 groups:
{i) mild reduction in volume, (ii) marked reduction in volume by parenchymal volume and
atherosclerotic changes, and (iii) increased volume and (iv) Moya-moya disease. Volumetric
flow was measured at the internal carotid artery (ICA) and vertebral artery bilaterally using
the velocity-flow diagrams from PC MRI, and combined 4 vessel flows and tCBF were
compared among all the groups.

Results : The age-specific distribution of tCBFs in normal subjects were as follows: 12.0+
2.1 ml/sec in 18-29 years group, 11.8+1.9 ml/sec in 30-49 years group, 10.94+2.2 ml/sec in
50-66 years group. The distribution of tCBFs in the different subsets of the abnormal
population were as follows: 9.5+2.5 ml/sec in the group with mild reduction in volume, 7.6
+2.0 ml/sec in the group with marked reduction in volume, and 7.3+1.2 ml/sec and 7.0+
1.1 ml/sec in the increased parenchymal volume and Moya-moya disease groups
respectively.

Conclusion : Total cerebral blood flow decreases with increasing age with a concomitant
reduction in parenchymal volumes and increasing atherosclerotic changes. It is also
reduced in the presence of increased parenchymal volume and Moya-moya disease. 2D PC
MRI can be used as a tool to evaluate tCBF with aging and in the presence of various
conditions that can affect parenchymal volume and cerebral vasculature.
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Introduction

Volumetric blood flow is vital for tissue survival in
the brain. Cerebral blood flow in turn is affected by the
status of the cerebral blood vessels, parenchymal
resistance and intracranial pressure. Recently, cerebral
blood flow has noninvasively measured by phase
contrast (PC} MRI. 2 dimensional (D} PC flow
quantification technique is based on flow-induced
phase shifts which are proportional to spin velocity,
and mapping of these phase differences by subtraction
of the flow encoded images from the flow compensated
image.

There are some reports about cerebral blood flow in
normal individuals (1-3), as well as variations in flow
with age (3, 4}, height, head size (1, 2} and sex (3). We
were unable to find any reports of tCBF changes in
relation to parenchymal volume change and vascular
abnormalities.

The current study was undertaken to evaluate
changes in tCBF with aging, parenchymal volume
changes and cerebral vascular abnormalities using 2D
PC MRI.

Materials and Methods

Brain MRIs (including T2 weighted images), TOF

Fig. 1. Phase-contrast image (left)
at the level of C2-3 intervertebral
disc space shows region of
interest {arrow) at the left internal
carotid artery for flow measure-
ment. The Velocity-flow diagram
{right) shows mean flow as 4.11
cm®/sec. Vertical axis is flow
velocity and horizontal axis is one
cardiac cycle.
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Fig. 2. An example of mild
reduction in volume group: T2
weighted images show mild
ischemic changes at the deep
white matter and mild dilation of
the cortical sulci and the lateral
veniricles (Evans index 33%).
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MRA and 2D PC MRI were performed on 73 subjects
{49 male and 24 female} using Magnetom vision
{Siemens, Erlangen, Germany}. Imaging parameters of
T2 weighted image were as follows: TR/TE 5100/132
msec, FOV 17 X 23 c¢m, matrix number 315X 512, slice
thickness 6 mm, distance factor 0.2 and one acquisition
number. 3D TOF MRA was done at the level of Circle
of Willis with the following parameters: TR/TE/flip
angle 27/7.2/20, FOV 15X 20 ¢cm, matrix number 200 X
512 and 10 cm slab thickness. 2D PC MRI was
performed with EKG gating at the C2-3 disc level in the
plane perpendicular to all four vessels. TR/TE/flip angle
was 29/7/30 msec, velocity encoding value was 150 cm,
phase numbers were 24-30, FOV was 15X 15 cm,
matrix was 192 X 256, slice thickness was 6 mm,

excitations were 1 or 2, and scan time was 2-4.5

minutes. After getting localizer image and phase
difference image with directional and velocity
information, volumetric flows were measured from
velocity-flow diagram according to the cardiac cycle by
drawing circular regions of interest (ROI) at the four
vessels on the phase difference image (Fig. 1).

Normal subjects {12 volunteers, and 21 individuals
with normal MRI and normal MRA) were classified
according to age into three groups: 18-29 years (N=13,
mean 25.7 years), 30-49 years (N =9, mean 38.4 years},
50-66 years (N =11, mean 57.3 years).

Parenchymal volume changes were scored
subjectively, as mild {score 1, Fig. 2} or marked (score
2, Fig. 3) according to the degree of atrophy and the
amount of high signal intensities in areas with chronic
ischemic changes or old infarctions on T2 weighted

Fig. 3. An example of marked
reduction in volume group: T2
weighted images show mild
ischemic changes at the deep
white matter and marked dilation
of the cortical sulci and the lateral
§ ventricles (Evans index 36%).

Fig. 4. An example of mild
atherosclerotic change (left) and an
example of marked atherosclerotic
changes (right): MRA shows
narrowing of one vessel (left,
arrow) and show narrowing of
multiple vessels [right, arrows).
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images. Atherosclerotic narrowing of 50% or more of
the major intracranial vessels were scored as mild {one
vessel involvement, score 1) or marked (more than two
vessels involvement, score 2} according to the findings
of MR angiography (MRA) (Fig. 4).

Subjects with abnormalities on MRI and/or MRA
were classified by combining the parenchymal volume
and atherosclerosis scores: a score of 1-2 represented a
mild reduction in volume (N =17) whereas a score of 3-
4 represented a marked reduction in volume (N=12).
Brain swelling, as evidenced by small ventricles and
small cortical sulci or the presence of large brain
tumors was classified as increased volume group
(N=6), and Moya-moya disease (N=5) without

parenchymal volume change was grouped separately.

The tCBF was calculated by adding the volumetric
flow of the four vessels, and inter-group comparisons
were made using the Student t-test.

Results

The age-specific distribution of tCBFs in normal
subjects were as follows: 12.0+2.1 ml/sec in 18-29
years group, 11.84+1.9 ml/sec in 30-49 years group,
10.94:2.2 mlfsec in 50-66 years group. The differences
were not significant {p < 0.0001) between these groups.

The distribution of tCBFs in the different subsets of
the abnormal population were as follows: 9.5+2.5
ml/sec in the group with mild reduction in volume, 7.6
+2.0 ml/sec in the group with marked reduction in

¥ Fig. 5. Examples of increased
volume group: T2 weighted image
(left) shows diffuse high signal
intensity at the white matter and
obliterated cortical sulci due to the
brain swelling caused by meningo-
encephalitis. Post contrast T1
weighted image (right) shows
| densely enhancing large meningi-
Il oma at the posterior fossa and
markedly compressed fourth
ventricle.

Fig. 6. An example of Moya-moya
disease: T2 weighted image (left)
shows no abnormality except
some signal void of the salt and
pepper pattern at the basal
B ganglia, and MRA (right) show
obliteration of the terminal ICA
(arrows) and marked telangiectatic
collateral vessels.

- 20 -



Changes in Total Cerebral Blood Flow with Aging, Parenchymal Volume Changes, and Vascular Abnormalities

volume, and 7.3+1.2 ml/sec and 7.0+ 1.1 ml/sec in the
increased volume (Fig. 5) and Moya-moya disease
groups (Fig. 6] respectively. The differences were
significant (p<0.0001), between normal and each
abnormal groups by Student t-test.

Discussion

PC MRI provides a noninvasive tool to measure
volumetric cerebral blood flow (1}. PC MRI uses flow-
induced phase shifts of moving spins that are
proportional to spin velocity. Application of a flow
compensation gradient is used to generate a flow
compensated image. A flow-encoded image is then
obtained by modifying the gradient system for flow
rephasing. Subtraction of a flow-encoded image from a
flow compensated image provides the phase difference
image. The flow-velocity diagram depicting the flow
pattern and volumetric flow is obtained by drawing the
ROI at each vessel.

The level of scan is important for the exact
quantification of tCBF. Most authors have reported
scanning for tCBF measurement at the level of the
cavernous portion of the internal carotid artery (ICA)
and the basilar artery (the posterior inferior cerebellar
arteries are not included) (2, 3, 5-7), the petrous portion
of ICA (8), or in the upper cervical region (4, 9, 10).

PC MRI can be performed either as a 1 dimensional
(11) or a 2 dimensional (3} technique. It can also be
done with (6, 13, 14) or without (3, 5, 11, 12) cardiac
gating. The scan time is about 30 sec without cardiac
gating and about 3 min with cardiac gating. The
measured tCBF values were 5.7% higher in the absence
of cardiac gating (15). Flow quantification by PC MRI
has a 3-5% error rate (3, 5), shows small inter- and
intra-observer variability (4, 16), and is therefore, quite
reproducible (8, 15). The blood flows were 142 ml/ min
in the basilar artery, 229 ml/min in the left, 223 ml/min
in the right ICA (1,2). However, tCBF measurement is
much more significant compared to the blood flow in
individual vessels, since the flow and pressure in each
of the 4 vessels is rapidly compensated by the collateral
circulation through the Circle of Willis.

Although the differences between the age groups
were not significant in this study, Rempp et al have
observed age-related reductions in rCBF with
noninvasive dynamic susceptibility contrast-enhanced

imaging (17), and Marks et al have observed a
significant decline of volume flow with age in the
basilar artery, but not in the carotid artery (7). The
tCBF was 617 (1, 2} to 628 ml/min in a young adult
{14}, 748 ml/min between the ages of 19-29 years and
474 ml/min in the 80-89 years age group (3). This data
suggests an age-related reduction in tCBF of the order
of 4.8 ml/min/year. The volume of the brain
parenchyma was 1363 ml (29 years group), and it
dropped to 1025 ml (59 years group) after 30 years,
thereby implying a loss of 11 ml per year ({18). The
latter reduction might be related to the decreased
cerebral blood flow with aging. The tCBF did not show
variability between sexes (3}). It was noted to be
influenced by height in contrast to basilar artery flow
which was influenced by head size (1, 2). Mean
vertebral flow was 165 ml/min in patients with vertigo
and was similar to normal subjects (16). The tCBF
increased to 157% after the injection of acetazolamide
{4). PC MRI has been used to measure the reduction in
cerebral blood flow following the inhalation of 100%
oxygen (19}, and hypoxia-induced cerebral vasodilation
(20). Flow quantification using PC MRI has been used
to evaluate intracranial pressure by measuring cerebral
blood flow and CSF flow (10). Aqueduct flow
mesasurement can assist in the diagnosis of normal
pressure hydrocephalus (NPH) (21) and to predict a
response to shunt operation in patients with NPH (22).

Our results suggest the reduction in cerebral blood
flow have a possible direct relationship with the
development of chronic ischemic changes or old
infarctions. Conversely, the reduction in brain volume
as a result of aging or previous ischemic damages may
have resulted in a decreased demand for cerebral blood
flow. Additionally, vascular narrowing may have a
direct relationship with the reduced cerebral blood
flow seen in atherosclerosis and Moya-moya disease. In
the increased brain volume group, the reduction in
cerebral blood flow may be caused by increased ICP
and decreased elasticity due to swelling or compression
of the brain that eventually results in decreased neural
function.

In summary, we report a variety of age-related and
disease-specific tCBF changes using the 2D PC MRI
technique. This technique can be used to estimate and
monitor the amount of loss of the functioning brain
volume using serial measurements.
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Conclusion

Total cerebral blood flow decreases with increasing
age with a concomitant reduction in parenchymal
volumes and increasing atherosclerotic changes. It is
also reduced in the presence of increased parenchymal
volume and Moya-moya disease.

2D PC MRI can be used as a tool to evaluate tCBF
with aging and in the presence of various conditions
that can affect parenchymal volume and cerebral
vasculature.

References

1.Obata T, Shishido F, Koga M, Ikehira H, Kimura F, Yoshida
K. Measurement of cerebral blood flow using phase-contrast
MRI. Nippon Rinsho 1997;55:1752-1756

2.0Obata T, Shishido F, Koga M, Ikehira H, Kimura F, Yoshida
K. Three-vessel study of cerebral blood flow using phase-
contrast magnetic resonance imaging: effect of physical
characteristics. Magn Reson Imaging 1996;14:1143-1148

3.Buijs PC, Krabbe-Hartkamp M], Bakker CJ, et al. Effect of age
on cerebral blood flow: measurement with ungated two-
dimensional phase-contrast MR angiography in 250 adults.
Radiology 1998;209:667-674

4.Kashimada A, Machida K, Honda N, et al. Measurement of
cerebral blood flow in normal subjects by phase contrast MR
imaging. Nippon Igaku Hoshasen Gakkai Zasshi
1994;54:1116-1125

5.Enzmann DR, Marks MP, Pelc NJ. Comparison of cerebral
artery blood flow measurements with gated cine and ungated
phase-contrast techniques. ] Magn Reson Imaging 1993;3:705-
712

6.Enzmann DR, Ross MR, Marks MP, Pelc NJ. Blood flow in
major cerebral arteries measured by phase-contrast cine MR.
AJNR Am J Neuroradiol 1994; 15:123-129

7.Marks MP, Pelc NJ, Ross MR, Enzmann DR. Determination
of cerebral blood flow with a phase-contrast cine MR imaging
technique : Evaluation of normal subjects and patients with
arteriovenous malformations. Radiology 1992;182:467-476

8.Spilt A, Van den Boom R, Kamper AM, Blauw G]J, Bollen EL,
van Buchem MA. MR assessment of cerebral vascular
response: a comparison of two methods. ] Magn Reson
Imaging 2002 ;16:610-616

9.Levine RL, Turski PA, Holmes KA, Grist TM. Comparison of
magnetic resonance volume flow rates, angiography, and
carotid dopplers: preliminary results. Stroke 1994;25:413-417

10.Alperin NJ, Lee SH, Loth F, Raksin PB, Lichtor T. MR-

intracranial pressure (ICP): A method to measure intracranial
elastance and pressure noninvasively by means of MR
imaging: Baboon and human study. Radiology 2000,217:877-
885

11.Moller HE, Klocke HK, Bongartz GM, Peters PE. MR flow
quantification using RACE: clinical application to the carotid
arteries. ] Magn Reson Imaging 1996;6:503-512

12.Bakker CJG, Hartkamp JM, Mali WP. Measuring blood flow
by nontriggered 2D phase-contrast MR angiography.Magn
Reson Imaging 1996;14:609-614

13.Pena CS, McCauley TR, Price TB, Sumpio B, Gusberg R],
Gore ]JC. Quantatative blood flow measurements with cine
phase-contrast MR imaging of subjects at rest and after
exercise to assess peripheral vascular disease. AJR Am ]
Roentgenol 1996;167:153-157

14.Seo KS, Choi SS, Lee YI. Quantitative measurement of total
cerebral blood flow using 2D phase-contrast MRI and
Doppler ultrasound. ] Korean Radiol Soc 2001;45:575-580

15.Spilt A, Box FM, van der Geest R] et al. Reproducibility of
total cerebral blood flow measurements using phase contrast
magnetic resonance imaging. ] Magn Reson Imaging
2002;16:1-5

16.Kashimada A, Machida K, Honda N, et al. Measurement of
cerebral blood flow with two-dimensional cine phase-contrast
MR imaging: evaluation of normal subjects and patients with
vertigo. Radiat Med 1995;13:95-102

17.Rempp KA, Brix G, Wenz F, Becker CR, Guckel F, Lorenz
WJ. Quantification of regional cerebral blood flow and
volume with dynamic susceptibility contrast-enhanced MR
imaging. Radiology 1994;193:637-641

18.Choi SS, Liu H, Kim JW, Oh JY, Shin TB, Lee YI. The volume
measurement of the brain parenchyme and the cerebrospinal
fluid using pseudocolor mapping on fat-saturated T2 weighted
images of normal group, and non-Alzheimer group and
Alzheimer’ s disease. Journal of Dong-A Medical Science
2003;7:53-59

19.Watson NA, Beards SC, Altaf N, Kassner A, Jackson A. The
effect of hyperoxia on cerebral blood flow: a study in healthy
volunteers using magnetic resonance phase-contrast
angiography. Eur | Anaesthesiol 2000;17:152-159

20.Van Mil AH, Spilt A, Van Buchem MA, et al. Nitric oxide
mediates hypoxia-induced cerebral vasodilation in humans. ]
Appl Physiol 2002,92:962-966

21.Luetmer PH, Huston ], Friedman JA, et al. Measurement of
cerebrospinal fluid flow at the cerebral aqueduct by use of
phase-contrast magnetic resonance imaging: Technique
validation and utility in diagnosing idiopathic normal pressure
hydrocephalus. Neurosurgery 2002;50:534-542

22.Bradley WG, Scalzo D, Queralt ], Nitz WN, Atkinson D],
Wong P. Normal-pressure hydrocephalus: Evaluation with
cerebrospinal fluid flow measurements at MR imaging.
Radiology 1996;198:523-529

-2



Changes in Total Cerebral Blood Flow with Aging, Parenchymal Volume Changes, and Vascular Abnormalities

SR ISR StSIX] 8:17-23(2004)

volsh X WA $s) W3} 9 Yato| ol whE FUF sk
oI AhE 1B o188 AT

SR DR AR B ER R M ERE L L AR E)
%4 - Liu, Halying’ - A6ld' - 4% - 239" - 0|9’

SE : olx A= AT S o] &3lo] Lozl HAA Halws] ol ddto] 4] HEol whE FHE R
o] WskE gt gt

CHAF 9 UMY @ 1279] 2|UAE E3138) 7392 dld o2 T27= 9449 Time-of-flight W89 Ap7|add o
3 olxd Az 27 EH e Ak, A4S AhA 1297 A3 o4 9 A7 gl Ada
AL 2ol 2] HeogA o] 52 18-204, 30-494], 50-664 o2 W gict. u|AATE T27 zd4)e] Az
3] WP 5ot 2737 daed el T3 A =el wel mild reductionv(17%), marked reduction?(12
W) 2 Ui, HAAe] F718 increased volumeT(6%)3 Moya-moyaw(5%) 2.8 E5q3lich. HdF+=
Az A71g el $2-8F 402N o W7 suat FE5uolA S48l dsle] ¥ ¥R
o & slglom, 7t Aolo] ERag vla IEsledct

i} AT FHYFEE 18-2947F212.0+2.1 ml/sec, 30-494172 11.8+1.9ml/sec, 5O-664F-
10.9+2.2 ml/secc}. H|AA FollA mild reduction ¥ 9.5+2.5 ml/sec, marked reduction &
7.6£2.0 ml/sec, increased volumea< 7.3+1.2 ml/sec, Moya-moyav- 7.0£1.1 ml/sec$ith.

dE : FHIEFELE Yol Frtd vl Al n, HAARS Ao FuAs Aol ulel Zaslgon,
increased volumew# Moya-moyaTollA % 241}, o) 4z A7l 42 volsish ¥ 44 9]
Folwistel Ptol g Zelfshe vhdyt HARA FHE RS JE T I {83 helzta AzbEd

FAAA L HeA, (602-103) FAEIA] AT FHAlE 371 19A], Folshay ] ZehiAbA g}
Tel. (051) 240-5368 Fax. (051) 253-4931 E-mail: sschoi317@yahoo.co.kr

—923_



