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Assessment of Flow Dynamics of Cerebrospinal Fluid
with Phase-contrast Cine MR Image
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cerebrospinal fluid(CSF) throughout CSF pathways between the ventricles and subarachnoid space of the brain

and spine. This CSF motion is due to transmitted cardiac pulsation from systolic expansion of the cerebral he—
mispheres. To cover the entire cardiac cycle, peripheral cardiac triggering was used. Using this technique, we analyzed
quantitative CSF motion over a cardiac cycle to distinguish normal CSF flow from that seen in hydrocephalus.

We tested the reproducibility of the aqueductal CSF signal intensity on a phase contrast cine MR sequence in 28
patients with normal ventricle. Sixteen patients with obstructive hydrocephalus and 11 patients with normal pressure
hydrocephalus(NPH) were investigated with the sequence before and after CSF diversion.

The peak CSF flow velocity in aqueduct was significantly increased in patients with NPH and significantly decreased
in patients with obstructive hydrocephalus(NPH groupO 6.71cm/sec, control group 2.94cm/sec, obstructive groupd
less than 1.0cm/sec). After LP shunting in NPH group, retrograde flow signal curves were anterogradely converted
and the peak flow velocities were somewhat decreased(mean(] 5.10cm/sec). The clinical diagnosis of NPH was well
correlated with the results of cine MRI. After endoscopic third ventriculostomy in obstructive group, we could note
increased CSF flow velocity both at prepontine cistern and precordal subarachnoid space with markedly increased
flow at prepontine cistern.

Phase contrast cine MRI is useful in evaluatng the CSF dynamics in patients with hyperdynamic aqueductal CSF
(NPH) or aqueductal obstruction(obstructive hydrocephalus).

P hase contrast magnetic resonance imaging techniques can be used to evaluate the to—and—fro motion of

KEY WORDSC Quantitative measurement. CSF flow dynamic- Phase contrast cine MR- Hydrocephalus: To—and—
fro movement.
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2. Phase contrast cine MR imaging

GE signa horizon 1.5-T MR 00O O0OOO aqueduct
of Sylvius, 0400, 00O O, 00 OO OCOO OO0 O
000 000 OO0 00O 000 ooooo. oo o o
OO0 000 000 repeated timed 20040msect 00O
echo timeld 80 15msec, slice thicknessd 5mm0O OO
O.00 00 OO0 sagittal 0000 OOO0O OOO
00 0O 000 0000 0 0000 ooooo ooo
000 00 OO axial OO0 OOOO OOOCO OO O
00 0000.00 OO0 DOO0 peripheral cardiac tri—
ggerd OOO0O OOOO 0OOOOO R-ROOO 1600

Fig. 1. CSF dynamics during one cardiac cycle. The left graph indicates CSF flow rates and the right graph indicates CSF flow
velocities at the level of aqueduct of Sylvius during one cardiac cycle. We can measure CSF velocities(cm/sec), CSF

flow rates(mi/sec), and net CSF flows.
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0 0000 0D00.000 OO0 000 oOooo ooo
flow analysis program(General Electric Medical System,
Signa Horizon 1.5TO OO O software program )00
000 0000 OoO0ODOO. 0 0o velocity encoding
gradientd 20cm/secl OO region of interest(ROINO
ooo OO ODoOoDO OO OoooO ooo ooo oo o
000 000 00 0000 ooo ood.

3. HH40 asio| Y =X

Fig. 10 flow analysis programd 0000 OOOO O
OO OCOCCo 0 0bU0d(Fig- 1).0 Oooo obooo o
00 00000 Fig. 20 00 00O (to—and—fro move—
ment) 0000 R-R OO0 OO0 OO OO OOO
00 O0O0O0O O0O0O0D 000 oooo od o peripheral
cardiac triggerd] 0000 00000 (Fig. 2). O (positive)
0 030000 0400 00000 O0O0O0O OoOoOoOo o
OO00O-—-(negative)d 00O OO0 OOOO OOOO OO
OO0.VvrD OO0 000 OO0 00 00, veO 000
000 000 OO0 000 00000 Vmaxd vrd Ved
0000 0000 ooood. flow rated OO0 ROIO
0 000 OO0 OO 000 0000 oobooo oood
OO0 mO 0O0000.00 000 OO0 00 OO0 00
0 160000 OO0 OO0 OO0 OOO00 00 emdd
OO0oo0o. Vr=Vce intervall VrOO 000 vedO
OO(y) 000 000 R-Rintervall OO OO OOOO
0.0 00 000000 00000 oo 00 (to—and—
fro movement), O O (flow rate/cycle)(ml/min), mean
velocity(cm/sec), Vr(cm/sec), Vr(cm/sec), Vmax(cm/
sec), Vr—=Vcintervald O0O0O0O0O.

Flow velocity
Vpeak(rostal)=Vr

] X Time

peak(caudal)=Vc

Fig. 2. Schematic drawing of CSF flow dynamics during one
cardiac cycle. Vr means maximal velocity of CSF flow
from 3rd ventricle to 4th ventricle during the systolic
period and Vc means maximal velocity of contralateral
flow during the diastolic period. Maximum flow velocity
(Vmax)d (IVri+IVcl)/2, Vr-Vc interval(with R-R correc-
fion)O (Y-X)/R-R interval.
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1. Aqueduct of SylviustfiA{2| | &40 23t

000 280 O to—and—fro movementdd OO O O
000 000 210((75%)000 VmaxOd 1.3005.55cm/
sec OO Vmaxd 294cm/secd] OO OO0 0.94cm/sec
00.000 —-0.03x 1.98mi/min0O0 OO OO0 0.94+
0.98cm/secO O. VrO 2.90+ 1.45cm/sec, VcOO 2.99+
1.40cm/secC] 0. Vr—=Vc intervald 0.57+ 0.10000 (Ta—
ble 1).

000 000 000 110 O to—and—fro movement
O 00 00 000 0oOoO 90(82%)00 00 Vmax
O 6.71+ 2.84cm/secl 0000 OO OOO OOO O
OO0 (Fig. 3). 00O —0.63+ 4.90ml/min0d 0 negative O
0000 0000 00,0 040000 030000 oo
000 000 000 OO0 00000 OO0 0 o0 ooo.
00 00D 1.26+ 1.20cm/sec, Vr 7.55+ 4.56cm/sec,
Ve 5.87+ 3.29cm/sec OO0O0 OO OO0 OOO.
Vr-Vc intervald 059+ 0040 OO OO0 O0O0O OO
OO0 OO0 000, 000 000 oooo oo ooo
000-000 0000 o000 1000 Ooooo gdo
0000 D000 000 O0Ooooo. 1120 0 oo go
00 000 OO0 000 00O 200 oOoooog o
O VmaxO 5.16+ 3.84cm/secl] OO OO OO OO O

Table 1. CSF flow analysis at the level of aqueduct of Sylvius

Confrol Normal pressure Obstructive
group hydrocephalus hydrocephalus
(NO 28) (NO 1) (NO 16)
To-and-fro 75% 82% 25%*
movement
Flowrate/cycle 3y 198 —0.43: 490  Not available
(ml/min)
Average velocit o4, 098 126+ 120  Not available
(cm/sec)
Vmax(cm/sec) 2.94+ 0.94 6.71+ 2.84 Not available
Vr(cm/sec) 2.90+ 1.45 7.55+ 4.56 Not available
Vec(cm/sec) 2.99+ 1.40 5.87+ 3.29 Not available
Vr-Vc interval 0.56+ 0.10 0.59+ 0.04 Not available

*Joqueduct OO OO0O0O OO0 OO OO0OO oOOOO
S50 U0 40000 OO0 000000 aqueduct OOOO O
0ooo0 to-and-fromovement OO O O 0OO0O.
+(positive)D 030000 0400 OOO0OO ODOOO OOO
0O 000, —(negative)D 040000 0300 0OOO000 OO
00 000D o0o, vOOODO OO0 000 oo oo, ved
000 ooo ooo oo oo, VmaoxO Vi Vved 0000
oog, flow rate/cycleD 000 OO0 OO0 OO0 ODOOO O
0000 U000 00 miO OO0, Vr-Ve intervalOVIOO O
OO0 ve 00O O0O(Y) OO0 OO0 R-R intervalll OO
o0 ooooo.
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Fig. 3. Comparison of CSF flow dynamics during one cardiac cycle in between normal person(upper) and patients with abn-
ormal CSF circulation(middled normal pressure hydrocephalus, lowerd obstructive hydrocephalus). The peak CSF flow
velocity in aqueduct was significantly increased in patients with NPH and significantly decreased in patients with
obstructive hydrocephalus.
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Fig. 4. Comparison of CSF flow dynamics before and after LP shunt in NPH. Post-operative T2 image showed that dilated ventricle
size was some decreased. After LP shunting in NPH group, preoperative retfrograde flow signal curves were antero-
gradely converted and the peak flow velocities were definitely decreased.

prasellar arachnoid cyst 200 O aqueduct 00000 O
O0 OO0 000 000000 110000 to—and—fro
movementl] 00O O O 0O0O0O0O Vmax, 00O, 00 OO,
Vr, Ve, Vr=Vc intervalD OO0 0O O O00O0. 000 OO
000 00 000 00 O 0O 0000 00 ooood
000 00 00 0000 0000 000 oo ooo o
O aqueduct 00 O OO0 OOOO OO OO OO0 O
000 O 0000 OO0 000 2cm/secd OO OO0
O00(Fig. 3). 00O OO0 OOOO D4000 OO O
000 000 OO0 0000 OO0 50 0 4000 to—
and—fro movementd OO 0O O OO0O0O OO0 Vmax
O 0.5008.45cm/secd] OO Vmax[O 2.79+ 2210 00O
000 0O 00000 OO0 Oo 0 ooo.ooo oo
0O —4.83+ 9.23ml/min00 OO O0O0OO OO ODOOO
000 OC OO0O0 00O 000 000 00 aqueduct
OO0 00000 OO0 OO0 040000 Oo30000 O
0 000 000 oo oooao.
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OO0 280 O to—and—fro movementd OO O O O
00 000 120(43%)000 00 VmaxOd 1.16+ 0.46
cm/sec, 000 —1.49+ 1.85ml/min, OO OO0 0.71%
0.65cm/sec O00O. VrO 0.60+ 0.37cm/sec, VcO 1.72+
0.81cm/sec O O. Vr—Vc intervall 0.63+ 0.090 00
(Table 2).

0dd 000 obobodo oodo ob O oo o
(91%)00 to—and—fro movementD OO O O OO0
Vmax, Vr, Vc, 00O 000 000 000 OO0 00 0d
O 0000000 =271+ 8.35mli/min00 negative O
0000 0000 00,0 040000 030000 00
000 000 OO0 OO0 ooooo oo o o ooo.
Vr—Vcintervald OO0 O0O0O.

000 000 000 1600 7000 0400000 O
000 OO0 00 O 0 0000 50(1%w0o0 to—
and—fro movementd OO O 0O O00O0. Vmax, Vr, Vc,
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Table 2. CSF flow analysis af the level of the fourth ventricle

Confrol Normal pressure Obstructive
group hydrocephalus hydrocephalus
To-and-fro 44% 91% 71%
movement
Flowrate/cyele | 4o, 185 —271: 835  —1.26+ 1.96
(ml/min)
Average veloclly 71, ge5 1,03+ 0.73 1.49+ 1.51
(cm/sec)
Vmax(cm/sec) 1.16+ 0.46  4.19+ 3.25 2.46+ 1.73
Vr(cm/sec) 0.60+ 0.37 5.13+ 5.40 2.48+ 3.80
Vec(cm/sec) 1.72+ 0.81 3.24+ 1.50 2.45+ 1.99
Vr-Vc interval 0.63+ 0.09 0.58+ 0.11 4,19+ 3.25

Table 3. CSF flow analysis at the prepontine level

Control Normal pressure Obstructive
group hydrocephalus hydrocephalus
To-and-fro 80% 50% 50%
movement
Flowrate/cycle o 1oy 111 —225: 191 —0.58% 2.63
(ml/min)
Average velocily a0y 048 0.85+ 0.07 0.85+ 0.47
(cm/sec)
Vmax(cm/sec) 2.99+ 1.82 1.88+ 1.10 3.36% 2.70
Vr(cm/sec) 3.18+ 2.33 0.95+ 1.06 3.38+ 3.82
Vc(cm/sec) 2.80+ 1.98 2.80+ 1.13 3.35¢ 1.73
Vr-Vc interval 0.59+ 0.09 0.50+ 0.10 0.63+ 0.06

00 ooo bodo 0o boo o000 boooo o
oo ood.

3. xRN LMW 8t

000 280 O 200(71%)00 to—and—fro movement
000 00000.0000 000 042+ 1.22ml/min
00 0U00 000 0000 000 000 gooo o
00 —2.25+ 1.91ml/min0 —0.58+ 2.63ml/min0 OO
OO0 positive OO, 0 OO OO0 O0OOOOO OO
O 0o00.00 00, Vmax, Ve, Vr—=Vc intervall O
000 000 000 000 0000 oo oooo
00000 Vrd 0.95+ 1.06cm/sec 0 OO0 OO0
(Table 3).

000 OO0 00000 oooo o300 cooo o
000 U0 00 00 0000 000 0o ooo o d
O O VmaxO 1.2505.26cm/secd 00 Vmaxd 3.78
cm/sec, OO OO0 256cm/secd00 OO O VmaxO
5.66008.59cm/sec] 00O Vmax[O 5.29cm/sec, 00 OO
O 156cm/secd] OOO0OO. OO0 OO O 0.85+ 047
cm/secO0 OO O 1.69+ 0.97cm/secO OOOO0O. O
00 000 aqueductal stenosis, tectal tumor, posterior
fossa tumor 0 0300 OOOOO OO0 OO OOOO
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0000 0300 0000 030000 prepontine cistern
000 0000 OO0 oooo oo gogg. oo o
OO0 Vr=Vc intervald 0.56x 0.0790 0.56x 0.0790 0O
0o0oO0 (Fig. 5).

4. 3% At 5| RLA0MY HH M 25

00000 OO0 OO0 OoOoU oo ooo oo
OO0 OO 0O 00 to—and—fro movementd] 000 OO
goOoOoC0 000 OO0 boobo ooo ooo ooo o
OO (Table 4, 5).

00 00 OO ooCob0 000 oooo oo oooo
OO0 0.03+ 0.98mI/min00 positive OOOO OO0 O
OO0 00 0000 -0.07+ 0.34ml/min00 negative O
000 OO0 00000, 00 040000 OO OO0
00 00 OO0 OCOQ0C D0oooo oo o oo oo o
00 0000 OO0 O O0(Table 4,5).

d

2k

0000 OO0 OO0 00 00000 000 000 Hahn
00 000 000 00 0000 00 000 OO0 Gr-
over(l Singer 00 0OD0O0O phasesensitive 000 O
000 D00 00000 0000 0000 0000 O
0000 0D0OO00 00000 0000 000 00000.
OO0 0OD0O00 00000 000 00 0000 000
19400000 00 0O0. 19430 O'Connell 02Y0 00O
0O 000 000 00 00 O 000 00D 00 00 O
000 000 000D OO0 OO0 000 O O 000
0O00. 000 00 000 0000 00 00 O 000
000 000 000 OO0 OO0 0O 0 000 000
0O 000 000 00 00 OO0 00 000 00000
00 00 00 0000 000 0O 0 000 000.00
000 DO0O0OO0 00000 D00 000 00 000
00 0ODO0O0 000 00000 OO0 D000 0000
0O 00 0000 000. Bering 020 00 00O OO
000 D000 000D OO0 0O0O0 0000 000
0000 00D 00000 DuBoulay 070 OO 00O
00 03000 00 00O 0000 0000 00 OO0
0O 000 00DO0O0.0 000 00,000, 00000
0 000 OO 00000 Monro—Kellie—Burrows 00
0O 0 00D 000 00000 000D 00000 OO0
0O 0000 00 D000 000D 0000 00000
0000 00000 000 00 oooo*™™,
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Fig. 5. Upper leftd Preoperative brain MR image shows aqueductal stenosis due to tectal tumor and dilated lateral ventricle.
Upper rightd After endoscopic third ventriculostomy, flow void is clearly seen between the third ventricle and interpedu-
ncular cistern(arrow). Middled Preoperative CSF flow dynamics. Lowerd Postoperative CSF flow dynamics. Postoperative
CSF flow study revealed definitely increased Vmax and flow rate/cycle at the prepontine cistern than those of preo-
perative study.

Table 4. CSF flow analysis at the precordal level

Table 5. CSF flow analysis af the postcordal level

Confrol Normal pressure Obstructive Confrol Normal pressure Obstructive
group hydrocephalus hydrocephalus group hydrocephalus hydrocephalus
To-and-fro 75% 33% 44% To-and-fro 60% 33% 38%
movement movement
Flowrate/cycle 4 o3, 098 —0.50t 077  —0.96+ 2.87 Flowrate/cycle 74 034 —1.50+ 218 —0.08¢ 1.10
(ml/min) (ml/min)
Averoge veloclly w4y 078 0.37+ 0.14 0.97+ 1.80 AVeIoge veloclly 54, 060 0.93+ 0.52 0.74+ 1.03
(cm/sec) (cm/sec)
Vmax(cm/sec) 3.42+ 1.46 2.84+ 1.44 3.01+ 1.78 Vmax(cm/sec) 2.02+ 1.12  2.87+ 2.02 3.43+ 3.44
Vr(cm/sec) 3.35%¢ 2.12 2.60+ 1.80 2.79+ 1.54 Vr(cm/sec) 1.88+ 1.55 2.42+ 1.66 3.70+ 5.03
Vc(cm/sec) 3.49+ 1.64 3.08+ 1.82 3.23+ 3.15 Vc(cm/sec) 2.16+ 1.02 3.32+ 2.53 3.16+ 2.25
Vr-Vc interval 0.64+ 0.05 0.65+ 0.14 0.57+ 0.07 Vr-Vc interval 0.62+ 0.10 0.58+ 0.15 0.63+ 0.06
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0000 000 00000°. 00 000 000 000
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O 00 compliancell 000 OO elastanced OO0 O
00 00 00000 0000 00 0000 0 0 oo,
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00 0000 00O 000 00 000 0 00 0oo o
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00 0000 0000 0000 OO0 O oogo sod
90%0 00000 000 000.000 000 Oooo o
0 000 00000 0000 OO0 compliance, elastance
0 000 0000 0OO0000 OO0 OoO0O0O0. Sherman
020 00 pulsatileD 0 0000 OO0 000 00O
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0000 00 000 OQgOo99me0:23) 00 T2-wei-—
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000 00000 00O 000 00 00 000 0o.0o
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00 000 0000 0000 Doooo. 000 ooo
0O 0000 aqueduct of SylviusOOO OO OOO 2.15
cm/secO0 OO OO0 5.2cm/sec OO OO0 OO0O.
0 0ddbd 0db 0o oobboo gooob oo o

J Korean Neurosurg Soc/Volume 27/May, 1998

2Es4 - FHS - 28BS - FZ9 -

e

0 000 0000 00,00 OO0 0O oo oo slice
thickness 0 00O 000 OOOO O0OO OOO O OO
0 000 ooobo. 000 ood 00 boooo aqu—
educt of SylviusD OO OO OO0 5cm/secC OO OO
00 OO0 OO0 OO0 000 OO0 aqueduct of Sylvius
000 00 000 OO0 000 ooo oo oo o o
000. 19930 Katayama 0'®0 1200 0000 OO
0O 0000 00 2000 0OO0O0O phase contrast cine MR
0 0000 020300 D000 oobdoo oob oo
0000 0000 00 00 000 4.66+ 0.13cm/secl
O 00 000 90cm/secl OO OO0OO0 OO OOO O
00000 0000 00 000 000 0o oo oo
gao.

00 Katayama 00 000 O OO0 OOO OOO O
0 0b0d 0obd oboo oob bob boo bgo o
0 00 000 00000 000 0o 0 0o ooo oo
goo. 0 0bd 000 oo 0ob oo oob oo
0-000 O0OOC0 00O OO0 000 ooo ooood
00 ooo boo 0oob 0oboo 0ob 0b 0o Ogob o
00 000O0O. 0000 0000 precordald post—cordal
00000 0000 OO0 000 aqueduct of SylviusO
O 00 to—and—fro movementd OO0 OO0 OO O
0 0bdbD 00 Oobo oobd oo bo obog oo
00 00 OO0 0O0oOO0. 000 00 00 0o ood
00 0000 000 00 OO00O00 ogd to—and—fro
movementl] OO0 0O0O. 000 OO0 ODOOO to—
and—fro movementd] O0O0O0O OO OO OO0 O0OO
0000 000 000 000 000 O0oo oooo o
00 0bd 0obo bob oboo oo obg boo.

000 OO0 00000 to—and—fro movementdl 00O
0 oo 0bo 0o 0O 00 000 obb bodo o
00 000 0000.00 000 000 00 000 ve—
locity encodingd OO0 OO OO0 OO00O0O0O OO O
0 000 000.0 00000 00 Oood wvelocity en—
codingdl 20cm/sec] OOOO0O. OO 20cm/sec OO0
0000 1cm/sec OO0 OO0 OO0 OO O O OO
0 0obd. 0ob 0bobo boob boo ooo o
00 00000 0000 000 20cm/sec OO0 OO
0 dooddbo 0o 0O 0bo oub bo oo, 00 o
0000 OO0 000 00 00 0ooooo oo ooo o
00 000 000 00 oo 0 b0 00 oob goo.od
000 000 U0 OO0 000 OO0 o0 velocity
encodingd 5cm/sec, OO0 OO0 OOOOO 20030

639



-

H

€l

Il & JE= o0l

]

&0

&0 of

H>
Joi

=

cm/sec, 000 OO0 O0OO0OO 203cm/secd OO0
00 O OO0 OO0 OO O oo ooo.o oo dg
O O0(eddy current)yl 0 OO OO0 ODOOO0O OO
O OO00O00 0000 positive, negativeO 0 0000
000 OO0 00000 0000 Oooo oo ogo
00 0000 o0o0o0oo.

000 000 ROIO OO OO OO OO OOOOO O
O ROIO OO OO OO O0O0O0O OOO ODOOOO oo
0 00 O0O.00 O ObodOo precordald] post—cordal
0000 O0O0O00 OO0 000 OO Ooo0g d Roio
00000 000 to—and—fro movementd OO OO0
000 0000.0 000 OO0 O Oooodg ogo o
000 0000 0000 000 oo ooo ooo oo
0 400 00O0OO0D®. 00000 000 000 0000
aqueductd] 00O OO0 O0O0O0O OO OO OO OOO
0% 000 00 00000 000 000 000 00 O
0000 OO0 O 000 0000 ooo O oog o
00 00 0000 OooO oooo oo.

0 00000 ROIO OOO OO OO net flow rate
000000 OO0 OO0 00 0000 oooo ogo
OO0 000000 O 0000 00O oo, 0oo Rrold
00 OO0 000 00000 0000 o0 Oooo od
000 OO000 000 000 Ooooo oooo ogo
000 00000 000 OO0 o000 oooo. oo o
0000 00 000 000 OO0 ooo oo, o0 go
0O 0000000 000 oooo.ooooo ooo
OO0 030000 04000 0oO0OO0O.0 OO0 oog o
0000 OO0 OO0 (net flow rate/cycle)d 0000 OO
positive, 0 00000 030000 04000 OOOO
00 00 0o ogod.

000 000 000 00000 negative OOOO0O
0000 OO0 00 040000 O30000 ooooo
000 000 00O 00000 0o 0o o goo.odo
000 000 0000 oboo-000 Oooo o oo o
000 0000 000 oO0oo O 0o ooo ogo
OO0 aqueduct of SylviusO OO 000 OO0 OO0OO
OO0 OO0 00 0OOoo. 000 ooo 0 04000
O 03000 0000 0000 OO0 Oooo oo o o
0O 000 00 0O0O0O0O 0000 to—and—fro movement
O 00 0000o0oo.

0 00 000 0000 000 Oooo 0o oog o
000 ODOOO O0O0O OO0 000 oog ooogo
OO0 000 OO0 000 OO0 Oooo Ooo o ogo

640

00 000 0oug 000 ooo. oot oo gg o
00 000 0000 00 000 o000 ooo ood
040 o0obo0O oooo oooo 0ooo oogo oogo
00 0000 00 000 0000 o000 oooo o4
oo.

2 £

U0 oo OO0 boo booo 00 000 oogo
000 0000 000 ooo0O0 booo oooo oooo
0d 0Oooo oo 0oo oooo ooo oogoo. o
O 000 000 0000 000 000 0 000 od
000000000000 ooboo oo booo
oooo.

e 10000019980 200 120

e 10000019980 200 200

eO0DOOO O O
120-752 00O OOOO 000 134 00
ooooo ooob ooooooo
00002) 361-5620, 00 002) 393—9979

References

1) Bering EA Jr Choroid plexus and arterial pulsations of cere-
brospinal fluid[] demonstration of the choroid plexus as a cere-
brospinal fluid pump. Arch Neurol Psychiatr 73] 165-173, 1955
Bering EA Jr Circulation of the cerebrospinal fluid[] demo-

0o
~—

nstration of the choroid plexus as the generator of the force for

flow of fluid and ventricular enlargement. J Neurosurg 19[]

405-413, 1962

Bradley WG Jr, Kortman KE, Burgoyne BO Flowing cerebro-

spinal fluid in normal and hydrocephalic states[] appearance

on MR images. Radiology 159[1611-616, 1986

Bradley WG, Quencer RMU Hydrocephalus, atrophy, and CSF

flow. In Stark DD, Bradley WG (eds). Magnetic resonance

imaging. 2nd ed. St. Louis[] Mosby-Year Book, 1991

5) Bradley WG, Whittemore A, Jinkins JR, et allJ Cerebrospinal
fluid flow patterns in hydrocephalus[] correlation of clinical

%}
=

S~
=

and phantom studies using MR imaging (abstr). Radiology
16500 78-79, 1987

6) Bradley WG Jr, Whittemore AR, Kortman KE, et all] Marked
cerebrospinal fluid voidll indicator of successful shunt in pat-
ients with suspected normal-pressure hydrocephalus. Radiology
17807 459-466, 1991

7) Du Boulay GRUO Pulsatile movements in the CSF pathways.
Brj Radiol 3900 255-262, 1966

8) Edelman RR, Wedeen Vj, Davis KR, et all Multiphasic MR
imaging[] a new method for direct imaging of pulsatile CSF

J Korean Neurosurg Soc/Volume 27/May, 1998



9

10)

1)

12)

14)

15)

16)

17)

flow. Radiology 161[1779-783, 1986

Enzmann DR, Pelc NJU Normal flow Patterns of intracranial
and spinal cerebrospinal fluid defined with phase-contrast cine
MR imaging. Radiology 1781467474, 1991

Feinberg DA, Mark ASUO Human brain motion and cerebro-
spinal fluid circulation demonstrated with MR velocity imaging.
Radiology 16300 793-799, 1987

Greitz D, Wirestam R, Franck A, et al(] Pulsatile brain movement
and associated hydrodynamics studied by magnetic resonance
phase imaging. The Monro-Kellie doctrine revisited. Neuro-
radiology 34[1370-380, 1992

Grover T, Singer JRO NMR spin echo flow measurements. J
Appl Phys 421 938-940, 1971

Hahn EL[ Detection of sea-water motion by nuclear precession.
J Geophys Res 65[1776-777, 1960

Harris GJ, Rhew EH, Noga T, et all] User-friendly method for
rapid brain and CSF volume calculation using trans-axial MR
images. Psychiatry-Res 40[] 61-68, 1991

Hoffmann OO Integration of pulsatory components and autore-
gulation into a mathematical model. In Ishii S, Nagai H, Brock
M (eds) CSF dynamics. Vol 5 Intracranial pressure. Berlin[J
Springer, 1983[1169-173

Katayama S, Asari S, Ohmoto TO Quantitative measurement
of normal and hydrocephalic CSF flow using phase contrast
cine MR imaging. Acta Med Okayama 471 157-168, 1993
Martin AJ, Drake JM, Lemaire C, et alll Cerebrospinal fluid

J Korean Neurosurg Soc/Volume 27/May, 1998

22)

23)

24)

25)

==y
[=X=hm]

e

FE0 - 28 - =9

shunts flow measurements with MR imaging. Radiology
1730 243-247, 1989

Maschalchi M, Ciraolo L, Tanfani G, et allJ Cardiac-gated phase
MR imaging of aqueductal CSF flow. J Comput Assist Tomogr
12[7923-926, 1988

Nitz WR, Bradley WG, Watanabe AS, et allJ Flow dynamics
of cerebrospinal fluid[] Assessment with phase-contrast velocity
MR imaging performed with retrospective cardiac gating. Ra-
diology 1837 395-405, 1992

Njemanze PC, Beck OJO MR-gated intracranial CSF dynam-
ics[] evaluation of CSF pulsatile flow. AJNR 100 77-80, 1989
O’Conn’el JEADQ Vascular factor in intracranial pressure and
maintenance of cerebrospinal fluid circulation. Brain 66[] 204-
228, 1943

Quencer RM, Post MJD, Hinks RSO Cine MR in the evalu-
ation of normal and abnormal CSF flow[ intracranial and
intraspinal studies. Neuroradiology 32[1371-391, 1990
Ridgway JP, Turnbull LW, Smith MA[l Demonstration of pul-
satile cerebrospinalfluid flow using magnetic resonance phase
imaging. Br J Radiol 60[]423-427, 1987

Sherman JL, Citrin CM, Bowen Bj, et alld MR demonstration
of altered cerebrospinal fluid flow by obstructive lesions. AJNR
700 879-894, 1986

Sherman JL, Citrin CM, Cangarosa RE, et aldJ The MR appe-
arance of CSF flow in patients with ventriculomegaly. AJR
14807 193-199, 1987

641



