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Abstract

Background: Phase contrast MR imaging is a rapid and non-invasive technique which is sensitive in diagnosis and
follow-up of different neurological diseases that cause CSF flow abnormality. MRI CSF flowmetry will be currently
assessed in different neurological diseases that may cause CSF flow abnormalities.

Results: This study includes 39 patients with their ages ranging from 1 to 65 years; they were referred from the
neurology department, with nine individuals of matched age and sex as a control group. Based on clinical history
and conventional MRI, patients were subdivided into five subgroups; normal pressure hydrocephalus (NPH),
hydrocephalus, idiopathic intracranial hypertension (IIH), brain atrophy (BA), and Chiari malformation type | (CM-I).
All patients and control were subjected to MRI CSF flowmetry evaluation with stress on peak diastolic velocity
(PDV), peak systolic velocity (PSV), stroke volume (SV), and maximum velocity (Vmax). PDV, PSV, and SV were found
significantly higher in NPH, CM-I, and hydrocephalus compared to control (4.2, 496, and 83.23 for NPH; 3.95, 4.93,
and 37.38 for CM-I; and 4.2, 5.6, and 125 in hydrocephalus versus 2.11, 2.73, and 75.33 in control, respectively; P =
0.0004, 0.0008, and 0.0009 for NPH; 0.03, 0.003, and 0.06 for CM-I; and 0.0005, 0.0002, and 0.0003, respectively). On
the other hand, patients with BA showed significantly lower values (1.37, 1.66, and 1.53, respectively) compared to

control (P =0.001, 0.001, and 0.004, respectively).

selecting the therapeutic option.

Keywords: Phase contrast MRI, CSF

Conclusion: MRI CSF flowmetry provides an easy, accurate, and non-invasive method for diagnosis of different
neurological diseases that cause CSF flow abnormality. Moreover, this diagnostic modality could be helpful in

Background

Cerebrospinal fluid (CSF) is a clear, watery fluid that fills
the ventricles of the brain and the subarachnoid space
around the brain and spinal cord. CSF plays an import-
ant role in supporting the brain growth during evolution
and protecting it against external trauma [1]. The nor-
mal CSF pressure is between 5 and 15 mmHg (65-195
mm H,0O) in adults. In children younger than 6 years,
normal CSF pressure ranges between 10 and 100 mm
H,O [2]. CSF flows through the aqueduct of Sylvius and
the foramen magnum is of a pulsatile “to and fro”
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nature. During systole, CSF flows through the aqueduct
and foramen magnum in caudal direction which is
reversed in diastole. It is this pulsatile flow which is
detected and measured by phase-contrast MRI [3]. For
CSF flow evaluation, two series of phase-contrast im-
aging techniques are applied. One in the axial plane with
through-plane velocity encoding for flow quantification,
and the other is in the sagittal plane, with in-plane
velocity encoding for qualitative assessment. Through-
plane evaluation is performed in axial oblique plane per-
pendicular to the long axis of the aqueduct, and it is
more accurate for quantitative analysis because the par-
tial volume effects are minimized [4].

Qualitative assessment is most beneficial in assessment
of communication between the arachnoid cyst and
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subarachnoid CSF spaces. The plane of imaging is ad-
justed according to the expected point of communica-
tion; it may be in axial, sagittal, or coronal planes for
detection pulsatile flow (black and white shades) at
the neck of the cyst in phase images as evidence of
communication with the subarachnoid spaces, as the
pulsatile movement of the CSF in the subarachnoid
spaces is transmitted to the neck of the cyst through
the point of communication. Absence of such signal
is an indicator of non-communication [5]. Finally, im-
ages obtained from phase-contrast (PC) MRI can be
displayed in closed loop cine format or displayed as
separate images. Post processing technique starts with
manual drawing of a circular region of interest (ROI)
on the phase images to include the whole pixels that
represents the flow at the aqueduct. Direct measure
of the velocity (cm/s) and volume flow rate (ml/min)
of the moving spins can be extracted from velocity-
time curves and flow-time curve [6, 7].

Phase-contrast MRI also can detect if there is commu-
nication with CSF or not in cases with arachnoid cysts
which in turn provide the clinician with valuable data
that allow him to choose the suitable method of treat-
ment [5]. This imaging method can also help in deter-
mination of the severity of CSF flow abnormality that
results from tonsillar herniation in Chiari 1 malforma-
tion. This may be guidance for the clinician to follow-up
those patients after treatment [8, 9].

Normal pressure hydrocephalus (NPH) is a clinical
syndrome characterized by gait disturbance, urinary
incontinence, and dementia with normal CSF pres-
sure. Hydrocephalus is a main finding in imaging. It
is a rare disease but a treatable cause of dementia.
Brain atrophy (BA) is a common feature of many dis-
eases affecting the brain, which results in symptoms
close to that of NPH; PC MRI is believed to be a re-
liable method in the diagnosis of NPH and differenti-
ating it from brain atrophy [10].

Idiopathic intracranial hypertension (IIH) is a clinical
syndrome characterized by raised intracranial pressure
(ICP), in absence of a detectable cause and absence of
hydrocephalus [11]. It leads to headache, papilledema,
and visual disturbance that may ends with blindness in
10% of cases, without any lateralizing findings in the
neurological examination, and normal CSF composition
[12]. CSF flow by PC MRI in (IIH) patients, there was
difference between the ITH groups and controls in mean
rate and flow parameters; this difference suggests that
CSF flow analysis by PC MRI may be a marker to
follow-up IIH patients [13].

Chiari malformation type I (CM-I) is a condition char-
acterized by downward displacement of the cerebellar
tonsils through the foramen magnum and may be asso-
ciated with or without syringomyelia. CSF flow studies
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using PC MRI are routinely used nowadays to determine
the severity of CSF flow disturbance. The degree of CSF
flow disturbance has been shown to correlate with sever-
ity and development of clinical symptoms [14].

Ventricular dilatation is the main finding in brain atro-
phy. It is always mild but symmetrical. Ventricular
dilatation is proportional to the widening of the sub-
arachnoid spaces; this change is better assessed on T1
WI MRL abnormal high signal intensity white matter
progressively increases with age as it results from ische-
mic changes. It may be seen in both deep and periven-
tricular white matter [15]. CSF flow parameters are
extracted in one cardiac cycle. Forward flow volume
(ml) that represents the CSF flow volume in the encod-
ing direction, while backward flow volume (ml) repre-
sents CSF flow volume moving in the opposite direction.
Regurgitation fraction ratio is the ratio of the smaller to
the larger volume between the backward flow volume
and the forward flow volume. The most important par-
ameter calculated from these parameters is stroke vol-
ume (ml) which is defined as the mean volume of CSF
passing through the aqueduct in craniocaudal and cau-
docranial direction (Fig. 1) [16]. CSF flow velocity pa-
rameters quantify from velocity-time curve; in this
curve, the area above the base line is the diastolic vel-
ocity, while the area below the base line is the systolic
velocity. The curve is analyzed by the following parame-
ters, peak diastolic velocity (PDV) (cm/sec), and peak
systolic velocity (PSV) (cm/sec). Maximum CSF flow vel-
ocity (Vmax) in the aqueduct is calculated as the average
of the absolute values of PDV and PSV (Fig. 2) [17].

For flow volume, maximum flow (cm3®/sec) is calcu-
lated by multiplying ROI area (cm?) with maximum vel-
ocity (Vmax) (cm/sec). Stroke volume represents the
average of the volume flowing through aqueduct during
systole and diastole, calculated by summation of forward
flow volume and backward flow volume then multiply
by two [6]. In the current work, MRI CSF flowmetry will
be assessed in the different neurological diseases that
may cause CSF flow abnormalities.

Methods

This prospective study was performed between July 2018
and December 2019. A total of 39 patients were enrolled
in this study, 26 females and 13 males. Their mean age
ranged from 1 to 65years; they were referred from
neurological departments of children and adults. The pa-
tients were divided into the following subgroups based
on clinical and conventional MRI: NPH (12 patients),
hydrocephalus group (11lpatients), IIH (7 patients), and
brain atrophy (6 patients) while CM-I (3 patients) and
control group (9) in number were free from any medical
or neurological disease and had normal conventional
MRI.
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Fig. 1 a Maximum velocity-time graph following ROI placement on the cerebral aqueduct in phase-contrast images obtained [positive values
(diastolic) show CSF flow velocity in the caudocranial direction and negative values (systolic) CSF flow velocity in the craniocaudal direction]. b
CSF flow data [stroke volume (ml), forward flow volume (ml), backward flow volume (ml), regurgitant fraction (%), absolute stroke volume (ml),
mean flux (ml/s), stroke distance (cm), and mean velocity (cm/s)] calculated for one cardiac beat by 2D-Q Flow software [16]
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Fig. 2 Schematic drawing of CSF flow velocity show (PSV), (PDV), Vmax = (PSV + PDV)/2 [17]
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Table 1 Conventional MRI findings in each group
Group MRI finding

NPH group (N = 12)

Hydrocephalus group (N = 11)

IIH group (N = 7)

BA group (N = 6)

CM-I group (N = 3)

Evan index >03 (N = 12)

Aqueduct flow void sign (N = 5)

ventricular dilatation

Empty sella (N = 4)

Widened perioptic CSF space (N = 5)

Posterior globe flattening (N = 2)

Widened subarachnoid CSF space and cortical sulci (N = 5)
White matter hyperintensities (N = 2)

Herniation of the cerebellar tonsil beyond the foramen magnum
Syringomyelia

Aqueduct flow void sign

NPH normal pressure hydrocephalus, /IH idiopathic intracranial hypertension, BA brain atrophy, CM-/ Chiari malformation type |

Table 2 Analysis of difference between normal pressure hydrocephalus (NPH) versus control group (t test)

NPH group, N = 12 (mean * SD) Control group, N = 9 (mean + SD) P
PDV (cm/s) 420 £ 1.16 211 +£037 0.0004*
PSV (cm/s) 496 + 1.55 2.73 £0.50 0.0008*
Vmax (cm/s) 458 +1.28 242 +0.26 0.0005*
SV (ML) 83.23 + 2745 2533 +530 0.009*
Aqueduct area (cmz) 0.08 + 0.02 0.04 + 0.01 0.008*
Maximum flow (cm>/s) 035+0.13 012 £0.04 0.004*

Data expressed as mean * SD. SD standard deviation, P probability
*Significance < 0.05

Table 3 Analysis of difference between Chiari malformation type | (CM-1) group versus control group (t test)

CM-I group, N = 3 (mean * SD) Control group, N = 9 (mean * SD) P
PDV 395+ 224 211 +£037 0.03*
PSV 493 + 167 2.73 £0.50 0.003*
sV 37.38 £ 16.21 2533 £5.30 0.06

Data expressed as mean * SD. SD standard deviation, P probability
*Significance < 0.05
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Table 4 CSF flow parameters in patient with hydrocephalus relative to control group

Hydrocephalus, N = 12 (mean + SD) Control group, N = 9 (mean * SD) P
PDV 42+ 022 211 £037 0.0005 *
PSv 56 + 0.65 2.73 £ 050 0.0002 *
Y 125+ 24 2533 +530 0.0003 *

Data expressed as mean * SD. SD standard deviation, P probability
*Significance < 0.05

Table 5 Analysis of difference between brain atrophy group versus control (t test)

Brain atrophy, N = 6 (mean + SD) Control group, N = 9 (mean + SD) P
PDV (cm/s) 133 £ 044 211 £ 037 0.001*
PSV (cm/s) 1.66 £ 0.57 2.73 £0.50 0.001*
Vmax (cm/s) 149 + 044 242 £0.26 0.002*
SV (ML) 11.63 + 431 2533 +£530 0.004*
Aqueduct area (cm?) 0.04 + 0.01 0.04 +0.015 0.99
Maximum flow (cm3/s) 0.07 £0.02 011 £0.04 0.017*

Data expressed as mean * SD. SD standard deviation, P probability
*Significance < 0.05

Fig. 3 Female patient aged 65 years old presented by memory disturbance, gait apraxia, and urinary incontinence. MRI (a) axial FLAIR at the level
of the lateral ventricle showing hydrocephalus (Evan index = 0.33). b Sagittal T2 WI showing the signal void sign at the aqueduct (white arrow). ¢
3D DRIVE image showing patent normal aqueduct. d CSF flow in the aqueduct of Sylvius as shades of white. Sagittal phase image in systole
showing (e) velocity-time curve showing CSF in both diastole (above the base line) and systole (below the base line). PDV = 3.9 cm/s, PSV = 5.8
cm/s. Vmax = (3.9 + 5.8)/2 = 4.85 cm/s. f CSF flow curve associated table demonstrating the following: forward flow volume = 131 l, and
backward flow volume = 156 ul, and so the SV = (131 + 156)/2 = 1435 pl/cycle. Aqueduct area = 0.122 cm?. So the maximum flow was
calculated as following: maximum flow = 4.85 x 0.122 = 05917 cm?/s. The diagnosis is hyperdynamic CSF circulation consistent with NPH
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aqueductal web

Fig. 4 Male patient aged 46 years old presented with headache axial T2 WI showing hydrocephalus. b 3D DRIVE image showing aqueductal web.
c Sagittal phase image in systole showing no CSF flow in the aqueduct. d Velocity time curve showing markedly irregular CSF flow curve
indicating irregular to and fro movement of the CSF proximal to the site of obstruction. Diagnosis is obstructive hydrocephalus caused by

Phase contrast MRI protocol

Sagittal 2D phase-contrast image were done for all
patients using the following parameters: TR 21 ms
TE ranged from 5.4 to 10ms, flip angle 10, matrix
256 x 256 pixels, slice thickness = 5mm. For axial
phase-contrast image, the following parameters are
used: TR ranged from 12 to 17 ms, TE ranged from
7.3 to 104 ms, flip angle = 15°, matrix 256 x 256
pixels, and slice thickness = 5mm. The first step
was the cardiac gating. It was performed with MR
compatible peripheral pulse transducer applied to
the subject’s finger.

In midsagittal image a localizer was placed perpen-
dicular to the aqueduct of Sylvius, the localizer should
pass through the aqueduct in the axial plane. Phase con-
trast images were obtained in one cardiac cycle. A series
of phase and magnitude images at different cardiac
phases were obtained.

After the data acquisition, all images were transferred
to the workstation equipment with Q flow software. A
region of interest was drawn manually to include all
pixels that reflected the CSF flow signals on the phase

images after magnification of the images to clarify the
flow; after that, the CSF flow parameters were automat-
ically extracted.

Data analysis

Qualitative analysis

Firstly, the images were analyzed in one setting for each
case by the same radiologist, using midsagittal phase and
magnitude images which revealed CSF flow in both sys-
tole and diastole; caudal flow in systole was represented
as hyperintense signal, while the diastolic flow (cranial
flow) was represented as hypointense signal, the change
of flow in the aqueduct, during systole and diastole ruled
out the presence of obstruction. Data were tabulated,
coded, and then analyzed using the computer program
SPSS (Statistical Package for Social Science) version
17.0.

Descriptive data
Descriptive data were expressed as follows:
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hyperdynamic CSF circulation consistent with IIH

Fig. 5 Female patient aged 30 years old presented with visual impairment. MRI axial T2: Normal lateral ventricle. b 3D DRIVE image showing
patent normal aqueduct. ¢ Sagittal magnitude image showing CSF flow in the aqueduct of Sylvius as shades of white. d Velocity time curve
showing CSF in both diastole (above the base line) and systole (below the base line). PDV = 2.6 cm/s, PSV = 4.1 cm/s, Vmax = (2.6 + 4.1)/2 = 335
cm/s. e CSF flow curve. Forward flow volume = 47 ul and backward flow volume = 50 ul, and so the SV = (47 + 50)/2 = 48.5 pul/cycle. Diagnosis is

1. Mean + standard deviation (SD) for parametric
parameters

2. Median and range (minimum-maximum) for non-
parametric parameters

3. Frequency (number-percent) for categorical
parameters

Analytical statistics

Comparison between the different groups was done by
the relevant test; significance of tests is considered if less
than 0.05:

1. Student’s t test (unpaired). For comparison between
means of two groups for parametric data

2. Mann-Whitney. For comparison between two
groups as regards non-parametric variable

Results

This study included 39 cases, 26 females and 13 males.
Their ages ranged from 1 to 65 years, all of them under-
went conventional MRI (Table 1), and then PC MRI

was done. For control, I[IH, NPH, and BA groups, the
parameters included SV, aqueduct area (ROI area,
Fig. 1), PSV, PDV, and Vmax (Fig. 2) were extracted
and calculated for each patient, maximum flow was cal-
culated from the following equation: (maximum flow =
Vmax x aqueduct area); their results were summarized
(Tables 2, 3, 4, and 5).

PDV, PSV, and SV were found significantly higher
in NPH (Table 2, Fig. 3), CM-I (Table 3), and hydro-
cephalus (Table 4, Fig. 4) compared to control (4.2,
4.96, and 83.23 for NPH; 3.95, 4.93, and 37.38 for
CM-I; 4.2, 5.6, and 125 in hydrocephalus versus 2.11,
2.73, and 75.33 in control, respectively; P = 0.0004,
0.0008, and 0.0009 for NPH; 0.03, 0.003, and 0.06 for
CM-L; and 0.0005, 0.0002, and 0.0003, respectively).
Similarly, IIH showed higher values compared to con-
trol (PDV = 2.6, PSV = 4.1, and SV = 48.5; Fig. 5).
On the other hand, patients with BA showed signifi-
cantly lower values (1.37, 1.66, 1.53, respectively)
compared to control (Table 5, P = 0.001, 0.001, and
0.004, respectively; Fig. 6).
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i

Fig. 6 Female patient presented with gait disturbance and difficult urinary control. a MRI axial FLAIR, mild dilatation of the lateral ventricles, and
white matter abnormal hyperintensity representing ischemic changes. b 3D DRIVE image showing patent normal aqueduct. ¢ Sagittal phase
image in systole showing CSF flow in the aqueduct of Sylvius as shades of white. d Velocity time curve showing CSF in both diastole and systolic
PDV = 14.cm/s, PSV = 2.2 cm/s, and Vmax = (1.4 + 2.2)/2 = 1.8 cm/s. e CSF flow curve associated table, Forward flow volume = 10 ul, and
backward flow volume = 14 l, and so the SV = (10 + 14)/2 = 12 pl/cycle. Aqueduct area = 0.05 cm?. So the maximum flow was calculated as
follows: maximum flow = 1.8 x 0.05 = 0.09 cm?/s. Diagnosis is hypodynamic CSF flow consistent with brain atrophy

Slice1

Slice1 Vessel 1

Discussion

Many neurological diseases that results in changes in
CSF dynamics include idiopathic intracranial hyper-
tension (IIH), normal pressure hydrocephalus (NPH),
brain atrophy (BA), Chiari malformation type I (CM-
I), and hydrocephalus. Phase contrast MRI CSF
flowmetry can be used for qualitative and quantitative
assessment of CSF flow abnormality in all the previ-
ously mentioned neurological condition [18]. Many
parameters have been used for assessment of CSF
flow by PC MRI including flow, and velocity param-
eter, stroke volume, peak systolic velocity, mean sys-
tolic velocity, forward flow volume, and backward
flow volume [10].

In this study, six parameters were used to detect the
CSF flow dynamics through aqueduct of Sylvius. Peak of
the mean systolic and diastolic velocities is in centime-
ters/second; these parameters were extracted from mean
velocity-time curve as the area above the baseline
represents the CSF diastole, the area below the base-
line represents the CSF systole. Maximum velocity

(Vmax) is in centimeters/second; it was calculated by
absolute value of peak systolic and diastolic velocities
divided by two. Aqueduct area was represented by the
ROI area in square centimeters. Maximum flow is in
square centimeters/second which was calculated by
the following equation: maximum flow = Vmax x
ROI area. Stroke volume is the average of the CSF
volume passing through aqueduct during systole and
diastole in milliliters/cycle which was calculated from
summation of forward flow volume and backward
flow volume then divided all by two.

This study included 39 patients with different neuro-
logical diseases which were suspected to have CSF ab-
normality as follows: patients with NPH, IIH, BA, and
hydrocephalus. Normal pressure hydrocephalus is one of
the few treatable causes of dementia, but it is difficult to
accurately differentiate it from BA. PC MRI provides a
non-invasive tool for diagnosis of NPH and differentiates
it from brain atrophy [10].

Phase contrast MRI was studied at the level of aque-
duct in 12 patients with NPH; all parameters were found
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significantly higher in NPH group compared to the con-
trol group indicating hyperdynamic CSF flow in NPH
patients. This was in agreement with Giner et al. who
found that there was significant increase in PDV and SV
in NPH patients compared with control group [19].
Hydrocephalus is classified into communicating and
non-communicating (obstructive) and hence PC MRI
can be used for such classification. Also, it can be used
to determine the cause of obstruction in obstructive
hydrocephalus if ordinary MRI sequences could not ac-
curately detect it [20].

Eleven patients diagnosed to have obstructive
hydrocephalus by conventional MRI were further in-
vestigated using PC MRI, which revealed the cause of
hydrocephalus accurately; all of the patients were di-
agnosed as obstructive hydrocephalus by combination
of conventional MRI, 3D DRIVE, and quantitative
analysis through the aqueduct revealed irregular CSF
flow curve, in agreement with Michali-Stolarska et al.
who found that the curve to be irregular in cases of
obstruction [20].

Idiopathic increased intracranial hypertension (IIH)
is characterized by increased intracranial tension in
absence of detectable cause. The diagnosis depends
on clinical base (presence of papilledema on fundus
examination and high CSF opening pressure done by
lumber puncture) [21]. The same technique of PC
MRI at the level of the aqueduct was applied on
seven patients with IIH; a statistically significant in-
crease was observed in all parameters (apart from the
aqueduct area).

Phase-contrast MRI in six patients with BA at the level
of the aqueduct was interpreted using the same six pa-
rameters; a significant decrease in all parameters was ob-
served in BA group compared to control indicating
hypodynamic CSF flow.

Chiari malformation type I (CM-I) is abnormal down-
ward descent of the cerebellar tonsil of at least 5 mm
below the foramen magnum that causes increased resist-
ance to CSF flow between the intracranial and spinal
subarachnoid space. Detection of the severity of such
CSF flow abnormality may help clinicians to choose pa-
tients who need surgical interference and to follow them
postoperatively [22]. In our study, three patients with
CM-I were diagnosed by PC MRI at two levels, at the
aqueduct of Sylvius and at the craniocervical junction;
there was a significant increase in PSV and PDV in CM-
I patients compared to control group (P = 0.03 and
0.003, respectively). However, the SV parameter showed
insignificant difference.

Limitation of the current study was that all mea-
surements had been done once without serial assess-
ments of these parameters in subsequent follow-up
evaluation.
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Conclusion

MRI CSF flowmetry provides an easy and non-invasive
method for diagnosis and follow-up of different neuro-
logical diseases that could cause CSF flow abnormality.
Discrimination of NPH from brain atrophy can be
achieved using MRI CSF flowmetry; however, it could be
a useful tool for follow-up of ITH patients and for evalu-
ation of the clinical course of CM-I prior and after
surgery.

Abbreviation
PSV: Peak systolic velocity; PDV: Peak diastolic velocity; PC: Phase contrast;
CSF: Cerebrospinal fluid; CM-I: Chiari malformation type |
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