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Abstract

Background and Objectives

Spontaneous intracranial hypotension (SIH) is characterized by loss of CSF volume. We
hypothesize that in this situation of low volume, a larger CSF flow and spinal cord motion at the
upper spine can be measured by noninvasive phase contrast MRL

Methods

A prospective, age-, sex-, and body mass index (BMI)-matched controlled cohort study on
patients with SIH presenting with spinal longitudinal extradural fluid collection (SLEC) was
conducted from October 2021 to February 2022. Cardiac-gated 2D phase contrast MRI se-
quences were acquired at segment C2/C3, and C5/C6 for CSF flow, and spinal cord motion
analysis. Data processing was fully automated. CSF flow and spinal cord motion were analyzed
by peak-to-peak amplitude and total displacement per segment and heartbeat, respectively.
Clinical data included age, height, BMI, duration of symptoms, Bern score according to
Dobrocky et al,, and type of the spinal CSF leak according to Schievink et al. Groups were
compared via the Mann-Whitney U test; multiple linear regression analysis was performed to
address possible relations.

Results

Twenty patients with STH and 40 healthy controls were analyzed; each group consisted of 70%
women. Eleven patients with SIH presented with type 1 leak, 8 with type 2, and 1 was
indeterminate. CSF flow per heartbeat was increased at C2/C3 (peak—to-peak amplitude
65.68 + 18.3 vs 42.50 = 9.8 mm/s, total displacement 14.32 + 3.5 vs 9.75 £ 2.7 mm, p < 0.001,
respectively). Craniocaudal spinal cord motion per heartbeat was larger at segment C2/C3
(peak-to-peak amplitude 7.30 + 2.4 vs 5.82 + 2.0 mm/s, total displacement 1.01 + 0.4 vs 0.74 +
0.4 mm, p = 0.006, respectively) and at segment CS/C6 (total displacement 1.41 + 0.7 vs 0.97 +
0.4 mm, p = 0.021).

Discussion

SLEC-positive patients with STH show higher CSF flow and higher spinal cord motion at the
upper cervical spine. This increased craniocaudal motion of the spinal cord per heartbeat might
produce increased mechanical strain on neural tissue and adherent structures, which may be a
mechanism leading to cranial nerve dysfunction, neck pain, and stiffness in STH. Noninvasive
phase contrast MRI of CSF flow and spinal cord motion is a promising diagnostic tool in STH.
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Glossary

AUROC = area under the curve of receiver operating characteristic; BMI = body mass index; CNN = convolutional neural
network; CSA = cross-sectional area; ICC = intraclass correlation coefficient; ICHD = International Classification of Headache
Disorders; STH = spontaneous intracranial hypotension; ROI = region of interest; SLEC = spinal longitudinal extradural fluid

collection; VENC = velocity ENCoding (parameter).

Classification of Evidence

This study provides Class III evidence that noninvasive phase contrast MRI of the upper spine identifies differences in CSF flow

and spinal cord motion in patients with SIH compared with healthy controls.

Spontaneous intracranial hypotension (SIH) is most often
caused by spinal CSF leaks that might lead to an orthostatic
headache syndrome." The headache, if present, is most pro-
nounced in the back of the head, which has been hypothesized
to be the result of the following causal sequence: low CSF
volume—sagging of the brain—tension on the cranial nerves
and dura mater, which in the posterior fossa is sensitive to

.23
tension.™

Current diagnostic criteria include CSF opening pressure
<60 mm H,0 measured by lumbar puncture in lateral decu-
bitus position and/or evidence of CSF leak on imaging.*
However, only 1/3 of patients have a low CSF pressure,””
symptoms are variable,” and evidence of CSF leak might in-
volve invasive diagnostics.1 Intracranial CSF pressure cannot
yet be noninvasively measured reliably, for example, by MRL
Also, the CSF volume is difficult to assess noninvasively due to
the high variability of the thecal sac and the lack of data in
healthy controls.

The ratio of changes in pressure and volume defines the term
compliance. In a physiologic state, the spinal compartment
is favored as being the site of major volume compliance®'*:
The spinal compartment serves as an elastic buffer zone
(Windkessel) that stabilizes the change in pressure caused
by pulsatile in- and outflow of blood into the CSF- and CNS-
filled cranium.'®*?® In patients with SIH, this mechanism is
disturbed due to the loss of CSF volume. Especially in the
upright position, the CSF volume shifts in higher proportion
toward the spinal canal and causes a decrease in intracranial
pressure.®

In the supine position, CSF pressure in the cranial and spinal
compartments is equal. According to the law of Bernoulli, in
such a system of even pressure, a loss of volume (=CSF)
should lead to an increase of volume change (=CSF flow,
spinal cord/CNS motion, respectively). This effect is expected to
be largest at the transition from the larger, rather round-shaped
cranium to the smaller, and tube-like spinal canal.

Cardiac-gated phase contrast MRI measures the velocity of
moving spins using bipolar gradients that create phase shifts
proportional to their velocities.' ! Amplitude, duration, and
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spacing of the bipolar gradients determine the degree of
sensitivity to slow or fast flows adjusted with a prespecified
parameter called velocity encoding (VENC). The VENC in
centimeters per second is chosen to encompass the highest
velocities to be encountered within the region of interest
(ROI): If it is too high, the range of flows imaged will only
span a limited phase shift range. If it is too low, velocity
aliasing will occur, in which faster spins are displayed with an
opposite phase, the so-called aliasing.'*'> With adapted
VENC, time-resolved, quantitative interpretation of the ve-
locity curve per heartbeat is feasible, and the pulse-
synchronous, craniocaudal CSF flow'®'” and spinal cord
motion can be assessed."®

The primary research question of this trial was to investigate
CSF flow and spinal cord motion at the spinal canal among
patients with STH. We hypothesize that patients with STH with
evidence of CSF leaks can be separated from healthy controls
by increased spinal cord motion and CSF flow as identified
with phase contrast MRI.

Methods

A prospective controlled, single-center, observational study
was performed on patients with SIH fulfilling the ICHD-3
criteria® between October 2021 and February 2022. Patients
were required to show evidence of a CSF leak on spine MRI
(spinal longitudinal extradural fluid collection [SLEC]).'*""

An age- and sex-matched cohort of healthy controls in a ratio
of 1:2 was derived from a cohort of 64 healthy controls aged
20-80 years. Controls had been recruited via in-house ad-
vertisements (June 2019-February 2020) and had received 30
Euros compensation. Healthy controls were required to have
no history and/or clinical signs of cervical spinal canal de-
generation, no CNS or psychiatric disease, nor any other
impairment of daily life activities by other illnesses, especially
headaches. Controls had received a neurologic examination
before admission to exclude asymptomatic signs of CNS
disease. Participants were excluded in case of incidental finding
of arelevant spinal canal stenosis defined as diminished anterior
and/or posterior CSF space.

Neurology.org/N

Copyright © 2022 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.


http://neurology.org/n

Standard Protocol Approvals, Registrations,
and Patient Consents

The local ethic committee approved the trial (Ethics Com-
mittee University of Freiburg, Vote number: 338/17). Writ-
ten informed consent was obtained from each participant.
The study was registered at the German Clinical Trials Reg-
ister, identification number: DRKS00017351.

MRI Acquisition

Patients and controls were scanned on a 3 Tesla MRI scanner
(3T, SIEMENS MAGNETOM Prisma, SIEMENS Erlangen)
using a 64-channel head-neck coil. Patients were scanned
prior to further invasive diagnostics.

The imaging protocol comprised a standard T2-weighted 3D
sequence of the cervical spine (spatial resolution 0.6 x 0.6 x
1.0 mm). Within a second step, axial, 2D phase contrast MRI
sequences were administered perpendicular to the spinal ca-
nal during free, steady breathing. Phase contrast MRI se-
quences were acquired subsequently at the cervical segments
C2/C3 and CS/C6 (prospective ECG triggering, spatial
resolution 0.9 x 0.9 X 5 mm, PEAK-GRAPPA acceleration,"®
velocity encoding parameter S cm/s for spinal cord motion,
velocity encoding parameter 10 cm/s for CSF flow, and as-
sessment of about 40 time points per heartbeat depending on
the duration of the heartbeat). The acquisition time was ap-
proximately 1.5 minutes per axial sequence. The average du-
ration of the heartbeat was recorded automatically per
sequence and individual allowing further analysis of the time-
resolved data. Further details of the sequences are available in
the eMethods (links.Iww.com/WNL/C475).

MRI Data
Data postprocessing was performed using an automated
pipeline implied within the in-house platform NORA.*

Segmentation was based on separately trained hierarchical
deep convolutional neural networks (CNNs). The training
procedure and implementation of the segmentation within
the 3D T2-weighted images were previously described."®*'
The training and implementation procedures were per-
formed analogously for the CNN on the axial phase contrast
images. The output of each CNN was a voxel-wise likelihood
value (0-1) that indicated the probability of the voxel to be a
part of the structure in question (Figure 1).

Processing of T2-Weighted 3D Sequences/
Anatomic Data

CSF space and spinal cord tissue were automatically seg-
mented by a 0.8 probability margin for further analysis of
anatomic data, respectively (Figure 1). Correct segmentation
was verified visually. The software automatically detected the
spinal vertebrae C2 to T1. Analog to our previously reported
method,'® 1 ROI per cervical segment C2/C3 to C7/T1 was
generated covering the central 1/3 of CSF space and spinal
cord tissue between 2 vertebras, respectively. The mean CSF
space cross-sectional area (CSA) (mm”) and the mean spinal
canal CSA (mm®) were generated per each cervical segment.

Processing of Phase Contrast MRI Sequences/
Dynamic Data

Automated ROIs covered all voxels within the axial images
identified to belong to CSF space and spinal cord tissue by
a 0.9 probability margin, respectively (Figure 1). All phase-
contrast MRI data were adjusted for phase drifts by sub-
traction of the median velocity of each curve. Also, automated
correction of the so-called aliasing artifacts was implied within
the pipeline.”>>*

All phase contrast images were inspected visually on typical
MRI artifacts before entering further analysis (e.g,, movement,

Figure 1 Example of Automated Segmentations

Yellow color indicates high likelihood of a
voxel to be a part of the structure in question.
(A.a and A.b) Identical, 3D T2-weighted image
of the cervical spine used for further mea-
surements of anatomic parameters. A1: seg-
mentation of CSF space. A.b: segmentation of
spinal cord tissue. (B.a and B.b) Identical axial
magnitude and (C.a and C.b) corresponding
phase images at segment C2/C3. B.b: seg-
mentation of CSF space for further CSF flow
analysis; C.b.: overlayed segmentation of spi-
nal cord tissue for spinal cord motion analysis.
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metal, infolding, and flow artifacts by vessels). CNN-based
segmentation of phase contrast images was manually verified
within each image and rejected from further analysis, if a
likelihood of >0.9 was given within non-CSF space, or non-
spinal cord tissue, respectively (eFigure 1, links.lww.com/
WNL/C473).

For visual comparison of CSF flow and spinal cord motion
behavior, the velocity curves were interpolated and plotted
over a standardized heartbeat. The following dynamic pa-
rameters of CSF flow and spinal cord motion curves per
segment C2/C3 and C5/C7 were automatically generated per
heart cycle and individual (Figure 2): peak-to-peak amplitude
(mm/s) and total displacement (mm).

The peak-to-peak amplitude of the velocity curve gives in-
formation on the extent of the maximum cranial and maxi-
mum caudal velocity. The parameter is robust to offset errors.
The total displacement comprises information of the entire
area under the curve over the duration of a heartbeat irre-
spective of the positive and negative values. It resembles the
distance the chosen ROI volume (CSF or spinal cord) covers
in the caudocranial and craniocaudal direction during 1
heartbeat (Figure 2). Thus, the total displacement gives more
information on the overall dynamics but is less robust on
offset errors.

Although a peak-to-peak amplitude might be identical, change
of the total displacement would indicate changes of the du-
ration of CSF flow and spinal cord motion, respectively. Vice
versa, total displacement might be identical, whereas differ-
ences in the peak-to-peak amplitude would indicate a differ-
ence in acceleration. In addition, the peak-to-peak amplitude
of CSF volume flow in milliliters per second and the total CSF
volume shift per heartbeat (mL) was approximated by mul-
tiplication of the velocity data with the CSF space CSA (mm?)
at the corresponding segment.

Clinical Parameter

The following clinical parameters were assessed: sex, age
(years), height (cm), body mass index (BMI) (kg/m”), and,
among patients, Bern score of the head.** The type of the CSF
leak was recorded according to Schievink et al,! if identified
during further diagnostics after performance of the MRI
following the algorithm as proposed by Luetzen et al.>* Du-
ration of symptoms, any prior treatment, and time since last
treatment were reported.

Data Validity

For calculation of the test-retest reliability and consistency of
the following data processing in NORA, the axial phase-
contrast MRI sequences were consecutively repeated within
25 healthy controls. To demonstrate the test-test reliability of

Figure 2 Interpretation of Time-Resolved Velocity Data Curves

>

CSF flow (mm/s)

ve)

Spinal cord motion
(mm/s)

@]

One heartbeat

Curves of 3 exemplary velocity measurements (y-axis) of CSF flow (A) and
spinal cord motion (B) at C2/C3 over 1 standardized heartbeat (x-axis). The
beginning of measurements is triggered by R-peaks of the ECG (C, orange
star). Thus, the displayed curves start shortly after the beginning of the
cardiac systolic phase and shortly before the arrival of the maximum pulse
wave at the cranium. While CSF continues to flow in caudal direction
shortly after the R-peak of the ECG (negative values), the spinal cord mo-
tion is redirected towards the cranium (positive values). Two main pa-
rameters are analyzed per each individual curve: The peak-to-peak
amplitude (mm/s, blue dotted arrow marking the green velocity curve) is
calculated by maximum velocity in the cranial direction (1 = positive value)
minus maximum velocity in the caudal direction (2 = negative value). It
gives information on the maximum extent of craniocaudal CSF flow and
spinal cord motion, respectively. The individual's duration of the heartbeat
in milliseconds is used to derive the entire area under the curve (mm),
which is added irrespective of the positive or negative values. The value is
called total displacement (mm) and gives information of the absolute
distance the chosen Region of interest of CSF and spinal cord tissue is
moved in cranial and caudal direction over a heartbeat, respectively. It
comprises information of the entire curve within a value.
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the pipeline itself and its implied data processing, the pipeline
was run twice on the first 30 scans of the participants sorted by

pseudonym.

Statistics

Statistical analysis was performed using IBM SPSS Statistics
(IBM Corporation, Released 2020. IBM SPSS Statistics for
Macintosh, Version 27.0. Armonk, New York). Data were
given as mean and SD. Reliability of repeated measurements
was determined via intraclass correlation coefficient (ICC,
single measures, 2-way mixed-effects model, and absolute
agreement) and classified as poor for <0.5, moderate for 0.50 to
0.74, good for 0.75 to 0.9, and excellent for >0.9.2°ICC <0.5 of
the test-retest reliability and ICC <0.9 of the test-test reliability
were not considered acceptable. Comparison of groups, un-
related values, was conducted via the Mann-Whitney U test.
Relation of clinical parameter on CSF flow and spinal cord
measurements was rated via multiple regression analysis. p < 0.05
was considered significant. The area under the curve of receiver

operating characteristic (AUROC) analysis was calculated, and
possible optimum limits as defined by maximum Youden index

(sensitivity + specificity —1) were approximated in case of an
AUROC >0.7.

Data Availability

Anonymized data not provided in the article may be shared at
the request of any qualified investigator for purposes of rep-
licating procedures and results.

Results

Study Population

Twenty patients with SIH, 14 women, entered the study
(Table 1). Eleven patients had a type 1 CSF leak, and 8 had a
type 2 leak. In 1 woman, the exact leak site could not be
located (Table 1). The mean duration of symptoms was 21 +
42 months due to 2 cases with a very long history of SIH-

Table 1 Data of Patients With SIH

Peak-to-peak Total

Duration of Prior treatment/ Peak-to-peak amplitude displacement
symptoms time since last Bern Leak amplitude CSF Total displacement spinal cord spinal cord
Case Sex Age (mo) treatment (mo)  score® type® Location (mm/s)C2/C3 CSF(mm) C2/C3 (mm/s) C2/C3 (mm) C2/C3
1 F 38 2 EBP/1 8 1 T9/10 68.6 16.0 7.5 1.3
2 F 37 4 No 8 1 T10/11 @ @ 8.0 1.3
3 F 39 05 No 6 2 Sacral 39.5 1.3 6.7 1.7
4 F 33 15 No 1 1 T11/12 78.1 17.0 7.7 1.0
5 F 36 4 EBP/3 0 1 T10/11 81.7 19.8 5.7 0.7
6 F 56 6 No 3 1 T11/12 @ @ 8.4 09
7 M 33 18 EBP/17 0 1 T7/8 69.4 18.0 7.9 0.7
8 M 46 36 Surgery/35 5 1 T12/L1 48.5 14.9 6.1 1.2
9 F 42 1 No 7 2 T12/L1 @ @ 6.0 0.6
10 M 39 3 No 9 2 T7/8 80.8 12.6 1.5 0.8
1" M 20 25 EPB/18 8 2 T10/11 119.2 31.4 10.7 1.2
12 F 38 1 No 8 1 T11/12 @ @ 1.8 0.3
13 M 55 2 No 5 1 T2/3 a a 6.1 0.7
14 F 43 5 EBP/2 4 1 T1/2 33.7 8.5 10.6 1.6
15 M 28 8 EBP/1 8 2 T9/10 67.9 15.0 5.0 0.5
16 F 41 4 EBP/4 6 1 T9/10 95.3 18.3 10.4 1.4
17 F 45 2 EBP/1 5 1 T6/7 67.2 13.1 3.6 0.5
18 F 32 156 No 7 1 T2/3 84.1 16.4 7.2 1.0
19 F 32 120 EBP/36 6 2 T12/L1 @ @ 6.8 1.6
20 F 54 2 No 9 0 59.7 10.3 8.4 1.2

Abbreviations: EBP = epidural blood patch; SIH = spontaneous intracranial hypotension.

@ Rejected from analysis.
® Accordings to Dobrocky et al.?*
< According to Schievink et al.’
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Table 2 Comparison of Patients With SIH and Controls,
Stratified for Sex

Women Men
Mean+SD pValue Mean+SD pValue
Age (y)
Patients with SIH 40+ 7 0.720 37+13 0.964
Controls 39+12 37+£10
Height (m)
Patients with SIH 1.69 £ 0.1 0.308 1.84+0.1 0.964
Controls 1.67+0.1 1.84+0.1
BMI (kg/m?)
Patients withSIH 23 t4 0.571 25+3 >0.999
Controls 22+2 25+4

Abbreviations: BMI = body mass index; SIH = spontaneous intracranial
hypotension.

related symptoms (Table 1). Nine patients (45%) had been
treated prior to enrollment by epidural blood patch, 1 had an
attempted dural leak surgery 3 years in advance to the study,
and 10 patients (50%) were without prior treatment. The
control cohort contained 40 participants, 28 women. Controls
and patients did not differ in age, height, and BMI (Table 2).

Anatomic Data

Patients and controls differed in the size of the CSF space at C2/
C3 and in the size of the spinal cord at C7/T1 (eFigure 2, links.
Iww.com/WNL/C474): The CSF space CSA at segment C2/

C3 was significantly smaller in patients with SIH (controls: 192 +
31 mm®, patients: 162 + 42 mm?, p = 0.007). The spinal cord
CSA at segment C7/T1 was larger in patients with SIH (con-
trols: 49 + 6 mm?, patients: 54 + 7 mm?, p = 0.015, exclusion of 1
outlier among patients with SIH, eFigure 2). Anatomic data did
not differ at any other cervical segment (C3/C4 to C6/C7).

CSF Flow and Spinal Cord Motion

Craniocaudal CSF flow per heartbeat was higher among pa-
tients with SIH at C2/C3: peak-to-peak amplitude 65.68 +
18.3 vs 42.50 £ 9.8 mm/s, p < 0.001, total displacement per
heartbeat 14.32 £ 3.5 vs 9.75 + 2.7 mm, p < 0.001, approxi-
mated peak-to-peak volume flow 11.02 + 3.0 vs 827 + 2.2
mL/s, p = 0.002, and approximated total volume shift 2.40 +
0.5 vs 1.89 £ 0.5 mL, p = 0.00S. There was no difference in
CSF flow at the lower segment C5/C6. The extent of the
craniocaudal spinal cord motion over 1 heartbeat was in-
creased at C2/C3 and at C5/C6: peak-to-peak amplitude C2/
C3 7.30 £ 2.4 vs 5.82 + 2.0 mm/s, p = 0.006, total displace-
ment per heartbeat C2/C3 1.01 £ 0.4 vs 0.74 £ 0.37 mm, p =
0.006, and total displacement per heartbeat C5/C6 1.41 £ 0.7
vs 0.97 £ 0.4 mm, p = 0.021 (Table 3 and Figure 3).

Within the plots of the velocity curves (Figure 4), it can be
observed that spinal cord tissue was moved caudal alongside
the main, caudal CSF flow shortly after the beginning of the
cardiac systolic phase. While CSF continued to flow in caudal
direction, the spinal cord showed an early, compensatory,
cranial motion. During the cardiac diastolic phase, CSF flows
slowly backward toward the cranium, and the spinal cord is
rather still (Figure 4). Higher peak-to-peak amplitudes and a
prolonged spinal cord motion and CSF flow in patients with
SIH can be observed (Figure 4).

Table 3 Dynamic Parameter

Patients Max. Approximated
Segment Parameter per heartbeat with SIH Controls p(MWU) AUROC Youdenindex cutoff value
c2/c3 CSF flow Peak-to-peak amplitude (mm/s)  65.7+183 425+98 p<0.001 0.852 0.657 >58
Total displacement (mm) 143+35 9.8%27 p<0.001 0.824 0.541 214.2
Peak-to-peak volume flow (mL/s)  11.0 £ 3.0 83+22 p=0.002 0.773 0.464 >9.24
Total volume shift (mL) 24+£05 1.9+0.5 p=0.005 0.742 0.428 >1.96
Spinal cord motion ~ Peak-to-peak amplitude (mm/s)  7.3+2.4 58+2.0 p=0.006 0.773 0.434 >6.7
Total displacement (mm) 1.0+04 0.7+0.4 p=0.006 0.753 0.466 >0.93
C5/C6 CSF flow Peak-to-peak amplitude (mm/s)  76.6 £26.0 71.1+24.0 ns. <0.5
Total displacement (mm) 19.0+7.3 16.4 +5.8 n.s. <0.5
Peak-to-peak volume flow (mL/s) 9.4 +3.5 9.7 +3.7 n.s. <0.5
Total volume shift (mL) 24+£1.0 23+0.9 n.s. <0.5
Spinal cord motion  Peak-to-peak amplitude (mm/s)  9.36 + 4.8 6.78 £2.8 n.s. <0.5
Total displacement (mm) 1.41+£0.7 0.97+0.4 0.021 <0.6

Abbreviations: AUROC = area under the curve of receiver operating characteristic; SIH = spontaneous intracranial hypotension.
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Figure 3 Boxplots of CSF Flow (A) and Spinal Cord Motion (B) in Patients With SIH (Red) Compared With Healthy Controls
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Among patients with STH, increasing age related to lower CSF
dynamics at C2/C3 (peak-to-peak amplitude: B =—0.511, p =
0.008, total displacement: B = —0.354, p = 0.004), for example,
each 10 years in age was associated with a decrease of 3.5 mm
CSF total displacement per heartbeat. There was no relation
of other clinical or anatomic parameters to CSF flow and
spinal cord motion (sex, height, BMI, Bern score, cause of
leak, CSF space at segment, and duration of symptoms).

According to current data, the following possible optimum
cutoft values were approximated for CSF flow and spinal cord
motion to indicate probable abnormality (Table 3): CSF flow
C2/3: peak-to-peak amplitude >58 mm/s and total displace-
ment >14.2 mm; spinal cord motion at C2/C3: peak-to-peak
amplitude >6.7 mm/s and total displacement >0.93 mm.

Data Validity

The test-test reliability of repeated data processing within the
automated pipeline was excellent for all parameters (CSAs: ICC
>0.99; spinal cord motion: ICC = 0.924-0.999; CSF flow:
0.985-0.995). Test-retest reliability of repeated phase contrast
MRI measurements including consecutive data processing was
excellent for all data on spinal cord motion (ICC = 0.955-0.965),
excellent for CSF flow data at C2/C3 (ICC = 0.951-0.957), and
good for CSF flow data at C5/C6 (ICC = 0.833-0.877).

Neurology.org/N

Among patients with SIH with SLEC, CNN-based segmen-
tation was challenged due to SIH-related engorgements of
epidural veins and constriction of the dura (eFigure 1, links.
Iww.com/WNL/C473). Spinal cord segmentation at C2/C3
was within anatomic boundaries in all patients with SIH.
Segmentation was rejected, and data sets were accordingly
withdrawn in 30% CSF flow measurements at C2/C3, 35%
CSF flow measurements at C5/C6, and 20% spinal cord
motion measurements at C5/C6.

Classification of Evidence

This study provides Class III evidence that noninvasive phase-
contrast MRI of the upper spine identifies differences in CSF
flow and spinal cord motion in patients with SIH compared
with healthy controls.

Discussion

Patients with SIH with evidence of SLEC have a larger CSF
flow and higher spinal cord motion at the segment C2/C3. An
increased craniocaudal motion of the spinal cord per heart-
beat is also seen at segment C5/C6. Given an approximated
number of 86.000 heartbeats per day, this repetitive larger
motion of the spinal cord might produce the hypothesized
mechanism of increased strain on neural tissue and adherent
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Figure 4 Velocity Curves, Interpolated Data
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structures in patients with SIH that leads to symptoms of
lower neck pain, neck stiffness, and cranial nerve dysfunction.

During systole, the blood volume increases within the cal-
varium and forces a craniocaudal shift of CSF volume (Monro
Kellie doctrine'®). In the diastolic phase, the intracranial
volume decreases, and CSF flows in a reverse direction.'®*”%°
The pulsatile change of volumes is compensated by the
compliance of the spinal compartment. The passive spinal
cord motion depends on the pulsatile changes of volume
within the intracranial and intraspinal compartments as well.>
These codependent dynamics can be observed within the
current plots of velocity curves (Figures 3 and 4).

We hypothesize that the measured changes of CSF flow among
patients with SIH are caused by a loss of CSF volume, leading
to a faster and prolonged CSF flow between the cranial and
spinal compartments, which is in accordance with the expected
fluid behavior by the law of Bernoulli. Furthermore, this loss of
CSF volume, especially within the spinal compartment, might
cause a reduced dampening of the craniocaudal spinal cord
motion and might explain the current results.

The observed difference in CSF space at C2/C3 might be
caused by the expansion of epidural veins at the higher cervical
segments. The increase of spinal cord size at lower segments
might reflect the known sagging of the neural structures (slight
caudal shifting of the intumescent spinal cord among patients
with SIH, eFigure 2, links.lww.com/WNL/C474), rather than
other changes of spinal cord tissue, for example, edema.

Increased CSF flow and cervical spinal cord motion can be
noninvasively measured with phase contrast MRI. As phase-
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contrast sequences are short (~1.5 minutes) and noninvasive,
they can be easily integrated into the workup of patients with
SIH.*>*! Analysis of CSF flow seemed most promising to
possibly detect patients with STH on further validation com-
pared with analysis of spinal cord motion (Figure 3 and
Table 3). However, in patients with SIH, automated spinal
cord segmentation seems to be more reliable than automated
CSF space segmentation, especially when CSF volume is low
and enlarged epidural veins impede the definition of the ex-
ternal border of the CSF space. Thus, we suggest acquiring
both sequences.

One may argue that the Bern score is already a sensitive
surrogate parameter for the presence of a spinal CSF leak.
However, 4 patients (4/20, 20%) with a low Bern score (0-3
points) demonstrated high CSF flow and/or spinal cord
motion values. Thus, phase contrast MRI of CSF flow and
spinal cord motion might serve as a promising diagnostic tool
in SIH and should be considered for further investigation
including the entire spectrum of patients with SIH and leak
types, respectively. It could be a piece of the puzzle in patients
with equivocal clinical presentations and head and spine MRI

findings.

Further analysis of the entire CSF flow and spinal cord motion
pattern per heart cycle might allow to derive further, indirect
information on disease-specific dynamics. It might add to the
understanding of symptomatic patients with typical MRI signs
but no evidence of CSF leak despite thorough and repeated
diagnostic workup. As a possible, internal cause, an assumably
higher compliance of the spinal compartment has been hy-
pothesized to cause an increased shift of CSF volume from the
cranial to the spinal compartment leading to intracranial
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hypotension.® In this case, higher overall CSF dynamics and
spinal cord motion should be assumed. Another possibility
might be intermittent or small CSF-venous fistulas that are
not detected among these patients. Within these types of leaks
(type 3), the intraspinal dynamics should most likely be dif-
ferent to type 1 and type 2 leaks due to the drainage into the
venous system. This might possibly lead to alterations in the
CSF flow and spinal cord motion pattern during the diastolic
phase, which should be investigated. Also, we see potential
for posttreatment monitoring, as well as for diagnostics in
other disease entities, for example, (idiopathic) intracranial
hypertension. A reversed mechanism of less CSF flow and
less spinal cord motion could be hypothesized in patients
with increased CSF volume and therefore dampening of the
dynamics.

Few studies have investigated CSF flow in patients with STH
focusing on CSF flow through the aqueduct.**** One study
reported lower CSF flow at C2/C3 among 23 patients
with definite SIH and 4 patients with assumed SIH (con-
trols: 1.2 + 0.3 mL/s, patients: 0.8 + 0.4 mL/s, p > 0.001).
This is in contrast to current results. Direct comparison is
difficult, as it is not clear of which exact data mL/s were derived
(e.g, maximum cranial, maximum caudal CSF flow), and as
there are several differences of applied methods (control
cohort younger, lower time resolution of phase contrast MRI
acquisition, correction of phase drifts not reported, and
others).

Limits of the study comprise the small sample sizes and the
restricted inclusion criteria limiting the study cohort to SLEC-
positive patients with SIH. Also, the given thresholds need
further evaluations on other influences of CSF leak type, sex,
height, and age, and interscanner comparability.

Patients with SIH with SLEC have larger pulsatile CSF flow
between the cranial and spinal compartments associated with
increased repetitive motion of the spinal cord. CSF flow and
spinal cord motion measurements at the upper cervical spine
do serve as promising surrogate markers in the diagnosis
of SIH.
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