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BACKGROUND AND OBJECTIVES: Phase-contrast MRI is unstable and is not widely implemented in the imaging of
Chiari malformation type | (CM-I) because of its low signal-to-noise ratio and the need for subsequent additional
averaging. Time-spatial labeling inversion pulse MRI (T-SLIP MRI) is an emerging imaging modality with a high signal-to-
noise ratio. This study is the first to examine cerebrospinal fluid (CSF) dynamics on the basis of velocity exclusively in
patients with CM-I using T-SLIP MRI before and after posterior fossa decompression.

METHODS: Eleven patients with CM-I underwent T-SLIP MRI before and/or after posterior fossa decompression. CSF
dynamics were analyzed at 5 points around the craniovertebral junction. T-SLIP measurements included (1) targeted CSF
labeling; (2) manual frame-by-frame annotation of the labeled CSF wave; (3) description of CSF flow in terms of wave
functions calculated using computation software; and use of this function for (4) calculation of CSF velocity (rostral and
caudal peak), total distance traveled by labeled CSF, and mean CSF velocity (V). Differences between preoperative and
postoperative peak velocity (rostral and caudal) and V were assessed using paired t-test.

RESULTS: Rostral and caudal peaks significantly increased at 2 of the 5 points (40%), whereas V significantly increased at
4 points (80%), altogether covering all observation points with significant changes. CSF filling the syrinx through the
syrinx wall from the spinal subarachnoid space and complex CSF flow at the dorsal craniovertebral junction were
captured preoperatively and postoperatively, respectively.

CONCLUSION: T-SLIP MRI data for patients with CM-I were successfully quantified on the basis of velocity. Tailor-
made optimal decompression should be pursued based on both T-SLIP data with high accuracy and bibliographical
craniometric data with surgical outcomes, which can now be easily and comprehensively analyzed using machine
learning.
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many surgeons to elucidate the mechanisms underlying syrinx
formation. MRI noninvasively evaluates cerebrospinal fluid

C hiari malformation type I (CM-I) with a syrinx has inspired

ABBREVIATIONS: CM-I, Chiari malformation type I; CVJ, craniovertebral
junction; FM, foramen of Magendie; PC-MRI, phase-contrast MRI; PFD,
posterior fossa decompression; Tl, inversion time; T-SLIP MRI, Time-
spatial labeling inversion pulse MRI.
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(CSF) dynamics in patients with CM-I, with phase-contrast (PC)
MRI being the most common method. However, PC-MRI data'*
are generally unstable (Table 1)*” and are impractical for clinical
use.” Time-spatial labeling inversion pulse MRI (T-SLIP MRI),
developed in 2008,' reportedly has the advantages of accurate
and moment-by-moment observation of the distribution of labeled
CSF. One of its disadvantages, however, is that it is not fit for
quantification. This study is the first to quantify T-SLIP MRI data
based on CSF flow velocity in patients with CM-1.
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TABLE 1. Literature Review of the MRI-PC CSF Velocity Study

Study (Year) Control vs CMI Pre-PFD vs Post-PFD

Delavari (2020)’

Nishikawa (2021)?

N\

Iskander (2004)

Vinje (2018)*

Sakes (2005)°

NFArARN

Williams (2021)°

Haughton (2003)”

Clarke (2013)®

N4

CM-l, Chiari malformation type I; CSF, cerebrospinal fluid; PC-MRI, phase-contrast MRI;
PFD, posterior fossa decompression.

“Decreased in 5 cases of total 8 cases (63%).

PCaudal direction without syringomyelia.

“Meta-analysis composed of 14 studies.

/v and \: increases and decreases in CMI or Post-PFD, respectively.

METHODS

Patient Population

In this retrospective, single-center study, we analyzed the data of 41
pediatric and adult patients with spinal diseases who underwent T-SLIP
MRI between November 2014 and March 2021 at our institution. This
study was approved by the ethical review board of the Fujita Health
University (approval number: HM22-031), who waived the requirement
for informed consent, as T-SLIP MRI is usually requested to be per-
formed by Japanese neurosurgeons. Instead, a choice to opt out of this
study was announced on the website of the homepage of the Fujita Health
University.

CM-I was defined on MRI as cerebellar tonsillar herniation >5 mm
below the foramen magnum. Patients with symptomatic CM-I with and
without syrinx who had undergone posterior fossa decompression (PFD)
were included, whereas patients with non—CM-I-related pathology,
including a syrinx without CM-I, sacral cyst, conservatively managed
CM-I, and instrumented decompression for CM-I with basilar invagi-
nation, were excluded (Figure 1). Routine and T-SLIP MRI evaluations
were performed preoperatively and postoperatively.

Surgery

In this series, the posterior fossa was decompressed at the width of
the posterior occipital condyle, not exceeding 3 cm.'! The upper
extension of the craniotomy was tailored to restore obstructed CSF
dynamics based on the T-SLIP images of the occipital zone, while
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ensuring that it did not exceed approximately 3 cm. The dura was
opened using a Y-shaped incision under a microscope, preserving the
arachnoid membrane as much as possible. The patency of the foramen
of Magendie (FM) was confirmed preoperatively using T-SLIP in all
patients. Duraplasty was performed using Gore-Tex and a non-
penetrating microclip (LeMaitre Vascular, Inc) to ensure secure su-
tures'? (Figure 2).

Acquisition of T-SLIP MR Images

T-SLIP MR images were acquired using a 3-T MRI system (Vantage
Titan 3T; Canon Medical Systems) equipped with a 32-channel head coil
(32ch Head SPEEDER; Canon Medical Systems). T-SLIP imaging
involves an arterial spin labeling technique that makes it possible to
directly and noninvasively visualize CSF flow using MRI, capturing
CSF dynamics for 4 to 5 s.'° First, a spatially free selected inversion
pulse is applied in a belt-shaped manner, covering the craniovertebral
junction (CV]), including the foramen magnum, occiput, and C1 vertebra
(Figure 1). T-SLIP images are acquired after repeated scanning at dif-
ferent delay times. T-SLIP imaging with a fast advanced spin-echo two-
dimensional sequence was performed using the following parameters:
repetition time, 10R-R (peripheral gating mode); echo time, 80 ms (echo
train spacing, 5.0 ms); matrix, 320 x 320; field of view, 25 x 25 cm; slice
thickness, 5.0 mm; flip angle, 90°/160° number of slices, 1; parallel
imaging (SPEEDER; Canon Medical Systems) reduction factor, 2.0; black
blood inversion time (TT) prep, on; T-SLIP TT initial value, 2000 ms;
T-SLIP TT step, 100 ms; number of repetitions, 30; and T-SLIP pulse
thickness, 10.0 mm.

In one patient, supplementary T-SLIP images were obtained at the
cervical syrinx level because routine imaging showed a centrifugal CSF
cavity particularly close to the subarachnoid space. A spatially free selected
inversion pulse, including a thin border between the syrinx and sub-
arachnoid space along the posterior horn, was applied.

n=41
T-SLIP for spinal
disease
Excluded (n = 21)
| ®* non-CMI syrinx
7| e sacral cyst
e spinal cord herniation
® S-S shunt malfunction etc.
Excluded (n =9)
¢ non-surgical CMI, 6 cases
| ¢ CMlI+basilar invagination treated
=i with instrumentation, 2 cases
e CMI insufficient decompression w/o
duraplasty, 1 case
v
n=11
Included in analysis
FIGURE 1. Flowchart of cases based on the study protocol. CM-I, Chiari
malformation type I; T-SLIP, time-spatial labeling inversion pulse.
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FIGURE 2. Posterior fossa decompression in this study: Patient 9 is considered representative. A, First, the
occipital bone and CI lamina are exposed. B, Subsequently, the occipital bone is removed at the width of the
occipital condyle and at the length to restore the balanced cerebrospinal fluid stream between points 4 and 5 on
time-spatial labeling inversion pulse MRI, not to exceed approximately 3 cm in both, with CI laminectomy. C,
Subsequently, the dura is opened in a Y-shaped fashion, keeping the arachnoid membrane intact. D,
Thereafter, duraplasty by Gore-Tex is performed with a nonpenetrating microclip.

Analysis of CSF Dynamics

Labeled CSF was examined using Osirix MD (Pixmeo SARL, Inc) at
the following starting points: point 1, rostral ventral labeled CSF border;
point 2, caudal ventral border; point 3, caudal dorsal border; point 4,
rostral dorsal border; and point 5, FM (Figure 3). Each labeled CSF
border was traced on 28 to 30 frames, which were obtained every 100 ms.
The distance () between the starting point and apex of the most distantly
labeled region was measured (Figure 3). Distances measured into the
tagged zone were deemed positive (ie, caudal flow was considered positive
at points 1, 4, and 5; and cephalad flow was considered positive at points 2

FIGURE 3. Five measurement points for CSF dynamics via T-SLIP MRI
around the craniovertebral junction. The shaded zone represents the CSF
area tagged by T-SLIP MRI. The distance between the starting point and
apex of the most distantly labeled region was defined as “d.” CSF, cere-
brospinal fluid; T-SLIP MRI, time-spatial labeling inversion pulse MRI.
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and 3), whereas those measured away from the zone were deemed
negative.

The distance was plotted on a distance—time graph, and interpolation
and curve fitting were performed. By differentiating the interpolating
function on the distance—time curve, the velocity—time function and
curve were generated using Mathematica (Wolfram Research, Inc)
(Figure 4).

The total distances traveled by CSF in the positive and negative directions
were calculated by integrating the velocity—time curve (Figure 5). The total
distance traveled by CSF was subsequently divided by the corresponding time
(2800-3000 ms) to obtain the mean velocity (V). The maximum and
minimum flow velocities were determined from the velocity—time curve
using the FindMinimun and FindMaximum functions in Mathematica.

d (mm) —

velocity (cm/sec)

Time (100 msec/div)

FIGURE 4. Representative waveform of the time—distance curve (blue) and
time—velocity curve (orange). Data are acquired from patient 1 postoperatively.
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FIGURE 5. Tozl distance traveled by cerebrospinal fluid, calculated by
integrating the velocity-time curve. Note that the absolute values in both positive
and negative directions of velocity are integrated as the “total” distance traveled.
The horizontal axis represents the frame number, corresponding to every 100 ms.
The vertical axis represents the integrated value of the velocity—time function
from frame one to the digit frame. Output is obtained using Mathematica. Data
are obtained for case 1 at postoperative point 4.

Statistical Analysis

Preoperative and postoperative V' values were compared among points
1 to 5 using the paired #test, following a check of data normality using
the Shapiro—Wilk test in SPSS software (v28; IBM Corp). Statistical
tests were two-sided, and P-values < .05 were considered statistically
significant. Our missing data analysis procedures used “missing at ran-
dom” assumptions. We used multiple imputation methods in SPSS. We

independently analyzed 5 copies of the data, each with missing values
suitably imputed.

RESULTS

Eleven patients with CM-I (4 men; mean age, 35.4 [range, 12-67]
years) were included (Table 2), whereas the remaining 30 patients
were excluded (Figure 1). The mean interval between the operation
day and postoperative T-SLIP MRI was 26.0 (range, 1-68) months.
Eight patients had a syrinx, whereas 3 did not. The postoperative
course was satisfactory in all patients, with all 8 patients showing
reduced syrinxes (100%). No cases demonstrated infection, CSF leak
that needed repair, or new additional neurological signs/symptoms.

Three patients did not have preoperative MR images. In one
patient (Patient 10) for whom image acquisition was incorrectly
performed, the number of repetitions was correct at 30, although
only 15 repetitions were acquired. Hence, preoperative data for
this patient were rejected. Two other patients (Patients 9 and 11)
missed their MRI examination at our institute and these data were
substituted with routine MRI without T-SLIP data, brought from
their referring hospital, for preoperative imaging. The type of data
defect was estimated to be missing at random.

A summary of CSF velocity measurements is presented in Table
3A. There was no evidence of non-normality among the mea-
surements (Table 3B). Preoperative and postoperative mean V'
values ranged from 0.8 to 2.7 cm/s and 1.6 to 4.8 cm/s, re-
spectively. Significant differences in preoperative and postoper-
ative V values were observed at points 1, 3, 4, and 5, whereas the

TABLE 2. Demographic Characteristics of 11 Patients With Chiari Malformation Type |
Timing of CVJ TS images
Preoperative postoperative Supplementary

Patient no. Age (y)/Sex syrinx Op TS (mo) Preoperative Postoperative TS images F/U (mo)
1 39/M + PFD 1 + + - 81
2 13/F + PFD 56 + + — 67
3 42/F + PFD 2 + + - 98
4 30/F - PFD 50 + + - 62
5 32/F — PFD 39 + + - 51
6 21/M + PFD 2 + + - 26
7 56/F + PFD 8 + + +° 32
8 12/M - PFD 2 + + - 33
9 56/F + PFD "1 — + - 52
10 21/M + PFD 68 — + — 144
1 67/F + PFD 47 — + - 59

CVJ, craniovertebral junction; F/U, follow up; PFD, posterior fossa decompression; TS, time-spatial labeling inversion pulse.

?Axial TS image at the cervical syrinx.
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TABLE 3A. Summary of Preoperative and Postoperative Peak Rostral and Caudal Velocities

Preoperative (n = 8) Postoperative (n = 11) Preoperative vs Postoperative
Max Min Mean Max Min Mean 95% Cl P value?®

Rostral peak (cm/s) Point 1 17.2 1.52 6.81 15.7 4.67 9.55 —6.13 to 0.51 .097

Point 2 20.9 3.19 10.4 33.2 3.1 13.92 —9.97 to 2.71 262

Point 3 8.23 1.09 4.1 13.8 3.13 7.99 —6.49 to —1.51 .002

Point 4 579 0.3 298 12.2 249 6.19 —5.62 to —0.88 .007

Point 5 1 2.16 6.62 14.1 3.58 6.226 —2.79 to 3.28 876

Caudal peak (cm/s) Point 1 —1.85 —-17.7 —7.47 —4.93 —14.8 —9.83 —1.38 to 6.36 207

Point 2 —1 —-21.7 —7.92 —-1.93 —38.7 —15.77 0.88-14.56 027

Point 3 —1.58 —10.2 —4.58 —4.59 —9.65 —7.35 —0.13 to 5.65 .061

Point 4 —0.44 —7.56 —3.04 —-1.91 —9.12 —5.46 0.32-4.50 .023

Point 5 —2.08 -10.8 —6.3 —2.61 —13.7 —6.03 —3.41 to 3.15 938

v Point 1 5.19 0.66 2.04 58 1.29 3.15 —2.06 to —0.07 .035

Point 2 774 0.38 2.54 154 1.03 4.83 —4.87 t0 0.16 067

Point 3 2.53 0.72 1.6 3.25 1.39 25 —1.72 to —0.26 007

Point 4 1.62 0.1 0.85 3.28 0.66 1.8 —1.65 to —0.35 .002

Point 5 7.87 1.02 2.75 2.85 0.83 1.69 0.01-2.46 .048

V, mean cerebrospinal fluid velocity.
Bold values are statistically significant.
?Paired-t test with multiple imputation for missing values.

rostral peak increased at points 3 and 4, and the caudal peak
significantly increased at points 2 and 4.

T-SLIP imaging revealed a “to-and-fro pattern” in CSF dy-
namics. In the time period from 100 to 2800-3000 ms, the cycles
and extremal values of the traveling and velocity waves changed
frequently (Figure 4). Moreover, turbulent flow was occasionally
observed (Figure 6). T-SLIP stream visualization captured the
interactive dynamics of the CSF (Figure 7). Three streams from
points 3 (cervical: C), 4 (occipital: O), and 5 (foramen of Ma-
gendie: FM) intersected at a point in the posterior CV] (Figure 7A
and 7B). Subsequently, the stream from C pushed the stream
from O back when the stream from point FM was blocked by the
stream from C (Figure 7C and 7D). Thereafter, the stream from
O pushed the stream from C back when the stream from the FM
was blocked by the stream from O (Figure 7E and 7F). Subse-
quently, the stream from the FM pushed the stream from C back
when the stream from O was blocked by the stream from the FM
(Figure 7G and 7H).

Patient 7 demonstrated an influx of CSF into the syrinx from
the subarachnoid space. Preoperative sagittal MR images (Figure
8A and 8B) demonstrated a syrinx in the upper cervical cord
(Figure 8A) and in the lower cervical to thoracic cord (Figure
8B), with tonsillar ptosis beyond the foramen magnum.

NEUROSURGERY PRACTICE

Postoperatively, the syrinx had shrunk with the restoration of the
cisterna magna (Figure 8C). The axial image at the C2/3 level
(Figure 8D) revealed a syrinx, extending centrifugally and close
to the posterior horn and subarachnoid space. The T-SLIP tag
was placed in a belt-shaped manner along the posterior horn
(Figure 8E). At 1900 ms of delayed time, a faint fan-like CSF
inflow was visible, possibly through the thin wall on the cord
(Figure 8F and 8G).

DISCUSSION

To the best of our knowledge, this study is the first to use
T-SLIP MRI to assess preoperative and postoperative CSF dy-
namics in patients with CM-I on the velocity base. Compared
with PC-MRI, T-SLIP MRI successfully depicted more detailed
and sensitive spatial and temporal CSF distribution with quan-
tified dynamics.

In 2018, Ohtonari et al'® reported the first application of
T-SLIP MRI for CM-I to quantify CSF dynamics. The method
for quantification was originally defined as quick and simple. In
brief, they summated the maximum CSF movement in 2 different
directions (rostral and caudal) at 2 different points (ventral and

VOLUME 4 | NUMBER 4 | 2023 | 5
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TABLE 3B. Summary of Normality Checks for Velocity Variables

Preoperative
(n=8)

Postoperative
(n=11)

w P value® w P value®

Rostral peak (cm/s) Point1 0.828 .056 0.950 714

Point2 0916 399 0.883 199

Point 3 0.887 222 0.967 875

Point 4 0.960 .807 0.892 .246

Point 5 0.882 195 0.844 .083

Caudal peak (cm/s) Point 1 0.889 227 0.932 537

Point2  0.879 183 0.934 555

Point 3 0.844 .083 0.098 .075

Point 4  0.899 .283 0.950 .708

Point 5 0.866 139 0.887 217

v Point 1 0.847 .088 0.956 .770

Point2  0.829 .058 0.825 .053

Point 3 0.959 .798 0.966 .863

Point 4  0.957 .780 0.908 343

Point 5 0.824 .051 0.973 919

V, mean cerebrospinal fluid velocity.
Shapiro-Wilk test.

dorsal), which were then compared between surgical (preoperative)
and nonsurgical groups.'? The total length of motion (cm) was
shorter in the surgical group, meaning that T-SLIP MRI was able to
guide surgery.'> However, in most studies using PC-MRI, the

velocity dimension (cm/s) has been used to evaluate CSF dynamics.
Therefore, the validity of evaluating CSF dynamics using PC-MRI
and T-SLIP MRI was not yet compared in their study.

When using conventional PC-MRI to assess CSF velocity,
the peak velocity is retrieved as a property of a wave lasting
approximately 1 s. Williams et al® conducted a meta-analysis of
all studies that quantified CSF velocity, which included healthy
controls (n = 91) and Chiari malformation (n = 166) groups.
The mean peak velocity at the foramen magnum was 6.4 cm/s on
two-dimensional PC-MRI and 8.3 cm/s on four-dimensional PC-
MRI. In our study, rostral peak velocity was 3 to 10 cm/s on
average, whereas caudal peak velocity was —3 to —8 cm/s on
average. Thus, regarding peak velocity, the data from T-SLIP
MRI appeared roughly similar to those from PC-MRI reported in
the previous meta-analysis.®

Herein, we introduced V' according to T-SLIP MRI. This is
obtained from the total traveling distance of the labeled CSF by
dividing it by the observation time, which is approximately
3 times longer than in PC-MRI. By introducing V, we intended
to capture the whole CSF wave information besides the peak
velocity or maximum movement of tagged CSF. V successfully
detected postoperative significant changes in CSF dynamics at 4 of
the 5 observation points. Although V' failed to detect CSF dy-
namics changes at point 2 (P = .067), the caudal peak velocity at
point 2 had increased significantly (” = .027). Thus, by com-
bining the newly introduced parameter V and the traditional
parameter peak velocity, we detected a significant change in the
postoperative CSF dynamics, as labeled and traced by T-SLIP
MRI, all around the CV]J.

Physical Significance of Mean CSF Velocity (V)

The CSF wave is a typical irregular wave represented in nature
by a wind wave or sea wave where specialized statistics are in-
troduced for analysis using 100 consecutive raw waves.'* How-
ever, such measurement of CSF dynamics cannot be conducted

hand figure.

FIGURE 6. Time-spatial labeling inversion pulse MRI scan for patient 5. Left, postoperative; right, a drawing. Turbulent flow is indicated in the red square on the right-
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FIGURE 7. Perspective view of the CSF stream at the posterior CV] after decompression. Dynamic temporal collision and interference of 3 CSF streams

presents with a pattern comparable to that observed in the push-and-shove game. A, T-SLIP MR image and B, its corresponding drawing showing 3
streams (ved slime lines) intersecting at the posterior CV]. C, T-SLIP MR image and D, its corresponding drawing showing the cervical streams (red
arrow) pushing back the occipital stream with the FM stream interrupted. E, T-SLIP MR image and F, its corresponding drawing showing the occipital
stream (red arrow) pushing back the cervical stream with the FM stream interrupted. G, T-SLIP MR image and H, its corresponding drawing showing
the FM stream (ved arrow) pushing back the cervical stream with the occipital stream interrupted. Data were obtained from patient 1 postoperatively.
CSE, cerebrospinal fluid; CVJ], craniovertebral junction; FM, foramen of Magendie; T-SLIP MRI, time-spatial labeling inversion pulse MRI.
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FIGURE 8. Influx of CSF into the syrinx from the subarachnoid space detected in patient 7. A and B,
Preaperative sagittal MRI scan demonstrating syrinx A, in the upper cervical cord and B, in the lower cervical to
thoracic cord B, with tonsillar prosis beyond the foramen magnum. C, Postoperatively, the syrinx is shrunk with
the restoration of the cisterna magna. D, Axial image at the C2/3 level revealing the syrinx, extending
centrifugally, close to the posterior horn and subarachnoid space. E, The tag for time-spatial labeling inversion
pulse MRI is placed in a belt-shaped manner along the posterior horn. ¥, At 1900 ms of delayed time, a faint
Jfan-like CSF inflow is visible possibly through the thin wall on the cord. Line drawing of the figure F. G, The
Jan-like CSF is indicated by the arrow. CSE, cerebrospinal fluid.

noninvasively. In a PC-MRI study, cardiac-gated additionally
averaged data were used to introduce a representative value as the
peak velocity. In those processes, the effect of respiration is not
considered,"® but not negligible.1 > In this way, there seems to be a
limitation in comprehending those values. Iskander et al® pro-
posed a novel parameter that better reflects CSF dynamics, after a

discussion of that kind of CSF peak velocity data. Although the 3 s

8 | VOLUME 4 | NUMBER 4 | 2023

of data obtained using T-SLIP are much shorter than 100 con-
secutive raw waves, which are needed for strict statistical analysis,
they were 3 times longer than those obtained using PC-MRI in
the present, and we introduced a much more comprehensive
parameter, V, by tracing and measuring the total traveling dis-
tance of the point of interest along the entire raw wave. V' sig-
nificantly increased postoperatively at 4 of 5 points (points 1, 3, 4,

neurosurgerypractice-online.com
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and 5). However, peak velocity increased at 2 of 5 points (rostral,
points 3 and 4; caudal, points 2 and 4). By combining peak
velocity data and V, we were able to detect significant changes
after PFD covering the entire CV] in a point-by-point manner.

Clinical Meaning of the T-SLIP Study

T-SLIP MRI allowed for the detection of changes in CSF
dynamics between pre- and post-PFD, covering the entire
CV]. Around the occiput at point 4, all parameters had detected
significant postoperative velocity increases, whereas the conven-
tional PC-MRI study had no data on measured velocity because
the flow volume was very scant, and setting up the region of
interest was difficult. A less-invasive endoscopic decompression
with minimized skin incision and bone removal'®!/ is an
emerging and promising future research policy, and it is expected
to shorten hospital stay and allow for an early return to work/
school. Guidelines to decide on the extent of bone removal are
essential to avoid insufficient decompression. T-SLIP MRI data
would be useful for preoperative essential minimum planning and
postoperative evaluation in the future.

Visualization of CSF Inflow Into the Syrinx by T-SLIP: Cue
to the Riddle Regarding the Filling Mechanism

Milhorat et al'® revealed the syrinx cavity as an extension
through the dorsal root entry zone to reach the pial surface in an
autopsy case with a noncommunicating syrinx. They referred to
this as a “rupture” of the syrinx. According to Aboulker’s'’
theories, increased pressure drives CSF through the spinal pa-
renchyma or via a pathway along the dorsal root into the spinal
cord. In this study, we captured the very moment where the
T-SLIP-labeled CSF in the subarachnoid space flowed into the
syrinx and diffused. Our findings support Milhorat’s'® findings
and Aboulker’s'” theory: the dorsal root and its neighboring area
are key for syrinx formation. Myriad theories have been proposed
to explain syrinx formation,° including classic well-known
theories of Gardner,”! Williams,”” Ball and Dayan,?” and Old-
field.”* In each theory related to syrinx formation, there have been
some gaps in explaining the expansion of a syrinx cavity.”’
Currently, using T-SLIP MRI, we partially investigated these
important historical questions on the mechanisms of syrinx
formation. On T-SLIP MRI, there was no bulk flow forced from
the spine to the cisterna magna or no flow into the fourth ventricle
and then into the syrinx as in Williams’ theory, although Valsalva
maneuvers were not performed. Instead, T-SLIP was able to
detect a possible inflow from the subarachnoid space around the
posterior horn of the cord into the syrinx (Figure 8E), which
supports the transmedullary bulk flow theory supported by
Milhorat’s*” experimental study rather than the pressure disso-
ciation hypothesis.

Limitations

This study had certain limitations. First, the number of patients
(n = 11) was relatively small. We intend to address this in future
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studies by recruiting more patients. Second, there was a lack of PC-
MRI data in CM-I, which precluded quantitative comparisons
between PC-MRI and T-SLIP MRI findings. Third, the intervals
between preoperative and postoperative MRI varied (2-68 [mean,
26.0] months), which is primarily because we supposed that CSF
dynamics would be stable 2 to 3 years postoperatively as the wound
hematoma or leaked CSF would have been absorbed, and the
syrinx, if it existed, would have shrunk. Conversely, we presumed
the process of syrinx formation to be analogous to the reverse of
the process of syrinx shrinkage. Therefore, we intended to follow
the process of syrinx shrinkage serially using T-SLIP MR, although
the number of included patients (n = 11) was small. As this was a
pilot study, further studies using a carefully planned T-SLIP MRI
protocol based on these preliminary results are warranted.

CONCLUSION

T-SLIP MRI observations can provide insights into CSF dy-
namics, which are superior to those provided by PC-MRI and
could help elucidate the mechanisms behind syrinx formation. To
the best of our knowledge, this study is the first to measure CSF
velocity in patients with CM-I using T-SLIP MRI.
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COMMENTS

hank you so much for your information. I am very interested in this

article. This article described the application of time-spatial labeling
inversion pulse MRI (T-SLIP MRI) to the examination CSF dynamics. This
new strategy makes it possible to examine pure and single-stroke CSF
movement. Also, the authors compared T-SLIP MRI between preoperative
and postoperative in Chiari malformation. They discussed CSF flow dy-
namics at foramen magnum levels in pure Chiari malformation based on the
results. This challenge by the authors let the examination of the CSF dy-
namics develop more. I think that this T-SLIP MRI may be a breakthrough
to the study of CSF flow dynamics. Although I think that the discussion of
the author is logical, based on the results from a few cases, there may be many
objections. But I am able to understand the idea of the author as one
hypothesis about CSF dynamics at the foramen magnum. This study is
limited by a very small sample size, especially considering 3 of the 11 patients
did not have a preoperative MRI, and the authors recognize this in the
limitations and state that this is a pilot study. I strongly encourage the authors
to continue this study, with normal controls (volunteers) and more cases.
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