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Background: Heavily T2-weighted fat-saturated (HT2W-FS) magnetic resonance myelography (MRM)
is useful for diagnosing the cause of intracranial hypotension. Recently, deep learning-based reconstruction
(DLR) has been utilized to improve image signal-to-noise ratios and sharpness while reducing artifacts, all
without lengthening acquisition times. This study aimed to compare the diagnostic performance and image
quality of conventional reconstruction (CR) and DLR of 3-dimensional 3D) HT2W-FS MRM applied to
detecting epidural fluid in patients with clinically suspected intracranial hypotension.

Methods: This retrospective study included 21 magnetic resonance myelography examinations using both
CR and DLR in 21 patients who experienced orthostatic headache between April 2021 and September
2022. Quantitative image quality evaluation was performed by comparing signal-to-noise ratios at the lower
thoracic levels. The image quality and artifacts were graded by three readers. The presence of epidural
fluid was reported with a confidence score by two readers, and the area under the receiver operating curve,
interobserver agreement, and inter-image-set agreement were evaluated. The conspicuity of the dura mater
where the epidural fluid was detected was also investigated.

Results: Quantitative and subjective image quality, and artifacts significantly improved with DLR (all
P<0.001). Diagnostic performance of DLR was higher for both readers [reader 1: area under the curve (AUC)
of CR =0.929; 95% confidence interval (CI): 0.902-0.950, AUC of DLR =0.965 (95% CI: 0.944-0.979),
P=0.007; reader 2: AUC of CR =0.834 (95% CI: 0.798-0.866), AUC of DLR =0.877 (0.844-0.905), P=0.040].
Correlation with standard care of MRM in CR and DLR were both strong in reader 1 (rho =0.868-0.919,
P<0.001), but was respectively strong and moderate in reader 2 (rtho =0.734-0.805, P<0.001). Interobserver
agreement was substantial (k=0.708-0.762). The inter-image-set agreement was almost perfect for reader
1 (xk=0.907) and was substantial for reader 2 (k=0.750). Dura mater conspicuity significantly improved with
DLR (P<0.014, reader 1; P<0.001, readers 2 and 3).

Conclusions: HT2W-FS magnetic resonance myelography with DLR demonstrates substantial

improvements in image quality and may improve confidence in detecting epidural fluid.
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Introduction

Spontaneous cerebrospinal fluid (CSF) leaks are the most
commonly identified cause of spontaneous intracranial
hypotension, but can also result from other identifiable
causes such as trauma or lumbar puncture (1-3). The most
common clinical manifestation is headache, generally but
not invariably orthostatic; other findings include vertigo,
muffled hearing, nausea and emesis, disequilibrium, and
cognitive impairment (1). Major causes of spontaneous
intracranial hypotension have been identified: (I) posterior
vertebral osteophytes/calcified disc herniation causing dural
dehiscence, and (II) CSF-venous fistula, a recently described
entity, rarely presents with extradural CSF collection (4,5).

Spinal imaging findings in spontaneous intracranial
hypotension include epidural fluid collections, dilated
epidural veins, a festooned appearance of the epidural
venous plexus, dural enhancement, and a focal area of fluid
signal intensity between the spinous process of C1-C2 (6).
Although the optimal imaging protocol has not been
established, the mainstays of spinal imaging include CT
myelography with contrast, conventional spine magnetic
resonance imaging (MRI), and MR myelography (MRM)
with or without contrast (5). Although MRM without
contrast administration is a static examination that has
limited ability to delineate the dynamic process of CSF
egress from the dural sac, it can be used to demonstrate
CSF collections, especially when acquired with heavily T2-
weighted (HT2W) MRI, a fluid-sensitive sequence (7,8).
HT2W sequences without intrathecal contrast were shown
to be comparable to CT myelography and noninferior to
MRM with intrathecal contrast in detecting extradural CSF
collections, and appear to be ubiquitous across multiple
studies on MRM (8-11).

Owing to the subtleties of MR imaging findings,
achieving adequate spatial resolution is important in
suspected cases (5). Recently, deep learning-based
reconstruction (DLR) has been utilized to improve image
signal-to-noise ratios and sharpness while reducing
artifacts, all without lengthening acquisition times (12). It
has been applied to imaging of the brain, shoulder, knee,
abdomen, and spine (13-17). However, to the best of our
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knowledge, no studies have evaluated the application of
DLR to epidural fluid. This study aimed to compare the
diagnostic performance and image quality of conventional
reconstruction (CR) and DLR of 3-dimensional (3D)
HT2W MRM applied to detecting However, to the best of
our knowledge, no studies have evaluated the application of
DLR to epidural fluid in patients with clinically suspected
intracranial hypotension. We present this article in
accordance with the STARD reporting checklist (available
at https://qims.amegroups.com/article/view/10.21037/
qims-24-455/rc).

Methods
Participants

We searched for consecutive adult patients who underwent
3-T HIT2W MRM due to orthostatic headache between
April 2021 and September 2022 in a single center (Haeundae
Paik Hospital); a total of 31 examinations in 29 patients were
initially included. The exclusion criteria were as follows: (I)
3D images not acquired in the sagittal plane (n=1), (IT) loss of
k-space data for DLR (n=4), (III) insufficient data resulting
in insufficient coverage of the spine (n=3), and (IV) poor
image quality (n=2). A total of 21 examinations with both
CR and DLR in 21 patients were included, resulting in 483
intervertebral disc levels from C2-C3 to L5-S1 in the final
study cohort (Figure I). Archived records were manually
reviewed to collect the following data: sex, age, brain MRI
obtained within 1 month of MRM, prior history suggesting
violation of the dura mater, mean duration of headache,
history of epidural blood patch, and clinical outcomes
after epidural blood patch. The study was conducted in
accordance with the Declaration of Helsinki (as revised in
2013). The study was approved by institutional review board
of Inje University Haeundae Paik Hospital (No. HPIRB
2022-10-010) and individual consent for this retrospective
analysis was waived.

MRI protocol

MRM was performed at a single institution using a 3-T° MR
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Adult patients who underwent MR myelography in 3-T MRI due to orthostatic headache between April 2021 and
September 2022 (31 examinations in 29 patients)

Excluded (8 examinations)

>

(I) 3D images were acquired in the coronal plane (1 examination)

(I) Lack of k-space data for DLR (4 examinations)

g (1) Insufficient data resulting in incomplete imaging of the whole spine
(3 examinations)

y

MR myelography which underwent both CR and DLR of 3D heavily T2 weighted images
(23 examinations in 23 patients)

Excluded (2 examinations) [

;l Poor image quality (2 examinations)

| A total of 21 examinations in 21 patients were eligible and 483 levels were evaluated from C2-3 to L5-S1 levels |

4

| Assessment of image quality and artifact |

| Assessment for presence or absence of CSF leak |

. .

Presence of CSF leak
(11 patients, 125 levels)

Absence of CSF leak
(21 patients, 358 levels)

Excluded (exclusively foraminal

leaks, 6 levels)

Y

Dura mater conspicuity evaluation
(11 patient, 119 levels)

Figure 1 Flowchart of patient inclusion and image evaluation. MR, magnetic resonance; MRI, magnetic resonance imaging; 3D, three-

dimensional; DLR, deep learning-based reconstruction; CR, conventional reconstruction; CSF, cerebrospinal fluid.

system (Signa Architect, GE Healthcare) with a 16-channel
head and neck coil for the cervical spine and two 30-channel
anterior array coils for the posterior aspect of the spine. Two-
dimensional single-shot fast spin-echo heavily T2-weighted
fat-saturated (HT2W-FS) images were obtained in the axial
plane with 4-8 stacks and 3D fast spin-echo HT2W-FS
images were obtained in the sagittal plane with 3 stacks. The
detailed MR acquisition parameters are listed in Table 1.

3D HT2W-FS MRM underwent both CR and DLR
using a commercially available DLR pipeline. A vendor-
supplied prototype of a DLR pipeline (AIR™ Recon DL
3D (DLR); GE HealthCare, Waukesha, WI, USA) was
employed for 3D image reconstruction, utilizing an artificial
intelligence-enhanced image reconstruction pipeline
(17,18). This reconstruction process enables denoising,
reduces ringing artifacts, and performs interpolation in
three-directions, resulting in a sharp image volume by
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eliminating truncation artifacts (12). The DLR pipeline
incorporates a deep convolutional neural network (CNN)
that was trained using a supervised learning approach with
pairs of pristine and typical datasets. The DLR algorithm
has a modifiable noise reduction level (low, medium, and
high), and a high reduction level was used in our institution.
The two-dimensional HT2W-FS MRM also underwent
DLR with a high noise reduction level. Both CR and DLR
images of the 3D HT2W-FS MRM were reconstructed in
the axial plane with a slice thickness of 2 mm and a slice
interval of 1 mm using commercially available software
(Aquarius iNtuition, version 4.4.11, TeraRecon).

Image analysis

A representative axial image of 3D H2TW-FS MRM with
CR and DLR was selected for each intervertebral disc level

Quant Imaging Med Surg 2024;14(9):6531-6542 | https://dx.doi.org/10.21037/qims-24-455



6534

Table 1 MRI parameters
2D HT2W-FS SSFSE

3D HT2W-FS FSE

Parameters (axial) (sagittal)
Repetition time/echo 4,000/551.5 2,500/736.6
time (ms)
FOV (mm?) 180x180 280x98
FOV method - Outer volume
suppression
Section thickness/ 6/0 1/0
gap (mm)
Acquisition matrix 300x240 280x98
Echo train length N/A 160
Number of excitation 1 1
Parallel imaging factor - 2x1
Number of stacks 4-8 3
Noise reduction factor High High

Acquisition time/stack 1 minute 18 seconds 1 minute 12 seconds

MRI, magnetic resonance imaging; 2D, two-dimensional; HT2W-
FS, heavily T2-weighted fat-saturated image; SSFSE, single-
shot fast spin-echo; 3D, three-dimensional; FSE, fast spin-echo;
FOV, field of view; N/A, not applicable.

from C2-C3 to L5-S1, resulting in a total of 23 disc levels
per image set. The diagnostic confidence of CSF leaks and
subjective image quality/artifacts were evaluated based on
the pre-selected image for each level.

CSF leak detection

The presence of CSF leaks was established by consensus
between two experienced radiologists (a musculoskeletal
radiologist with 8 years of subspecialty experience, and a
neuroradiologist with 8 years of subspecialty experience)
based on three image sets (two-dimensional HT2W-FS
MRM with DLR, 3D HT2W-FS MRM with DLR, and
3D HT2W-FS MRM with CR) and they were blinded
to clinical information and radiologic reports. Evaluation
of the diagnostic performance of 3D HT2W-FS MRM
with CR and DLR was done by two readers (reader 1, a
musculoskeletal radiologist with 9 years of subspecialty
experience, and reader 2, a 1%-year resident with prior
training in spinal imaging). The readers independently
evaluated both image sets for the presence of epidural
fluid at all intervertebral disc levels from C2-C3 to L5-
S1 without any clinical information and radiologic reports.
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For each disc level, five slices, including the preselected
representative axial slice and two slices cranial and caudal to
the preselected slice, were evaluated. A 2-week rest period
was implemented between the interpretation of 3D HT2W-
FS MRM images with CR and with DLR. Epidural fluid
was defined as (I) a fluid collection of presumed epidural
location, often with a linear low signal intensity structure
representing the dura, (II) fuzzy fluid extension at the
neural foramen along the nerve root, or (III) a combination
of the above. The presence or absence of an epidural
fluid was reported with its diagnostic confidence using a
S-point scale; (I) definitely absent, (II) probably absent,
(III) equivocal, (IV) probably present, and (V) definitely
present. Diagnostic confidence scores were dichotomized
with a cut-off for the presence of epidural fluid between
confidence scores of 4 and above (present) and 3 and below
(absent).

Image quality assessment

For the quantitative analysis of image quality, circular
regions of interest (ROIs) were drawn in the bone marrow
of the lower thoracic vertebrae, thoracic spinal cord, and
CSF on both CR and DLR images of 3D HT2W-FS MRM
(Figure S1). Based on these measurements, the signal-to-
noise ratio (SNR) was calculated for both image sets using

the following formula (19,20):

SNR = mean signal intensity of CSF

mean standard deviation of bone marrow signal intensity

The subjective image quality and artifacts of both image
sets were evaluated by three readers (readers 1, 2, and
3; reader 3, a musculoskeletal radiologist with 8 years of
subspecialty experience). Prior to evaluation, the readers were
given standardized instructions and trained on image sets from
five patients not included in this study (Figure S2). Readers
independently evaluated the preselected axial images in both
CR and DLR image sets from 3D HT2W-FS MRM, with a
2-week rest period between the CR and DLR series to reduce
recall bias. Overall image quality was subjectively graded
using a 5-point Likert scale as follows: (I) unacceptable
diagnostic quality, (II) subdiagnostic, (III) acceptable
diagnostic quality, (IV) good, (V) excellent (21). The
presence of artifacts such as Gibbs, motion, CSF pulsation,
and incomplete fat saturation was also subjectively graded
using a 5-point scale: (I) extreme, resulting in unreadable
images; (II) severe artifacts affecting the diagnosis of
epidural fluid; (III) moderate artifacts slightly affecting the
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diagnosis of epidural fluid; (IV) mild artifacts not affecting
the diagnosis of epidural fluid; and (V) no artifacts noted.

For each level with epidural fluid according to the
standard care, dura mater conspicuity was additionally
evaluated by three readers (readers 1, 2, and 3) using a
5-point scale; 1, not visible or barely visible; 2, partially
delineated with blurring; 3, partially but sharply delineated;
4, fully delineated with blurring; and 5, fully and sharply
delineated. Levels with foraminal CSF leaks and without
other epidural fluid collection were excluded from the
evaluation of dura mater conspicuity.

Statistical analysis

Patient characteristics were presented as numbers, means,
and standard deviations. The normality of the data was
assessed using the Shapiro-Wilk test. The sensitivity,
specificity, positive predictive value, negative predictive
value, and accuracy of epidural fluid detection were
calculated for 3D H2TW-FS MRM with CR and DLR.
McNemar’s test was performed to compare the concordance
of two image sets compared to standard care (22). Receiver
operating characteristic curves and the area under the
receiver operating characteristic curves of CR and DLR
images were compared for both readers to compare the
discriminatory power of the two image reconstruction
algorithms (23). Spearman rank correlation was employed
to evaluate the correlation with standard of care in MRM
usage for detecting epidural fluid in 3D HT2W-FS MRM
with CR and 3D MRM with DLR at both the individual
spinal level and the patient level. The Spearman rank
correlation was interpreted as none, weak, moderate,
and strong for coefficients of less than 0.2, 0.21-0.50,
0.51-0.80, >0.81 (24). Interobserver agreement and
inter-image-set agreement in identifying CSF leaks was
assessed with the Fleiss-Cohen unweighted kappa and
were interpreted as slight, fair, moderate, substantial,
or excellent for kappa coefficients of <0.20, 0.21-0.40,
0.41-0.60, 0.61-0.80, and 0.81-1.0, respectively (25).
Subjective scores of image quality and artifacts were
compared between CR and DLR for all readers using
Mann-Whitney U-tests. Visualization of the dura mater
was compared between CR and DLR for all readers using
the Wilcoxon signed-rank test.

All statistical analyses were performed using SPSS
software version 25 (IBM Corp., Armonk, NY, USA) and
MedCale Software Version 20.210 (Ostend, Belgium),
and a P value <0.05 in a two-tailed test was deemed
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statistically significant.

Results
Demographics and patient characteristics

Ten men (47.6%) and 11 women (52.4%) with a mean age
of 39.9 years (range, 25-82 years) were included. Among
them, 20 patients underwent brain MRI within one month
of MRM, and three of the 20 patients (15.0%) showed
intracranial imaging findings of intracranial hypotension
according to Bern score: subdural fluid collections,
enhancement of the pachymeninges/dura mater, cerebellar
tonsillar herniation, venous engorgement, suprasellar,
prepontine, and mamillopontine distance. The detailed
characteristics of the enrolled patients are shown in Table 2.

Diagnostic performance of epidural fluid detection

Dichotomized analyses of epidural fluid presence on 3D
HT2W-FS MRM with CR and DLR by both readers 1
and 2 were compared to the standard care of MRM usage.
According to the standard case of MRM usage, epidural
fluid was detected in 11 subjects, with a mean of 11.4 levels
per patient with CSF leaks. On 3D H2TW-FS MRM with
CR, reader 1 reported epidural fluid in 12 patients, with a
mean of 9.5 levels per patient with epidural fluid, and reader
2 reported epidural fluid in 13 patients, with a mean of 7.3
levels per patient with epidural fluid. On 3D H2TW-FS
MRM with DLR, reader 1 reported epidural fluid in 11
patients, with a mean of 11.3 levels per patient with epidural
fluid, and reader 2 reported epidural fluid in 16 patients,
with a mean of 16 levels per patient. Sensitivity, specificity,
and diagnostic accuracy were higher for DLR than for CR
for both readers (7able 3). Positive and negative predictive
values also improved with DLR compared with CR for both
readers. The areas under the receiver operating curve for
diagnosing epidural fluid are shown in 7Tible 4 and Figure 2.
The areas for the DLR images were significantly higher
than those for the CR images for both readers (P=0.007,
0.040). The diagnostic performance of reader 1 (P=0.049)
was significantly different between the two image sets of
3D HT2W-FS MRM, whereas that of reader 2 was not
(P=0.27).

Significant and strong positive correlation with standard
of care in MRM usage were observed in 3D HT2W-FS
MRM with CR and 3D HT2W-FS MRM with DLR for
reader 1 at both the individual spinal level (CR, rho =0.868,
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Table 2 Patient characteristics

Characteristics Value (n=21)
Sex
Male 10 (47.6)
Female 11 (62.4)
Age (years) 39.9+14.39
Brain MRI obtained within 1 month of MR 20 (95.2)
myelography
Evidence of intracranial hypotension on 3/20 (15.0)
brain MRI
History prior to current symptoms suggestive 11 (52.4)
of dura mater violation
Nerve blocks in thoracolumbar spine 5(23.8)
Spinal “injections” 2 (9.5)
Spinal operation for spinal stenosis 1(4.8)
Percutaneous epidural neuroplasty* 1(4.8)
Spinal trauma 1(4.8)
Lumbar puncture 2 (9.5)

Duration of headache (days) 51.86+106.91

Patients who underwent EBP for current 12 (57.1)
symptoms
Patients with remote history of EBP 3(14.3)
Clinical outcome after EBP for current n=12
symptoms’
No improvement of symptoms 2 (9.5)
Partial improvement of symptoms 5 (23.8)
Complete improvement of symptoms 4 (19.0)
Failed procedure 1(4.8)

Data are presented as n (%) or mean =+ standard deviation.
*, a single patient had prior history of both nerve block and
percutaneous epidural neuroplasty; ', for patients who underwent
multiple series of EBP, the final outcome was documented in the
above table. MRI, magnetic resonance imaging; MR, magnetic
resonance; EBP, epidural blood patch.

P<0.001; DLR, rho =0.919, P<0.001) and the patient level
(CR, rho =0.908, P<0.001; DLR, rho =1, P<0.001). Also,
there was significant and strong positive correlation between
standard of care in MRM usage and 3D HT2W-FS MRM
with DLR for reader 2 at the individual spinal level (DLR,
rho =0.805, P<0.001). There was moderate significant
correlation between standard of care in MRM usage and 3D
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HT2W-FS MRM with CR for reader 2 at the individual
spinal level (CR, rho =0.734, P<0.001). But, there was no
statistically significant correlation between standard of
care MRM and 3D HT2W-FS MRM with both image
reconstruction methods for reader 2 at the patient level
(P=0.052-0.106). The correlations to the epidural fluid
diagnosis according to “standard of care in MRM usage” is
shown in Table 5.

Interobserver and inter-image-set agreement

Interobserver agreement between the two readers was
substantial in both CR and DLR images (CR, x=0.708;
DLR, k=0.762). Inter-image-set agreement between CR and
DLR was excellent for reader 1 (k=0.907) and substantial
for reader 2 (x=0.750).

Image quality assessment

The SNR of 3D HT2W-FS MRM with DLR (mean SNR
=143.68, standard deviation =55.86) was significantly higher
than with CR (mean SNR =90.27, standard deviation
=31.57; P<0.001). The subjective scores of the qualitative
assessments for each reader are listed in the 7able 6. The
mean subjective scores for image quality improved with
DLR compared with CR for all three readers, with statistical
significance (P<0.001; Figure 3). The mean subjective scores
for artifacts also improved with DLR compared with CR for
all three readers, with statistical significance (P<0.001). The
conspicuity of the dura mater in segments with epidural
fluid also improved with DLR compared to CR for all three
readers (reader 1, P=0.014; readers 2 and 3, P<0.001; Tuble 6,
Figure 4).

Discussion

In the current study, we compared DLR and CR images of
3D HT2W-FS MRM in terms of image quality, artifacts,
and diagnostic performance in detecting epidural fluid in
patients with clinically suspected intracranial hypotension.
3D HT2W-FS MRM with DLR demonstrated improved
diagnostic performance in detecting epidural fluid compared
with CR. Interobserver agreement was substantial, and the
inter-image-set agreement was substantial to excellent. 3D
HT2W-FS MRM with DLR showed an improvement over
CR in both quantitative and subjective grading of image
quality and artifacts as well as in dural conspicuity at levels
at which epidural fluid were present.
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Table 3 Sensitivity, specificity, positive and negative predictive values and accuracy of 3D HT2W-FS with CR or with DLR in the detection of
epidural fluid for both readers

Reader 1 Reader 2

Parameters

3D HT2W-FS with CR 3D HT2W-FS with DLR 3D HT2W-FS with CR 3D HT2W-FS with DLR

Sensitivity (95% Cl) 0.84 (0.75-0.90) 0.95 (0.90-0.98) 0.70 (0.61-0.78) 0.78 (0.69-0.85)

Specificity (95% Cl) 0.94 (0.91-0.96) 0.98 (0.96-0.99) 0.97 (0.95-0.99) 0.98 (0.96-0.99)

PPV (95% Cl)
NPV (95% Cl)

Accuracy (95% Cl)

0.77 (0.69-0.83)
0.96 (0.94-0.97)
0.92 (0.89-0.94)

0.94 (0.88-0.97)
0.98 (0.96-0.99)
0.97 (0.95-0.98)

0.90 (0.82-0.94)
0.90 (0.88-0.92)
0.90 (0.87-0.93)

0.92 (0.86-0.96)
0.93 (0.90-0.95)
0.93 (0.90-0.95)

3D, three-dimensional; HT2W-FS, heavily T2-weighted fat-saturated image; CR, conventional reconstruction; DLR, deep learning-based
reconstruction; PPV, positive predictive value; NPV, negative predictive value.

Table 4 Comparison of the AUC values of 3D HT2W-FS with CR or DLR for both readers

Readers 3D HT2W-FS with CR 3D HT2W-FS with DLR Difference* P value
Reader 1 (95% Cl) 0.929 (0.902-0.950) 0.965 (0.944-0.979) 0.036 (0.010-0.062) 0.007
Reader 2 (95% Cl) 0.834 (0.798-0.866) 0.877 (0.844-0.905) 0.043 (0.002-0.084) 0.040

*, data are mean differences in AUC between the 3D HT2W-FS with DLR group and the 3D HT2W-FS with CR group. P values for the
comparison of AUC were calculated using DeLong’s method. AUC, area under the curve; 3D, three-dimensional; HT2W-FS, heavily T2

weighted fat-saturated image; CR, conventional reconstruction; DLR, deep learning-based reconstruction.

100 -

80 -

60 -

Sensitivity, %

20 |-

L 1 1 1 " 1 1
0 20 40 60 80 100
100-Specificity, %

Figure 2 Receiver operating characteristic curves of CR and DLR
for both readers. R1, reader 1; R2, reader 2. DLR, deep learning-

based reconstruction; CR, conventional reconstruction.

3D MRI shows a high through-plane spatial resolution
and reduces of partial volume artifacts compared to two-
dimensional sequences. Consequently, subtle or thin
lesions can be more readily detected on 3D than with two-
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dimensional pulse sequences. Chokshi et /. (26) reported
improved anatomic evaluation of the cervical spine
using 3D pulse sequences compared to two-dimensional
sequences. Moreover, markedly reduced CSF pulsation
artifacts were noted on the 3D sequence; these artifacts can
be misinterpreted as a flapped dura mater due to a dural tear
and subdural fluid collection or as peri-medullary vascular
flow (9,27,28).

HT2W-FS MRM has advantages over CT myelography
or MRM with intrathecal gadolinium in that it avoids
radiation exposure, adverse effects of contrast media, and
lumbar punctures (10). Previous investigations using 3D fat-
saturated T2WI or HT2W MRM showed accurate epidural
fluid detection in patients with intracranial hypotension
compared with CT myelography with intrathecal contrast
(95% detection rate) or radionuclide cisternography (81.5%)
(9,27). In our study, 3D HT2W-FS MRM was utilized
as a mainstay sequence in the diagnosis and evaluation
of epidural fluid in patients with clinically suspected
intracranial hypotension. Similar to previous studies using
HT2W-FS MRM, we found that the diagnostic accuracy
of both CR and DLR of 3D HT2W-FS MRM in detecting
CSF leaks was 90-97% (9,27).

However, 3D HT2W-FS MRM is not suitable for
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Table 5 Correlation of conventional reconstruction and deep learning reconstruction with standard of care in MRM usage

Reader 1 Reader 2
Parameters
rho P value rho P value

Per individual spinal level (n=482)

Conventional reconstruction 0.868 <0.001 0.734 <0.001

Deep learning-based reconstruction 0.919 <0.001 0.805 <0.001
Per patient (n=21)

Conventional reconstruction 0.908 <0.001 0.430 0.052

Deep learning-based reconstruction 1 <0.001 0.362 0.106

MRM, magnetic resonance myelography.

Table 6 Comparison of qualitative assessment between CR and DLR images

Reader 1 Reader 2 Reader 3
Parameters 3D HT2W-FS 3DHT2W-FS _  ~ 3DHT2W-FS 3DHT2W-FS _  ~ 3DHT2W-FS 3DHT2W-FS
with CR with DLR aue  ith CR with DLR ale  ith CR with DLR alue

Image quality ~ 3.72(0.645) 4.02 (0.632) <0.001° 3.26 (0.640) 4.01 (0.613) <0.001® 3.66 (0.679) 4.28 (0.723) <0.001°
Artifact 450 (0.609) 4.73(0.513) <0.001° 3.58 (0.681) 4.20(0.658) <0.001* 3.60(0.543) 3.93(0.520) <0.001°

Dura mater 257 (1.266) 2.80(1.183) 0.014°  2.18(1.255) 2.77 (1.168) <0.001° 1.87 (1.318) 2.37 (1.327) <0.001°"
conspicuity®

Data are presented as mean (standard deviation). *, dura mater conspicuity was evaluated in levels that showed evidence of epidural fluid
according to reference standard, except for levels with foraminal CSF leakage (total of 119 levels). % using Mann-Whitney U-tests; °, using
Wilcoxon signed rank tests. CR, conventional reconstruction; DLR, deep learning-based reconstruction; 3D, three-dimensional; HT2W-FS,
heavily T2-weighted fat-saturated image.

% /

Figure 3 A 25-year-old female with headaches for 2 days. Axial images of 3-dimensional heavily T2-weighted fat-saturated magnetic
resonance myelography with CR (A) and DLR (B) at the level of C2-C3 show a ventral epidural fluid (white arrows). All three readers
reported the DLR image (B) as having a greater image quality and equal or less artifacts than CR image (A) (image quality scores for CR vs.
DLR, reader 1: 3 vs. 4, reader 2: 3 vs. 4, reader 3: 4 vs. 5; artifact scores for CR vs. DLR, reader 1: 4 vs. 4, reader 2: 3 vs. 5, reader 3: 4 vs. 5).

CR, conventional reconstruction; DLR, deep learning-based reconstruction.
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Figure 4 Comparison of dura mater conspicuity of MR myelography. (A) A 30-year-old female with headaches for 4 days. Axial images of

3-dimensional heavily T2-weighted fat-saturated MR myelography with CR and DLR at the level of T8-9 shows an epidural fluid (white

arrows) in the left aspect of the dural sac. (B) A 36-year-old female with headaches for 2 months. Axial images of 3-dimensional heavily T2-

weighted fat-saturated MR myelography with CR and DLR at the level of T1-2 shows an epidural fluid (white arrows) in the ventral aspect

of the dural sac. Although the dura mater separating the epidural fluid and subdural space is visible in both CR and DLR images, all readers

reported an improvement in dura mater conspicuity with the DLR images. (Conspicuity scores for CR vs. DLR, in patient (A), reader 1, 1 vs. 2,

reader 2, 1 vs. 4, reader 3, 3 vs. 4; in patient (B), reader 1, 3 vs. 4, reader 2, 3 vs. 4, reader 3, 3 vs. 4). CR, conventional reconstruction; DLR,

deep learning-based reconstruction; MR, magnetic resonance.

detecting the exact location of dural tears because of the
static nature of the modality (5). Conventional myelography
with or without postmyelography CT, or dynamic
CT myelography under CT fluoroscopic guidance, is
recommended for evaluating the exact location of dural tears
in patients with failed, nontargeted epidural blood patch
or with planned surgical exploration. Although we did not
evaluate the possible site of the dural tear, we assessed the
conspicuity of the dura mater where the epidural fluid was

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

noted. The conspicuity of the dura mater was significantly
higher in the DLR group than in the CR group for all
readers (P=0.014, P<0.001, and P<0.001, respectively).
Further research should focus on the application of DLR to
high-resolution MRM for dural tear localization.

This study had several limitations. First, only a small
sample size was retrospectively evaluated. However, it’s
important to note that intracranial hypotension is an
underdiagnosed disease, with an annual incidence of 5 in
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100,000 per year (29). We believe it is valuable to report
our initial application of DLR for 3D MRM to assess both
the presence of epidural fluid and image quality. Further
prospective studies with larger sample sizes and multi-
readers are inevitably required to generalize the results of
this study. Second, two-dimensional HT2W-FS MRM and
3D HT2W-FS MRM which represent the standard of care
in MRM usage, were employed to assess the presence or
absence of epidural fluid. Furthermore, MRM employing
heavily T2-weighted FSE sequences remains valuable in
clinical practice for detecting CSF leaks and confirming
the presence of meningeal diverticula. While MRM is
sensitive, the detection of minimal CSF leaks, particularly
lateral leaks, can present challenges. Nevertheless, it
is imperative to acknowledge that, in comparison to
dynamic CT myelography, which is considered reference
standard for localizing the CSF leak site while dynamic
CT myelography excels in this regard due to its superior
temporal resolution (5,9,11). However, the purpose of this
study was to detect the presence of extradural epidural fluid
rather than the exact site of leakage. By applying DLR, the
conspicuity of the dura mater was improved compared to
that of CR. In future, high-resolution 3D MRM and DLR
might be helpful in identifying the exact location of dural
tears and might also be helpful prior to surgical exploration.
Third, CSF-venous fistula, another cause of intracranial
hypotension, is difficult to detect with MRM without
intrathecal contrast administration because of its static
nature (5). Patients who are negative on 3D HT2W-FS
MRM but highly suspected to have intracranial hypotension
should undergo another study, such as lateral decubitus
CT myelography or digital subtraction myelography, to
determine the exact site of leakage or CSF-venous fistulae.
Fourth, the measurement of SNR in the current study
was conducted using a conventional approach. Optimized
methods of SNR measurement are available after applying
specific reconstruction filters, multichannel reconstruction,
or parallel imaging (30). However, it is challenging to
perform multiple acquisitions on actual patient image due
to factors such as patient motion or physiological signal
variations, which are necessary to evaluate the true SNR
accurately. Several recent researches that also employed
DLR for rectal cancer and lumbar spine imaging used
conventional SNR approach (19,20). Our investigation
revealed no significant difference between subjective visual
image quality analysis and the conventional SNR evaluation
method. Nevertheless, there remains a need to develop an
optimized approach for evaluating SNR in the context of

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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deep learning-based MRI.

Conclusions

In conclusion, HT2W-FS MRM with DLR showed
improved image quality, dura mater conspicuity, and
diagnostic performance in the detection of epidural fluid
compared to CR. Consequently, DLR may improve
diagnostic confidence for the detection of epidural fluid in
patients with intracranial hypotension.
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