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Resisted Inspiration Improves Visualization of CSF-Venous
Fistulas in Spontaneous Intracranial Hypotension
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ABSTRACT

BACKGROUND AND PURPOSE: CSF-venous fistulas are an important cause of spontaneous intracranial hypotension but are chal-
lenging to detect. A newly described technique known as resisted inspiration has been found to augment the CSF-venous pressure
gradient and was hypothesized to be of potential use in CSF-venous fistula detection but has not yet been investigated in patients
with spontaneous intracranial hypotension. The purpose of this investigation was to determine whether resisted inspiration results
in improved visibility of CSF-venous fistulas on CT myelography in patients with spontaneous intracranial hypotension.

MATERIALS AND METHODS: A retrospective cohort of patients underwent CT myelography from November 2022 to January 2023.
Patients with an observed or suspected CSF-venous fistula identified during CT myelography using standard maximum suspended
inspiration were immediately rescanned using resisted inspiration and the Valsalva maneuver. The visibility of the CSF-venous fistula
among these 3 respiratory phases was compared, and changes in venous drainage patterns between phases were assessed.

RESULTS: Eight patients with confirmed CSF-venous fistulas who underwent CT myelography using the 3-phase respiratory protocol
were included. Visibility of the CSF-venous fistula was greatest during resisted inspiration in 5/8 (63%) of cases. Visibility was opti-
mal with the Valsalva maneuver and maximum suspended inspiration in 1 case each, and it was equivalent in all respiratory phases
in 1 case. In 2/8 (25%) cases, the pattern of venous drainage shifted between respiratory phases.

CONCLUSIONS: In patients with spontaneous intracranial hypotension, resisted inspiration improved visualization of CSF-venous fis-
tulas in most, but not all, cases. Further investigation is needed to determine the impact of this technique on the overall diagnostic
yield of myelography in this condition.

ABBREVIATIONS: CTF = CT fluoroscopy; CTM = CT myelography; CVF = CSF-venous fistula; DSM = digital subtraction myelogram; SIH = spontaneous

intracranial hypotension

C SE-venous fistula (CVF) has been recognized during the past
several years as the causative lesion in an increasing propor-
tion of cases of spontaneous intracranial hypotension (SIH).!
Multiple new interventions have been developed to treat CVFs,
with relatively high reported success rates.””> Use of these techni-
ques depends on accurate anatomic localization of the CVF,
which remains challenging in many cases.

A variety of technical innovations have been described to
enhance the visibility of CVFs on imaging, to improve detection.®”
® One report found that the appearance of CVFs varied with the
respiratory phase, with augmented visibility of CVFs during inspi-
ration compared with expiration or the Valsalva maneuver.® More
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recently, Mark et al' found that a technique of resisted inspiration

resulted in decreased pressure within the superior vena cava and
increased CSF pressure compared with normal inspiration.
Although the investigation did not directly explore the effect of
this technique on CVF visualization, the authors hypothesized
that it could potentially aid in CVF detection by augmenting the
pressure gradient between the CSF and the venous system, thereby
promoting transit of contrast through the fistula.

The purpose of this investigation was to determine whether
a resisted inspiratory technique resulted in improved subjective
visualization of CVFs in patients with STH compared with other
respiratory phases, including maximum suspended inspiration
and the Valsalva maneuver, using serial image acquisition of CT
myelography (CTM) during 3 separate phases of respiration.

MATERIALS AND METHODS

Subjects

This retrospective cohort included patients with STH who under-
went CTM at our institution between November 2022 and January
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2023. The procedure schedule in the institutional electronic med-
ical record was reviewed to identify patients who had undergone
postmyelogram CT to evaluate a CSF leak. Patients were included
if they satisfied the International Classification of Headache
Disorders, 3rd ed, criteria for STH,"" had a suspected CVF identi-
fied on CTM at the time of scan acquisition, and subsequently
were imaged with the 3-phase respiratory protocol described
below. Patients without an imaging-verified CVF after the work-
up was complete were excluded. The investigation was approved
by the local institutional review board and is compliant with
Health Insurance Portability and Accountability Act.

Myelographic Technique
CTM was performed using an intrathecal injection of 10 mL of
iopamidol containing 300 mg/mL of iodine (Isovue-M 300;
Bracco) with the patient in lateral decubitus position to increase
the density of intrathecal contrast over the nerve roots in the tho-
racic spine, a technique previously shown to augment detection
of CVFs.®

Imaging was performed on a 64-detector row CT scanner
(Discovery 750HD; GE Healthcare) or on a photon-counting
detector CT scanner (NAEOTOM alpha; Siemens). Intrathecal
contrast was injected using either CT fluoroscopy (CTF) or con-
ventional fluoroscopic guidance. In cases in which CTF was
used, diagnostic CTM was performed immediately after contrast
injection. In cases in which conventional fluoroscopy was used
for the intrathecal injection, the patient was transferred to the
CT scanner for subsequent diagnostic CTM, and care was taken
to maintain the lateral decubitus position during transport to
avoid mixing of contrast.

Resisted Inspiration Technique

The initial CTM scan was performed with the patient instructed to
breathe in deeply and hold his or her breath (ie, maximum sus-
pended inspiration). This process is equivalent to the “normal in-
spiration” phase reported by Mark et al.'” Images were reviewed
on the CT scanner console by the performing radiologist in real-
time to assess a hyperdense paraspinal vein indicating the presence
of a CVE." If no CVF was seen on the initial scan, the patient was
turned to the contralateral decubitus position and repeat scanning
of the thoracic spine was performed with maximum suspended
inspiration.

In cases in which a CVF was observed or suspected to be pres-
ent due to the presence of a hyperdense paraspinal vein on imme-
diate review of either decubitus scan by the radiologist, repeat
scanning limited to the level of interest was performed using a
resisted inspiration technique, followed by a third scan acquired
during the Valsalva maneuver. For resisted inspiratory scans, the
patient was provided with a 5-mL syringe (Luer-Lock syringe;
Becton-Dickinson) with the plunger removed to hold between
his or her lips and instructed to breathe in continuously through
the syringe beginning immediately before and then continuously
throughout image acquisition, similar to the resisted inspiration
technique previously reported.'” The syringe was then removed
from the patient’s lips, and the limited area of interest was
scanned a third time with the patient performing a Valsalva
maneuver.

Image Analysis

Cases were retrospectively and independently reviewed by 2 neu-
roradiologists with 11 and 14 years of experience in treating STH.
Cases were reviewed on the PACS using the thinnest available sec-
tion thickness (0.625 mm for scans performed on the 64-detector
row CT and 0.2 mm on the photon-counting detector CT). Each
radiologist assessed which respiratory phase optimally showed the
CVF. Disagreement on the initial classification between readers
was resolved by consensus.

Images from all 3 phases of respiration were coregistered and
reviewed in a 3-plane MPR reformat. Cases were categorized into
one of the following groups on the basis of the reader’s subjective
analysis: One of the respiratory phases was superior to the other 2
in showing the CVF (pattern A), 2 of the respiratory phases were
equally superior to the third (pattern B), or all respiratory phases
were equivalent in depicting the CVF (pattern C).

Additionally, cases were categorized as either showing the
same distribution of draining veins on all respiratory phases or
showing drainage patterns that differed with the respiratory
phase. Differing drainage was defined as new drainage into 1 of
the following 3 regions of the venous plexus not seen on other
respiratory phases: the internal epidural venous plexus, external
epidural venous plexus, or basivertebral venous plexus.’

The time of intrathecal contrast injection and of each of the 3
respiratory phase scans was determined from the timestamp of
the images stored in the PACS. Time intervals between contrast
injection and each of the subsequent 3 scan acquisitions were cal-
culated on the basis of these timestamps. Differences in the time
interval from contrast injection to the first CTM scan were com-
pared in subjects for whom CTF was used for intrathecal injec-
tion versus those for whom conventional fluoroscopy was used
by means of unpaired ¢ tests. P values < .05 were considered stat-
istically significant.

RESULTS

Ninety-one patients who underwent postmyelogram CT were
reviewed for eligibility. Of these, 8 subjects were scanned using
the 3-phase respiratory protocol and met the inclusion and exclu-
sion criteria. The mean subject age was 56.6(SD, 9.9) years
(range, 44-73 years). Five of 8 (63%) subjects were women. Seven
patients reported orthostatic headache as their primary symptom,
and 1 patient reported impaired hearing as the primary symptom.
In all cases, brain MR imaging with contrast was performed
before CTM and showed changes compatible with STH (at least 1
of the following signs: dural enhancement, venous distension, or
brain sagging). In 6/8 cases, the CVF was identified on the first
lateral decubitus scan, ipsilateral to the side positioned down dur-
ing intrathecal contrast injection (left side in 5 cases, right side in
1 case). In the other 2 cases, no CVF was seen on the first scan
but was identified after the subject had been rolled onto the con-
tralateral decubitus position (right side in both cases). Spinal lev-
els and laterality of identified CVFs are shown in the Table.

The mean time interval from intrathecal contrast injection to
scan acquisition for the first respiratory phase (ie, maximum sus-
pended inspiration) was 20.5 minutes (range, 7.7-55.9 minutes).
The mean time interval between the acquisition of the first respi-
ratory phase and the second phase (ie, resisted inspiration) was
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Patient characteristics, CVF location, and behavior of CVF drainage investigated with 3-phase respiratory technique

Visibility Drainage Pattern Best Phase for CVF
Case No. Age (yr) Sex CVF Level CVF Side Pattern® Varies with Phase® Visualization
1 55 F T12 R A N RI
2 49 F T3 L A N MI
3 67 M T3 L A N \
4 60 F L1 R A N RI
5 48 F T9 R A N RI
6 57 M T5 L A Y RI
7 73 M T7 L C Y -
8 44 F T7 L A N RI

Note:—The en dash indicates that no single phase was superior; RI, resisted inspiration; MI, maximum suspended inspiration; V, Valsalva maneuver; M, male; F, female; R,

right; L, left; N, no; Y, yes.

*The visibility pattern is classified as follows: One respiratory phase is superior to the others (A), 2 phases are equally superior to the third (B), or all respiratory phases

are equivalent in depicting the CVF (C).
®Y indicates that the drainage pattern shifted to other portions of the epidural venous plexus with different respiratory phases; N indicates no shift.

;:

FIG 1. A right T12 CVF best visualized during resisted inspiration. Coronal MIP images from CTM
performed in a patient with SIH are shown during maximum suspended inspiration (A), resisted in-
spiration (B), and the Valsalva maneuver (C). Although the CVF (arrow) is visible to varying degrees
on all phases, visualization is best during resisted inspiration.

r\.
2
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contrast injection was performed using
conventional fluoroscopy before the
patient was moved to the CT scanner;
in one of these cases, dynamic myelog-
raphy was performed under conven-
tional fluoroscopy before CTM, and in
the other case, injection was per-
formed before CTM on the photon-
counting detector CT because that
scanner was not equipped with a CTF
package. The remaining 6 injections
were performed using CTF. The time
interval between the contrast injection
and the first scan was significantly lon-
ger for those cases in which conven-
tional fluoroscopy was used for
intrathecal contrast injection com-
pared with those cases in which CTF
was used (mean time to imaging, 42.3
versus 11.7 minutes; P = .01).

A single respiratory phase was
found to best depict the CVF in 7/8
(88%) cases (pattern A) (Figs 1 and 2).
Of these 7 cases, the resisted inspira-
tion phase was assessed as the superior
phase of respiration in 5 instances. The
Valsalva maneuver (Fig 3) and maxi-
mum suspended inspiration best
depicted the CVF in 1 instance each;
both of these CVFs were located on
the left at the T3 level. In 1/8 (12%)
cases, all respiratory phases resulted in
equivalent visualization of the CVF,

FIG 2. A right T9 CVF best visualized during resisted inspiration. Axial MIP images from CTM per-
formed on a patient with SIH are shown during maximum suspended inspiration (A), resisted in-

which was located on the left at T7

spiration (B), and the Valsalva maneuver (C). Drainage of the CVF into a segmental vein (arrow)is ~ (pattern C). There were no cases in

best seen during resisted inspiration.

which 2 phases were equally superior

to the third in visualizing the CVF
4.5minutes (range, 2.3-6.5 minutes). The mean time interval  (pattern B). Thus overall, resisted inspiration best depicted the

between the acquisition of the second respiratory phase and the ~ CVF in 5/8 (63%) total cases in our study.

third phase (ie, the Valsalva maneuver) was 3.5 minutes (range, A change in the venous drainage pattern was observed

1.4-6.2minutes). In 2 cases (subjects 3 and 4), intrathecal  between the different respiratory phases in 2/8 (25%) cases. In 1
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prove superior to maximum suspended
inspiration on the basis of venous ma-
nometry data obtained during various
phases of respiration, but it did not
directly test the effect on patients with
actual CVFs."” Our investigation con-
ducted in cases of patients with SIH sup-
ports the hypothesis posited by Mark et
al'® that resisted inspiration can be use-
ful in enhancing the visibility of a CVF.
Resisted inspiration did not result in
improved visibility of CVFs in all cases,
however. In 2 cases, the CVF was best
visualized on a different phase of inspi-
ration (maximum suspended inspiration

FIG 3. A left T3 CVF best visualized during the Valsalva maneuver. Axial MIP images from CTM
performed on a patient with SIH are shown during maximum suspended inspiration (A), resisted
inspiration (B), and the Valsalva maneuver (C). The CVF originating at the T3 level on the left
(arrow) is best visualized during the Valsalva maneuver. The presence of a CVF was suspected on
the basis of faint hyperdensity in the same location on the initial maximum suspended inspiration
image.

FIG 4. A left T7 CVF drainage pattern shifts with varying respiratory phases. Axial images from
CTM performed on a patient with SIH are shown during maximum suspended inspiration (A),
resisted inspiration (B), and the Valsalva maneuver (C). The primary drainage of the CVF is into the
internal epidural venous plexus, but during inspiratory phases, a component of drainage is also
seen into the basivertebral venous plexus (black arrows). This drainage decreases during the
Valsalva maneuver, with new drainage visible into the external epidural venous plexus via an inter-

and the Valsalva maneuver, respec-
tively). Both of these CVFs were located
at T3 on the left. While it is possible that
this association is coincidental, venous
drainage of the upper left thoracic spine
differs from that in the remainder of the
thoracic spine. Specifically, the second
through fourth thoracic vertebral levels
on the left usually drain into the supe-
rior intercostal vein, while the rest of the
thoracic spine drains into the azygous
system."” It is possible that resisted in-
spiration may affect augmentation of
venous drainage differently in the upper
left thoracic spine on the basis of this
anatomic difference, though more expe-
rience with this technique will be
needed to determine if this observation
is reproducible.

We also observed that in some cases,
the pattern of venous drainage may
change on the basis of the respiratory
phase. Variations in intrathoracic pres-
sure and the resultant changes in venous
pressures during different phases of res-

vertebral vein (white arrow).

case (the aforementioned left T7 CVF), drainage was seen into
the basivertebral venous plexus on both inspiratory phases, but it
partially shifted away from the basivertebral plexus and into the
external epidural venous plexus during the Valsalva maneuver
(Fig 4). In another case, resisted inspiration resulted in the best
visualization of the CVF in the internal epidural venous plexus
but also shifted some drainage of the CVF into the external epi-
dural venous plexus.

DISCUSSION

Our investigation found that in 5/8 (63%) cases, resisted inspira-
tion resulted in superior visualization of the CVF compared with
maximum suspended inspiration or the Valsalva maneuver. A
recent investigation hypothesized that resisted inspiration might

piration may influence the route of ve-
nous drainage for a single fistula. This
possibility could be consequential because some patterns of
venous drainage may be more difficult to detect than others. For
instance, drainage into the internal epidural venous plexus or
basivertebral venous plexus could lie behind the overlying intra-
thecal contrast column and, therefore, be obscured on planar
imaging such as digital subtraction myelography. Similarly, on
CTM, drainage into the basivertebral venous plexus could poten-
tially be less conspicuous than drainage into other routes because
of the surrounding bone of the vertebral body. With greater expe-
rience, it may be possible to predict which phase of respiration is
most likely to augment CVF visualization. It is also possible that
multiple phases of respiration may be needed during an examina-
tion, depending on the vertebral level being imaged.
Some institutions use decubitus Trendelenburg patient posi-
tioning coupled with multiple phases of scanning within seconds
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after intrathecal contrast bolus injection, sometimes referred to as
“dynamic CTM,” to visualize CVFs.”™ We did not use this tech-
nique for the CTMs in our study because we have found in our
experience that maintaining a dense pool of contrast over the
nerve roots is more important than temporal resolution when
investigating possible CVFs with CTM, which can be accom-
plished without a dynamic contrast bolus. Moreover, a dynamic
decubitus CTM technique would have made comparison of respi-
ratory phases impossible because the migration of the contrast
bolus would not provide adequate time for investigation of multi-
ple respiratory phases. Although we make an effort to scan as
quickly as possible after intrathecal contrast injection, our study
does show that some delay in scanning does not preclude detec-
tion of CVFs as long as dense contrast can be maintained over
the spinal nerve roots.

Our study has several limitations. First, this investigation
included only CVFs seen or suspected during the initial imaging
in maximum suspended inspiration. Although this study design
has the potential to bias the results in favor of this particular
inspiratory phase, we, nevertheless, found resisted inspiration to
be superior to maximum suspended inspiration in most cases.
However, because of this study design, the study cannot directly
determine whether resisted inspiration will result in greater
detection of fistulas in cases in which no fistula is seen at all on
maximum suspended inspiration. Although it seems plausible
that it might be helpful, the use of resisted inspiration as the sole
respiratory phase used during an examination may be difficult to
implement in practice in some cases, for several reasons: First,
the length of time a patient can maintain inspiration against re-
sistance may be insufficient to allow scanning of all vertebral lev-
els of interest during CTM. When examinations are performed
using DSM, resisted inspiration may be difficult to implement
because the progressive expansion of the thorax may result in
misregistration during image subtraction. Furthermore, resisted
inspiration also depends on active cooperation and would not,
therefore, be possible if examinations were performed with the
patient under general anesthesia, which is used by some practi-
tioners when performing DSM.

A second limitation of the study is that all variables that affect
CVF visibility are not currently known; thus, factors unrelated to
the respiratory phase (such as changes in contrast density in the
thecal sac, differences in the cardiac cycle, or other unknown fac-
tors) may serve as confounders. Individual patients being
scanned in the same session at very close time intervals may miti-
gate these effects, but this scenario does not completely exclude
such influences. Finally, our study design relied on subjective
assessments of CVF visibility by experienced, unblinded readers.
Future investigations may consider whether more explicitly struc-
tured assessments by readers with varying levels of experience
may better reflect the diagnostic performance of this technique
across varied clinical practice environments.
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CONCLUSIONS

Our investigation found that resisted inspiration resulted in
improved visualization of CVFs among actual patients with STH
in most cases. Further work is needed to determine whether this
technique can be implemented clinically on a routine basis and
whether it increases the overall diagnostic yield of myelography
in patients with SIH.

Disclosure forms provided by the authors are available with the full text and
PDF of this article at www.ajnr.org.
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