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Abstract

Surgeons routinely use adjunct imaging tools during transsphenoidal surgery (TSS). Intra-
operative MRI (iMRI) was quickly adopted as a surgical adjunct for TSS. Currently, a variety of
iMRI systems are in use during TSS. The variations in iMRI systems include field strengths (0.15
to 3 T), magnet configurations (open, retractable, double doughnut etc.) and room configurations.
Most studies report that the primary utility of iMRI during TSS lies in detecting resectable tumor
residuals following maximal resection with conventional technique. Additionally, stereotaxis,
neuronavigation and complication avoidance/detection are enhanced by iMRI use during TSS. The
use of iIMRI during TSS can lead to increased extent of resection for large tumors. Additionally,
improved remission rates from hormone secreting tumors have also been reported with iMRI use.
Despite increased surgical duration with iMRI, the incidence of surgical or peri-operative
complications are comparable with conventional TSS. In this chapter, the history, indications and
future directions for iMRI during TSS are discussed.

Keywords
interventional; intraoperative; MRI; iMRI; pituitary; adenoma; transsphenoidal

Introduction

Transsphenoidal surgery (TSS) has an important role in the management of pituitary tumors.
For many tumors, including non-functioning pituitary adenomas (NFPA)?, corticotrophin
secreting adenomas (CA) causing Cushing’s disease (CD)? and growth hormone secreting
adenomas (GA) causing acromegaly3, TSS remains the therapy of first choice. Medical
management has replaced TSS as the therapy of first choice for one type of pituitary tumor —
prolactinoma. For the rest of the tumor types, patients are first advised to undergo TSS.

First described in 1907 by Schloffer, TSS was later refined and popularized by Harvey
Cushing.* Despite rapid refinements in the technique that allowed for reduction of mortality
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rates to as low as 5.3% by 1925°, the procedure was abandoned by Dr. Cushing. With
improved visualization through the operating microscope, Jules Hardy, re-introduced TSS in
the modern era, setting the stage for a later development of techniques necessary for
selective removal of microadenomas (tumors smaller than 1 cm) and macroadenomas.*
Today, the procedure is widely used, and is the technique of choice for resection of pituitary
tumors. For patients undergoing TSS for pituitary tumors, remission rates vary. In a recent
meta-analysis, the mean remission rates (ranges) were 68.8% (27-100) for prolactinomas,
47.3% (3-92) for NFA, 61.2% (37-88) for GA, and 71.3% (41-98) for CA tumors.
Remission rates and incidence of recurrence have improved modestly over the past three
decades.®

Currently, overcoming the following challenges could improve remission rates after pituitary
surgery: 1. Visibility of small tumors: remission is dependent of the ability to detect the
adenomas; 2. Visualization of true extent of large tumors: For larger tumors, cure rates are
reduced by tumor remnants. 3. Visualization of tumor invasion: extension of tumor into the
structures surrounding the sella. Technologies introduced to take on these challenges include
endoscopy, frameless stereotaxy,’ color Doppler ultrasonography and real-time
intraoperative MRI (iMRI).8-11

iMRI for TSS

History of Intraoperative Imaging during TSS

Surgeons routinely use adjunct imaging tools during transsphenoidal surgery. Popularized by
Jules Hardy2, intra-operative fluoroscopic imaging is widely used by surgeons to define the
superior and inferior limits of the sella turcica.13 Frameless stereotactic fluoroscopic
guidance registers pre-operative CT or MRI images with intraoperative fluoroscopy.14 This
technique employs accurate stereotaxy to ensure that the surgical approach avoids injury to
critical structures like the internal carotid arteries.13 These stereotaxic techniques, however,
are not useful for monitoring extent of resection (resection control) of pituitary
macroadenomas. Intraoperative ultrasonography (iUSG), either by trans-cranial®:16 or trans-
sellar}”-19 routes provides imaging of sellar/supra-sellar contents in real time. Investigators
have used iUSG to detect tumor residuals and critical structures like the carotid arteries.17-19
In addition, iUSG has had some success in detecting microadenomas.20-21 In patients with
Cushing’s disease with negative pre-operative imaging, iUSG detected up to 69% of micro-
adenomas.?! Despite significant advantages including ease of use, real-time imaging, low
cost and lack of radiation, iUSG remains infrequently used during TSS due to poor image
quality.13

History of iMRI for TSS

Interventions in the head and neck region within the MRI suite were initially limited to
needle biopsies and aspirations.22 The limitations were the product of conventional
horizontal bore design of the MRI machines. Long acquisition times compared with other
guidance methods including computed tomography (CT) or fluoroscopy made interventions
in the MRI suite complicated and difficult to perform.23 Another MRI configuration was
needed to ensure ease of manipulation and surgical access. A midfield MRI system (Signa
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SP, General Electric, Boston, MA) was conceptualized and installed at the Brigham and
Women’s Hospital in Boston in 1994 to address issues of surgical access.2425 |t’s ‘double
doughnut’ configuration allowed real-time monitoring and complete access to the surgical
site and an intra-operative MRI tracking system for real-time stereotaxy and
neuronavigation. The surgeon accessed the patient’s head and neck region between two large
‘doughnuts’ containing superconducting magnets. Although the surgical access was
unparalleled among the iMRI system, the design was not widely replicated in other centers
introducing iMRI systems. Another popular early design was the ‘open’ MRI configuration
that allowed improved lateral access, but with restricted vertical access. The examples
include the Toshiba Access (Toshiba America Medical Systems, Tustin, CA) in a ‘temple’
format, and the Magnetom Open (Siemens AG, Erlangen, Germany) in the ‘C-arm’ format
in Erlangen, Germany.23 These and the subsequent iterations of iMRI invoked the ‘single
room, moveable table’ format that allowed surgery to be performed outside the 5-Gauss (G)
line. Surgical procedures outside the 5-G line could be performed using the standard surgical
instruments including the operating microscope, and patients could be moved quickly into
the scanner for intra-operative imaging.19 Initial reports of iMRI use for neurosurgical
indications included TSS procedures.10:26.27 Syrgeons recognized the potential of iMRI for
resection control of macroadenomas and for detection of intra-operative hematomas during
TSS.10.27 Other systems including the retractable ultra-low field strength (PoleStar N-10 and
N-20, Odin Medical Technologies, Newton, MA)28-30, [ow field strength moveable magnet
(Hitachi AIRIS 11, Hitachi Medical, Twinsburg, OH) 31, high-field moveable magnet
(IMRIS, Marconi Medical System, Winnipeg, Ontario, Canada), and the 3 Tesla machines32,
have all been designed for optimal use of existing surgical tools and microscopes outside the
5-G line. The ability to use conventional tools likely reduces the barrier to introduction and
adoption of iMRI procedures. Similarly, shared-resource strategies for utilizing the iMRI
machine for both intra-operative imaging and routine diagnostic imaging are increasingly
being adopted to offset initial investment costs.31:33:34 Recently, most centers are re-
introducing conventional horizontal bore machines with high (1.5 T) or ultra-high (3 T) field
strength. Higher field strength improves image resolution and reduces image acquisition
time, at the expense of surgical access during this period.

Types of iIMRI systems

A variety of iMRI systems have been used during TSS (Table 1). The iMRI systems vary in
field strengths (0.15 to 3 T), magnet configurations (open, retractable, double doughnut etc.)
and room configurations. Most studies report that the primary benefit of iMRI during TSS
lies in intraoperative detection of tumor residuals following maximal resection with
conventional technique. Few studies compare the iMRI systems head-to-head to evaluate
their comparative effectiveness in detecting tumor residuals.

Field Strength—First reports of TSS and iMRI described low field strength (0.2 -0.5T)
systems.10:27 These, and subsequent studies using low field strength magnets used post-
contrast T1-weighted (T1W) images to detect adenoma as well as the normal pituitary
gland.10:31.35 Some studies used dynamic post-contrast studies as the primary sequence to
differentiate normal pituitary gland from adenoma residuals.26:27:36 Higher field strength
magnets (1.5 T) demonstrated improved image resolution and decreased image acquisition
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time, allowing for non-contrast T2-weighted (T2W) images to be performed as the primary
sequence. Post-contrast T1W images were selectively applied to those tumors that enhanced
with contrast pre-operatively.37-38 With high-resolution T2W images possible in 3 T iMRI
systems, it may be possible to avoid intra-operative contrast injection entirely.3# In general,
the rate of gross total resection (GTR) of pituitary adenomas reported in studies using low
field strength (< 0.5 T) iMRIs ranged from 3% to 33%. Similarly, the rate of GTR ranged
from 15 — 40% in studies with higher field (= 0.5 T) strength iMRI systems.3? In a direct
comparison of TSS procedures performed in 0.2 T iMRI vs. 1.5 T iMRI platforms within the
same institution, the authors reported an increase in the number of patients undergoing re-
exploration during the operative procedure (28.8% vs. 36.4%) with the high field strength
system.37 Better image resolution of suprasellar and parasellar structures likely underlies the
advantage of higher field strength iMRI systems in improving the rate of GTR.

Magnet configuration—The ‘double doughnut’ configuration26:27:36:40.41 (Sjgna SP,
General Electric, Boston, MA) allowed ‘live’ interventional imaging of the surgical field
during TSS. This allowed for real-time adjustment of the plane of approach to the sella.26
Traditionally, surgeons have used video-flouroscopy? or neuro-navigation for this
function.131442 Similar to the later iMRI practice, following the initial surgical approach,
surgeons obtained images of the surgical field following maximal possible resection as
assessed by direct visualization. Later iMRI magnet configurations typically require
cessation of TSS procedure for the duration of image acquisition, and therefore ‘live’
imaging is not possible. For intermittent imaging during TSS, “vertical field open’ iMRI
systems (Magnetom Open, Siemens AG, Erlangen, Germany, and Hitachi Airis 11, Hitachi
Medical Systems, Twinsburg, OH) were introduced.10:31.33.35,37.43.44 Thegse systems have a
vertical C-arm construction, and allow greater lateral access to the patient, but, with
restricted vertical access. Semi-portable horizontal field retractable iMR|8:28-30,45-49
(PoleStar N-10 and PoleStar N-20, Odin Medical Technologies, Newton, MA) have gained
popularity due to lower cost of implementation and due to the minimal operating room
modifications required to implement the system. Higher field strength (= 1.5 T) iMRI
systems11:32:34,37,38,50-55 gre exclusively in the conventional horizontal bore configuration.
These iMRI systems are typically diagnostic quality machines adapted for use in the
operating room, and can be routinely used for diagnostic imaging as a shared-
resource,33:34.55

Room configuration—Room configurations for iMRIs have progressively evolved.
Single use iMRI systems as originally installed required significant infrastructure
modification and investment. Twin operating rooms with a shared iMRI improves the
efficiency of iMRI machines by allowing multiple surgical procedures to take place with
staggered intra-operative imaging. Similarly, a shared-resource strategy allowed diagnostic
use of iIMRI systems during operating room down-time. High field strength (= 1.5 T) iMRI
machines are now typically implemented as a shared-resource with diagnostic radiology. At
the NIH Clinical Center, we have implemented a single room, shared-resource iMRI
configuration based on a 1.5 T (Achieva, Phillips Healthcare, Andover, MA) horizontal bore
machine (Figure 1).%6
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Indications for iMRI during TSS

Stereotaxy and neuronavigation—Modern iMRI systems integrate neuronavigation.28
During the initial approach to the sella, pre-operatively obtained images enable
neuronavigation and stereotaxy. The advantage of iMRI systems is that they provide updated
imaging during the initial approach, and periodically during the procedure. Images obtained
with nasal speculum in place guide adjustment of the plane of approach to the sella
(stereotaxy).26 Subsequently, the surgeon can evaluate critical structures beyond visibility
using updated intra-operative imaging (neuronavigation).19, Neuronavigation using updated
imaging during TSS is especially useful during redo TSS procedures®’ because scarring and
adhesions distort the anatomy along the surgical corridor, with limited visualization of distal
anatomy.

Resection control—For resection control, iMRI enabled visualization of unexpected
tumor remnants32-8:59 decompression of the optic chiasm?2:3%:37 identification of the
normal pituitary gland43:60, and the changing configuration of tumor margins with
debulking. Detection of unexpected remnants prompts targeted removal of residual tumor.
This can lead to improved rates of GTR in non-functioning adenomas and other sellar
tumors, as well as improved rates of biochemical remission in functioning adenomas.® Many
large sellar tumors have significant extension to the cavernous sinuses or suprasellar regions
and are not amenable for GTR. The real-world value of iMRI systems lie in detecting
‘actionable’ tumors detected as unexpected residuals. Intra-operative imaging is typically
performed when the surgeon determines that a maximal possible resection has been
achieved.b1 To determine the value of iIMRI systems, we have to take into account the
proportion of patients with unexpected residuals and the proportion of unexpected residuals
that are ‘actionable’. Many authors reporting on utility of iMRI in TSS report a distinction
between unexpected residuals and actionable unexpected residuals.8:10:40:45.49,51,52,55 |
general, intra-operative unexpected residuals are detected in up to 42% * 18% (range 15% to
83%) of cases, of which re-exploration was attempted in 36% + 17% (range 9% to 83%)
(Table 1). Further tumor resection occurred in 33% + 18% (range 9% to 83%) of the cases.
No statistically significant differences in rates of detection of unexpected residuals or re-
exploration were found between the studies utilizing low field (42%, 39%) high field (49%,
33%) and ultra-high field (27%, 26%) iMRI systems respectively (Figure 2). When
aggregated, iMRI studies using endoscopes report a smaller proportion of unexpected
residuals (34% £ 26%) than those using microscope (44% + 18%) for TSS (p = 0.04,
difference 10%, 95% CI 2.6% — 17.5%). Any such direct comparison of rates of residual
tumor detection between studies reporting on endoscopic and microscopic approaches
carries historical biases.52 However, this is the best, albeit indirect, evidence available. Two
large studies that comprised endoscopic and microscopic TSS cohorts, did not examine the
differences in rates of unexpected tumor residuals between the two approaches.#163 Recent
studies confirm the utility of iMRI in detecting actionable unexpected tumor residuals even
in endoscopic TSS procedures.8.64

Detection and removal of unexpected residuals leads to increased extent of resection (EOR)
for non-functioning tumors and improved endocrinological remission rates for hormone
secreting adenomas. Many excellent reviews have examined the effect of iMRI on extent of
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resection.?39 Following maximal resection prior to iMRI, intra-operative imaging can
increase the likelihood of MRI-validated gross total resection (GTR) by 15 — 40%.
Remarkably, in those patients that had been assigned for GTR, iMRI consistently increased
the rate of GTR by 12% — 47%.39 In patients with hormone secreting adenomas, intra-
operative imaging can detect small residuals, whose targeted removal provides a 5% — 19%
increase in rates of endocrinological remission.1146 In a large, single center study, iMRI
prompted further tumor resection in 9% of cases. A statistically significant improvement in
EOR occurred in cases with iMRI and endoscopy vs. non-iMRI, microscopic cases (OR
2.05, 95% CI 1.21 — 3.46, p < 0.001). However, implementation of either iMRI or endoscopy
alone did not significantly affect biochemical remission rates (p = 0.93).63

Complication detection and avoidance—Updated imaging during the procedure can
detect hematomas within the surgical field.26:28:33,34,36,40 Singe, acute hematoma may
appear iso-intense to normal tissue on routine T1IW imaging??, centers now routinely include
MRI sequences designed to detect developing blood clots such as turbo spin echo? or
gradient recalled echo.2”-36 With high resolution T2W imaging possible with 3 T iMRI
systems, developing hematomas may be distinguished from tumor remnants without the use
of intravenous contrast.34 Intra-operative imaging also demonstrates proximity to the optic
apparatus and the carotid arteries, and successful decompression of the optic chiasm.>’
Intraoperative multiplanar imaging is especially useful for avoiding complications and
improving EOR in giant (> 4 cm) pituitary adenomas. Three dimensional imaging of
distorted anatomical structures and detection of residual tumor unobserved through the
microscope or endoscope can improve during resection of these large adenomas.*’

Microadenoma detection—Low field strength iMRI (0.2 T) systems often cannot
resolve the presence of microadenomas during TSS®, and currently, the utility of iMRI in
TSS for microadenomas remains limited.31 Although, low field strength iMRIs may not
detect otherwise MRI-invisible microadenomas, intra-operative imaging may have a limited
role in confirming GTR during TSS. Walker et al. reported that GTR of four microadenomas
was confirmed by 0.5 T “‘double doughnut” iMRI (1 growth hormone secreting, and 3 non-
functioning).0 For functioning microadenomas secreting growth hormone, no
microadenomas (0/10) were detected with tumor remnant at follow-up, confirming the
findings of iIMRI findings in a low field (0.2 T) machine.6 Using a high-field iMRI system
(1.5 T) and volumetric imaging, small adenoma remnants may be detected leading to
improved endocrine remission.1! Similarly, ultra-high field systems can confirm radical
resection of microadenomas prior to TSS completion32, but, may not be useful in improving
the detection of MRI invisible microadenomas or cavernous sinus invasion.

Safety/Pitfalls of using iIMRI during TSS

Implementation of iMRI extends operating room time by approximately 2 hours.53 Despite
lengthening operating room time and duration of anesthesia, instances of complications
attributable to iMRI are rare.38 Overall, IMRI use for TSS remains safe, with no reported
increase in complications from its implementation.39:48.53 Faster image acquisition using
higher field strength magnets reduces imaging duration. Despite this, surgeons may often
choose to perform TSS without iMRI in patients with significant co-morbidities.%3
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Interpretation of intra-operative imaging is challenging?%43, and instances of false-positive
detections have been confirmed by histopathology and/or post-operative imaging. The
instances of false-positive cases led to a recent evidence-based guideline from the Congress
of Neurological Surgeons that recommended against iMRI for TSS.88 High-resolution T2W
imaging possible with ultra-high field strength machines will likely reduce the rates of false
positive detection of tumor residual.32

Future directions

At the NIH Clinical Center, we have focused on improving imaging detection of
microadenomas causing Cushing’s disease.57=79 In imaging terms, improved detection
would result from improved spatial resolution and an increase in signal to noise ratio
(SNR).”172 |In iMRI systems, increasing magnetic field strength leads to a proportional
increase in SNR. Increasing the field strength of existing iMRI systems is often financially
unfeasible because such iMRI systems are more expensive and require significant
infrastructure modification. Novel surface coils may be cost effective alternatives for
increasing the SNR and/or resolution of images. They were first described to successfully
detect chemical compounds in localized regions adjacent to the coils.”® Currently, iMRI
systems are coupled with custom designed surface coils during TSS.10:27.50 However,
surface coils are not ideal for imaging structures in the center of the body or head. In the
center of the head, any increase in signal by using surface coils may be counteracted by a
corresponding rise in correlated noise, leading to no net increase in SNR.”! Location of the
pituitary gland and the sella in the center of the cranium makes these sites poor targets for
conventional surface coils used in preoperative and intraoperative imaging.

Following the principles used to design the endorectal coil’4, we have developed an
endosphenoidal coil (ESC) to improve imaging of the sellar and parasellar structures during
TSS (Figure 3).59 We tested the ESC in cadavers using an existing iMRI system (1.5 T,
Achieva, Phillips Healthcare) and demonstrated that SNR values 5 — 12 (mean 10.9 + 1.6)
times those achievable with conventional surface coils. We also showed that ultra-high
resolution imaging of the sella (voxel size = 0.15 x 0.15 x 0.3 mm3) could be achieved
within a reasonable image acquisition time (~ 6 minutes). We hope to incorporate the ESC
within the existing iMRI system to improve detection of otherwise MRI-invisibile
microadenomas (Figure 4) in patients with Cushing’s disease.

Conclusions

Intraoperative MRI during transsphenoidal surgery with microscope or endoscope leads to
increased detection of actionable, unexpected tumor residuals which can improve the rate of
gross total resection and/or biochemical remission. Implementation of iMRI systems during
TSS is safe. High-field and ultra-high field iMRI systems are more expensive that lower
field systems, but can reduce image acquisition time, improve the signal-to-noise ratio and
improve the resolution of resulting images. Shared-resource strategy can be used to offset
the costs of iIMRI implementation.
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Key Points
1. Low and high field iMRI is used for resection control of pituitary
macroadenomas
2. Expert interpretation of iMRI images is required to achieve best results
3. iMRI can improve outcomes of non-functioning and functioning pituitary
macroadenomas
4, iMRI is not useful to detect functioning pituitary microadenomas
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A&

Surgeon

Surgical table
rotates to dock

with MRI

The high field (1.5 Tesla) iMRI system at the Clinical Center of National Institutes of
Health, Bethesda, MD. The initial surgical approach is performed on the surgical table as
usual. An MR imaging—compatible patient reference frame (Polestar, Medtronic, Inc.) is
attached to the head holder using an MR imaging—compatible, custom-designed patient
reference frame holder (Integra Life Sciences Corp.). The neuronavigation system
(StealthStation, Medtronic Inc.) is registered and a microscopic or endoscopic
transsphenoidal approach, and initial adenoma resection is performed. For intra-operative
imaging, the surgical table is rotated to dock with the iMRI. Following image acquisition,
the subject is brought back outside the 5 Gauss (5G) field line for resumption of the surgical

process and/or closure.
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Figure 2.

Unexpected tumor residuals reported in the studies included in this review. Studies that
explicitly reported unexpected tumor residuals following maximal initial resection (Table 1)
are analyzed here. The reported proportions of cases with unexpected residuals was not
statistically significantly different with the strength of the magnetic field in iMRI studies
(A). Similarly, no differences were found in the proportion of cases that underwent a re-
exploration following intra-operative imaging (B). A statistically significant lower
occurrence of unexpected residuals (p = 0.03) was reported in studies reporting an
endoscopic approach compared to ones reporting a microscopic approach (C). High — high
field strength magnet, 1.5 Tesla; Low — low field strength magnet, = 0.5 Tesla; Ultra high =
3Tesla field strength magnets.
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Retractor

Suction Endosphenoidal

Coil
Pituitary

tumor L‘/\‘,_\Q?\ 7

Figure 3.
Positioning of the ensdosphenoidal coil (ESC) within the surgical path created during TSS.

Standard approach to the sella involves creating a surgical tract, removal of sphenoid wall
and insertion of MRI self-retaining retractors (A). The surgical corridor allows for insertion
of instruments such as suction and bipolar cautery devices (B). Following initial approach,
the ESC can be placed within the surgical corridor (C) such that the distal coil reaches
within the sphenoid sinus (D).
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Adjustable
coil holder

Flexible plastic
sheath

Endosphenoidal coil

Figure 4.
Once the endosphenoidal coil (ESC) is in place within the surgical corridor, it is secured to

the head holder with a custom coil holder (A). The ESC is attached to the interface box
(inset). The custom coil holder attaches to the standard three-point cranial fixation device
(B). When fixed, the subject will be moved into the MRI bore (inset) for image acquisition

©).
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