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Abstract Surgery for pituitary adenomas still remains a
mainstay in their treatment, despite all advances in
sophisticated medical treatments and radiotherapy. Total
tumor excision is often attempted, but there are limitations
in the intraoperative assessment of the radicalism of tumor
resection by the neurosurgeon. Standard postoperative
imaging is usually performed with a few months delay from
the surgical intervention. The purpose of this report is to
review briefly the facilities and kinds of intraoperative
magnetic resonance imaging for all physician and surgeons
involved in the management of pituitary adenomas on the
basis of current literature. To date, there are several low-
and high-field magnetic resonance imaging systems avail-
able for intraoperative use and depiction of the extent of
tumor removal during surgery. Recovery of vision and the
morphological result of surgery can be largely predicted
from the intraoperative images. A variety of studies docu-
ment that depiction of residual tumor allows targeted attack
of the remnant and extent the resection. Intraoperative
magnetic resonance imaging offers an immediate feedback
to the surgeon and is a perfect quality control for pituitary
surgery. It is also used as a basis of datasets for intraoper-
ative navigation which is particularly useful in any kind of
anatomical variations and repeat operations in which pri-
mary surgery has distorted the normal anatomy. However,
setting up the technology is expensive and some systems
even require extensive remodeling of the operation theatre.
Intraoperative imaging prolongs the operation, but may also
depict evolving problems, such as hematomas in the tumor
cavity. There are several artifacts in intraoperative MR

M. Buchfelder (<) - S.-M. Schlaffer

Department of Neurosurgery, University of Erlangen-Niirnberg,
Schwabachanlage 6, 91054 Erlangen, Germany

e-mail: michael.buchfelder@uk-erlangen.de

images possible that must be considered. The procedures
are not associated with an increased complication rate.
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Introduction

Intraoperative estimation of the radicality of tumor resec-
tion is made by the surgeon and depends on his ability to
differentiate tissues and the complexity of the individual
anatomy. When one concludes from the normalization of
hormone secretion in active adenomas which are known to
be very sensitive parameters, to date some 50-70 % of
pituitary macroadenomas can be resected completely [1-3].
Particularly, in large adenomas, it is sometimes very diffi-
cult to assess whether total eradication of the whole tumor
mass has been accomplished. Furthermore, many adenomas
are not completely respectable even in very experienced
hands for giant size, extremely asymmetrical growth and
invasion. Transsphenoidal surgery became safer when
Hardy [4] introduced the operating microscope for better
visualization and fluoroscopy for orientation. The X-ray
intensifier, which is still the most frequently used intraop-
erative imaging tool worldwide, however, allowed only the
depiction of metal instruments against the skull base. There
were humble attempts made to visualize the upper tumor
surface with cisternography [5]. The evolution of pituitary
surgery was paralleled by the improvement of intraopera-
tive imaging [2, 6]. To date, several other intraoperative
visualization tools are available: Okudera et al. [7]
attempted intraoperative computerized tomography in
1993. However, use of radiation, fixed slice orientation, and
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especially the poor soft-tissue contrast, compared with
magnetic resonance imaging limited its application. Other
attempts to localize the surrounding anatomical structures
intraoperatively were the application of ultrasonography
and the color Doppler system [8—10]. Preoperative datasets
referenced to the patient’s head via fiducials were tradi-
tionally used for intraoperative navigation and replaced,
respectively supplemented fluoroscopy [11-16]. Datasets
obtained from preoperative imaging are utilized for image
guidance. When magnetic resonance imaging became
available it was soon accepted as the standard diagnostic
tool for pre- and postoperative imaging of pituitary tumors
for its excellent soft-tissue contrast, its free orientation of
slices and avoidance of ionizing radiation [17]. The concept
of intraoperative magnetic resonance imaging to determine
the amount of tissue resection already during surgery of
brain tumors was born in 1994 in Boston [18-20].

Since then a growing numbers of departments all over
the world have acquired MRI systems into their operat-
ing rooms. Several Departments of Neurosurgery have
undergone evolutions and later upgraded a low intra- to a
high-field MR-system [21-23] or a high-field into an ultra-
high-field MR-system [24-27].

Since 2002, the authors have the possibility to use a 1.5
T Magnetom Sonata Maestro Class scanner (Siemens AG
Medical Solutions) in a single room concept with a rotating
surgical table [22, 28, 29]. They previously gained initial
experience with a low-field system which was operative
between 1996 and 2001 [21, 23, 30, 31]. To date, there are
many different intraoperative MRI suites throughout the
world installed and in use. The systems do not only differ
in the strength of the magnet, which directly determines the
quality of the images, but also in the constructional setup
that is needed. The range of the strength of used magnet
field lies between 0.12 and 3 T. Most intraoperative high-
field MR-scanners to date are 1.5 T and magnetic fields
lower than 0.5 T are usually referred as low-field systems.

Since estimation of the amount of tumor resection in
pituitary macroadenomas by the surgeon is highly sub-
jective, the gold standard to date is postoperative MR
imaging. Interpretation of those images might be difficult
with the development of postoperative artifacts resulting
from the surgery. There is frequently a hematoma or
packing material visible within the resection cavity a few
days postoperatively that arise doubts as to how efficacious
surgery was [32, 33]. Although the literature is a bit con-
troversial [34, 35], most authors thus recommend delayed
postoperative MRI a few months after the intervention,
during which the artifacts are usually resorbed [2, 3, 17,
36, 37].

In non-functioning tumors, no biochemical param-
eters exist which could indicate persisting tumor. In secret-
ing adenomas, a residual hormonal excess is generally
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accepted as the most sensitive parameter [38—40]. It has
been questioned if a further MR followup is at all required
if remission of oversecretion is achieved [17, 35, 37].
However, visible residual tumor necessarily means persis-
tence of the endocrine disease [2]. Intraoperative depiction
of this residual tumor offers the chance to extend tumor
removal [41]. Most of the data to date available were
obtained during transsphenoidal operations.

Patient positioning is crucial in the field of neurosur-
gery. Owing to the limit of the size of the bore of the MR
scanner the semi-sitting positioning is not possible to use in
pituitary surgery with intraoperative scanning. One has to
take into account that an obese patient might fit in a MR
scanner for diagnostic imaging, but does not, when posi-
tioned for surgery, draped and with the anesthetic lines and
tube placed on the patient. The advantage of having the
scanner in a different room might be the ability to use the
scanner also for routine diagnostic imaging.

For imaging in transsphenoidal surgery, a flexible MR
coil may be placed around the head so that the head can be
moved during surgery without restrictions. Alternatively,
the head can be fixated in a head holder with an integrated
coil especially when a neuronavigation is needed.

Systems and setups

The first truly incorporated MR scanner within an operat-
ing theatre was built in 1994 by Black et al. [18] at the
Brigham and Women’s Hospital in Boston. It resembled a
giant “Double Doughnut” (General Electric Medical Sys-
tems; 0.5 T). The surgeon stood between the two magnets
and although real time imaging was possible a major lim-
itation of the system was the narrow space offered for the
surgical procedure. The Toronto Open Magnetic Reso-
nance Imaging System looked almost identical, but had a
sliding tray on which the patient was shifted between the
giant vertical magnets [42].

A “twin-room-concept” was introduced in 1996 at the
University Hospitals in Erlangen and Heidelberg, respec-
tively, with an open intraoperative low-field MR scanner
(Magnetom Open; Siemens AG Medical solutions, 0.2 T).
The patients were transported on air cushioned trays so that
technically unrestricted surgery could be performed in a
standard shielded operating theatre. Mean scanning time
was 15 min [23, 43]. The low-field images allowed to
document the decompression of the optic chiasm and cor-
related reasonably with delayed postoperative standard
1.5 T MRI. For several patients, long-term followup data
are to date available (Fig. 1). Nimsky et al. [21] imple-
mented a navigation microscope within the fringe field of
this MRI scanner so that the planning MR obtained in the
anesthetized patient could be used to guide the surgical
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Fig. 1 Sagittal sections of preoperative 1.5 T (a) and intra- (b) oper-
ative low-field imaging (0.2 T) with some bone wax (star) at the level
of the sellar floor after tumour resection in a 34-year-old woman with

Fig. 2 The operation theatre at
the Neurosurgical Department
in Erlangen using an integrated
1.5 T Siemens Magnetom MRI
as it is used for transsphenoidal
surgery with the head of the
patient positioned outside of the
5 G-line

procedure and even an update of navigation was possible
utilizing intraoperative MRI data. A similar system with
the same 0.2 T magnet, yet with a tiltable surgical table
was described by Lewin et al. [44]. The mean time required
for their imaging sessions was 15.4 min for the intraoper-
ative and 11 min for postoperative imaging sessions.
Likewise, Darakchiev et al. [45] used a standard 0.3 T
magnet and a tilting table. Several authors described the
use of the Pole Star N10 or N20 Medtronic system in which
the navigation tools are integrated (0.12 and 0.15 T,
respectively) for assessing the extent of pituitary tumors
resection [46-55]. The ceiling-mounted, mobile 1.5 T
IMRIS system installed in Calgary in 1997 moves the
magnet over the head of the patient who remains stable
[56]. A set of coronal and axial images added 20 to 30 min
to the operative procedure. The setup used in Erlangen was
described by Nimsky et al. 2004 [22]. The “Brain Suite”
(Fig. 2) consists of a 1.5 T MR imager equipped with a
rotating operating table and located in a radiofrequency
shielded operating theater. A navigation microscope placed
inside the 0.5 mT zone and used with a ceiling-mounted
navigation system enables integrated microscope-based
neuronavigation. In this system, the patient moves. Draping
the patient and rotating the operating table for scanning

a non-functioning pituitary adenoma. The most recent followup study
using standard high-field (1.5 T) imaging (¢) documents, comparable
to (b) the long-term result 10 years after the operation

takes some 2 min. The MR scanner can basically either be
installed within the operation room or in a room next to the
theatre (“twin room concept”). In the first setup, the use of
normal surgical instruments is possible when the surgical
field is outside of the 5 G line. The improvements in
workflow, image quality, and efficiency between the low-
and high-field systems in the same department were ana-
lyzed by Nimsky et al. [21]. More recently, 3 T systems
were installed in a few centers [24, 26, 27, 57]. Even the
higher field strength magnets required substantial modifi-
cation of existing operating rooms.

The number of acquired images depends on the infor-
mation needed for surgery. T1- and T2-weighted images
can be used to determine tumor extension. Unfortunately,
T1 without contrast does not depict differences between
normal pituitary gland and residual tumor. Therefore,
contrast is applied in most of these patients when T1
images are acquired. T2-sequences on the other hand have
proven to be the most accurate and the fast acquired images
to identify not only all anatomical landmarks, critical
structures, or cystic components but also to differentiate
residual tumor from hematoma within the resection cavity.
Before surgery, usually sagittal and coronal images are
acquired ideally in thin slices through the whole tumor.
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A comparable dataset is usually obtained intraopera-
tively when the surgeon feels that he has resected all the
tumors or achieved his best if total resection is not feasible.
For minimizing the artifacts on the images, heamostasis has
to be achieved and as little material as possible left in the
situs.

Visualization of residual tumor, unfortunately, cannot be
equated with resectability and that is a major limitation of
the system. Whenever a residual tumor is suspected,
however, the area can be checked again at the same
procedure.

Results of low-field studies

In 1998, Steinmeier et al. [23] first published a series of 18
transsphenoidal resections of 15 non-functioning pituitary
adenomas and three craniopharyngiomas with intraopera-
tive low-field (0.2 T) MR scanning. In this series, they
were able to extend the resection to a complete resection in
three of six patients in whom residual tumor was identified.
Fahlbusch et al. [30] showed that intraoperative low-field
images compared favorable to delayed postoperative stan-
dard imaging. They point out that interpretation of intra-
operative images requires additional expertise and resected
additional tumor in 34 % of their 44 patients, which
increased the rate of total removal from 43 to 70 % of their
patients. Moreover, they defined predilection sites for
residual tumor. Gerlach et al. [53] also compared the
intraoperative images with standard postoperative ima-
ges 3 months after surgery. They increased the total
resection rate in their series by 38 % based on the assess-
ment of intraoperative low-field images. A critical image
analysis comparing intraoperative imaging with delayed
postoperative routine 1.5 T MRI, however, decreased the
number of total resections to 12 of 40, indicating that in
low-field images small tumor residuals might not neces-
sarily be properly depicted by the low-field MR systems.

Ahn et al. [46] first separated their 63 cases into two
different groups. In 51 cases, a complete transsphenoidal
resection seemed to be possible, whereas 12 showed a broad
invasion so that a complete resection was not possible.
Their results showed that even in the group of complete
respectable tumors, the intraoperative MRI depicted resid-
ual tumor in 25 %. They were able to increase the complete
resection rate from 75 to 94 % and used Gadolinium-coated
paddies to better delineate the resection cavity.

Wu et al. [55] compared intraoperative images to stan-
dard postoperative high field 1.5 T MRI obtained within
72 h postoperatively. They revealed more residual tumor in
the higher Hardy classification groups. Again, intraopera-
tive imaging led to an increase of the overall complete
resection rate from 42 to 84 %.
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Bellut et al. [49] not only compared intraoperative with
standard postoperative images but also biochemical
remission in acromegaly to the intraoperative MRI. Again,
the complete resection rate dropped from 38 to 32 of 39
when postoperative images where critically analyzed.
Baumann et al. [48] attacked five giant adenomas and
resected three of these. Whereas most of the literature is
microsurgery based, Anand et al. [47] used only the
endoscope as a visualization tool in their patients. They
describe the low resolution and the limited field of view as
disadvantages of the low-field system.

Low-field intraoperative MRI is able to reliably detect if
a decompression of the visual pathways has been achieved.
Recovery of visual function was in several studies corre-
lated to the space created [51, 54, 58] between the upper
tumor surface and the lower margins of the chiasm.
Intraoperative imaging immediately after tumor resection
appears to be less prone to artifacts, such as space occu-
pying lesions which are seen on imaging a few days after
surgery. If there is hematoma depicted, it can be verified
and evacuated during the ongoing surgical procedure. A
summary of currently published results with pituitary
tumors and intraoperative low-field MRI is provided in
Table 1 [1, 16, 23, 30, 46, 48-50, 53, 55, 59-62]. In all
series, intraoperative imaging led to further resection of
residual tumor in a substantial proportion of patients and an
increase in the overall complete resection rate. Most
authors point out that the weakness of low-field systems is
the poor depiction of parasellar structures and small
tumors. In all published studies, no higher complication
rate has been reported due to the longer deration of the
operation.

Less benefit resulted from low-field imaging also in
craniopharyngiomas, where a substantial proportion of the
operations were transcranial procedures [31].

Results of high-field studies

Dort et al. [63] published a small series of 15 patients with
pituitary macroadenomas and intraoperative high-field MR-
imaging already in 2001. Comparable to the low-field-ser-
ies, the intraoperative MR depicted some residual tumor in
60 % of all cases and led to a further resection in 8 of those.
Finally, the complete resection rate increased from 40 to
93 %. Fahlbusch et al. [28] described 23 selected patients
with acromegaly in which complete resection of the ade-
noma, as determined by intraoperative MRI, increased from
56 to 77 %. However, they point out that biochemical
parameters are more sensitive than MRI. Remission of
growth hormone and IGF-1 secretion was only achieved in
44 9% of those 18 patients in whom the tumor was com-
pletely resected. Of course, none of the patients in whom
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preoperative

Fig. 3 The different image quality of perioperative T2-weighted
HASTE-sequences (upper row; acquisition time ~25 s each) in
comparison to T2-weighted TSE-sequences (lower row: acquisition

Fig. 4 A large intra-, supra-
and parasellar pituitary
macroadenoma in preoperative
(a) T1-weighted and (b) T2-
weighted TSE MRI in a
39-year-old patient. (c) shows
the first intraoperative image
(1.5 T T2 TSE) with some (star)
residual tumour, which is
further resected (d). Delayed
postoperative images were
obtained 3 months (e) and

5 years (f) after transphenoidal
surgery. They reveal almost an
identical result as the last post-
resection intraoperative

image (d)

residual tumor was visible achieved remission. The largest
series so far published in 2006 derives also from the Erlan-
gen group [29] and presented 129 non-functioning pituitary
macroadenomas. Of these tumors, 103 seemed completely
respectable. Intraoperative imaging led to a further tumor
removal in 28 cases. The rate of complete resections rose
from 66 to 90 % in this material, in which the decision to
operate the patient with intraoperative imaging already
represented a negative selection [29]. Only a minority of the
large tumors was operated upon in the MRI suite, namely
those with tumors of lesser likely hood of total resection.
Microadenomas, in which the surgical success rate is high,
were also excluded from most MR series.

intra-operative

-

J

time ~3:50 min each) pre- (ABEF) and intraoperatively (CDGH)
showing some residual subfrontal tumour in a 56-year-old patient
with a non-functioning “giant” pituitary adenoma

The quality of images depends on the sequences used for
image acquisition. Some information is gained already after
less than a minute, while a higher resolution requires a longer
scanning time and causes more delay with the procedure
(Fig. 3). The major advantage of higher field strength is that
also the parasellar space can be assessed. Thus, residual
tumor, once detected, can be attacked in a targeted fashion
and be reduced in its magnitude. In selected exemplary
patients, such a more radical resection has been shown to be
associated with a favorable long-term outcome (Fig. 4).

Similarly, Meng et al. [64] increased their total resection
rate in the Bejing series. There are several reports already
available with 3 T MR scanners, which document an

@ Springer



Endocrine (2012) 42:483-495

490

(Builog)
(% o) (% L8) (% ov) SewoUuapeIOdeIN ‘[#9]
ogjo il 0¢ Jo 8 + 81 0rjos cljo o1 ogJo Tl og=u LST T110T ‘e Suop
gL =u
:9)odwoour
€rjog papuai
:9101dwoour 6c=1u
popujuf :9)9[dwod
630 L (% 16) PopUL L€ (Inquessy)
(% ¥2) (% 8) LIOY -o10rdurod 60306  SPWOUSPEIOTIN ol {Vrd
7 30 01 6230y + 0z  :9e[dwod papudul popudjuy :9)01dwiod popudjuy TP = u  WO)USeN SUSWRAIS [0 e I° Jueq
(s[essnig)
(% L9) (% €¢£) SEWOUSPEIOSBIN L€ [cz] T8 1
- €Joc¢ - - €301 g=u aadmY sdijud - 800C Bsaoyuef
gc=1u
:9191dwoour
9cjo i PopUAL
:901dwoour er =1u
papujuy :91ordwod
(% 9¢) (% 06) SE NV (% ¥¢€) papuau LST (uaSueiy)
6C1 Jo €01 Jo g€ Jo 8¢ :919[dwod €01 JO ¢¢ SEWOUSPLOISEIN OI}SIBIA BIRUOS [62] Te 1@
1 + s¢ 87 + 69  :0391dwoo papudjuy papuajuy :9101dwos papusiuy 6C] = U WOJRUSEJ SUSWRIS  900T AyswiN
m =Uu
:9191dwoour
popuajuy
8l =u
(% t¥) :9101dwoo
81J0CT+9 papuajuf
{UOSSTWI [BITWIAYI0TG gJo¢ (% %) A[eSowoIoe ym LSl (uoSuepy)
(% 12) (% LL) oy :9191dwoo 81 JO0 8 SEWOUSPBOIOEIA OI}SIRIA BIRUOS [82] ‘T8 10
€zJog 81 Jo ¥ + 0]  :o39[dwoo papuajuy papuajuy :9101dwoo papusiuy € =u wWoluSeIA SUAWRIS GO0T  Yosnqued
LS1 (e1089UUIA)
SEUOUIPRIOSBIA IN-SOV [L6]
's'u s'u s'u s'u s'u LL=1u ueosoIkn sdiiyd  S00z ‘T 3@ [I*H
L 6T (Kre3[eD)
(% 09) (% €6) (% 09) BUWIOUSPBOISLIN STINI [€9]
S1J06 Srjog+9 6308 6 1V S1Joe6 Sl=1u OYNULIOS XUSEN  [00T T8 10 HoQ
UOTJOSAT JOWN) JAYINY ampaooid jo pua TN JoUMNy U0 UONO3SAI IYMN) YA doenur uo Jowmn) sewiouape
0} peol TN 2anerodoenu]  Je UONoasar 9e[dwio)  UOIN0dsaI 939[dwo)) 103 9[qIS1g [enp1sar pajoadsng pue sjueneq posn IouuBdS  Ied X Ioyny

QINJBISN] JO MOIARI UONOsAI ewouape Arejmniid Jo Judixo uo (I, ¢—¢'1) SurSewr proy-ySiy sanerodoenur Jo synsay g dqe

pringer

A's



491

Endocrine (2012) 42:483-495

v =Uu
:9)o1dwoour
o=1u papuauf
:9)91dwoour 6 =u
papuauf :9101dwoo
62 30 82 (% 66) papuaju Lt CHOX MON)
(% SS) (% L9) 6C 30 ¢1 :9391dwos 6% JO 6C (SEWOUSPEBIOIBIA 9a1dsg woleudeN [L9] T8 10
€6 JO 6T 6b 3O €1 + 07 :919[dwod papuu] papuaiug :919[dwod papusiuy 6F) €¢ = u suawAIS 1107 diprezg
Lg=1u
:9191dwoour
papuauf
LE 30 81 oy =u
:9)ordwoour :9)ordwod
papuajuf papuauf
C1Jo €1 (% 1€)  (sewouoproronu L (an3e1g)
T& .VNV QNN NOV €l Jo 11 HBUMQEOU 6% JO ¢ ol ﬁoﬁc olAthl)(u Tmca e 1
98 J0 [T 6V JO 11 + ¢ :919[dwod popudju] papuajuf :9391dwod papualuy 98 =u  [e1udn) X H ®eusIiS [10T BN
L€
STINI (A1e318D)
(% 1D (% 001) (% 11) SEWOUIPBIOdBIN OLIOA [9z]
6301 6301+ 8 13071 1301 6301 6 =1 WORUSEN suswWeI§ [[07  ‘[e 10 Sue]
UOT098aI JOWN] JAY)Ing ampadoid jo pud TN Joyyny uo  uonoasal ayuny  YN‘doenur uo oun) sewouape
0) peo] TN 2anerddoenuy  je uonoesar go[dwo)  uonddsar de[dwo)) 10J 9[qIS1g [enpisar payoadsng pue sjuened posn Iouuedg T8I X oyny

penunuod g dqel,

pringer

A



492

Endocrine (2012) 42:483-495

=
o
<
=
gl

Fig. 5 Patient positioning with the head fixed in a head coil for
intraoperative image acquisition and neuronavigation planning

increase of total resection of pituitary adenomas ranging
from 11 [26] to 31 % [27, 65]. A summary of currently
published results with pituitary tumors and intraoperative
high-field MRI is provided in Table 2 [25-29, 63-67].

Combination with navigation

The availability of intraoperative imaging does not auto-
matically imply that neuronavigation is always required.
Intraoperative imaging can also be used for navigation. In
the presence of a normal anatomy, the well-known ana-
tomical landmarks like the vomer or the ostium of the
sphenoid sinus might be sufficient to target the microsur-
gical approach to the sella even without intraoperative
fluoroscopy. Endoscopic surgeons usually do not use any
fluoroscopy for routine cases.

But, whenever the normal anatomy is lost to due to prior
surgical interventions or in patients with poor pneumati-
zation of the sphenoid sinus one may appreciate by neu-
ronavigation. Furthermore, it can be used for teaching or
training the transsphenoidal approach. The head of the
patient must be fixed. In an intraoperative MRI unit, the
referencing system can be integrated within the head coil
(Fig. 5) or fiducials may be put on the patients head prior to
image acquisition. It depends on the surgeon’s choice
which structures he finds useful for navigation. Some like
to have just the ideal trajectory to the tumor where others
prefer to also visualize tumor margins and the carotid
arteries. The outline of the structures can today be super-
imposed into the microscopical view of the operative field
(Fig. 6). The technique undoubtedly increases the comfort
of the surgeon. Especially, in re-do surgeries with distorted
anatomy or dense packing of the sphenoid sinus with
various materials, neuronavigation helps us to identify the
sellar floor and to extend bone resection [14]. However,
utmost precision is required since misleading guidance
might lead to a disaster. The endoscope itself can be
integrated into the neuronavigation system for orientation
within the sphenoid sinus or during the approach itself.

Intraoperative imaging versus endoscopic technique

Owing to the high costs of intraoperative MR scanners,
only limited centers had the possibility to compare their
results of endoscopically performed transsphenoidal sur-
gery with those of an intraoperative MR imaging. There-
fore, the important question whether the MR is superior to
the endoscope or vice versa either to proof a gross total

Fig. 6 Recurrent non-functioning pituitary adenoma in a 48-year-old
female patient with broad invasion of the cavernous sinus. The 3D
dataset of the intraoperative navigation planning MRI (a) provides
crucial information to the surgeon, such as tumour volume (yellow),

@ Springer

which can be manually segmented and visualized. (b) depicts the
view of the surgeon through the microscope with the superimposed
structures of the carotid arteries (blue) and tumor confines (green)
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resection or to determine the amount of a residual tumor
can presently not be answered.

Theodosopoulos et al. [61] used a 4-hand, fully
endoscopic, transsphenoidal approach and compared the
endoscopically determined results with an intraoperative
low-field 0.3 T MR image. In their series in three out of 27
patients surgery was continued when residual tumor was
identified on the intraoperative imaging which has not been
visualized with the endoscope. Jane and Laws [68] comment
that endoscopy accurately predicted residual tumor in 55 %,
but incorrectly predicted gross total resection in 18 % of the
cases. Especially, intrasellar tumor remnants may appear
like normal gland especially in firm tumors and are conse-
quently not resected although visualized by the surgeon.
Schwartz et al. [60] also used a fully endoscopic, trans-
sphenoidal approach when they presented their series of 15
patients in an ultra-low-field 0.12 T MR. In three cases,
intraoperative imaging depicted some residual, suprasellar
tumor that was further resected. Unfortunately, in four cases,
intraoperative images mimicked normal “postoperative
changes” (i.e., blood) as a residual tumor that was not visible
during re-exploration, indicating that the low-field imaging
technique has some drawbacks. Netuka et al. [65] also used
an endoscopic approach in their series of 86 transsphenoidal
operations of pituitary adenomas with intraoperative MR
imaging. In 24 % of all cases, the operation was continued
after MR imaging and increased the rate of gross total
resection from 69 % to 92 %. Unfortunately, their series was
not set up as a prospective study, but it is still the most
important expert study to compare high-field MR imaging
(3.0 T) with the endoscopic technique.

Intraoperative MR imaging and the endoscope find their
limits in vascularized tumors, which lead to poorly visu-
alized operation fields and hematomas that produced
imaging artifacts.

Conclusions

Intraoperative MR imaging during surgery for pituitary
adenomas to date is an established procedure. There is a
huge variety of low and high-field systems available. High-
field systems require enormous investments since the
construction of the operating theatre and shielding need to
be appropriate. They provide a higher resolution of images
within a shorter data acquisition time. Almost all reported
series demonstrate a higher rate of total tumor resection
and higher amount of resected tumor in adenomas which
cannot be totally excised. Low-field systems are cheaper,
can be integrated into an existing operation room more
easily, and also allow to estimate the radicality of surgery
better than the subjective impression of the surgeon.
Almost all systems provide an opportunity to navigate

procedures on the basis of an MRI dataset that is acquired
in the already anaesthetized patient.
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