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Intraoperative magnetic resonance imaging during surgery
for pituitary adenomas: pros and cons
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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

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

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

484 Endocrine (2012) 42:483–495

123



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

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.

A B C

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

a non-functioning pituitary adenoma. The most recent followup study

using standard high-field (1.5 T) imaging (c) documents, comparable

to (b) the long-term result 10 years after the operation

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
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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 %.

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 % of those 18 patients in whom the tumor was com-

pletely resected. Of course, none of the patients in whom

486 Endocrine (2012) 42:483–495
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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.

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

A B C

E F G

D

H

T2 
TSE

T2 
HASTE

preoperative intra-operative

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

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

A B C

D E F

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)
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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. 5 Patient positioning with the head fixed in a head coil for

intraoperative image acquisition and neuronavigation planning

A B

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),

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.

Conflicts of interest The authors declare that they have no conflict

of interest.

References

1. R.J. Bohinski, R.E. Warnick, M.F. Gaskill-Shipley, M. Zucca-

rello, H.R. van Loveren, D.W. Kormos, J.M. Tew Jr, Intraoper-

ative magnetic resonance imaging to determine the extent of

resection of pituitary macroadenomas during transsphenoidal

microsurgery. Neurosurgery 49(5), 1133–1143 (2001); discussion

1134–1143

2. M. Buchfelder, Treatment of pituitary tumors: surgery. Endocrine

28(1), 67–75 (2005). doi:10.1385/ENDO:28:1:067

3. M. Buchfelder, S. Schlaffer, Surgical treatment of pituitary

tumours. Best practice & research. Clin. Endocrinol. Metab.

23(5), 677–692 (2009). doi:10.1016/j.beem.2009.05.002

4. J. Hardy, S.M. Wigser, Trans-sphenoidal surgery of pituitary

fossa tumors with televised radiofluoroscopic control. J. Neuro-

surg. 23(6), 612–619 (1965). doi:10.3171/jns.1965.23.6.0612

5. R. Nesbakken, S. Reinlie, O.P. Eldevik, Intraoperative gas cis-

ternography and gas dissection in the operative treatment of

pituitary tumors. A methodological description. Eur. Surg. Res.

16(Suppl 2), 73–79 (1984)

6. N.F. Maartens, The history of the treatment of pituitary adeno-

mas. Endocrine 28(1), 9–26 (2005). doi:10.1385/ENDO:28:1:009

7. H. Okudera, T. Takemae, S. Kobayashi, Intraoperative computed

tomographic scanning during transsphenoidal surgery: technical

note. Neurosurgery 32(6), 1041–1043 (1993)

8. K. Arita, K. Kurisu, A. Tominaga, H. Kawamoto, K. Iida, T.

Mizoue, B. Pant, T. Uozumi, Trans-sellar color Doppler ultra-

sonography during transsphenoidal surgery. Neurosurgery 42(1),

81–85 (1998); discussion 86

9. J.L. Atkinson, J.L. Kasperbauer, E.M. James, J.I. Lane, T.B.

Nippoldt, Transcranial-transdural real-time ultrasonography dur-

ing transsphenoidal resection of a large pituitary tumor. Case

report. J. Neurosurg. 93(1), 129–131 (2000). doi:10.3171/jns.

2000.93.1.0129

10. J.L. Doppman, Z. Ram, T.H. Shawker, E.H. Oldfield, Intraoper-

ative US of the pituitary gland. Work in progress. Radiology

192(1), 111–115 (1994)

11. W.J. Elias, J.B. Chadduck, T.D. Alden, E.R. Laws Jr, Frameless

stereotaxy for transsphenoidal surgery. Neurosurgery 45(2),

271–275 (1999); discussion 275–277

12. J.A. Jane Jr, K. Thapar, T.D. Alden, E.R. Laws Jr, Fluoroscopic

frameless stereotaxy for transsphenoidal surgery. Neurosurgery

48(6), 1302–1307 (2001); discussion 1307–1308

13. A. Kacker, A. Komisar, J. Huo, J. Mangiardi, Transsphenoidal

surgery utilizing computer-assisted stereotactic guidance. Rhi-

nology 39(4), 207–210 (2001)

14. G. Lasio, P. Ferroli, G. Felisati, G. Broggi, Image-guided endo-

scopic transnasal removal of recurrent pituitary adenomas. Neu-

rosurgery 51(1), 132–136 (2002); discussion 136–137

15. U.W. Thomale, J.F. Stover, A.W. Unterberg, The use of neuro-

navigation in transnasal transsphenoidal pituitary surgery. Zen-

tralbl. Neurochir. 66(3), 126–132 (2005). doi:10.1055/s-2005-

836602; discussion 132

16. D.G. Walker, C. Ohaegbulam, P.M. Black, Frameless stereotaxy

as an alternative to fluoroscopy for transsphenoidal surgery: use

of the InstaTrak-3000 and a novel headset. J. Clin. Neurosci. 9(3),

294–297 (2002)

Endocrine (2012) 42:483–495 493

123

http://dx.doi.org/10.1385/ENDO:28:1:067
http://dx.doi.org/10.1016/j.beem.2009.05.002
http://dx.doi.org/10.3171/jns.1965.23.6.0612
http://dx.doi.org/10.1385/ENDO:28:1:009
http://dx.doi.org/10.3171/jns.2000.93.1.0129
http://dx.doi.org/10.3171/jns.2000.93.1.0129
http://dx.doi.org/10.1055/s-2005-836602
http://dx.doi.org/10.1055/s-2005-836602


17. M. Buchfelder, S.M. Schlaffer, Modern imaging of pituitary

adenomas. Frontier Horm. Res. 38, 109–120 (2010). doi:10.1159/

000318500

18. P.M. Black, T. Moriarty, E. Alexander III, P. Stieg, E.J. Woo-

dard, P.L. Gleason, C.H. Martin, R. Kikinis, R.B. Schwartz, F.A.

Jolesz, Development and implementation of intraoperative mag-

netic resonance imaging and its neurosurgical applications.

Neurosurgery 41(4), 831–842 (1997); discussion 842–835

19. R.S. Pergolizzi Jr, A. Nabavi, R.B. Schwartz, L. Hsu, T.Z. Wong,

C. Martin, P.M. Black, F.A. Jolesz, Intra-operative MR guidance

during trans-sphenoidal pituitary resection: preliminary results.

J. Magn. Reson. Imaging 13(1), 136–141 (2001)

20. R.B. Schwartz, L. Hsu, T.Z. Wong, D.F. Kacher, A.A. Zamani,

P.M. Black, E. Alexander III, P.E. Stieg, T.M. Moriarty, C.A.

Martin, R. Kikinis, F.A. Jolesz, Intraoperative MR imaging

guidance for intracranial neurosurgery: experience with the first

200 cases. Radiology 211(2), 477–488 (1999)

21. C. Nimsky, O. Ganslandt, R. Fahlbusch, Comparing 0.2 tesla with

1.5 tesla intraoperative magnetic resonance imaging analysis of

setup, workflow, and efficiency. Acad. Radiol. 12(9), 1065–1079

(2005). doi:10.1016/j.acra.2005.05.020

22. C. Nimsky, O. Ganslandt, B. Von Keller, J. Romstock, R. Fa-

hlbusch, Intraoperative high-field-strength MR imaging: imple-

mentation and experience in 200 patients. Radiology 233(1),

67–78 (2004). doi:10.1148/radiol.2331031352

23. R. Steinmeier, R. Fahlbusch, O. Ganslandt, C. Nimsky, M.

Buchfelder, M. Kaus, T. Heigl, G. Lenz, R. Kuth, W. Huk,

Intraoperative magnetic resonance imaging with the magnetom

open scanner: concepts, neurosurgical indications, and proce-

dures: a preliminary report. Neurosurgery 43(4), 739–747 (1998);

discussion 747–738

24. V. Benes, D. Netuka, F. Kramar, S. Ostry, T. Belsan, Multi-

functional surgical suite (MFSS) with 3.0 T iMRI: 17 months of

experience. Acta Neurochir. Suppl. 109, 145–149 (2011). doi:

10.1007/978-3-211-99651-5_22

25. A. Jankovski, F. Francotte, G. Vaz, E. Fomekong, T. Duprez, M.

Van Boven, M.A. Docquier, L. Hermoye, G. Cosnard, C. Raf-

topoulos, Intraoperative magnetic resonance imaging at 3-T using

a dual independent operating room-magnetic resonance imaging

suite: development, feasibility, safety, and preliminary experi-

ence. Neurosurgery 63(3), 412–424 (2008). doi:10.1227/01.

NEU.0000324897.59311.1C; discussion 416–424

26. M.J. Lang, J.J. Kelly, G.R. Sutherland, A moveable 3-T intra-

operative magnetic resonance imaging system. Neurosurgery

68(1 Suppl Operative), 168–179 (2011). doi:10.1227/NEU.0b013

e3182045803

27. M.N. Pamir, 3 T ioMRI: the Istanbul experience. Acta Neurochir.

Suppl. 109, 131–137 (2011). doi:10.1007/978-3-211-99651-5_20

28. R. Fahlbusch, B. Keller, O. Ganslandt, J. Kreutzer, C. Nimsky,

Transsphenoidal surgery in acromegaly investigated by intraop-

erative high-field magnetic resonance imaging. Eur. J. Endocri-

nol. 153(2), 239–248 (2005). doi:10.1530/eje.1.01970

29. C. Nimsky, B. von Keller, O. Ganslandt, R. Fahlbusch, Intraop-

erative high-field magnetic resonance imaging in transsphenoidal

surgery of hormonally inactive pituitary macroadenomas. Neu-

rosurgery 59(1), 105–114 (2006). doi:10.1227/01.NEU.0000

219198.38423.1E; discussion 105–114

30. R. Fahlbusch, O. Ganslandt, M. Buchfelder, W. Schott, C.

Nimsky, Intraoperative magnetic resonance imaging during

transsphenoidal surgery. J. Neurosurg. 95(3), 381–390 (2001).

doi:10.3171/jns.2001.95.3.0381

31. C. Nimsky, O. Ganslandt, B. Hofmann, R. Fahlbusch, Limited

benefit of intraoperative low-field magnetic resonance imaging in

craniopharyngioma surgery. Neurosurgery 53(1), 72–80 (2003);

discussion 71–80

32. T.S. Dina, S.H. Feaster, E.R. Laws Jr, D.O. Davis, MR of the

pituitary gland postsurgery: serial MR studies following trans-

sphenoidal resection. AJNR Am. J. Neuroradiol. 14(3), 763–769

(1993)

33. M.M. Teng, C.I. Huang, T. Chang, The pituitary mass after

transsphenoidal hypophysectomy. AJNR Am. J. Neuroradiol.

9(1), 23–26 (1988)

34. T. Kilic, G. Ekinci, A. Seker, I. Elmaci, C. Erzen, M.N. Pamir,

Determining optimal MRI follow-up after transsphenoidal sur-

gery for pituitary adenoma: scan at 24 hours postsurgery provides

reliable information. Acta Neurochir. 143(11), 1103–1126

(2001). doi:10.1007/s007010100002

35. E.J. Zirkzee, E.P. Corssmit, N.R. Biermasz, P.A. Brouwer, F.T.

Wiggers-De Bruine, L.J. Kroft, M.A. Van Buchem, F. Roelfsema,

A.M. Pereira, J.W. Smit, J.A. Romijn, Pituitary magnetic reso-

nance imaging is not required in the postoperative follow-up of

acromegalic patients with long-term biochemical cure after

transsphenoidal surgery. J. Clin. Endocrinol. Metab. 89(9),

4320–4324 (2004). doi:10.1210/jc.2003-032141

36. V. Rajaraman, M. Schulder, Postoperative MRI appearance after

transsphenoidal pituitary tumor resection. Surg. Neurol. 52(6),

592–598 (1999); discussion 598–599

37. O. Rodriguez, B. Mateos, R. de la Pedraja, R. Villoria, J.I. Her-

nando, A. Pastor, I. Pomposo, J. Aurrecoechea, Postoperative fol-

low-up of pituitary adenomas after trans-sphenoidal resection: MRI

and clinical correlation. Neuroradiology 38(8), 747–754 (1996)

38. A. Giustina, P. Chanson, M.D. Bronstein, A. Klibanski, S.

Lamberts, F.F. Casanueva, P. Trainer, E. Ghigo, K. Ho, S. Mel-

med, Acromegaly consensus, G.: a consensus on criteria for cure

of acromegaly. J. Clin. Endocrinol. Metab. 95(7), 3141–3148

(2010). doi:10.1210/jc.2009-2670

39. A. Giustina, G. Mazziotti, V. Torri, M. Spinello, I. Floriani, S.

Melmed, Meta-analysis on the effects of octreotide on tumor

mass in acromegaly. PLoS One 7(5), e36411 (2012). doi:10.1371/

journal.pone.0036411

40. S. Melmed, A. Colao, A. Barkan, M. Molitch, A.B. Grossman, D.

Kleinberg, D. Clemmons, P. Chanson, E. Laws, J. Schlechte,

M.L. Vance, K. Ho, A. Giustina, Acromegaly consensus, G.:

Guidelines for acromegaly management: an update. J. Clin.

Endocrinol. Metab. 94(5), 1509–1517 (2009). doi:10.1210/jc.

2008-2421

41. D.G. Walker, P.M. Black, Use of intraoperative MRI in pituitary

surgery. Oper. Tech. Neurosurg. 5(4), 231–238 (2002). doi:10.10

53/otns.2002.32496

42. M. Bernstein, A.R. Al-Anazi, W. Kucharczyk, P. Manninen, M.

Bronskill, M. Henkelman, Brain tumor surgery with the Toronto

open magnetic resonance imaging system: preliminary results for

36 patients and analysis of advantages, disadvantages, and future

prospects. Neurosurgery 46(4), 900–907 (2000); discussion

907–909

43. C.R. Wirtz, M. Knauth, A. Staubert, M.M. Bonsanto, K. Sartor, S.

Kunze, V.M. Tronnier, Clinical evaluation and follow-up results

for intraoperative magnetic resonance imaging in neurosurgery.

Neurosurgery 46(5), 1112–1120 (2000); discussion 1120–1112

44. J.S. Lewin, S.G. Nour, M.L. Meyers, A.K. Metzger, R.J. Maci-

unas, M. Wendt, J.L. Duerk, A. Oppelt, W.R. Selman, Intraop-

erative MRI with a rotating, tiltable surgical table: a time use

study and clinical results in 122 patients. AJR Am. J. Roentgenol.

189(5), 1096–1103 (2007). doi:10.2214/AJR.06.1247

45. B.J. Darakchiev, J.M. Tew Jr, R.J. Bohinski, R.E. Warnick,

Adaptation of a standard low-field (0.3-T) system to the operating

room: focus on pituitary adenomas. Neurosurg. Clin. N. Am.

16(1), 155–164 (2005). doi:10.1016/j.nec.2004.07.003

46. J.Y. Ahn, J.Y. Jung, J. Kim, K.S. Lee, S.H. Kim, How to overcome

the limitations to determine the resection margin of pituitary

494 Endocrine (2012) 42:483–495

123

http://dx.doi.org/10.1159/000318500
http://dx.doi.org/10.1159/000318500
http://dx.doi.org/10.1016/j.acra.2005.05.020
http://dx.doi.org/10.1148/radiol.2331031352
http://dx.doi.org/10.1007/978-3-211-99651-5_22
http://dx.doi.org/10.1227/01.NEU.0000324897.59311.1C
http://dx.doi.org/10.1227/01.NEU.0000324897.59311.1C
http://dx.doi.org/10.1227/NEU.0b013e3182045803
http://dx.doi.org/10.1227/NEU.0b013e3182045803
http://dx.doi.org/10.1007/978-3-211-99651-5_20
http://dx.doi.org/10.1530/eje.1.01970
http://dx.doi.org/10.1227/01.NEU.0000219198.38423.1E
http://dx.doi.org/10.1227/01.NEU.0000219198.38423.1E
http://dx.doi.org/10.3171/jns.2001.95.3.0381
http://dx.doi.org/10.1007/s007010100002
http://dx.doi.org/10.1210/jc.2003-032141
http://dx.doi.org/10.1210/jc.2009-2670
http://dx.doi.org/10.1371/journal.pone.0036411
http://dx.doi.org/10.1371/journal.pone.0036411
http://dx.doi.org/10.1210/jc.2008-2421
http://dx.doi.org/10.1210/jc.2008-2421
http://dx.doi.org/10.1053/otns.2002.32496
http://dx.doi.org/10.1053/otns.2002.32496
http://dx.doi.org/10.2214/AJR.06.1247
http://dx.doi.org/10.1016/j.nec.2004.07.003


tumours with low-field intra-operative MRI during trans-sphe-

noidal surgery: usefulness of gadolinium-soaked cotton pledgets.

Acta Neurochir. 150(8), 763–771 (2008). doi:10.1007/s00701-

008-1505-1; discussion 771

47. V.K. Anand, T.H. Schwartz, D.H. Hiltzik, A. Kacker, Endoscopic

transphenoidal pituitary surgery with real-time intraoperative

magnetic resonance imaging. Am. J. Rhinol. 20(4), 401–405

(2006)

48. F. Baumann, C. Schmid, R.L. Bernays, Intraoperative magnetic

resonance imaging-guided transsphenoidal surgery for giant

pituitary adenomas. Neurosurg. Rev. 33(1), 83–90 (2010). doi:

10.1007/s10143-009-0230-4

49. D. Bellut, M. Hlavica, C. Schmid, R.L. Bernays, Intraoperative

magnetic resonance imaging-assisted transsphenoidal pituitary

surgery in patients with acromegaly. Neurosurg. Focus 29(4), E9

(2010). doi:10.3171/2010.7.FOCUS10164

50. S. Berkmann, J. Fandino, B. Muller, L. Remonda, H. Landolt,

Intraoperative MRI and endocrinological outcome of transsphe-

noidal surgery for non-functioning pituitary adenoma. Acta

Neurochir. 154(4), 639–647 (2012). doi:10.1007/s00701-012-

1285-5

51. S. Berkmann, J. Fandino, S. Zosso, H.E. Killer, L. Remonda, H.

Landolt, Intraoperative magnetic resonance imaging and early

prognosis for vision after transsphenoidal surgery for sellar

lesions. J. Neurosurg. 115(3), 518–527 (2011). doi:10.3171/

2011.4.JNS101568

52. O. De Witte, O. Makiese, D. Wikler, M. Levivier, A. Vanden-

steene, P. Pandin, D. Baleriaux, J. Brotchi, Transsphenoidal

approach with low field MRI for pituitary adenoma. Neuro-

chirurgie 51(6), 577–583 (2005)

53. R. Gerlach, R. du Mesnil de Rochemont, T. Gasser, G. Marqu-

ardt, J. Reusch, L. Imoehl, V. Seifert, Feasibility of Polestar N20,

an ultra-low-field intraoperative magnetic resonance imaging

system in resection control of pituitary macroadenomas: lessons

learned from the first 40 cases. Neurosurgery 63(2), 272–284

(2008). doi:10.1227/01.NEU.0000312362.63693.78; discussion

284-275

54. J. Jones, J. Ruge, Intraoperative magnetic resonance imaging in

pituitary macroadenoma surgery: an assessment of visual out-

come. Neurosurg. Focus 23(5), E12 (2007). doi:10.3171/FOC-

07/11/E12

55. J.S. Wu, X.F. Shou, C.J. Yao, Y.F. Wang, D.X. Zhuang, Y. Mao,

S.Q. Li, L.F. Zhou, Transsphenoidal pituitary macroadenomas

resection guided by PoleStar N20 low-field intraoperative mag-

netic resonance imaging: comparison with early postoperative

high-field magnetic resonance imaging. Neurosurgery 65(1),

63–70 (2009). doi:10.1227/01.NEU.0000348549.26832.51; dis-

cussion 61–70

56. G.R. Sutherland, T. Kaibara, D. Louw, D.I. Hoult, B. Tomanek, J.

Saunders, A mobile high-field magnetic resonance system for

neurosurgery. J. Neurosurg. 91(5), 804–813 (1999). doi:10.3171/

jns.1999.91.5.0804

57. W.A. Hall, W. Galicich, T. Bergman, C.L. Truwit, 3-T intraop-

erative MR imaging for neurosurgery. J. Neurooncol. 77(3),

297–303 (2006). doi:10.1007/s11060-005-9046-4

58. M.L. Hlavin, J.S. Lewin, B.M. Arafah, Intraoperative magnetic

resonance imaging for assessment of chiasmatic decompression

and tumour resection during transsphenoidal pituitary surgery.

Tech. Neurosurg. 6, 282–288 (2000)

59. C.H. Martin, R. Schwartz, F. Jolesz, P.M. Black, Transsphenoidal

resection of pituitary adenomas in an intraoperative MRI unit.

Pituitary 2(2), 155–162 (1999)

60. T.H. Schwartz, P.E. Stieg, V.K. Anand, Endoscopic transsphe-

noidal pituitary surgery with intraoperative magnetic resonance

imaging. Neurosurgery 58(1 Suppl), ONS44–51; discussion

ONS44–51 (2006)

61. P.V. Theodosopoulos, J. Leach, R.G. Kerr, L.A. Zimmer, A.M.

Denny, B. Guthikonda, S. Froelich, J.M. Tew, Maximizing the

extent of tumor resection during transsphenoidal surgery for

pituitary macroadenomas: can endoscopy replace intraoperative

magnetic resonance imaging? J. Neurosurg. 112(4), 736–743

(2010). doi:10.3171/2009.6.JNS08916

62. T.W. Vitaz, K.E. Inkabi, C.J. Carrubba, Intraoperative MRI for

transphenoidal procedures: short-term outcome for 100 consec-

utive cases. Clin. Neurol. Neurosurg. 113(9), 731–735 (2011).

doi:10.1016/j.clineuro.2011.07.025

63. J.C. Dort, G.R. Sutherland, Intraoperative magnetic resonance

imaging for skull base surgery. Laryngoscope 111(9), 1570–1575

(2001). doi:10.1097/00005537-200109000-00014

64. X.H. Meng, B.N. Xu, S.B. Wei, T. Zhou, X.L. Chen, X.G. Yu,

D.B. Zhou, H.Y. Tong, J.S. Zhang, Y. Zhao, Y.Z. Hou, High-field

intraoperative magnetic resonance imaging suite with neuronav-

igation system: implementation and preliminary experience in the

pituitary adenoma operation with transsphenoidal approach.

Zhonghua wai ke za zhi [Chin. J. Surg.] 49(8), 703–706 (2011)

65. D. Netuka, V. Masopust, T. Belsan, F. Kramar, V. Benes, One

year experience with 3.0 T intraoperative MRI in pituitary sur-

gery. Acta Neurochir. Suppl. 109, 157–159 (2011). doi:10.1007/

978-3-211-99651-5_24

66. W.A. Hall, C.L. Truwit, Intraoperative MR imaging. Magn. Re-

son. Imaging Clin. N. Am. 13(3), 533–543 (2005). doi:10.1016/

j.mric.2005.04.001

67. N.J. Szerlip, Y.C. Zhang, D.G. Placantonakis, M. Goldman, K.B.

Colevas, D.G. Rubin, E.J. Kobylarz, S. Karimi, M. Girotra, V.

Tabar, Transsphenoidal resection of sellar tumors using high-field

intraoperative magnetic resonance imaging. Skull Base 21(4),

223–232 (2011). doi:10.1055/s-0031-1277262

68. J.A. Jane Jr, E.R. Laws Jr, Endoscopy versus MR imaging.

J. Neurosurg. 112(4), 734 (2010). doi:10.3171/2009.7.JNS091042;

discussion 735

Endocrine (2012) 42:483–495 495

123

http://dx.doi.org/10.1007/s00701-008-1505-1
http://dx.doi.org/10.1007/s00701-008-1505-1
http://dx.doi.org/10.1007/s10143-009-0230-4
http://dx.doi.org/10.3171/2010.7.FOCUS10164
http://dx.doi.org/10.1007/s00701-012-1285-5
http://dx.doi.org/10.1007/s00701-012-1285-5
http://dx.doi.org/10.3171/2011.4.JNS101568
http://dx.doi.org/10.3171/2011.4.JNS101568
http://dx.doi.org/10.1227/01.NEU.0000312362.63693.78
http://dx.doi.org/10.3171/FOC-07/11/E12
http://dx.doi.org/10.3171/FOC-07/11/E12
http://dx.doi.org/10.1227/01.NEU.0000348549.26832.51
http://dx.doi.org/10.3171/jns.1999.91.5.0804
http://dx.doi.org/10.3171/jns.1999.91.5.0804
http://dx.doi.org/10.1007/s11060-005-9046-4
http://dx.doi.org/10.3171/2009.6.JNS08916
http://dx.doi.org/10.1016/j.clineuro.2011.07.025
http://dx.doi.org/10.1097/00005537-200109000-00014
http://dx.doi.org/10.1007/978-3-211-99651-5_24
http://dx.doi.org/10.1007/978-3-211-99651-5_24
http://dx.doi.org/10.1016/j.mric.2005.04.001
http://dx.doi.org/10.1016/j.mric.2005.04.001
http://dx.doi.org/10.1055/s-0031-1277262
http://dx.doi.org/10.3171/2009.7.JNS091042

	Intraoperative magnetic resonance imaging during surgery for pituitary adenomas: pros and cons
	Abstract
	Introduction
	Systems and setups
	Results of low-field studies
	Results of high-field studies
	Combination with navigation
	Intraoperative imaging versus endoscopic technique
	Conclusions
	Conflicts of interest
	References


