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Abstract

Object—Deep brain stimulation (DBS) is an established neurosurgical technique used to treat a
variety of neurological disorders, including Parkinson disease, essential tremor, dystonia, epilepsy,
depression, and obsessive-compulsive disorder. This study reports on the use of intraoperative MR
imaging during DBS surgery to evaluate acute hemorrhage, intracranial air, brain shift, and
accuracy of lead placement.

Methods—During a 46-month period, 143 patients underwent 152 DBS surgeries including 289
lead placements utilizing intraoperative 1.5-T MR imaging. Imaging was supervised by an MR
imaging physicist to maintain the specific absorption rate below the required level of 0.1 W/kg and
always included T1 magnetization-prepared rapid gradient echo and T2* gradient echo sequences
with selected use of T2 fluid attenuated inversion recovery (FLAIR) and T2 fast spin echo (FSE).
Retrospective review of the intraoperative MR imaging examinations was performed to quantify
the amount of hemorrhage and the amount of air introduced during the DBS surgery.

Results—Intraoperative MR imaging revealed 5 subdural hematomas, 3 subarachnoid
hemorrhages, and 1 intra-parenchymal hemorrhage in 9 of the 143 patients. Only 1 patient
experiencing a subarachnoid hemorrhage developed clinically apparent symptoms, which included
transient severe headache and mild confusion. Brain shift due to intracranial air was identified in
144 separate instances.

Conclusions—Intraoperative MR imaging can be safely performed and may assist in
demonstrating acute changes involving intracranial hemorrhage and air during DBS surgery.
These findings are rarely clinically significant and typically resolve prior to follow-up imaging.
Selective use of T2 FLAIR and T2 FSE imaging can confirm the presence of hemorrhage or air
and preclude the need for CT examinations.
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Methods

Deep brain stimulation (DBS) is an established neurosurgical technique used to treat many
neurological disorders such as Parkinson disease,! 6 tremor, 2 21 dystonia,10: 26 and chronic
pain,13:20 and is an emerging technique for the treatment of psychiatric disorders such as
obsessive-compulsive disorder,1” depression,18 and epilepsy.® The use of preoperative MR
imaging for accurate target planning is well accepted. Intraoperative MR imaging during
DBS surgery is a more recent development and offers immediate confirmation of precise
lead placement and screening for complications. There are well-known safety concerns
regarding complications during MR imaging following DBS lead placement,® 15 25, 26 pt
with strict attention to the imaging protocol, MR imaging can be safely performed. Of
particular concern is the choice of field strength, radiofrequency coil, and MR imaging pulse
sequence parameters. With proper choice we can limit radiofrequency power deposition, as
measured by specific absorption rates (SARs), to within limits set by the DBS unit
manufacturer.19 We present the imaging findings obtained using 1.5-T MR imaging in 143
patients who underwent intraoperative MR imaging during DBS surgery.

The study was approved by our institutional review board for human studies and is in
compliance with the Health Insurance Portability and Accountability Act. This retrospective
investigation included those patients who underwent DBS surgery during the 46-month
period between August 2006 and May 2010 and consented to participation in clinical
research; in fact, this group included all 143 patients who underwent DBS surgery during
this period. The 143 patients (93 male and 50 female) underwent 152 DBS surgeries,
including 289 lead placements, in which intraoperative 1.5-T MR imaging was used. The
imaging protocol consisted of a preoperative examination for targeting and a second
intraoperative examination following lead placement but before battery implantation. The
patients’ mean age was 59 + 14.9 years (range 3-84 years). The indications for DBS were
Parkinson disease (in 76 cases), essential tremor (in 47), dystonia (in 10), Tourette syndrome
(in 2), rubral tremor (in 2), chorea (in 1), tremor due to multiple sclerosis (in 1), cluster
headache (in 1), phantom limb pain (in 1), post traumatic tremor (in 1), and epilepsy (in 1).
The DBS procedure included electrode placement within the subthalamic nucleus (bilateral
in 67 procedures, unilateral in 3), ventral intermediate nucleus (VIM) (bilateral in 46,
unilateral in 14), globus pallidus interna (bilateral, 11), and other (11).

Deep Brain Stimulation Surgery

Using local anesthesia a stereotactic head frame (Leksell Model F head frame, Elekta
Instruments AB) was placed prior to the stereotactic MR imaging. Imaging identified the
anterior commissure, posterior commissure, midcommissural point, and target coordinates.
Planning was performed to determine entry points for a safe electrode trajectory that avoided
the blood vessels and ventricles. Once imaging was completed the patient was returned to
the operating room where under sterile conditions and local anesthesia, bur holes were
placed in the skull at the predetermined entry points. After microelectrode recording and
placement of DBS 3387 electrodes (Medtronic, Inc.), test stimulation was conducted using a
temporary external stimulator. The patient remained awake so that verbal feedback could be
obtained to ensure that unwanted adverse effects did not occur. Confirmation of accurate
electrode placement was performed first with intraoperative fluoroscopy and subsequently
with MR imaging. Once the electrode placement was confirmed and trial stimulation was
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deemed successful, a Soletra, Kinetra or Activa pulse generator (Medtronic, Inc.) was placed
in the chest area under the clavicle.

Magnetic Resonance Imaging

Results

The MR imaging examinations were performed on a 1.5-T intraoperative scanner (GE
Healthcare) running version 12.x, 14.x, or 15.x software in a 2-room configuration such that
the adjacent MR imaging unit and operating room are separated by a sliding door shielded
for radiofrequency penetration. Under the direct supervision of an MR imaging physicist,
MR imaging examinations were performed in a transmit-receive head coil and modified
such that none of the sequences exceeded 0.1 W/kg average head SAR. The MR imaging
parameters for T1-weighted, 3D magnetization-prepared rapid gradient echo (MP-RAGE)
included: preparation time 1000 msec; echo time, full minimum; flip angle 8°; total
acquisition time 12:49 minutes; bandwidth + 15.63 kHz; matrix size 256 x 256; slice
thickness 1.2 mm with 128 axial slices (nearly equivalently, inversion recovery—fast spoiled
gradient echo) can be used, provided the Tl is set to 600 msec). A single dose of Gd-based
contrast agent (either gadodiamide or gadobenate dimeglumine) was administered for the
preoperative examination to facilitate the visualization of vessels. The MR imaging
parameters for T2* gradient echo (GRE) imaging included: repetition time 650 msec; echo
time 15 msec; flip angle 20°; total acquisition time 1:59 minutes; bandwidth + 15.63 kHz;
matrix size 256 x 192; slice thickness 5 mm/skip 2.5 mm, with a total of 20 axial slices
obtained in 2 or 3 packs.

The MR imaging parameters for the optional 2D T2-weighted fluid attenuated inversion
recovery (FLAIR) imaging included: repetition time 11,000 msec; echo time 147 msec;
inversion time 2250 msec; total acquisition time 3:51 minutes; matrix size 256 x 256; and
slice thickness 4 mm. Due to the high SAR associated with FLAIR, only 2 slices were
typically obtained during each acquisition. The MR imaging parameters for the optional 2D
T2-weighted fast spin echo (FSE) imaging included: repetition time 4350 msec; echo time
101.8 msec; total acquisition time 2:39 minutes; matrix size 256 x 256; and slice thickness 4
mm.

Intraoperative MR imaging demonstrated appropriate placement of the electrodes in all 152
surgeries. Hemorrhages associated with surgery occurred in 9 patients (Table 1). The
hemorrhages associated with surgery included 5 subdural hematomas (Fig. 1), 3
subarachnoid hemorrhages (Fig. 2), and 1 intraparenchymal hemorrhage (Fig. 3). In 1
patient the bur hole had to be widened to adequately coagulate a bleeding vessel caused by
insertion of the microelectrode at the cortical surface. Otherwise, no other modification of
surgery was necessary. Furthermore, no patient required evacuation of any of the
intracranial blood. All patients with hemorrhage were admitted to the ICU for close
observation. These patients had a follow-up CT scan 24 hours following their surgery. None
of the patients had enlargement of their hemorrhage. One of the patients who experienced a
subarachnoid hemorrhage developed a severe headache and mild confusion following the
surgery, but these symptoms resolved prior to discharge on postoperative Day 3. None of the
other hemorrhages resulted in clinical symptoms. Subarachnoid air was identified in 4
patients (Fig. 4) and brain settling or shift in 135 patients. Within these 135 there were a
total of 143 instances of brain settling or shift including 109 bilateral, 16 right, and 18 left.
Asymmetrical brain settling resulted in midline shift of 4 mm in 1 patient. None of the
subarachnoid air or brain settling was clinically apparent.
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Discussion

Intraoperative MR imaging during DBS lead placement can be performed safely to confirm
lead placement prior to completing the surgery and to assess for intraoperative
complications. In this series, appropriate positioning of the leads was confirmed in all 152
surgeries. The intraoperative imaging allowed immediate evaluation of potential
complications that in our series included 9 intracranial hemorrhages, only one producing
symptoms, which lasted only 2 days. When patients return for post-surgical programming,
knowledge of the lead placements from the intraoperative MR imaging examination allows
more rapid and accurate programming.

Magnetic resonance imaging with DBS leads in place requires extreme caution and careful
attention to imaging technique.> 15 25 Previous reports have documented the risk of MR
imaging in these patients due to radiofrequency lesioning resulting from heating of DBS
leads.11: 22 The examination must be performed in a transmit/receive head coil because
performing it with a body-coil transmit and surface-coil receive mode results in much
greater energy deposition. The energy deposited is measured by the SAR and according to
the manufacturer’s guidelines is kept below 0.1 W/kg average head SAR. We always require
the presence of an MR imaging physicist during the intraoperative MR imaging examination
to ensure the sequences and the protocol are tailored for the individual patient.? We have
previously shown that placement of DBS leads does not significantly affect the
radiofrequency power calculation, as measured by the change in transmit gain provided by
the automatic prescan. This suggests that the leads do not significantly detune the
radiofrequency coil or significantly increase reflected power.3

We have developed an imaging strategy to screen for the presence of hemorrhagic
complications. The intraoperative imaging includes T1 MP-RAGE and T2* GRE sequences,
both of which are associated with relatively low SAR. These sequences allow for evaluation
of intraparenchymal hemorrhage with T2* GRE, while the T1 MP-RAGE sequence
demonstrates the presence of extra-parenchymal subarachnoid and subdural hemorrhage.
Intraparenchymal hemorrhage identified during this study displayed the expected imaging
features for hyperacute blood.* 1416 |ntraparenchymal hemorrhage may be virtually
invisible on T1 MP-RAGE imaging (Fig. 3) but is seen as subtly increased signal with a thin
rim of dark signal on T2* GRE.”- 12 24 \When an intraparenchymal hemorrhage is suspected,
its presence or absence can be confirmed with T2 FSE imaging where the hyperacute blood
is seen as mildly increased T2 signal (Fig. 3). Subarachnoid and subdural extraparenchymal
hemorrhage was demonstrated to be isointense or nearly so with both T1 MP-RAGE and
T2* GRE sequences. Extraparenchymal hemorrhage can be seen displacing the CSF when
subarachnoid in location or as a curvilinear extraaxial collection when subdural in location
on the T1 MP-RAGE sequence (Figs. 1 and 2). Whenever there is a concern for
subarachnoid or subdural hemorrhage, T2-weighted FLAIR imaging can be used, allowing
the extraparenchymal blood to be easily detected due to its high signal intensity (Figs. 1 and
2). It should be noted that that the FLAIR sequence is very SAR intensive, which limits the
acquisition to approximately 2 slices to remain within the 0.1 W/kg limit. This strategy of
screening for intra- and extraparenchymal hemorrhage with standard T1 MP-RAGE and T2*
GRE and then selectively using T2-weighted FSE and FLAIR for confirmation precludes the
need for CT imaging.

Occasionally, subarachnoid air is present on the intraoperative examination. This is typically
difficult to visualize on the T1 MP-RAGE images where low signal intensity CSF is
displaced by low signal intensity air (Fig. 4). However, the very low signal intensity with
ballooning due to susceptibility on the T2* GRE sequence makes the subarachnoid air easy
to detect. One must be careful not to confuse this low signal intensity on T2* GRE images
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with deoxyhemoglobin seen in acute hemorrhage. If there is still uncertainty, a FLAIR
sequence can be used, because subarachnoid pneumocephalus is characterized by low signal
intensity in contrast to the marked high signal intensity of subarachnoid hemorrhage on
FLAIR images.

Although the acquisition time for the 3D T1-weighted MP-RAGE scan is quite long (nearly
13 minutes), the entire pre- or intraoperative examination is typically completed within 15—
20 minutes of scan time. The exclusive use of the transmit/receive head coil precludes use of
parallel imaging methods, which does extend the acquisition time. The pre- and
intraoperative MR imaging examinations have been well tolerated, with all patients
completing both stages. Because the patient is situated in the head frame, image artifacts
caused by patient head motion are not a concern, even with the longer scan time, so the
higher spatial resolution obtained with the longer scan can be fully realized.

Starr et al.23 have recently reported an innovative DBS procedure that utilizes an
intraoperative 1.5-T MR imaging unit and a skull-mounted aiming device for direct
electrode placement into the subthalamic nucleus while the patient is within the magnet
bore. In 29 patients with Parkinson disease, the authors reported directly targeting the
subthalamic nucleus, which is characterized by T2 hypointensity due to its iron content.
They reported no hemorrhagic complications and improved tip placement compared with the
traditional frame-based approach. Furthermore, this approach does not include
microelectrode measurements, which have been thought to increase the risk of brain
hemorrhage. Thus, this raises the important possibility of performing DBS lead implantation
without microelectrode recording when intraoperative confirmation of lead placement is
obtained. Indeed, it is possible that our technique, as reported here, might ultimately allow
the elimination of the slight risk of hemorrhage associated with microelectrode recording,
which adds to the cost of surgery and is a time-intensive part of the operation, although this
requires further investigation.

Conclusions

Intraoperative MR imaging during DBS surgery can be safely performed when strict
attention is paid to imaging parameters and when the examination is supervised by an on-
site MR imaging physicist. Intraoperative MR imaging offers improved patient care with
immediate evaluation for potential complications.
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Fig. 1.

Subdural hematoma. This 69-year-old woman with Parkinson disease underwent bilateral
subthalamic nucleus DBS placement. Intraoperative MR imaging revealed a right 8-mm
subdural hematoma characterized as isointense (arrows) on both T2* GRE (A) and T1
MPRAGE (B) sequences. The lesion displayed high signal intensity (arrow) on FLAIR
imaging (C). Computed tomography confirmed the presence of a subdural hematoma
(arrow, D).
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Fig. 2.

Subarachnoid hemorrhage. This 62-year-old woman with Parkinson disease who underwent
bilateral subthalamic nucleus DBS electrode placement was found to have a small focus of
subarachnoid hemorrhage. The preoperative MR images demonstrated low signal intensity
CSF within the left frontal sulcus (arrow, A). The hemorrhage was mildly hyperintense
relative to CSF with T1 MP-RAGE (arrow, B), and isointense to CSF on T2* GRE (arrow,
C); it demonstrated pronounced FLAIR hyper-intensity (arrow, D). The presence of the
subarachnoid hemorrhage was confirmed with CT (arrow, E).
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Fig. 3.

Intraparenchymal hemorrhage. This 70-year-old male with Parkinson disease underwent
bilateral subthalamic nucleus DBS electrode placement. The intraoperative MR images
showed a 5 x 5 mm hematoma within the right basal ganglia. Intraoperative T1 MP-RAGE
demonstrated the DBS lead but the adjacent hemorrhage (arrow, B) was isointense and
nearly undetectable when compared with the preoperative image (A). On T2* GRE the
hematoma was characterized as isointense with a peripheral margin of low signal intensity
(arrow, C) and high signal intensity on axial T2 FSE sequences (arrow, D). Computed
tomography confirmed the presence of the hematoma (arrow, E). In addition the CT scan
shows bilateral brain settling or shift that is also present but not as evident on the
intraoperative MR images.
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Fig. 4.

Pneumocephalus. This 58-year-old woman underwent bilateral VIM DBS for treatment of
an essential tremor. The procedure included replacement of a previously placed left VIM
lead. Preoperative MR imaging showed postoperative changes including a prominent left
frontal sulcus (arrow, A) with low signal intensity CSF. Intraoperative T1 MP-RAGE
showed low signal intensity within this sulcus due to air, similar to the preoperative study
(arrow, B). T2* GRE represented the air as an absence of signal with blooming due to
susceptibility effects (arrow, C). The CT scan confirmed the presence of subarachnoid air
(arrow, D).
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TABLE 1

Imaging findings during intraoperative MR imaging”

Finding No. of Pts (%0) Mean Range
SDH 5(3) 5.2 mm 4-8 mm
SAH 302 50.5cm®  11.9-116.6 cm®
IPH 1(0.6) 0.25 cm? -
subarachnoid air 4(3) 19.16 cm3  0.74-63.84 cm3
brain shift

right 126 (83) 0.54 cm 0.1-1.2cm

left 128 (84) 0.59 cm 0.1-1.3cm

*
SAH = subarachnoid hemorrhage; SDH = subdural hematoma; IPH = intraparenchymal hemorrhage.
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