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Abstract

Many neurosurgeons perform DBS implantation in semi-sitting position and 
perforate a burr hole at the top of the cranium. We have empirically found that 
the supine position is the best position to minimize CSF leakage, intracranial 
air invasion and brain shift. The dynamics of brain shift can be explained by the 
“water in the inverted cup” hypothesis and the significance of the simultaneous 
fulfillment of three conditions: 1) supine position to minimize negative intracranial 
pressure; 2) arachnoid sealing to maximize surface tension of CSF; and 3) lower 
burr hole level to keep the balance of intra/extracranial pressures. Although 1) 
and 3) sound totally contradictory to conventional ideas, a simple but novel 
hypothesis the “water in the inverted cup” mechanism successfully explains the 
dynamics of CSF and air, the brain shift and the phenomena related to various 
procedures during stereotactic surgery.

Keywords: Brain shift; Supine position; Deep brain stimulation; Stereotactic 
neurosurgery; Intracranial pressure; Cerebrospinal fluid; Pneumocephalus; 
Surface tension

Methods
The three important points in this procedure were 1) supine 

position, 2) the burr hole perforation at the coronal suture level, and 
3) minimal arachnoid penetration and arachnoid sealing. 

 The patient wore a stereotactic frame (Leksell model G, Elekta) 
on the head after local infiltration with 1% lidocaine hydrochloride. 
The frame was secured perpendicular to the facial plane (including 
forehead and bilateral zygomatic processes). After the localizer box 
was mounted on the head, 1.5-T MR images were obtained (Achieva 
1.5T SE; PHILIPS). A 3D multiplanar T1-weighted scan (145 slices; 
voxel size 1.0 x 1.0 x 2.0 mm; TR 25.0 msec; TE 4.6 msec) and a T2-
weighted coronal scan (40 slices; voxel size 0.0.53 x 0.53 x 2.0 mm; 
TR 2000 msec; TE 131 msec) were obtained. The head was secured 
to the frame holder of the operative table and the patient was placed 
in a completely supine position without any head flexion. Using 
stereotactic planning software (Leksell SurgiPlan® ver. 10.1.1, Elekta), 
the 3D coordinates of the AC and PC, bilateral targets and the 
stereotactic trajectory were determined.

The entry point was placed within 1cm of the coronal suture. 
Under a local infiltration with 1% lidocaine hydrochloride, the curved 
skin incision and dual-floor burr hole (14 mm) [16] was perforated 
at the entry point, and the dura mater was cauterized using a bipolar 
coagulator and cut in cruciform within 5 mm in diameter. After 
mounting two BenGun cannulas with multi-channel microelectrodes 
on the stereotactic arc, the pia mater was perforated with the 5mm 
tip of microelectrodes on the avascular point of the gyral surface, 
and the outer cannula was advanced ahead of the microelectrode 

Abbreviations
DBS: Deep Brain Stimulation; CSF: Cerebrospinal Fluid; MER: 

Microelectrode Recording; MR: Magnetic Resonance; AC: Anterior 
Commissure; PC: Posterior Commissure; CT: Computerized 
Tomography

Introduction
Brain shift, which affects the clinical accuracy of a neuronavigation 

system in open craniotomy [1], has been recognized as one of 
significant factors which introduce error in DBS surgery as well [2-8]. 
Because brain shift is associated with outflow of CSF and intracranial 
air invasion, past research has indicated the significance of preventing 
CSF outflow using a head-up position [3,4,7-12] or arachnoid sealing 
around an inserted cannula and microelectrode [9,10,13-15]. Since we 
found that a brain shift occurs due to intracranial air invasion alone, 
even without significant CSF outflow [7], we have performed DBS 
surgeries at various angles of head elevation (ranging from supine 
to semi-sitting position) in order to find the optimal angle which 
would minimize the brain shift, and we have empirically recognized 
the significance of the simultaneous fulfillment of three conditions: 
supine position, arachnoid sealing, and burr-hole perforation around 
coronal suture. We report our findings of brain shift using these 
techniques and describe the details of two representative cases (the 
case with the largest brain shift in this series and the case with marked 
brain atrophy and large arachnoid cysts). The dynamics of brain shift 
during surgery are well explained by the “water in the inverted cup” 
phenomenon.
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tip. After setting two-channel cannulas with microelectrodes, the 
arachnoid around the penetration points was carefully sealed with 
fibrin glue to prevent CSF leakage. The MER was performed along 
two tracks 2 mm apart; first, central and lateral tracks for the right 
MER, followed by the second central and posterior tracks for the 
left MER. After the physiological localization of the target by both 
MER and macrostimulation methods [17], a DBS lead (model 3387 
for pallidal simulation and model 3389 for subthalamic stimulation, 
Medtronic, Inc.) was inserted and anchored with the standard bur 
hole caps included in DBS kits [18]. With each procedure, the site and 
direction of the tip of the microelectrodes and DBS leads, as well as 
the intracranial air, were monitored with stereotactic X-ray films. The 
distal end of the lead was introduced subcutaneously to the parietal 
region by a tunneling tool and was embedded under the scalp. The 
subcutis of the incision was closed using a buried continuous suture 
with an absorbable suture, and the skin was closed with 4-0 Nylon.

Soon after the surgery, the patient was transferred to the CT 
and MR imaging units while being kept in a supine position. The 
postoperative 3D T1-weighted MR images were reconstructed 
and co-registered with the preoperative 3D images using Leksell 
SurgiPlan® software [19]. The information of lead location in each 
patient was utilized for contact selection and parameter setting in 
the postoperative DBS management. A neurostimulator with its 
extension cable was implanted under a general anesthesia on the 
second day postoperatively. The differences in 3D coordinates (∆X, 
∆Y and ∆Z) of AC and PC were measured to directly analyze the 
brain shift. All values were expressed as the mean ± SD in the text, 
and the Box-Whisker graph (median, 1st and 3rd quartiles, lowest 
and highest) was used in Figure 1.

Results 
From October 2011 to May 2013, 28 patients (15 males and 13 

females) underwent the contemporaneous implantation of bilateral 

DBS electrodes at 6 globus pallidus internus for dystonia and 22 
subthalamic nuclei for Parkinson’s disease at Kaizuka Hospital. The 
mean age at the time of surgery was 58.0 ± 12.0 years (range, 21-81 
years). The total operation time was 198.6 ± 16.0 minutes (range, 166-
235 min). No patient presented with perioperative complications, 
such as cerebral hemorrhage or pulmonary air embolism. Brain shift 
was assessed as changes in the 3D coordinates of AC and PC with MR 
imaging before and immediately after the implantation surgery. 

In the supine position, the shifts of AC were as follows: -0.02 
± 0.16 mm laterally (∆X), 0.48 ± 0.29 mm posteriorly (∆Y), 0.11 ± 
0.19 mm ventrally (∆Z). The shifts of PC were as follows: -0.02 ± 
0.13 mm laterally (∆X), 0.24 ± 0.25 mm posteriorly (∆Y), 0.11 ± 0.18 
mm ventrally (∆Z). In supine position, the maximum shift (up to 
1.0 mm) was observed in posterior shift of AC, and all other shifts 
of AC and PC in the supine position were less than 1.0 mm. As a 
reference, our previous data of semi-sitting position and twist-drill 
surgery performed from December 2000 to July 2001 [7] were also 
shown in Figure 1. 

Case 1 (Dystonia case with the largest posterior brain 
shift) 

A 44-year-old male with cervical dystonia underwent a pallidal 
stimulation. The AC-PC line was 24.8 mm and the third ventricle 
width was 6 mm. His intraoperative X-ray film showed a small 
amount of intracranial air at the frontal top of the cranium, which 
was much higher than the burr hole level (Figure 2A). MR and CT 
images immediately after the surgery showed a modest air invasion 
(Figure 2B and 2C), and the AC shift was 1.0 mm in the posterior 
direction. His postoperative course was uneventful, and the cervical 
dystonia was remarkably alleviated at the two-month follow-up visit. 
There was neither curving of pallidal leads nor residual air on X-ray 
image after a week (Figure 2D). 

Figure 1: Box-Whisker graph showing the extent of shifts in AC and PC in each axis. The box represents the distance between the 1st and 3rd quartiles. The line 
in the box represents the median. The whiskers show the lowest and highest data points. The data of the brain shift during the semi-sitting position were from our 
previous report [7]. Positive values denote left, posterior, and inferior shifts along the x, y and z axes, respectively. P values were calculated by Student’s t-test 
when the previous data [7] was assumed to be a control. AC= Anterior Commissure; PC= Posterior Commissure.
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Case 2 (Parkinson’s disease with large arachnoid cysts in 
bilateral temporal lobe)

A 66-year-old woman had Parkinson’s disease (Hoehn-Yahr 
stage 3) with wearing off and an exhausting peak-dose dyskinesia. 
Preoperative MR images showed an enlarged subdural space due 
to brain atrophy and large arachnoid cysts in bilateral temporal 
lobes (Figure 3A and 3B). The AC-PC line was 22.0 mm, and the 
third ventricle width was 6.0 mm. Intraoperative X-P monitoring 
showed a tiny air bubble underneath the frontal bone (Figure 3C), 
and postoperative CT showed a very small amount of intracranial 
air (Figure 3D). The posterior shift of AC was only 0.4 mm, and the 
shifts in the other directions were less than 0.1 mm. Her postoperative 
course was uneventful, and the motor fluctuation was successfully 
abolished.

Discussion
Brain shift has been recognized as one of the significant error 

factors which introduce error during stereotactic functional 
neurosurgery [5,7,8,12] since the first reported X-ray study by Gerdes 
et al. [20]. Several perioperative factors that affect brain shift have 
been proposed: cerebral atrophy [8,21], the number of MER tracks 
[21], operation time [9,12,22], and staged or non-staged bilateral 
procedure [13]. Although the extent of brain shift has been shown 
to relate to intracranial air volume, the linear relationships were 
not strong enough to quantitatively evaluate a brain shift [3,21]. 
Therefore, a brain shift in DBS implantation should be quantified 
directly by the coordinates of the deep brain structure, such as AC and 
PC, but not by the postoperative intracranial air volume. By directly 

measuring brain shift, we have detected only small brain shifts (less 
than 1 mm even in the posterior direction), which would not affect 
stereotactic accuracy in DBS surgery performed on patients in the 
supine position. The importance of the supine position during the 
operative procedure is also suggested by other groups in reproducing 
the conditions identical to neuroimaging studies used for stereotactic 
planning, as well as preventing intracranial air invasion and venous 
air embolism, but not affecting the risk of hemorrhagic complication 
[13,14].

In a previous report, we used the method of stereotactic cranial 
perforation by twist drill in the semi-sitting position in order to 
prevent CSF outflow, and there was no evidence of efficacy of head 
elevation (or the semi-sitting position of ca. 40˚) with twist drill 
surgery [23]. The DBS implantation surgery in the semi-sitting 
position produced 2.33 ± 0.93 (max. 4.0) mm posterior shift of AC 
even in the absence of CSF outflow; therefore, the negative intracranial 
pressure in the semi-sitting position and the decrease in brain volume 
due to increased venous return were considered to facilitate the 
intracranial air invasion [7]. Since 2007, we have sought the optimal 
positioning for stereotactic DBS lead implantation. Contrary to our 
previous expectation, the supine position has been empirically the 
best condition for preventing brain shift in association with the use 
of arachnoid sealant.

One may be concerned that CSF located above the burr hole level 
would easily flow out when the burr hole is perforated as low as the 

Figure 2: Perioperative neuroimages of a dystonia case which showed the 
maximal posterior shift of AC (1.0mm). A: A stereotactic X-ray film of lateral 
projection just after anchoring the second DBS lead in contemporaneous 
bilateral surgery. An arrow indicates intracranial air. B: A sagittal T1-weighted 
MR image including the pallidal lead. C: A transverse CT section including 
the thickest point of the intracranial air. B and C were obtained just after 
leaving the operating room. D: An X-ray film (non-stereotactic) at one week 
postoperatively.

Figure 3: Perioperative neuroimages of a case of Parkinson’s disease with 
marked brain atrophy and large arachnoid cysts in bilateral temporal lobe. 
The AC shift was only 0.4mm in the posterior shift. A and B: The preoperative 
MR images for stereotactic planning: T2-weighted coronal (A) and T1-
weighted axial (B) sections. C: Stereotactic X-ray film of lateral projection just 
after anchoring the second DBS lead in contemporaneous bilateral surgery. 
D: A transverse CT section including the thickest point of the intracranial 
air accumulation just after leaving the operating room. Arrows indicate 
intracranial air.
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coronal suture in the supine position. However, the phenomenon 
can be compared to the “water in the inverted cup,” a simple science 
experiment that is as follows: Fill a cup with water to the top, place a 
note card over the top of the cup, quickly turn the cup upside down, 
holding the note card in place and then carefully release the note card. 
As long as the note card is parallel to the ground, the note card will stay 
in place and water will not fall out because the atmospheric pressure 
pushes the card evenly against the water weight. Furthermore, the 
surface tension of the water molecules prevents the break of the water 
surface to keep the air outside, even if a small pinhole is made in the 
card or a slit opens between the card and the cup (Figure 4A). This 
situation explains why CSF does not come out of the cranial window 
made around the coronal suture level in the supine position. If one 
pierces the cup at a point near the water level (Figure 4B), the balance 
between gravity pulling on the water in the inverted cup and the 
surface tension of the water will determine whether an air bubble 
comes inside, and in many instances, the water and the card will 
fall down. Similarly, if there is some head elevation, the intracranial 
pressure at the level of CSF channel (burr hole) decreases to nearly 
atmospheric pressure, making it easier for an air bubble to come 
inside (and for CSF to go outside), overcoming the surface tension 
of CSF. If one pierces the bottom of the cup, negative pressure made 
by the water weight is lost immediately, and the water and card fall 
down. Similarly, if there is a considerable head elevation angle or a 
cranial perforation is made close to the top of the calvarium in order 

to avoid CSF leakage [7], the intra/extracranial pressure difference 
will be lost easily (Figure 4C), resulting in marked brain shift due 
to intracranial air invasion. Furthermore, if there is too much air 
invasion, the weight of the frontal lobe above CSF level presses the 
brain itself, changes CSF distribution (from ventricle to subarachnoid 
space) and deforms its shape. Namely, a supine position was found to 
be optimal for creating the pressure difference to avoid both the CSF 
leakage and the intracranial air invasion. Even in a supine position, 
the burr hole opening at the level of the coronal suture does not let 
CSF go out for a short time if the CSF channel of arachnoid is small 
enough to keep the surface tension by being adequately sealed with 
fibrin glue, melted bone wax, or another sealant.

Another presumable mechanism is the positional shift of the 
brain itself [7]. By the analysis of MR, the brain and spinal cord are 
known to shift in the skull and spinal canal in a gravity-dependent 
manner, respectively [24,25]. Even without surgical intervention, it is 
suggested that the time course of physiological brain shift was within 
12 minutes (measuring the time of the 3D MR scan) at the least [25] 
and that of the spinal cord was 14 seconds (duration of breath holding) 
at the least [24]. Therefore, the brain is thought to shift promptly, 
more caudally in the semi-sitting position and more posteriorly in 
the supine position in physiological condition. While the caudal shift 
makes frontal subdural space wider (Figure 4C), the posterior shift 
in the supine position makes the frontal subdural space around the 
burr hole narrower and the subdural space and CSF channel may be 
reduced or sealed from inside by the brain itself in the supine position 
(Figure 4A). Azmi et al. [21] found that total intracranial air volume 
after surgery correlated with the degree of cerebral atrophy, namely 
the ratio of extra axial CSF to total intracranial volume, but not the 
ratio of ventricular volume. Nazzaro et al. [14] also suggested the 
significance of brain entry via a limited dural opening and involving 
a gyrus very close to the inner skull. These implications are as 
important as arachnoid sealing in a sense that the CSF channel should 
be minimized to keep the surface tension of CSF and the balance of 
intracranial and atmospheric pressures.

Many studies detected no relationship between the operation 
time (duration from dural opening to closure) and the extent of 
brain shift [3-5,7,9] and we agree with the speculation by Coenen et 
al. that most of the CSF loss or air invasion occurs during the initial 
moments after penetrating the arachnoid [9]. We also speculate the 
volume of CSF loss (or intracranial air volume) may depend on the 
equilibrium between the surface tension of CSF and the difference of 
intra/extracranial pressures. In many instances, the complete sealing 
of the arachnoid is impossible and some amount of CSF (or air) will 
go out (or come in) until equilibrium is reached. If the CSF channels 
are too large, the surface tension of CSF will be easily broken by air 
invasion and CSF outflow, lowering the CSF level down to the burr 
hole level with a marked brain shift. In case 2, however, the brain shift 
was successfully minimized even in the presence of enlarged subdural 
space or large arachnoid cysts of bilateral temporal regions (Figure 
3), which suggested that the CSF channel successfully minimized 
by arachnoid sealing maintained the surface tension of CSF and the 
difference of intra/extracranial pressures at the burr hole attenuated 
CSF outflow.

Since we have empirically concluded an apparent effectiveness of 
supine position in DBS surgery, we could not introduce semi-sitting 

Figure 4: Schematic drawings showing the intraoperative brain shift in each 
position. A: Complete supine position. B: Supine with head elevation (or semi-
sitting with a low angle). C: Semi-sitting position (high angle) and the cranial 
perforation at the highest point. The illustrations on the right side explain the 
dynamics of brain shift in each position using the “water in the inverted cup” 
phenomenon. Arrows indicate the points of small perforation corresponding 
to burr hole, dural opening, and arachnoid penetration.
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position again even for the sake of a randomized controlled trial 
from an ethical point of view. However, this hypothesis would need a 
randomized controlled study to be widely accepted.

Conclusion
The mechanism of the “water in the inverted cup” phenomenon 

explains the dynamics of brain shift and the importance of the 
combination of three simple techniques: supine position, cranial 
perforation close to the coronal suture, and arachnoid sealing, 
which help to maintain the difference between the intracranial and 
atmospheric pressures and minimize the brain shift by simultaneously 
attenuating CSF outflow and intracranial air invasion in DBS surgery. 
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