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sound data was used to generate updated MR images.  Re-

sults:  Combined use of fluorescence signatures and updat-
ed MR image information showed substantially improved 
accuracy compared to fluorescence or the original (i.e., non-
updated) MR images, detecting only true positives and true 
negatives, and no instances of false positives or false nega-
tives.  Conclusion:  Implementation of brain deformation 
modeling in FGR shows promise for increasing the accuracy 
of neurosurgical guidance in the delineation and resection 
of brain tumors. 

 

Copyright © 2009 S. Karger AG, Basel 

 Introduction 

 Fluorescence-guided resection (FGR) for intraopera-
tive, real-time delineation of tumors has been gaining 
wider acceptance within the neurosurgical community 
 [1–9] . Prior to surgery,  � -aminolevulinic acid (ALA) is 
administered orally, leading to accumulation of proto-
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 Abstract 

  Introduction:  Fluorescence-guided resection (FGR) of brain 
tumors is an intuitive, practical and emerging technology for 
visually delineating neoplastic tissue exposed intraopera-
tively. Image guidance is the standard technique for produc-
ing 3-dimensional spatially coregistered information for
surgical decision making. Both technologies together are 
synergistic: the former detects surface fluorescence as a bio-
marker of the current surgical margin while the latter shows 
coregistered volumetric neuroanatomy but can be degrad-
ed by intraoperative brain shift. We present the implementa-
tion of deformation modeling for brain shift compensation 
in protoporphyrin IX FGR, integrating these two sources of 
information for maximum surgical benefit.  Methods:  Two 
patients underwent FGR coregistered with conventional im-
age guidance. Histopathological analysis, intraoperative flu-
orescence and image space coordinates were recorded for 
biopsy specimens acquired during surgery. A biomechanical 
brain deformation model driven by intraoperative ultra-

 Received: July 16, 2009 
 Accepted after revision: August 28, 2009 
 Published online: November 12, 2009 

 David W. Roberts, MD 
 Section of Neurosurgery, Dartmouth-Hitchcock Medical Center 
 One Medical Center Drive 
 Lebanon, NH 03756 (USA) 
 Tel. +1 603 650 8734, Fax +1 603 650 7911, E-Mail David.W.Roberts   @   dartmouth.edu 

 © 2009 S. Karger AG, Basel
 

 Accessible online at:
www.karger.com/sfn 

This study was presented in part at the 77th Annual Meeting of the 
American Association of Neurological Surgeons, San Diego, Calif., 
USA, May 5, 2009. 

D
ow

nl
oa

de
d 

by
: 

54
.1

91
.4

0.
80

 -
 4

/1
9/

20
17

 1
2:

46
:1

3 
A

M

http://dx.doi.org/10.1159%2F000258143


 Valdés   /Fan   /Ji   /Harris   /Paulsen   /Roberts     Stereotact Funct Neurosurg 2010;88:1–10 2

porphyrin IX (PpIX) in neoplastic tissue. When excited 
with blue light, tumor tissue accumulating sufficient lev-
els of PpIX displays a red fluorescence  [2–4] . FGR pro-
vides the neurosurgeon with a surface guidance technol-
ogy that is not susceptible to intraoperative brain shift, in 
contrast to conventional image guidance systems where 
navigational accuracy is degraded  [10–14] . However, not 
all neoplastic tissue fluoresces to levels observable intra-
operatively, leaving some tumor tissue undetected  [7, 9, 
15, 16]  and subsurface levels of fluorescent tissue are not 
visible with current surgical microscope systems, requir-
ing the need for complementary 3-dimensional volumet-
ric guidance in locating abnormal tissue.

  To account for image-guided registration degradation 
secondary to brain shift, biomechanical models that 
compensate for brain deformation are currently under 
development  [10, 11, 17] . In one form, intraoperative data 
drive a biomechanical model to estimate the 3-dimen-
sional displacement field and subsequently deform the 
preoperative MR (pMR) images used for navigation to 
produce updated MR (uMR) images. The uMR provides 
the neurosurgeon with more accurate MR image corre-
spondence with the current surgical field. A dual-modal-
ity, neurosurgical guidance system that incorporates 
both FGR and uMR images would offer the neurosur-
geon a biomarker of the surgical margin as currently ex-
posed along with coregistered volumetric neuroanatomy 
that is not degraded by intraoperative brain shift. In this 
study, we present the implementation of a biomechanical 
deformation model for brain shift compensation in the 
setting of PpIX FGR of brain tumors.

  Patients and Methods 

 Patients  
 Two patients, one with a gliosarcoma (GS) and one with a glio-

blastoma multiforme (GBM), provided written informed consent 
for this investigational study and were enrolled in an institution-
al review board-approved study of coregistered fluorescence-en-
hanced tumor resection. pMR, T 1 -weighted images (matrix: 256 
 !  256, 1.5 mm slice thickness) with gadolinium enhancement 
(0.2 ml/kg gadolinium-diethylenetriamine pentaacetic acid) and 
scalp-based registration fiducials were acquired for both patients 
and used for image guidance. Three hours prior to induction of 
anesthesia, both patients received a 20 mg/kg body weight oral 
dose of ALA (DUSA Pharmaceuticals, Tarrytown, N.Y., USA) dis-
solved in 100 ml of water.

  Coregistered FGR Procedure 
 For FGR, a commercial image guidance system (Treon �  

StealthStation � ; Medtronic, Louisville, Colo., USA) was coregis-
tered with a surgical microscope offering fluorescence capabili-

ties (Zeiss OPMI Pentero � ; Carl Zeiss Surgical GmbH, Oberko-
chen, Germany). The surgical microscope excites with blue light 
and collects the filtered red fluorescence emission of PpIX. Dur-
ing the procedure, the surgeon intermittently switched from the 
white light to the blue light illumination mode ( fig. 1 ). Eighteen 
biopsy specimens were collected (9 from patient 1: GS; 9 from pa-
tient 2: GBM) at the beginning, middle, and end of resection in 
regions within the bulk of the tumor and tumor margins, and 
were divided into 3 groups: one was placed in 10% buffered for-
malin, one was frozen in a cryogenic vial, and one was frozen in 
mounting medium (OCT). The navigation system was used to 
determine the image space coordinates of each specimen, which 
was subsequently matched to its corresponding white and blue 
light digital images.

  Intraoperative Brain Deformation Procedure 
 Prior to the start of surgery, pMR images were rigidly regis-

tered to the patient’s head in the physical space coordinate system 
through a fiducial-based registration. At the time of surgery and 
before craniotomy, the locations of the fiducial markers were dig-
itized using a stylus probe whose location was identified by a 3-
dimensional tracking system (Polaris System Northern Digital 
Inc., London, Ont., Canada) coupled to a workstation dedicated 
to the deformation modeling. The registration process was used 
to match the fiducials’ physical space coordinates with the cor-
responding image space coordinates. The stylus probe was then 
placed at two vertical locations to estimate the direction of grav-
ity that was used in the model computations.

  After craniotomy, a Philips (Philips Medical Systems, Bothell, 
Wash., USA) iU22 3-dimensional ultrasound system (US) was 
used to collect predurotomy and postdurotomy images. The US 
transducer was tracked by the Polaris System continuously 
through a rigidly attached infrared light-emitting tracker to allow 
for the 3-dimensional US images to be registered to the pMR stack 
 [18, 19] .

  Tissue Processing and Analysis 
 Formalin-fixed paraffin-embedded tissue was processed for 

hematoxylin and eosin staining and analyzed by a single neuro-
pathologist (B.T.H.). The neuropathologist was blinded to the 
pathological diagnoses from the main surgical specimen and 
from the intraoperative fluorescence or imaging data. Each bi-
opsy tissue section was analyzed for the presence or absence of 
tumor cells and was evaluated based on the WHO classification 
schema  [20] .

  Deformation Model 
 The biomechanical brain deformation model implemented 

simulates the amount and direction of brain shift and deforma-
tion (i.e., displacement) that occurs intraoperatively, by incorpo-
rating standard surgical conditions (e.g. direction of gravity) and 
intraoperative data. Predurotomy and immediate postdurotomy 
US images were used to measure the displacement that occurs in 
a subvolume of the brain at the beginning of surgery. They pro-
vided sufficient patient-specific intraoperative data, in combina-
tion with standard surgical conditions, to drive the biomechani-
cal brain deformation model to estimate displacement for the 
whole-brain volume which was used to deform the pMR images 
and generate uMR images. Additional details on the brain defor-
mation model are provided in the Appendix.
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  Data Analysis 
 Two-by-two tables were used to calculate the following values 

and statistical measures for FGR alone, image guidance with 
(IGW) and without brain shift compensation (IGWO) alone, and 
FGR coupled with brain shift compensated image guidance 
(FGR-IGW): (1) true negatives; (2) false negatives; (3) true posi-
tives; (4) false positives; (5) sensitivities; (6) specificities; (7) neg-
ative predictive values, and (8) positive predictive values. To cal-
culate these measures for FGR, intraoperative red fluorescence 
was considered a positive test result, whereas absence of fluores-
cence was recorded as a negative test result. Similarly, to calculate 
the same values and measures for image guidance, tissue judged 
radiologically abnormal from T 1 -weighted pMR images (i.e., pre-
operative MRI without brain shift compensation) or uMR im-

ages (i.e., preoperative MRI with brain shift compensation) was 
considered a positive test result, whereas tissue judged radiolog-
ically normal from pMR or uMR images was scored as a negative 
test result.

  Results 

 The 2 patients in this study displayed distinct patterns 
of PpIX fluorescence and different degrees of brain shift 
( table 1 ). The GS and GBM (both WHO grade IV) cases 
displayed areas of strong fluorescence as well as gado-

a b c d

e f g h

  Fig. 1.  Preoperative, updated, and intraoperative images of patient 
1. The top row from left to right ( a – c ) shows preoperative T 1 -
weighted postdurotomy MR images without compensation for 
brain shift (pMR). The bottom row from left to right ( e – g ) shows 
the updated T 1 -weighted MR images immediately after durotomy 
with compensation for brain shift (uMR). The surgical micro-
scope was coregistered and tracked by the navigational system. 

The white light ( d ) and blue light ( h ) images corresponding to the 
tracked coordinates of the microscope focal point in image space 
(crosses) are shown. A bulging, highly fluorescent tumor tissue 
confirmed by pathology as neoplastic tissue corresponds to an 
area of contrast enhancement in the uMR. Compare this area of 
fluorescent brain tissue to the pMR, which inaccurately points to 
the scalp region. 

Table 1. Overview of FGR and brain shift for the whole brain

Patient Age
years

Diagnosis Tumor
location

Tumor
volume
cm3

Intraoperative
fluorescence

Brain shift displacement, mm

mean max

1 70 GS right parietal 65.95 yes 2.9 16.0
2 76 GBM left temporal 4.96 yes 0.1 1.4

Mean and maximum displacements represent the mean and maximum magnitude of brain shift estimated by the biomechanical 
model.
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linium-enhancing regions on MRI. The GS surgery 
(brain shift displacement values: mean = 2.9 mm, max = 
16.0 mm) had the largest degree of brain shift ( table 2 ), 
whereas the GBM surgery (brain shift displacement val-
ues: mean = 0.1 mm, max = 1.4 mm) showed much less 
brain shift. The deformation model was run on a Linux 
computer (2.33 GHz, 8 GB RAM) with 500 iterations for 
patient 1 (GS) and 51 iterations for patient 2 (GBM). The 
computational cost was less than 30 min for patient 1 and 
less than 6 min for patient 2.  Figure 1  shows representa-
tive pMR, uMR, and white and blue light images of the 
coregistered focal point of the operating microscope after 
dural opening during the surgery of patient 1 from which 
it is evident that the fluorescing tumor distended. The 
uMR views correctly compensate for the tumor move-
ment after dural opening whereas their pMR counter-
parts clearly do not.

  Sensitivity, specificity, negative predictive values, and 
positive predictive values for both cases are shown in  ta-
ble 2 . An increase in the sensitivity and negative predic-
tive value of image guidance was noted after brain shift 
compensation (sensitivity: IGWO = 0.69 vs. IGW = 0.94, 
negative predictive value: IGWO = 0.29 vs. IGW = 0.67). 
FGR-IGW showed the best statistical measures for accu-
rately identifying abnormal tissue (sensitivity = 1.00, neg-
ative predictive value = 1.00, specificity = 1.00, positive 
predictive value = 1.00). True negative, false negative, and 
true positive values from both cases are graphically dis-
played in  figure 2 . No false positives were recorded in this 
study and two biopsies were true negatives (nonenhanc-
ing, nonfluorescent tissue without the presence of tumor 
cells on histology). The percentage of true positive sam-
ples increased (IGWO = 61.1% vs. FGR-IGW = 88.9%) 
and false negatives decreased (IGWO = 27.8% vs. FGR-
IGW = 0.00%) in IGWO versus FGR-IGW.  Figure 3  shows 
representative pre- and postoperative gadolinium-en-
hanced, T 1 -weighted images of both cases.

  Discussion 

 With evidence that the extent of tumor resection cor-
relates with patient survival and quality of life  [5, 6, 8, 
21–23] , intraoperative brain shift poses a major challenge 
in brain tumor resections using conventional image guid-
ance technologies. FGR based on ALA-PpIX has recently 
gained acceptance as a safe and easy way to aid the neu-
rosurgeon in delineating neoplastic tissues during tumor 
resection. FGR is not limited by degradation of registra-
tion accuracy due to the intraoperative brain shift that is 
known to compromise conventional image guidance sys-
tems. However, FGR only provides the neurosurgeon 
with surface information on the location of neoplastic tis-
sue, and as such, accurate 3-dimensional navigation that 
accounts for intraoperative brain shift is still needed to 
complement FGR.

  Here, we present the implementation of a brain defor-
mation biomechanical model to compensate for intraop-
erative brain shift in PpIX FGR of brain tumors. Two sur-
gical cases with different levels of PpIX fluorescence and 
intraoperative brain shift were studied. FGR-delineated 
tumor tissue appeared in both the GBM and GS instanc-
es. In both surgeries, observable intraoperative fluores-
cence was mapped only to areas of contrast-enhancing 
tissue on the uMR images, whereas the pMR images in-
correctly mapped fluorescing tissue to radiologically 
normal regions (e.g. scalp), which on pathological analy-

Table 2. Statistical measures

Statistical measures FGR IGWO IGW FGR-IGW

Sensitivity 0.50 0.69 0.94 1.00
Specificity 1.00 1.00 1.00 1.00
NPV 0.20 0.29 0.67 1.00
PPV 1.00 1.00 1.00 1.00

Sensitivities, specificities, negative predictive values (NPV), 
and positive predictive values (PPV) were calculated for FGR, 
IGWO, IGW, and FGR-IGW. n = 18. 
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  Fig. 2.  Test results for biopsy specimens. Percentage of biopsy 
specimens (n = 18) for FGR, IGWO, IGW, and FGR-IGW that 
were true negative (TN), false negative (FN), and true positive 
(TP) are shown for both cases. No false positives were recorded in 
this study. 
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sis was demonstrated to be neoplastic. Some biopsy spec-
imens of highly enhancing tissue in patient 1 (n = 3) did 
not display observable fluorescence. In these specimens, 
a heavy infiltration of mostly the sarcomatous element of 
the tumor was observed. Meanwhile, tissue sections con-
taining mostly astrocytic elements of the tumor showed 
intraoperative fluorescence and contrast enhancement 
on uMR images, suggesting that high-grade glioma tu-
mor cells accumulate more PpIX than high-grade sarco-
mas.

  The uMR images provided more accurate anatomical 
information increasing both the sensitivity (pMR = 0.69 
vs. uMR = 0.94) and negative predictive value (pMR = 
0.29 vs. uMR = 0.67) of T 1 -weighted images for surgical 
correspondence with histologically abnormal tissue
(i.e., tissue with the presence of tumor cells). The dual-
modality approach using fluorescence signatures with 
uMR offers a complementary approach that increased 
the accurate determination of abnormal tissue in the 
two cases ( fig. 2 ). Image guidance provides the neuro-
surgeon with accurate 3-dimensional volumetric infor-
mation for navigation based on MR-specific image sig-
natures that are widely used to identify abnormal and 
resectable tissue. PpIX FGR provides the neurosurgeon 
with an intuitive guidance tool that delineates tumor 
tissue in real time from which the current resection 

a b c

d e f

  Fig. 3.  Gadolinium-enhanced preopera-
tive and postoperative T 1 -weighted MR 
images. Preoperative images for patients 1 
( a ) and 2 ( d ). Postoperative images for pa-
tients 1 ( b ) and 2 ( e ). Postoperative sub-
traction images for patients 1 ( c ) and 2 ( f ). 

a b

c d

  Fig. 4.  Cross-sectional images of intraoperative 3-dimensional US 
from patient 1. US image before (   a ) and after ( b ) dura opening. 
Overlays of US images before (red) and after (green) dura opening 
(regions appearing in yellow align) are shown in  c  and  d . Appar-
ent misalignment due to brain shift is evident in  c ; after both 
rigid and nonrigid registration with computed displacement vec-
tors (white arrows) is presented in  d . 
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margin can be evaluated. Thus, the dual-modality ap-
proach described here takes advantage of pathophysio-
logical changes in tumor cell metabolism (e.g. increased 
PpIX production and accumulation), blood-brain bar-
rier breakdown (e.g. gadolinium enhancement on MRI), 
and tumor-specific biological signatures (e.g. astrocytic 
tumors) to improve the accuracy of tumor identification 
in the operating room.

  Current technologies for intraoperative updating dur-
ing brain surgery include intraoperative MRI, CT, and 
US ( table 3 ). These technologies provide intraoperative 

feedback to the neurosurgeon, counteracting error in 
navigational accuracy due to brain deformation  [24–32] . 
Each technology has pros and cons with respect to its 
costs, limitations and capabilities for tissue contrast, and 
effects on surgical procedures and workflow that remain 
to be fully understood and evaluated in the operative set-
ting. In this study, FGR-IGW combines intraoperative 
feedback from surface fluorescence with a biomechanical 
model enabled through intraoperative US to update the 
pMR images, providing the neurosurgeon with real-time 
feedback on tumor fluorescence coregistered with peri-

Model
preprocessing

Intraoperative
data

Biomechanical
model

Segmentation

Calibration Registration

pMR

US Polaris (world) US-pMR

uMR

Surface mesh Volume mesh
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  Fig. 5.  Schema of the brain deformation model. Model prepro-
cessing: the brain is segmented from the pMR image to generate 
triangular surface and tetrahedral volumetric meshes, and appro-
priate boundary conditions are assigned. All preprocessing steps 
are performed prior to surgery. Intraoperative data: tracked 3-di-
mensional US images are acquired before and after durotomy, and 

are spatially merged with the patient’s head and then re-registered 
with the pMR image. Displacement data are computed from reg-
istered pre- and postdurotomy US images to drive a biomechani-
cal model. Biomechanical model: whole-brain deformation is 
computed based on boundary conditions assigned and intraop-
erative sparse data provided to generate an uMR image volume.               
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odically compensated 3-dimensional uMR views for en-
hanced neuronavigation.

  Although this dual-modality system provides a plat-
form for integrating two powerful guidance technologies, 
some limitations remain. FGR currently detects only the 
visually apparent surface levels of fluorescence, since thin 
layers of blood and/or intervening tissue can obscure sub-
surface fluorescence emissions. As noted with the GS 
case, not all tumor tissue produces observable PpIX fluo-

rescence (i.e., sarcomatous element of the tumor). As such, 
the optimal brain tumor population for efficient use of 
PpIX FGR needs to be determined. We are currently 
studying various brain tumor histologies in patients un-
dergoing FGR to determine the most appropriate and rel-
evant biologies for efficient accumulation of PpIX to
observable levels. In addition, our group is developing
intraoperative fluorescent probes to target non-PpIX-
fluores cent tumors. We continue our ongoing efforts to 

Table 3. Technologies for intraoperative updating during brain surgery

FGR-IGW iMRI iCT iUS

Pros
High soft-tissue contrast High spatial resolution

[24, 30]
Mobility of iCT system
[29, 31]

Real-time feedback [25, 27, 30, 
32]

3-D image guidance using MR 
image features with increased 
intraoperative accuracy

High contrast resolution
[24, 30]

Capability of monitoring
intraoperative complications
[29, 31]

Easy-to-use instruments [27]

Mobility of microscope with 
minimal OR modifications

Better differentiation of
normal from abnormal
tissue [24]

High soft-tissue contrast
for contrast enhancing tissue
[31, 32]

Relatively inexpensive costs 
[27]

Minimal disruption to surgical 
workflow

High soft-tissue contrast for
noncontrast enhancing
tissue [32]

Minor modifications in
OR [31, 32]

Real-time feedback of fluores-
cence characteristics

Use of same instruments
and equipment [32]
Fewer limitations in patient
positioning [32]

Cons
Detection of only surface fluo-
rescence

No real-time feedback
[30]

No real-time feedback
[29]

Low contrast resolution [25, 
28, 30]

Limits in fluorescing tumors us-
ing �-ALA

Interrupts surgical flow
[30]

Low contrast resolution
[30, 32]

Low spatial resolution
[24, 25, 28]

Model updating dependent on 
sparse data from US

Prolongs time of surgery
[30]

Low spatial resolution
[32]

Restricted field of view due to 
probe placement [24]

Administration of �-ALA with 
minimal drug side effects

Special shielded room
[28, 31, 32]

Increased radiation dose
[30, 32]

Difficulty interpreting results, 
requiring specialized user [25, 
27, 30, 32]

5–20 min for uMR generation Specialized instruments and
equipments [32]

Interrupts surgical flow [29] Artifacts due to blood, air, and 
instruments [25, 27]

Specialized personnel in
the OR [32]

Low soft-tissue contrast for
noncontrast enhancing
tissue [31, 32]

Limitations in patient
positioning [32]

Artifacts due to patient
positioning devices [32]

High costs [28, 31, 32] Prolongs time of surgery [32]
Limited access to operating
field [28]

iMRI = Intraoperative MRI; iCT = intraoperative CT; iUS = intraoperative US.
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develop a software platform to execute the deformation 
model intraoperatively as efficiently as possible. Our ap-
proach exploits intraoperative US to create a sparse data 
set to drive the model where one US image is acquired be-
fore durotomy, followed by a series of intraoperative US 
images at different stages during the surgery in order to 
generate corresponding uMR images  [33] . We have also 
utilized a stereovision system that can provide surface 
sparse data to improve the generation of uMR images with 
minimal disruption to the surgical workflow  [10, 11] .

  Conclusion 

 We present an implementation of a deformation mod-
el guided by intraoperatively acquired data in the setting 
of PpIX FGR of brain tumors. FGR was used to delineate 
and guide the resection of fluorescent tissue visually evi-
dent within the surgical field. A biomechanical brain de-
formation model provided uMR images by assimilating 
intraoperative data acquired with 3-dimensional intra-
operative US that improved the correspondence between 
the volumetric representation of tumor and the fluoresc-
ing biomarker of tumor associated with the surgeon’s vi-
sual field. Postoperative analysis of fluorescence signa-
tures and the uMR images were complementary in more 
accurately identifying tumor tissue confirmed histopath-
ologically from resected specimens. We believe that this 
dual-modality approach which uses a deformation mod-
el that compensates for brain shift coregistered with fluo-
rescence imaging can provide the neurosurgeon with an 
accurate, intuitive platform that improves intraoperative 
guidance during tumor resection.

  Appendix 

 A biomechanical brain deformation model computed with the 
finite element method was used to estimate displacement vectors 
within the whole-brain volume. This model can be represented by 
the following coupled equations, where u is the displacement, p is 
the pore fluid pressure, and the other parameters symbolize the 
tissue mechanical properties: 

1 2 t f
GG p� � �

	
u u g� �                     (1)

1
 

p
k p p

t S t
� �u� � �

                             
(2)

 These equations are discretized into a matrix form, Kx = b, where 
K is the stiffness matrix, x is the displacement and pore fluid pres-
sure to be computed, and b contains the forcing conditions. 

 The patient’s parenchymal volume was isolated within the 
pMR images using a level set segmentation algorithm  [34] . A tri-

angular surface mesh and its corresponding tetrahedral volume 
mesh were generated using the segmented brain. After patient 
registration, boundary conditions were assigned to different 
types of surface nodes as follows: (1) craniotomy nodes were iden-
tified using the contour line drawn by the surgeon and were al-
lowed to move freely; (2) brainstem nodes were also allowed to 
move unconstrained; (3) fluid drainage was defined by a plane 
passing through the lowest craniotomy node which was perpen-
dicular to the direction of gravity, with elements below and above 
being assigned with different parameters (e.g. saturated with flu-
id or not); (4) a second plane was determined by moving the fluid 
plane along the direction of gravity by 20 mm; all boundary nodes 
above this plane except the craniotomy nodes were assigned as 
contact nodes that are free to move towards or away from the in-
ner surface of the skull and were constrained to motion tangential 
to the skull, if and when, they moved into direct contact during 
the displacement computations; (5) other boundary nodes were 
assigned as fixed, meaning that they were only allowed to move 
tangentially with respect to the skull.

  Subsequently, a master surface was generated by projecting the 
brain boundary nodes along the average nodal normal by a spec-
ified distance to simulate the inner surface of the skull  [17] . The 
data used to drive the model estimates were the displacements 
between predurotomy and immediately postdurotomy ultra-
sound images. A mutual information-based rigid registration fol-
lowed by a B-spline nonrigid registration was performed to align 
the predurotomy and postdurotomy ultrasound images and com-
pute displacement vectors.  Figure 4  shows typical US images from 
patient 1 before and after durotomy as well as their un- and re-
registered overlays which were used to extract intraoperative dis-
placement data. Displacement vectors were mapped from US co-
ordinates to pMR coordinates through a series of transformations 
and used as data to drive the biomechanical model. To generate a 
displacement map for model assimilation, the tumor does not 
have to be well defined on US per se as long as features exist in 
both US and MR image volumes which correspond sufficiently 
well to allow the mutual information registration to occur suc-
cessfully. Once the displacement map has been generated, the 
model will assimilate the measured data to produce whole-brain 
deformation in order to create the model uMR images.

  A generalized least-squares inverse method was used to solve 
the estimation problem by minimizing the difference between 
measured data, d, and the model estimate, x  [13] . The model con-
straint was embedded in the objective function through Lagrange 
multipliers to form an augmented quadratic expression

   
  = (d – Ax) T W  �  (d – Ax) + b T W b b +  �  T (Kx – b)                   (3)

  where A is the sampling matrix which computes the model esti-
mate at locations where the measurements were made. W  �   is the 
inverse of the covariance matrix of the misfit,  � , between mea-
sured data and model estimates, and W b  is the inverse of the co-
variance of forcing conditions, b. 

 The objective function is minimized when all derivatives are 
zero, and the resulting set of equations was solved using the steep-
est gradient descent algorithm with displacement vectors through-
out the whole-brain volume as output files  [17, 35] . The pMR im-
age was then deformed using these displacement vectors and 
uMR images were generated. A schema of the biomechanical 
brain deformation modeling process is shown in  figure 5 .
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