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BACKGROUND: Despite improvements in advanced magnetic resonance imaging and
intraoperative mapping, cases remain in which it is difficult to determine whether viable
eloquent structures are involved by a glioma. A novel software program, deformable
anatomic templates (DAT), rapidly embeds the normal location of eloquent cortex and
functional tracts in the magnetic resonance images of glioma-bearing brain.
OBJECTIVE: To investigate the feasibility of the DAT technique in patients with gliomas
related to eloquent brain.
METHODS: Forty cases of gliomas (grade II-IV) with minimal mass effect were referred
for a prospective preoperative and postoperative DAT analysis. The DAT results were
compared with the patient’s functional magnetic resonance imaging, diffusion tensor
imaging, operative stimulation, and new postoperative clinical deficits.
RESULTS: Fifteen of the 40 glioma patients had overlap between tumor and eloquent
structures. Immediate postoperative neurological deficits were seen in 9 cases in which
the DAT showed the eloquent area both within the tumor and within or at the edge of
the resection cavity. In 6 cases with no deficits, DAT placed the eloquent area in the
tumor but outside the resection cavity.
CONCLUSION: This is proof of concept that DAT can improve the analysis of diffuse
gliomas of any grade by efficiently alerting the surgeon to the possibility of eloquent
area invasion. The technique is especially helpful in diffuse glioma because these tumors tend to infiltrate rather than displace eloquent structures. DAT is limited by tract
displacement in gliomas that produces moderate to severe mass effect.
KEY WORDS: Brain atlas, Deformable anatomic templates, Diffusion tensor imaging, Eloquent brain mapping,
Functional magnetic resonance imaging, Glioma surgery
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D

iffuse gliomas (World Health Organization grade II-IV) by their pathological
definition and imaging tend to infiltrate
brain.1-7 With resection of gliomas, neurosurgeons must weigh the survival benefits of
maximal resection8 to the risk of permanent
neurological deficit9-12 with sociological and
financial implications.13 Neurological deficit
and peritumoral physiology may prevent the
localization of eloquent areas with functional
magnetic resonance imaging (fMRI) and diffusion tensor imaging (DTI).14-19 An fMRI may
ABBREVIATIONS: DAT, deformable anatomic templates; fMRI, functional magnetic resonance imaging; DTI, diffusion tensor imaging
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fail to show activity in functioning brain because
the presence of glial tumor distorts the neurovascular and metabolic coupling, which produces
the blood oxygen level–dependent signal.14,15
DTI may fail to show functional white matter
tracts because edema, tissue compression, and
degeneration found in and around gliomas limit
the detection of the white matter.18,19 We have
shown that deformable anatomic templates
(DAT) can be overlaid on MRIs in 2 and 3
dimensions to assess the normal position of
eloquent structures20 such as those involved in
motor and language functions. An initial DAT
validation study showed no fitting errors for the
hand-motor cortex in normal hemispheres and
83% of tumor-bearing hemispheres with 4 cases
of mismatch from up to 10 mm of mass effect.21
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TABLE 1. Nine Surgeries: Eloquent Area in Tumor and in or at the Edge of Surgical Cavity, With New or Worse Deficitsa
Case
1
2
3
4 (Figure 1)
5 (Figure 2)
6 (Figure 3)
7
8
9

Case
1
2
3
4 (Figure 1)
5 (Figure 2)
6 (Figure 3)
7
8
9

Age, y, and Sex

Histology

Prior Surgery

Prior Chemotherapy or XRT

46 M
47 M
35 F
57 M
69 M
71 F
43 M
59 M
26 M

ASTRO
ASTRO
GB
AA
GB
GB
GB
AA
AO

No
Yes
Yes
No
No
No
Yes
Yes
No

None
None
None
None
None
None
Yes
Yes
No

Relevant fMRI
NA
Hand1DAT
NA
Broca1DAT
Hand1DAT
Hand1DAT
NA
NA
Hand1DAT

Location of Cavity

Preoperative Deficit

New Postoperative
Deficits at 0 to 3 mo

SSEPs1, DCS1/2
DCS1DAT
NA
Localized arcuate, Broca, and CBT1DAT
PRASS probe CST1DAT
SSEPs2, DCS and subcortical1DAT
Cortical and subcortical1DAT
SSEPs weak, subcortical LE1DAT/UE2
DCS and subcortical Stim 1 LE and
speechDAT; UE2

CBT–tongue
Somatosensory motor gyrus
Left ventral premotor
Left ventral premotor; CBT
CST in corona radiata
CST in corona radiata
CST in corona radiata
CST
Subcentral and premotor

None
Yes
None
None
Yes, sensory
None
None
Yes, motor UE and LE
Yes, speech

Yes
Worse, facial droop
Yes, speech/motor
Yes, speech/motor
Worse: motor weakness
Yes
Yes, UE and LE motor
Yes, worse
Yes, motor UE and face

NA
NA
NA
Arcuate and CBT1DAT
CST1/2
CST1/2
CST1DAT
CST1/2
CST1DAT

Deficits at 3 to 30 mo
NA
Worse
NA
Worse
NA
Worse UE
Worse
NA
Stable at 6 mo

a

AA, anaplastic astrocytoma (grade III); AO, anaplastic oligodendroglioma (grade III); ASTRO, astrocytoma (grade II); CBT, corticobulbar; CST, corticospinal tract; DAT, within 5 mm of the expected location of the
relevant eloquent structure by deformable anatomic template; DCS, direct cortical stimulation; DTI, diffusion tensor imaging; fMRI, functional magnetic resonance imaging; GB, glioblastoma (grade IV); LE,
lower extremity; NA, not available or performed; SSEP, somatosensory evoked potential; subcortical, subcortical stimulation with PRASS probe; UE, upper extremity; XRT, radiation therapy; 1, positive result;
1/2, ambiguous or partially correct results; 2, failed to elicit stimulation.
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FIGURE 1. Case 4, Table 1. Intraoperative onset of articulatory speech deficit of an anaplastic astrocytoma. A, preoperative volume-rendered oblique lateral view of the left
cerebral hemisphere shows that the posterior rim of the tumor (blue) invades the opercular part of the motor cortex. Motor hand functional magnetic resonance imaging
(fMRI) activation (white pixels) in the central sulcus is shown for orientation and to verify the overlay of the deformable anatomic templates (DAT) motor hand fibers in the
center of the motor gyrus (red lines). B, axial diffusion tensor imaging (DTI; green) demonstrates the arcuate fasciculus and the corticobulbar tract with the superimposed
DAT of the arcuate fasciculus (white). C, postoperative axial DAT shows the close proximity of the resection cavity to the ventral premotor cortex and tongue fibers (black
dots), thus explaining the postoperative speech and motor deficits. BOLD, blood oxygen level–dependent.

The hypothesis for this study is that core eloquent areas can retain
all or partial function despite invasion by a diffuse glioma. If this
hypothesis is correct and the invasion does not significantly displace
these eloquent structures, then DAT of the normal position of
structures could provide a useful adjunctive guide for preoperative
decision making22 and interpretation of postoperative deficits.

Given the potential limitations of current localization techniques
(ie, fMRI and DTI), other adjunctive tools should be used in
preoperative evaluation of patient with gliomas. DAT requires only
5 minutes of a technician’s time to generate the expected normal
position of important eloquent structures in an intuitively
understood volume-rendered format. A subset of 40 tumors

FIGURE 2. Case 5, Table 1. Deformable anatomic templates (DAT) helped in identifying the close proximity of the leg fibers to the glioblastoma. A, volume rendering and
fitting are similar to those in Figure 1A. The tumor (blue) is mainly deep to the sensory gyrus. B, axial diffusion tensor imaging (DTI; green) shows the uninvolved corona
radiata motor fibers anterior to the tumor. Note that DTI does not show the motor fibers within the enhancing tumor. C, axial DAT shows the overlay of motor fibers of the
lower limb (yellow dots) in the enhancing tumor. It is likely that the motor fibers of the lower limb are within the enhancing wall of the tumor or adjacent impacted brain but
still within 5 mm of the normal expected location of the tract as delineated by DAT. D, postoperative axial DAT shows the close proximity of resection cavity to the lowerextremity motor fibers (yellow dots), which explains the initial postoperative motor weakness.
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FIGURE 3. Case 6, Table 1. Removal of glioblastoma caused intraoperative onset of contralateral upper-extremity weakness. A,
volume rendering and fitting are similar to those in Figure 1A. The tumor (blue) expands the motor gyrus. B, preoperative axial
deformable anatomic templates (DAT) shows the overlay of all of the descending motor fibers, but diffusion tensor imaging (DTI;
green) shows only those of the lower limb. C, postoperative axial DAT shows the close proximity of the upper-limb fibers (turquoise
dots) to the operative cavity, explaining the postoperative upper-extremity motor deficits.

prospectively mapped with DAT because of proximity to eloquent
structures is presented as a proof of concept. DAT eloquent
structures embedded on imaging were correlated to the gold
standard of intraoperative operative mapping9,23,24 and new or
worsening postoperative deficits.

PATIENTS AND METHODS
Patient Selection and Medical Record Review
Human studies approval was obtained for an ongoing prospective
preoperative and postoperative DAT analysis of gliomas referred by the
neurosurgeons at our tertiary referral center because of tumor near eloquent
structures. Forty patients were referred from 2010 through 2012. The
patient inclusion criteria for this study included diffuse glioma cases (World
Health Organization grade II-IV) with minimal mass effect in which DAT
showed an overlap between the tumor and an eloquent area. Minimal mass
effect gliomas were defined as those that produced , 5 mm of sulcal or
midline shift resulting from tumor or edema mass effect. The DAT results
were compared when available with the patient’s fMRI, DTI, operative
stimulation, and new or worsening postoperative neurological deficits.

Imaging Protocol and DAT Analysis of 40 Cases
A standard precontrast and postcontrast brain tumor imaging protocol
was performed on a 1.5- or 3.0-T MRI scanner, and the clinically
appropriate combination of fMRI and DTI studies was determined by the
surgeon and performed before surgery. Postoperative brain MRI was
obtained within 24 hours after surgery in all patients. The preoperative
and postoperative MRI scans, fMRI, and/or DTI scans were imported
into the Anatom-e workstation (Anatom-e Information Systems,
Houston, Texas). The DAT analysis was initially performed in tandem
with the Philips iSite PACS (Philips Healthcare Informatics, Foster City,
California) or in the intraoperative MRI suite (BrainSUITE, BrainLab,
Westchester, Illinois). The results were reviewed by 4 neuroradiologists
and a neurosurgeon (V.K., J.H., L.A.H., A.K., and S.P.).

NEUROSURGERY

The DAT fitting has been previously detailed.20 Briefly, a senior
neuroradiologist (L.A.H) annotated and manually segmented 1185
color-coded structures on axial MRIs of a normal template brain using
domain knowledge across anatomic, radiological, and clinical specialties.
The anatomic literature provided detailed neuroanatomy and connections. The radiographic literature provided imaging landmarks and
differential diagnosis. Structures that were not visible on conventional
MRI were extrapolated within the confines of the anatomically correct
framework through the use of anatomic dissections and DTI atlases.25-27
Information on clinical syndromes caused by damage to a structure was
drawn from neurology and ophthalmology literature. Further finetuning of the DAT was provided by the use of intraoperative DTI tract
generation and intraoperative stimulation.
In approximately 5 minutes, the technician manually embeds the DAT
into the patient’s MRIs by reslicing, without deforming, the patient’s
DICOM (digital imaging and communications in medicine) images and
then using a simple linear deformation of the DAT to fit the inner table
of the patient’s cranial vault. Specifically, the anterior cranial fossa was
matched to the DAT gyrus rectus and orbital gyri,20 with variations in
brain position from varying skull configurations taken into account.28,29
The resulting “fit” was evaluated by the distance between the anatomic
hand knob and the DAT motor hand fibers in the 3-dimensional
volume. The linear deformation alters the DAT to compensate for the
patient’s head rotation, head tilt, and variations in chin position. It also
resizes the DAT to fit the vertical and horizontal dimensions of the
patient’s brain. The ventricles are not used as landmarks because of wide
individual variation. The fitted DAT provided information on the
normal location of the eloquent structures, including the arcuate
fasciculus, corticospinal tract, language, sensory and motor cortices,
and ventral premotor cortex.20,30,31

RESULTS
Fifteen of the 40 cases analyzed by DAT had an overlap of
tumor and an eloquent area preoperatively. In 9 patients with new
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TABLE 2. Six Surgeries: Eloquent Area in Tumor and Outside Surgical Cavity, No Worsea
Case
12 (Figure 4)
13 (Figure 5)
14
15
16
17

Case
12 (Figure 4)
13 (Figure 5)
14
15
16
17

Age, y, and Sex

Histology

Prior Surgery

Prior Chemotherapy or XRT

Relevant fMRI

Relevant DTI

35 F
24 F
41 M
54 M
56 M
36 M

AA
GB
OLIGO
GB
GB
Necrosis, prior AE

No
No
No
Yes
No
Yes

None
None
None
Yes
None
Yes

NA
NA
Broca1DAT
Broca1/2; Hand1DAT
Hand/Broca1DAT
Broca1DAT

Posterior arcuate2
Posterior arcuate2
Anterior arcuate2
CBT2; CST1DAT arcuate NA
CBT2; CST1DAT arcuate NA
Anterior2; posterior arcuate1DAT

Operative Stimulation

Location of Cavity

Resection, %

Preoperative
Deficit

DAT-guided stimulation of arcuate
DAT-guided stimulation of arcuate
DCS1BrocaDAT
DAT-guided stimulation of motor hand/face
DAT-guided localization of face motor
DCS1DAT

Left supramarginal gyrus and arcuate
Left supramarginal gyrus and arcuate
Left superior and middle frontal gyrus
Middle frontal gyrus spares CBT/UE CST
Middle frontal gyrus spares CBT/CST
Parietal lobe

80
90
60
95
40
40

None
Yes
None
Yes
None
No

New Postoperative
Deficits at 0 to 3 mo
None
Stable
None
Speech improved
None
Yes, speech

a

Deficits at
3 to 24 mo
Stable at 16 mo
Worse, 6 mo
Stable at 24 mo
Stable at 8 mo
NA
Improved

AA, anaplastic astrocytoma (grade III); AE, anaplastic ependymoma (grade III); ASTRO, astrocytoma (grade II); CBT, corticobulbar; CST, corticospinal tract; DAT, within 5 mm of the expected location of the
relevant eloquent structure by deformable anatomic template; DCS, direct cortical stimulation; DTI, diffusion tensor imaging; fMRI, functional magnetic resonance imaging; GB, glioblastoma (grade IV); LE,
lower extremity; NA, not available or performed; OLIGO, oligodendroglioma (grade II); SSEP, somatosensory evoked potential; XRT, radiation therapy; UE, upper extremity; 1, positive result; 1/2, ambiguous or
partially correct results; 2, failed to localize eloquent areas.

www.neurosurgery-online.com

Copyright © Congress of Neurological Surgeons. Unauthorized reproduction of this article is prohibited.

DAT IMPROVES ANALYSIS OF GLIOMAS

FIGURE 4. Case 12, Table 2. Deformable anatomic templates (DAT)–guided stimulation prevented a deficit by tailored sparing of tumor-bearing eloquent speech cortex.
A, volume rendering and fitting are similar to those in Figure 1A. The anaplastic astrocytoma invades the left inferior parietal lobule (blue) with a rim of edema. B, the
preoperative volume reconstruction with the DAT overlay shows the normal position of the posterior arcuate fasciculus fibers (red) in the posterior margin the tumor. C, The
axial DAT template shows the excellent match between the location of the arcuate fibers (red) and the location of the operative probe (green cross-hairs) that marks the area at
which the patient experienced progressive speech deterioration, and the resection was terminated because the tumor had been successfully removed anterior to the dorsal
arcuate fibers. The patient had improving mild hesitancy and word choice alterations when discharged 2 days after surgery, and normal speech was documented for 16
months after surgery.

deficits immediately after surgery, DAT placed the normal position
of the eloquent structures within the tumor and within or at the edge
of the resection cavity (Table 1 and Figures 1-3). In 3 of these cases,
direct electrical stimulation was inconclusive. All patients had
a Karnofsky Performance Scale score of at least 70 and continued
with their adjuvant treatments except 1 patient (case 8, Table 1)
who had a very significant hemiparesis preoperatively and did not

recover after surgery. The deficits were due to the very close
proximity of the tumor resection margins to the descending motor
tracts in the corona radiata (Figures 2 and 3) in 7 cases and the
ventral premotor cortex (motor area of Broca; Figure 1)31-34
resulting in language deficits in 2 cases. There was excellent
agreement between the predicted postoperative deficit by DAT
and the actual postoperative deficit in all cases.

FIGURE 5. Case 13, Table 2. Deformable anatomic templates (DAT)–guided stimulation–tailored sparing of tumor-bearing arcuate fibers resulted in intact speech at 3
months but dysarthria at 6 months caused by glioblastoma progression. A, volume rendering and fitting are similar to those in Figure 1A. Glioblastoma (blue) invades the
anterior supramarginal gyrus, and extensive peritumoral edema produces minimal mass effect. B, the preoperative volume-reconstructed image of the DAT shows the normal
position of the posterior arcuate fasciculus fibers (red) in the posterior superior margin of the tumor. C, the preoperative DAT shows the expected normal location of the
arcuate fibers (red arrow) in the axial plane that were spared during resection (not shown). An attempted diffusion tensor imaging could not generate the arcuate fiber tract.
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FIGURE 6. An example of the arcuate tract outside the glioma and outside the surgical cavity with no speech deficits postoperatively. This 50-year-old man with a recurrent
left glioblastoma involving the white matter below the superior temporal and angular gyri presented 7 months after the first resection with speech difficulties. The preoperative
axial deformable anatomic templates (DAT; white) shows the expected normal position of the arcuate tract in relationship to the contrast-enhancing (A) tumor and (B)
peritumoral edema. C, note the minimal difference between the DAT (white) prediction of the posterior arcuate and the diffusion tensor imaging (red). D, DAT (white)
shows the arcuate tract ventral to the operative cavity.

In 6 cases without deficits, DAT placed the eloquent area in the
tumor but outside the resection cavity. DAT was useful in
identifying subcortical areas of eloquence when preoperative
DTI failed at least partially near tumor in all cases (Table 2 and
Figures 4 and 5). The DAT overlays helped the surgeon confirm
the subcortical tracts by direct electrical stimulation and included
the arcuate fasciculus, corticospinal, and corticobulbar tracts.
Of the 3 glioblastoma patients, 1 patient was lost to follow-up, 1
patient was stable at 3 months but recurred at 6 months, and 1
patient had improved speech but subsequently died at 8 months.
The remaining 3 cases, with grade II and III tumors, remained
stable or deficit free up to 24 months.
In the remaining 25 of the 40 referred cases, the tumors were
outside an eloquent area by preoperative imaging (Figure 6) and
therefore did not meet in the inclusion criteria for this study. In
this group, there was agreement on the location of the eloquent
structure by all modalities used. Only 2 of the 40 referred patients
had deficits secondary to a stroke beyond the surgical cavity with
corresponding diffusion restriction matching the DAT corticospinal tract in the internal capsule or corona radiata. One patient
had deficits attributable to both resection and pericavity ischemia
(case 1). Of note, the DAT predicted the presence or lack of
postoperative neurological deficit across all of the histological
grades of diffuse glioma. In addition, the following factors did not
alter the accuracy of the DAT fit to the patient’s images: preexisting chronic surgical cavities (6 cases), all acute surgical
cavities, and prior radiation or chemotherapy (4 cases). When
fMRI was performed and accurate, it matched DAT in all cases.

540 | VOLUME 73 | NUMBER 3 | SEPTEMBER 2013

In our study, DTI often failed near or in tumor, although the
tractography that could be generated matched DAT.

DISCUSSION
This study shows that DAT overlays of normal functional
anatomy can document eloquent areas that may not always be seen
on DTI, fMRI, or intraoperative mapping (Tables 1 and 2) and
supports the hypothesis that brain invaded by glial tumor may
retain its basic internal structure and function. DAT is especially
helpful when preoperative DTI maps fail to give the surgeon
useful information.16,17,19,35 In our study, DTI failed in at least
10 referred cases. DAT was especially helpful in guiding
subcortical stimulation for this group. In 3 cases in which the
gold standard intraoperative stimulation failed, DAT was correct
in predicting the postoperative deficit. This included the motor
tract for tongue, which can be difficult to localize by preoperative
imaging or operative stimulation. Seven of the 9 postoperative
deficits were due to the very close proximity of the tumor and
subsequent resection cavity to the subcortical descending motor
tracts. This may be due to incomplete display of these tracts by
DTI and the complex 3-dimensional anatomy of the descending
motor tracts.36 There is thus a need for additional tools such as
DAT to guide the surgeon intraoperatively and to improve
localization and preservation of subcortical white matter tracts.
There were limitations to this study. We used a 5-mm margin
for minimal mass effect as the standard because several studies have
shown that resection within 5 mm of positive operative
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stimulation puts the patient at high risk of deficit.23,24,37-39 DAT
was able to predict postoperative deficits within this margin of
error. Given this 5-mm margin of error, it cannot be ensured that
DAT demonstrated the precise location of eloquent structures
within enhancing tumor, necrotic tumor, or the tumor edge
because of mild displacements from the expected position. The
DAT overlays gave the surgeon a better understanding of the
“normal” anatomy in these situations to be better informed
before surgery. Ultimately, tumor resection in or near eloquent
areas represents a risk-to-benefit ratio between maximal tumor
resection to improve survival and to prevent neurological deficits.
Larger studies are needed to validate the usefulness of DAT.
Upgrades of the DAT over the 3-year course of this study
improved the technique, but to demonstrate feasibility, both
positive and negative results were needed. The volume-rendered
version of DAT added during this study was helpful for
understanding complex 3-dimensional anatomy and improving
the patient fitting. For variable areas such as the Broca area,40 DAT
now uses probabilistic maps, which need verification. However,
DAT cannot determine hemispheric dominance. In development
are additional DAT warping techniques that may better take into
account structural displacements caused by intracranial masses.

CONCLUSION
This is a proof of concept that DAT supplements preoperative,
intraoperative, and postoperative analysis of eloquent areas in close
proximity to or within gliomas. The DAT helps the surgeon make
a more informative decision by giving the normal position of
eloquent structures, which is particularly valuable when other
techniques fail, but may be limited by tract displacement and
individual variability.
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COMMENTS

T

he authors use a relatively novel approach for establishing eloquent
brain involvement, the deformable anatomic template (DAT), to
provide proof of principle that brain invaded by glial tumor retains its basic
internal structure. DAT is presented as a useful adjunct to established
methods for mapping eloquent brain areas. Their experience provides
a foundation to explore the clinical applicability of this technique to
improve resection accuracy and to reduce functional impairment.
John Boockvar
New York, New York
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T

his study explores the usefulness of deformable anatomic templates
(DAT) for estimating functional analysis of preoperative and postoperative magnetic resonance images in 40 cases of cerebral gliomas. In
15 of these cases, the authors found an overlap (invasion) of tumor and
eloquent structures (cortical areas, subcortical pathways). In these cases,
new postoperative neurological deficit or intraoperative stimulation
mapping results validated the DAT maps in cases in which other
methods failed to provide valid functional information. The authors
conclude that integration of DAT into clinical imaging is complementary to other anatomic and functional data such as diffusion tensor
imaging, functional magnetic resonance imaging, and intraoperative
stimulation mapping.
It is an intriguing idea to use standardized functional-anatomic data
for the analysis of individual clinical images, given the difficulties in
obtaining such maps in individual data sets, in particular if (tumorous)
pathology is present. Obviously, some tight constraints and prerequisites must be met and some hypotheses have to be accepted before
any clinical application of such a method: The linear fitting or nonlinear
warping procedures must be highly reliable for any target area of the
brain; normal structures must not be displaced significantly by the
tumor; if there is overlap of the tumor with some target structures in the
standardized data, this means invasion rather than displacement; and the
well-known, interindividual anatomic variability, for example, around
the central sulcus, should be recognized for the applicability of such
standardized maps to individual imaging data. Thus, it is mandatory to
critically evaluate results and not to rely uncritically on presumed
function. This bears the risk of either intolerable deficits or incomplete
tumor removal on the other side.
This technique should be applied as an illustrative adjunct of information for planning and surgical procedures. However, in favor of
patient safety and tumor control, the gold standards of surgery in or
close to eloquent areas (functional mapping, electrophysiological
monitoring) and functional magnetic resonance imaging seem to be
indispensable so far. Parallel application of these techniques and the
DAT procedure may contribute to further the experience with and
necessary validation of this method.
Georg Neuloh
Hans Clusmann
Aachen, Germany
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