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Abstract 
Background.   Tumor-treating fields (TTFields) are alternating electric fields approved for the treatment of glioblas-
toma. They must penetrate through the skull to reach the gross tumor volume (GTV) in the brain. Since the skull is 
an attenuator of electric fields, removal of a section of cortical bone by craniectomy may facilitate the delivery of 
TTFields into the GTV.
Methods.   We identified a glioblastoma patient who underwent craniectomy for evacuation of a subdural em-
pyema. The patient subsequently received standard adjuvant treatment with TTFields plus temozolomide without 
replacement of the skull defect. Post-acquisition magnetic resonance imaging datasets were obtained from this 
index patient and 2 others for virtual craniectomy analysis. After anatomic delineation, a 3-dimensional finite ele-
ment mesh was generated and then solved for the distribution of applied electric fields, rate of energy deposition, 
and current density at the GTV.
Results.   The geometry of craniectomy defect alone, with or without burr holes, did not alter TTFields delivery to 
GTV. Biomaterials filling the defect could significantly influence electric field penetration, particularly when they 
are highly conductive at 10 S/m or 7.76 × 106 S/m as in tantalum. The ratio of GTV relative to defect size also en-
hanced or attenuated TTFields coverage when the GTV was expanded or eroded, respectively.
Conclusions.   Craniectomy, biomaterials filling the defect, and the ratio of GTV relative to defect size may interact 
in a combinatorial fashion in modulating TTFields penetration into the brain. These findings are clinically relevant 
for personalized TTFields treatment.

Key Points

1.	 Biomaterials at the craniectomy defect could influence the penetration of tumor-treating 
fields.

2.	Ratio of gross tumor volume relative to defect size can enhance or attenuate tumor-
treating fields.

Tumor-treating fields (TTFields) therapy is a standard of care 
for patients with glioblastoma.1,2 This treatment is delivered to 
the head continuously via 2 pairs of orthogonally positioned 
transducer arrays.3 For newly diagnosed glioblastoma pa-
tients, randomized clinical trial has shown that when TTFields 
were added to temozolomide in the adjuvant setting, the com-
bination improved both progression-free and overall survivals 
compared to temozolomide alone.4 The only unique adverse 
event related to TTFields was mild to moderate scalp irritation 

at the sites of array application.5 Therefore, this favorable tox-
icity profile will most likely allow oncologists to adopt a com-
binatorial approach with other modalities of anti-glioblastoma 
treatment.

From a biological perspective, the anti-cancer efficacy of 
TTFields arises from alternating electric fields, tuned to a fre-
quency of 200 kHz, from which a multitude of biological ef-
fects are induced, including disruption of tumor cells during 
mitosis, induction of double-stranded DNA breaks, and 
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triggering various cellular stress responses leading to sec-
ondary autophagy, immunogenic cell death, or both.6–9 
The effectiveness of TTFields in targeting tumor cells is 
influenced by the intensity and distribution of electric 
fields at the tumor site, with the observation that higher 
field strength correlates with enhanced anti-cancer prop-
erties.10 Since dosimetry of TTFields cannot be solved 
analytically due to their nonlinear propagation charac-
teristics, finite element analysis is used to approximate 
the dose at the gross tumor volume (GTV) by computer 
modeling.11 Still, propagation and distribution of TTFields 
are heavily influenced by, but not limited to, local tissue 
conductance, presence or absence of cerebral edema, 
neuroanatomic geometry, and structural integrity of the 
skull.12–15 Here, we aimed to investigate the impact of skull 
defect on the distribution and intensity of TTFields at the 
glioblastoma and adopted the following approaches: First, 
the shape of the craniectomy defect was examined, since 
surgical removal of the skull can introduce irregularities 
in the calvarial geometry, which may disrupt the distribu-
tion of TTFields. Additionally, examining the shape of the 
craniectomy helped to identify configurations that might 
minimize field disruption. Second, multiple biomaterials 
were simulated within the defect with various conductiv-
ities and characterized how they might intensify or atten-
uate TTFields at the GTV. Third, the size of the tumor in our 
models was expanded and contracted, under the hypoth-
esis that larger or smaller tumors might interact differently 
with electric fields, potentially requiring adjustments of 
TTFields to achieve optimal coverage. Finally, burr holes in 
the craniectomy were introduced, since they are often cre-
ated during neurosurgical procedures, causing additional 
geometric variations that can affect local conductivity 
characteristics and the resulting electric field distribution. 
These burr holes might concentrate or dissipate the fields 
depending on their size and location, potentially impacting 
the overall effectiveness of TTFields therapy. By exploring 
these variables of craniectomy defect, we aimed to maxi-
mize field strength at the tumor while minimizing scatter 
into adjacent healthy tissue, with the ultimate goal of opti-
mizing delivery of TTFields to improve treatment outcomes 
for glioblastoma patients.

Materials and Methods

Magnetic resonance imaging (MRI) datasets from 3 glio-
blastoma patients were obtained under an institutional re-
view board-approved protocol at the Dana Farber Cancer 
Institute. The index patient EY106 (Figure 1) developed a 
subdural empyema after radiation and daily temozolomide 

for newly diagnosed glioblastoma and then underwent 
a craniectomy and evacuation of pus. After successful 
antibiotics therapy, the patient declined reconstruction 
or replacement of the skull defect and was subsequently 
treated with TTFields and adjuvant temozolomide at a dose 
of 150 to 200 mg/m2/day for 5 days in 28-day cycles.4 The 
treatment-planning MRI revealed that the bone defect 
was near the site of primary brain tumor resection prior to 
TTFields, and the MRI dataset was used to segment intra-
cranial structures, GTV, and cerebral edema. The other two 
patients, CS075 and HE081 (Figure 1), who only received 
partial resection prior to starting TTFields, were also mod-
eled. Their skull defect shape was introduced virtually ac-
cording to the dimensions of EY106, which had a diameter 
of 74.7 mm and a surface area of 80.04 cm2. Additionally, 
in all 3 patients, 1-cm burr holes were integrated at the 
original bone defect, and TTFields coverage at the GTV 
was compared accordingly with or without them. T1 post-
gadolinium, FLAIR, and MP RAGE MR sequences were 
used to delineate GTV, normal brain tissue compartments, 
and cerebral edema in the models. A semi-automatic ap-
proach described by Timmons, et al. was used to gen-
erate a 3-dimensional finite element mesh for each model 
in ScanIP (Synopsys) and then imported into COMSOL 
Multiphysics 6.1 (COMSOL) for finite element analysis.11 
Sensitivity analysis as a function of skull defect was per-
formed by varying the electric conductivities based on 
different biomaterials incorporated for each model (Table 
1). The lowest conductive material used in this study was 
polymethyl methacrylate (PMMA), while the highest was 
tantalum. Intermediate conductive materials used include 
cortical bone, fat, titanium, and 2 virtual constructs with a 
pre-specified conductivity set to 1 and 10 S/m. Additionally, 
the shape of each model’s bone defect was altered by using 
7 standard geometric shapes, ranging from circle, triangle, 
rotated triangle by 90°, square, rotated square by 45°, hex-
agram, and rotated hexagram by 30° to explore the effects 
of geometry on the distribution of TTFields. Furthermore, 
the GTV was expanded as well as eroded to simulate 
changes in tumor volume relative to the size of the skull de-
fect. For EY106, GTV expansion and erosion were achiev-
able, while for CS075 an erosion model was not possible 
due to the small size of the original GTV that was used as a 
reference. For HE081, an expansion model was not feasible 
because the GTV was too close to the skull base, which 
prevented uniform expansion.

The electric field distribution for each model was solved 
using the AC/DC module from COMSOL Multiphysics. Plan 
quality metrics (PQMs) derived from each model’s respec-
tive volume histograms were used to make comparisons. 
PQMs included 95% coverage metrics such as E95%, SAR95%, 
and CD95%, which correspond to electric field (E) strength, 

Importance of the Study

Craniectomy has been shown to increase penetration 
of tumor-treating fields into the brain. However, fac-
tors that modulate this effect are unknown. This ar-
ticle documents (i) the biomaterials filling the defect 

and (ii) the gross tumor volume relative to defect size 
are 2 important modulators. This knowledge provides 
a means of optimizing the application of TTFields for 
glioblastoma.
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specific absorption rate (SAR; or the rate at which energy is 
absorbed), and current density (CD), respectively, received 
by 95% volume of tissue. Median coverage, denoted by 
E50%, SAR50%, and CD50%, for electric field, SAR, and current 
density, respectively, were also utilized to quantitatively 
compare between models. Similarly, 5% hotspot metrics 
such as E5%, SAR5%, and CD5% were determined.

Results

Shape of Craniectomy Does Not Significantly 
Alter Coverage of TTFields in GTV

Coverage of TTFields in the GTV was not significantly al-
tered by changing the shape of each patient model’s skull 
defect (Figure 2) when conserving an equivalent surface 
area and conductivity of the biomaterial filling the defect 

(data not shown). When the conductivity was set to 1 S/m, 
the 30° rotated hexagram was the only shape associated 
with a large decrease (>10%) in GTV coverage, while other 
geometries exhibited varying increases of +10% or less.

When comparing the GTV coverage characteristics be-
tween each patient’s original model of skull defect with and 
without burr holes, there were varying differences for each 
of the PQM metrics. The E95%, E50%, and E5% in EY106 had 
a minimal difference of −0.2%, −0.2%, and +0.1%, respec-
tively, in the models with burr holes compared to those 
without. In HE081’s GTV, electric field metrics yielded in-
significant alteration in coverage of <1%. The GTV of CS075 
had virtually no change in coverage (<1%) according to the 
E95%, E50% and E5% metrics. SAR and current density metrics 
of CS075 and HE081 all exhibited insignificant differences. 
EY106 had minimal change in current density, CD95%, 
CD50%, and CD5% of −0.1%, −0.1%, and +0.1%, respectively. 
The change in SAR was also minute by −0.2%, −0.3%, and 
−0.4% for the SAR95%, SAR50%, and SAR5%, respectively. 
Collectively, in our 3 particular patients, the craniectomy 
defect with or without burr holes affected GTV coverage 
only marginally, all within a difference of ±0.5%.

Electric Conductivity of Biomaterials Filling the 
Craniectomy Defect Affects TTFields Coverage in 
GTV

Since there were no profound coverage differences ob-
served as a function of defect shape, we then proceeded 
to examine the biomaterials filling the defect and asked 
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Figure 1.  Radiographic images of gross tumor volume (GTV) and skull defects (real and virtual). Axial, coronal, and sagittal post-gadolinium-
enhanced T1-weighed images of the GTV (red) are shown for EY106, CS075, and HE081. Computer 3-dimensional rendering of the real skull defect 
(green) for EY106, as well as the virtual defects (green) for CS075 and HE081, are also displayed. Edema and necrotic core are respectively shown 
in gray and blue.

Table 1.  Electric Conductivity and Density of Biomaterials Filling the 
Craniectomy Defect

Material Type Electric conductivity (S/m) Density (kg/m3)

PMMA 1.00E − 07 1180

Titanium 1.28E − 06 4506

Cortical bone 2.11E − 02 1908

Fat 4.35E − 02 911

Tantalum 7.70E + 06 16 650
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whether their electric conductivity would have an impact 
on the GTV. We first took the average of all PQM met-
rics and compared the coverage statistics among cortical 
bone, PMMA, titanium, and fat (when only the scalp flap is 
present), all of which are commonly used to fill in the skull 
defect after a craniectomy and have a conductivity value 
of <1 S/m (Table 1). Specifically, for EY106, multiple E95%, 
CD95%, and SAR95% were all approximately 30 V/m, 8–9 A/
m2, and 0.2 W/kg, respectively (Figure 3A-C). Median cov-
erage metrics such as E50%, CD50%, and SAR50% were 40–50 
V/m, 13–15 A/m2, and 0.3–0.5 W/kg, respectively. The 5% 
hotspot metrics, E5%, CD5%, and SAR5%, were 80–90 V/m, 
20–25 A/m2, and 1.2–1.5 W/kg, respectively. In aggregate, 
fat resulted in the highest coverage and the lowest was 
found in PMMA. When the defect conductivity was set to 1 
S/m, there was a significant reduction in GTV coverage by 
10%–20% in the electric field, 20%–40% in SAR, and 15%–
20% for current density (Figure 3, A–C). Therefore, we pro-
ceeded to examine higher conductivity values, 10 S/m as 
well as tantalum, which is highly conductive (7.7 × 106 S/m) 
and a commonly used biomaterial in hip prosthesis. For 10 
S/m, there was a further reduction of 20%–90% in electric 
field, 55%–375% in SAR, and 20%–90% in current density. 

For tantalum, the reduction was 20%–280% for the electric 
field, 50%–1330% in SAR, and 30%–270% in current den-
sity. These data indicate that PQM metrics were substan-
tially reduced when the conductivity of the biomaterial is 
above 1 S/m.

To explore further the impact of the conductivity of bio-
materials on GTV coverage, we also modeled a virtual de-
fect in HE081 using cortical bone, PMMA, titanium, and fat. 
Fat on average resulted in the highest coverage and the 
lowest was found in PMMA. We then proceeded to eval-
uate prespecified conductivities at 1 and 10 S/m as well 
as tantalum and revealed a similar but lesser reduction in 
PQM metrics compared to EY106 (Figure 3, G–I). We further 
evaluated these changes in CS075 and also found highest 
coverage from fat and lowest from PMMA (Figure 3, D–F). 
However, when the biomaterial conductivity was set to 1 
S/m, GTV coverage was actually increased by 7%–15% in 
electric field, 19%–25% in SAR, and 10%–13% for current 
density. For 10 S/m, there was an increase of 11%–21% 
in electric field, 18%–35% in SAR, and 12%–21% in cur-
rent density. For tantalum, the increase was 18%–55% for 
electric field, 34%–81% in SAR and 18%–53% in current 
density. Together, there is heterogeneity in PQM metrics 
among our patients, particularly at conductivity values 
greater than 1 S/m, and this indicates an additional factor 
influencing TTFields delivery.

GTV Relative to Size of Skull Defect Affects 
TTFields Coverage

We hypothesize that the ratio between tumor size and skull 
defect may also influence TTFields coverage within the 
GTV. Therefore, to simulate tumor growth, we expanded 
the GTV while keeping the defect size constant and found 
that each patient exhibited varying differences in GTV cov-
erage. For EY106, both E95% and E5% remained relatively 
unchanged by +0.9% and +1.1%, respectively, compared 
to models of the original GTV (Figure 4, A and G), but the 
E50% increased by 8.3% (Figure 4D). The SAR95% decreased 
by −11.4% (Figure 4B), while both the SAR50% and SAR5% 
increased by +13.8% and +14.7%, respectively (Figure 4, E 
and H). Similarly, CD95% decreased by −5.0% (Figure 4C), 
whereas both CD50% and CD5% increased by +4.4% and 
+6.8%, respectively (Figure 4F and 4I). In contrast, HE081 
was different, whose E95% and E50% increased by +69.2% 
and +15.7%, respectively, compared to models of the orig-
inal GTV (Figure 4, A and D), but E5% increased only by 
+2.4% (Figure 4G). Both SAR95% and SAR50% demonstrated 
substantial increases by +223.0% and +80.6% (Figure 4, B 
and E), but the SAR5% decreased by −3.4% (Figure 4H). A 
similar pattern was observed with current density PQMs, 
where the CD95% and CD50% increased by +71.2 and +27.1%, 
respectively (Figure 4, C and F), while the CD5% decreased 
by <0.5% (Figure 4I). We could not expand the tumor from 
CS075 due to its proximity to the skull base. Regardless, 
this simulation using expansion models showed heteroge-
neity in PQM metrics between EY106 and HE081.

To further characterize the effect of changes in tumor 
volume, we eroded the GTV to simulate tumor shrinkage 
while keeping the skull defect constant. For EY106, E95% in-
creased by +18.1% compared to models of the original GTV 

Hexagram 30° Circle

Original Bone Detect

Hexagram Triangle

Square 45° Triangle 90°

Square

Figure 2.  Shapes of craniectomy defect relative to gross tumor 
volume and electrode arrays. Shapes other than the original 
craniectomy defect (center) are shown, including circle, triangle 
without or with 90° rotation clockwise or counterclockwise, 
square without or with 45° rotation clockwise or counterclock-
wise, and hexagram without or with 30° rotation clockwise or 
counterclockwise.
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(Figure 4A), but both E50% and E5% decreased by −11.4% and 
−6.7%, respectively (Figure 4, D and G). We observed sim-
ilar characteristics in SAR and current density. SAR95% in-
creased by +29.1%, while the SAR50% and SAR5% decreased 
by −23.5% and −6.5%, respectively (Figure 4, B, E, and H). 
The CD95% increased by +14.1%, but both CD50% and CD5% 
decreased by −1.7% and −8.9%, respectively (Figure 4, C, F, 
and I). When eroded CS075 was compared with the original 
GTV model, E95%, E50%, and E5% all decreased by −19.3%, 
−26.3%, and −33.7%, respectively (Figure 4, A, D, and G). 
The SAR95%, SAR50%, and SAR5% all decreased by −27.1%, 
−44.4%, and −52.3%, respectively (Figure 4, B, E, and H). 
Similarly, CD95%, CD50%, and CD5% all decreased by −3.4%, 
−28.6%, and −42.9%, respectively (Figure 4, C, F, and I). We 
did not erode the tumor from HE081 because it served as 
the reference volume for the erosion of EY106 and CS075. 
Nonetheless, the erosion models showed differences 
in PQM metrics between EY106 and CS075 indicating 
heterogeneity.

Discussion

Our study revealed several important findings pertaining 
to craniectomy defects in 3 particular glioblastoma patients 
and their relevance to TTFields treatment. First, the skull is 
an attenuator for electric field and the craniectomy defect 
in our index patient EY106 did not significantly increase 
TTFields coverage in GTV when the defect was modeled 

using cortical bone or fat. Their E95%, E50%, and E5% were 
within a narrow range of 30, 40–50, and 80–90 V/m, respec-
tively. Korshoej et al. examined circular craniectomies with 
diameters ranging from 10 to 100 mm in 5 mm increments 
above the glioblastoma, and they noted increased elec-
tric field strength with a diameter up to 50 mm and after 
which no further increase was observed.15 EY106 had a 
craniectomy diameter of 74.7 mm and therefore the elec-
tric field penetration should be near the maximum for this 
particular patient. Consequently, we examined the defect 
geometry to determine if this affects TTFields coverage in 
the GTV. However, none of the geometries made a differ-
ence, with or without burr holes. We also virtually modeled 
a craniectomy defect in 2 additional patients, with the glio-
blastoma located in the occipital lobe in HE081 and the left 
inferior temporal lobe in CS075. Ultimately, we observed 
no noteworthy change in PQM metrics based on various 
geometries with or without burr holes, and this finding 
subsequently led us to consider the influence of bioma-
terial composition within the defect and the size ratio be-
tween GTV and the defect.

Certain biomaterials replacing the craniectomy defect 
yielded some of the largest changes in TTFields distribu-
tion in specific models. For the initial biomaterials tested 
(cortical bone, PMMA, titanium, and fat) with conduc-
tivity values of <1 S/m, they all facilitated higher electric 
field coverage for the GTV in EY106, while a similar effect 
was noted with a conductivity near 1 S/m for CS075 and 
a slightly smaller coverage was observed at <1 S/m for 
HE081. At higher conductivities of 1 and 10 S/m modeled as 
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Figure 3.  Plan quality metrics (PQM) and coverage statistics among various biomaterials. Mean PQM for current density volume histogram 
(CDVH) coverage with biomaterials having increasing conductivities for EY109 (A), CS075 (D), and HE081 (G). Mean PQM for electric field volume 
histogram (EVH) coverage with biomaterials having increasing conductivities for EY109 (B), CS075 (E), and HE081 (H). Mean PQM for specific 
absorption rate volume histogram (SARVH) coverage with biomaterials having increasing conductivities for EY109 (C), CS075 (F), and HE081 (I). 
Average PQM for 0.03 cc metrics is shown in green referenced to the right-sided secondary y-axis in each plot.
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virtual biomaterials, as well as 7.7 × 106 S/m in tantalum, all 
coverage statistics dropped for EY106 and HE081 but not 
for CS075. This drop in coverage statistics may be due to 
the tangential dispersion of electric fields on the convexity 
of the head in EY106 and HE081, and this property attenu-
ated the fields penetrating perpendicularly into the brain. 
This is similar to transcranial direct current stimulation of 
the brain in which a circular electrode is better than a rec-
tangular one due to the tangential dispersion of applied 
current and electric fields.16 Furthermore, prior studies of 
craniectomy assigned scalp conductivity in the defect and 
noted an increase in TTFields coverage by +32.1% and 
+38.3% in frontal and temporal lobes, respectively.15,17 This 
extension of the scalp into the defect may have overesti-
mated the perpendicular component of penetrating elec-
tric fields. However, the tumor in CS075 is near the inferior 
margin of the head and dispersion may be limited due to 
fewer electrodes surrounding the virtual defect. In fact, tan-
talum helped increase coverage to the GTV in CS075 and 
this may be a result of electric current re-directed towards 
the GTV in a more perpendicular direction.18 To the best of 
our knowledge, this is the first demonstration of the rel-
evance of biomaterials within the craniectomy defect on 
TTFields coverage at the GTV. These findings have poten-
tial clinical implications because the choice of biomaterial 
may be important for TTFields treatment and thus await fu-
ture validation in clinical trials.

We next investigated the relevance of the ratio between 
GTV and defect size and asked whether this ratio would 

alter TTFields coverage of the GTV. The expanded tumor 
in EY106 resulted in an increase of PQM metrics except 
for SAR95% and CD95%, while HE081 also demonstrated an 
increase except for SAR5% and CD5%. Remarkably, HE081 
had a substantial increase in E95%, SAR95%, SAR50%, and 
CD95% by +69.2%, +223.0%, +80.6%, and +71.2%, respec-
tively. This substantial increase may be due to proximity of 
the expanded tumor near the surface of the brain where 
stronger electric fields can be found.12 Furthermore, when 
the tumor was eroded, CS075 had a substantial decrease in 
all PQM metrics by −3.4% to −52.3%, while mixed increase 
and decrease were noted in EY106. The reduction in PQM 
metrics may be secondary to fewer electric field lines pen-
etrating the eroded tumor. Together, this emphasizes the 
importance of individualizing TTFields delivery based on 
the size and location of the GTV. Unique array mapping 
coupled with finite element analysis of electric field distri-
bution may enable personalized TTFields treatment and in-
vestigation in future clinical trials.

Conclusions

The geometry of the craniectomy defect alone, with or 
without burr holes, does not alter TTFields delivery to the 
glioblastoma GTV. However, the biomaterials filling the 
defect influence electric field penetration, and the ratio 
of GTV relative to defect size may enhance or attenuate 
TTFields coverage.
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Figure 4.  Heterogenous plan quality metrics (PQM) and coverage statistics among patients depending on gross tumor volume (GTV) size varia-
tions. Electric field PQM versus GTV size (A, D, and G). Specific absorption ratio PQM versus GTV size (B, E, and H). Current density PQM versus 
GTV size (C, F, and I). CS075 only has GTV erosion due to tumor location at the inferior margin of the left temporal lobe. HE081 only has expansion 
because the tumor was the designated reference minimum GTV size for this study.
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These findings are clinically relevant for personalized 
TTFields treatment.
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