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Shape matters: morphological
metrics of glioblastoma imaging
abnormalities as biomarkers

of prognosis

Lee Curtin'™, Paula Whitmire?, Haylye White!, Kamila M. Bond¥?, Maciej M. Mrugala3,
Leland S. Hu** & Kristin R. Swanson®

Lacunarity, a quantitative morphological measure of how shapes fill space, and fractal dimension,

a morphological measure of the complexity of pixel arrangement, have shown relationships with
outcome across a variety of cancers. However, the application of these metrics to glioblastoma (GBM),
a very aggressive primary brain tumor, has not been fully explored. In this project, we computed
lacunarity and fractal dimension values for GBM-induced abnormalities on clinically standard
magnetic resonance imaging (MRI). In our patient cohort (n=402), we connect these morphological
metrics calculated on pretreatment MRI with the survival of patients with GBM. We calculated
lacunarity and fractal dimension on necrotic regions (n =390), all abnormalities present on T1Gd MRI
(n=402), and abnormalities present on T2/FLAIR MRI (n=257). We also explored the relationship
between these metrics and age at diagnosis, as well as abnormality volume. We found statistically
significant relationships to outcome for all three imaging regions that we tested, with the shape of T2/
FLAIR abnormalities that are typically associated with edema showing the strongest relationship with
overall survival. This link between morphological and survival metrics could be driven by underlying
biological phenomena, tumor location or microenvironmental factors that should be further explored.

Abbreviations

GBM Glioblastoma

FD Fractal dimension

MRI Magnetic resonance imaging

FLAIR Fluid-attenuated inversion recovery
T1Gd  Gadolinium-enhanced T1-weighted
(0N Opverall survival

PES Progression free survival

CPH Cox proportional hazard

Glioblastoma (GBM) is an aggressive and highly infiltrative primary brain tumor with a median survival of only
15-16 months with standard-of-care treatment!~>. Due to the sensitive location of the tumor, opportunities for
biopsies are limited and there is a heavy reliance on imaging, typically magnetic resonance imaging (MRI), to
assess the severity and progression of the disease. Morphology has been connected to tumor diagnosis, aggres-
siveness and prognosis in a variety of cancers*'%. There remains a relative lack of studies on the prognostic
implications of these shape metrics of GBM-induced abnormalities on MRI. There are three key GBM-associated
regions detectable on standard-of-care MRI. The first is the enhancing region present on T1-weighted MRI with
gadolinium contrast (T1Gd MRI), caused through leakage of gadolinium across disrupted vasculature'®. This
enhancement typically spatially correlates with the bulk of the tumor, particularly in a pretreatment setting'®. The
second region is necrosis, caused by a lack of sufficient nutrients and necrosis-inducing factors, typically present
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T1Gd MRI T2/FLAIR MRI
Necrosis Enhancement with necrosis | Edema

All patients

oS 390 402 257

PFS 125 130 78

Current SOC

oS 135 142 92

PFS 86 89 56

Table 1. Cohort of patients with known overall survival (OS) and progression free survival (PFS). This table
shows the number of patients with available imaging ROIs and known OS and PFS, including the subsets
known to have received the current standard of care (SOC). The discrepancy between patients with available
necrosis ROIs and T1Gd enhancing ROIs is due to 12 patients with negligible necrosis that precluded addition
of those tumors to the necrosis-specific analysis.

as a central hypointense region on T1Gd MRI surrounded by enhancement. The third is the abnormal region
present on both T2-weighted and fluid attenuated inversion recovery (FLAIR) MRIs that spatially correlates to
edema and infiltrative tumor cells.

In this work, we focus on the prognostic impact of two morphological metrics that quantify these GBM
regions. The first is fractal dimension, a measure of the consistency of a shape with itself at varying spatial scales.
If a shape is extremely self-consistent, it will have a high fractal dimension. Lacunarity is a quantifiable measure
of how shapes fill space, and more generally considers heterogeneity. Higher lacunarity values occur in shapes
that are disconnected and more heterogeneous. There are many examples of fractal dimension and lacunarity
providing clinical insight in oncology. For example, fractal dimension and lacunarity have been shown as prog-
nostic markers for melanoma and laryngeal carcinoma'®'”. Differences in fractal dimension between healthy
and pathological tissue have been found in renal chromophobe carcinoma'®. Fractal dimension has been shown
to distinguish benign and malignant breast tumors in both digitized histology® and ultrasound images'. There
is also a wealth of morphological studies on lung cancers®. Within glioma, the lacunarity of T2-weighted MRI
abnormalities has been shown to distinguish glioma grade?! and the fractal dimension of brain vasculature in
susceptibility-weighted imaging has been shown to distinguish brain tumor grade®>*. A separate study of 95
patients has found fractal dimension and lacunarity, applied to pretreatment necrotic regions present on T1Gd
MRIs can distinguish overall survival (OS) and progression free survival (PFS) in GBM”. We seek to build on
the results of this previous study on a larger cohort through the inclusion of analyses on other MRI abnormali-
ties. We will also look for correlations between these morphological metrics with patient age, patient sex and
imaging abnormality volumes.

In a retrospective cohort of 402 patients with primary GBM, we have calculated lacunarity and fractal dimen-
sion values of imaging abnormalities using T1Gd MRI and T2/FLAIR images. We find statistically significant
relationships between these morphological metrics applied to imaging abnormalities and survival metrics in
patients with GBM, both for OS and PFS.

Methodology

Patient cohort. We queried our multi-institutional database of retrospective patient data for patients with
first-diagnosed GBM. We required these patients to have available segmented pretreatment T1-weighted MRI
with gadolinium contrast in our database, as well as age at diagnosis, sex and overall survival (confirmed death,
alive, or lost to follow-up). We also required that these patients’ tumors did not contain a significant cystic com-
ponent, which typically presents as hypointense with surrounding enhancement and smooth on T2-weighted
MRI. Cystic components are typically round and may provide a survival benefit to patients*, which may have
interfered with relationships between morphological metrics and survival. Hypointense cystic fluid would also
interfere with our ability to consistently capture necrotic regions, which are also hypointense. This resulted in
a cohort of 402 patients. Where available, we also noted progression-free survival (n=125), extent of resection
(n=274) and stored T2/FLAIR segmentations (n=257). As many of our patients were diagnosed before the
current standard of care (SOC) protocol was established, our cohort consists of a variety of treatment protocols.
We have established a subcohort of 142 patients known to have received the current SOC, and refer to these as
“current SOC patients”. See Table 1 for further breakdowns of cohort sizes across different imaging regions, and
Supplement 1 for a sex-specific breakdown of these groups.

Biomedicalimaging and ROl segmentation. Using pretreatment T1Gd MRI, enhancing abnormalities
were segmented by trained individuals and necrotic regions were segmented using the segmentations of T1Gd
enhancement within an automated dilation erosion algorithm. T2/FLAIR abnormalities were also segmented
by trained individuals. We use an in-house thresholding-based segmentation software to create segmentations.
Segmentation regions were used alongside image dimensions to calculate imaging abnormality volumes (cm?).
We also use segmented volumes to compute radii of equivalent spherical volumes (cm). The resolution of each
image was stored. There are three different segmentations used in this analysis, the first is necrotic regions, the
second is T1Gd enhancing regions with necrotic regions, and the third is abnormal regions on T2/FLAIR MRI
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Figure 1. Computing lacunarity and fractal dimension (FD) and testing the statistical significance of these
against patient survival data. (A) As an example, lacunarity and FD are computed on each slice of T1Gd necrosis
segmentations. The median of these values is stored, giving one value of lacunarity and FD for each patient.

We do the same for T1Gd enhancement with necrosis, and T2/FLAIR edematous regions. (B) Individual
median values are collated into a cohort analysis. Each median value that does not split the cohort into groups
of less than 10% of the cohort size is then tested as a cutoff to distinguish either overall survival or progression
free survival. A log-rank test provides a significance value for each potential cutoff and a log-rank statistic is
calculated alongside a separate significance threshold that accounts for multiple comparisons. The maximal log-
rank statistic is chosen as this maximally distinguishes the two groups. This is carried out for lacunarity and FD,
across necrosis, enhancement with necrosis, and edema regions.

associated with edema. We chose to include the necrotic regions with the enhancement on T1Gd MRI to avoid
the conflation of necrosis outlines that would otherwise be present in T1Gd-enhancing regions alone.

Lacunarity and fractal dimension. We used the FracLac plugin for Image] to calculate lacunarity and
fractal dimension values for each 2D segmentation®?®. Image slices with segmentations totaling 5 pixels or less
were excluded. The FracLac software uses a box-counting algorithm to compute lacunarity and fractal dimen-
sion; we used a minimum of 2 pixels and a maximum of 45% of each MRI slice for these box sizes. To compute
fractal dimension, grids with varying box sizes are placed over a region, and the number of boxes needed to
cover the region in question is recorded for each grid. The log of this number is then plotted against the log
reciprocal of the length of each box and the gradient of the regression line for this plot is the fractal dimension.
For lacunarity, a similar process is undertaken with the numbers of pixels in each box recorded as a distribution
for each box length, with standard deviation ¢ and mean . Lacunarity is then the mean over all box sizes of
(0/w)* Due to the dependency of fractal dimension and lacunarity on grid placement, we used a mean fractal
dimension and a mean lacunarity calculated over 12 grid placements for each 2D segmentation. We then stored
the following metrics for both fractal dimension and lacunarity across MRI slices, to give one value of each per
pretreatment MRI: the median value, the mean value, the range of values and the variance of values. Although
previous work by others has shown survival differences with mean values’, we saw clearer signals with median
values, as these were less impacted by outliers. We present results of mean values in Supplement 2 to compare
more closely to previously published work’. In Fig. 1A, we present a schematic of how we compute lacunar-
ity and fractal dimension values. For a subset of images with multiple segmentations available (necrosis=201,
enhancement with necrosis=211, edema=136), we tested the intraclass coefficients (ICCs) of lacunarity and
fractal dimension and found very good agreement between segmentations (lowest ICC 0.898). We present
details of this analysis in Supplement 3.

Statistical analyses. We used log-rank tests to ascertain the significance in overall survival and progres-
sion-free survival differences in our cohort; we use Kaplan-Meier curves to visualize these differences. All the
analysis presented here was carried out in R¥-*!, Throughout this work, we set a p-value threshold of 0.05, below
which we consider our results to be statistically significant. As this work uses multiple comparisons, we have
used the maxstat package in R to adjust our p-values appropriately*’. Namely, we have implemented the adjust-
ment method first presented by Lausen and Schumacher®®. We use the chosen threshold to divide our cohorts
into two groups: the first consists of patients with values lower or equal to the threshold and the second consists
of patients above the chosen threshold. Only thresholds that split the cohort into groups larger than 10% of the
cohort size were tested. We present an example schematic of this process to test the significance of lacunarity
and fractal dimension in Fig. 1B. We present adjusted and unadjusted p-values within this work, and will clearly
state when each is used.

Cox proportional hazard (CPH) models have been used predictors of survival in univariate and multivariate
analyses against values that exist within all patients such as age at diagnosis and tumor radius. We used Pearson
correlation coefficient tests to determine the significance and strength of correlations between variables. We used
Welch’s t-tests to determine the significance between means of different groups.

Scientific Reports |

(2021) 11:23202 | https://doi.org/10.1038/s41598-021-02495-6 nature portfolio



www.nature.com/scientificreports/

All Patients — Overall Survival
A Enh.w.Necrosis—Lac B Edema — Lac C Edema - FD
> 1:007 N=98 == Lac < 0.3074 > 1.001 N=224 == Lac < 0.4817 > 1.007 N=183 ==FD < 1.6543
% N=304 == Lac > 0.3074 E N=33 ==Lac >0.4817 E N=74 ==FD > 1.6543
@ 0.751 Adjusted p = 0.012 @ 0.751 Adjusted p = 0.027 © 0.751 Adjusted p < 0.0001
-8 p =0.001 g p <0.0001 8 p <0.0001
8 0.501 8.0.50 8.0.50
g g g
E 0.251 E 0.251 E 0.251
> =} >
Pooo___ M~ Pooo{ N TV PDggof{ T T
0 10002000 300040005000 0 10002000 300040005000 0 10002000 300040005000
Time (days) Time (days) Time (days)
D Example of Shorter Survival E Example of Longer Survival
Overall Survival X ‘ 4 L ¥ a Overall Survival
193 days : ‘ 900 days
Edema Edema
Lac = 0.64765 Lac=0.3934
FD =1.491 FD =1.6571
Enh w. Necrosis Enh w. Necrosis
Lac =0.4858 Lac =0.2960
FD =1.606 FD =1.6836

Figure 2. Results amongst all patients that remained significant with adjustment (A) The group of lower
median lacunarity values of enhancement with necrosis (Lac <0.3074) were associated with prolonged overall
survival. (B) The group of lower median lacunarity values of edema were associated with longer overall survival
(Lac<0.4817). (C) The group of higher median fractal dimension values of edema were associated with longer
overall survival (FD>1.6543). (D) An example patient with lower overall survival of 193 days who consistently
fell into the short overall survival groups of subpanels A-C. Example MRI slices shown with translucent
segmentation overlays. (E) An example patient with longer overall survival of 900 days, who consistently fell into
the longer overall survival groups of subpanels A-C. Example MRI slices shown with translucent segmentation
overlays.

Ethical approval. All procedures performed in the studies involving human participants were in accord-
ance with the ethical standards of the institutional and/or national research committee and with the 1964
Helsinki declaration and its later amendments or comparable ethical standards. Our de-identified data repos-
itory of patients with brain cancer includes retrospective data collected from medical records and prospec-
tive data collection. Research conduct on the data repository is approved by Mayo Clinic Institutional Review
Board (IRB# 17-009688). Retrospective inclusion as well as informed consent was obtained for all prospectively
enrolled participants in the repository as approved by Mayo Clinic Institutional Review Board (IRB# 17-009682).

Results

Whole cohort.  Necrotic regions. 'We found that lacunarity significantly distinguished overall survival with
the group of lower lacunarity values showing benefit, but this result did not hold while adjusting for multiple
comparisons (unadjusted p=0.012, adjusted p=0.07541, n=390). We also found that lacunarity significantly
distinguished progression free survival. Lacunarity could still significantly distinguish PFS while accounting for
multiple comparisons (adjusted p=0.0051, n=125).

Enhancement with necrotic regions. In T1Gd contrast with necrosis, we observe a lacunarity threshold of
0.3074 that significantly distinguishes groups for overall survival with the group of lower lacunarity values sur-
viving longer (adjusted p=0.012, n=402), see Fig. 2A. We also saw that lacunarity distinguished PFS (unad-
justed p=0.015), but this did not remain significant when adjusting for multiple comparisons (adjusted p=0.10).

Edema regions. In T2/FLAIR edema abnormalities, lower lacunarity (Lac<0.4817, adjusted p=0.0269) and
higher fractal dimension values (FD > 1.6543, adjusted p <0.0001) were associated with significantly improved
overall survival (n=257), see Fig. 2B,C. We show examples of edema, and enhancement with necrosis for patients
with a shorter and longer survival in Fig. 2D and E, respectively.
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Figure 3. Fractal dimension and lacunarity cutoffs that significantly distinguish survival amongst patients
confirmed to have received the current standard of care. (A) Fractal dimension of necrosis regions significantly
distinguished OS. (B) Fractal dimension of necrosis regions significantly distinguished PFS. (C) Lacunarity
significantly distinguished PFS. All three results remained significant with adjustment. Adjusted p values shown
in bold.

Current standard of care. We implemented the same analyses within a sub-cohort of patients known
to have been treated with the current standard of care, the so called Stupp Protocol which includes surgical
resection to the maximal possible extent, combination radio-chemotherapy followed by adjuvant temozolomide
chemotherapy"?. Significant survival differences present in the whole cohort may not be reflected in this section
due to a reduction in sample size leading to a reduction in statistical power.

Necrotic regions. In this subcohort of patients who received the current standard-of-care, we find that lacunar-
ity and fractal dimension significantly distinguish overall survival and progression free survival. Lacunarity can
distinguish progression-free survival while adjusting for multiple comparisons (adjusted p=0.017, n=86), with
the same threshold chosen to separate the groups as was chosen in the whole cohort (Figs. 2A and 3). We also see
that the fractal dimension of necrosis can significantly distinguish overall survival (adjusted p=0.012, n=135)
and progression free survival (adjusted p=0.018, n=386) (Fig. 3) while accounting for multiple comparisons,
with lower values conferring the survival benefit.

Enhancement with necrotic regions. Although no results held in this subcohort after adjusting for multiple
comparisons, we did observe lacunarity thresholds that distinguished both overall and progression free survival
with unadjusted significance (OS: p=0.043, adjusted p=0.31, PFS: p=0.016, adjusted p=0.091).

Edema regions. Although no results held when adjusting for multiple comparisons in this subcohort, we did
observe similar optimal cutoffs to those found in the larger cohort for both lacunarity and fractal dimension that
significantly distinguished overall survival without adjustment (lacunarity p=0.019, FD p=0.020), see Table 2.
We also note that the optimal cutoff for fractal dimension distinguished progression free survival, but this result
did not hold after adjustment for multiple comparisons (p=0.013).

We present a summary of the cutoffs that were found to be significant in either an unadjusted log-rank test or
with adjustment (as described in Lausen and Schumacher®) in Table 2. We also present sex-specific breakdowns
of these analyses in Supplement 1.

Univariate and multivariate Cox proportional hazard models. We implemented univariate and
multivariate Cox proportional hazard (CPH) models against overall survival and progression free survival. For
overall survival, we present the univariate CPH models for the necrosis, T1Gd, and T2/FLAIR regions for age
at diagnosis, fractal dimension, lacunarity, and tumor radius at presentation in Fig. 4 (across the entire cohort).
Multivariate CPH models assessing the relationship between overall survival and lacunarity, age at diagnosis, and
tumor radius are on the left panel of Fig. 5 and multivariate analyses of fractal dimension, age at diagnosis and
tumor radius are on the right panel of Fig. 5. We find that lacunarity and fractal dimension values of T2/FLAIR
regions are the most commonly significant in univariate and multivariate analyses. The values found in Figs. 4
and 5 are presented in tables in Supplement 4. We chose to run two separate multivariate CPH models, one with
fractal dimension and another with lacunarity, to test their independent ability as prognostic indicators against
other factors. We present the equivalent results amongst patients known to have received the current SOC in
Supplement 5, which also show significance of both fractal dimension and lacunarity of T2/FLAIR for overall
survival. We found that in a multivariate CPH analysis for progression-free survival of lacunarity of necrosis,

Scientific Reports |

(2021) 11:23202 |

https://doi.org/10.1038/s41598-021-02495-6 nature portfolio



www.nature.com/scientificreports/

T1Gd T2/FLAIR

Necrosis Enhancement with necrosis | Edema

Lacunarity | FD Lacunarity FD Lacunarity | FD
All patients
oS 0.27915 n.s. 0.3074 n.s. 0.4817 1.6543
PFS 0.6136 1.31265 0.3900 n.s. n.s. n.s.
Current SOC
oS 0.28125 1.31265 0.3980 n.s. 0.456 1.6621
PFS 0.6136 1.31265 0.3923 n.s. n.s. 1.5202

Table 2. Median lacunarity and fractal dimension (FD) tests that showed at least one significant cutoff that
distinguishes survival. We show both overall survival (OS) and progression free survival (PFS) with those
that were significant (unadjusted p <0.05) in italics. The results that remained significant while adjusting for
multiple comparisons are shown in bold (adjusted p <0.05). The numerical value in the cell represents the
optimal threshold of analyses that reached a level of significance. Results that did not show significance are
indicated by "n.s" to represent "not significant".
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Figure 4. Univariate Cox proportional hazard models for age at diagnosis, fractal dimension, lacunarity and
tumor radius, across all three regions (necrosis n =390, enhancement with necrosis n =402, edema n=257).
Both fractal dimension and lacunarity of edema-related abnormalities are significant prognostic indicators
of overall survival. Age at diagnosis was significant for all three regions, while radius was significant for both
necrosis and enhancement with necrosis. Values of these tests can be found in Supplement 4.

necrosis radius, and age at diagnosis (across the entire cohort), that lacunarity and radius were both significant.
No other variables were found to be significant for progression-free survival in either univariate or multivariate
CPH analyses for any regions. We present plots of these results in Supplement 6. For a subset of patients with
available extent of resection (necrosis n=263, enhancement with necrosis n=274, edema n=155), we present the
analogous multivariate CPH analyses in Supplement 7. All significant necrosis and edema results pertaining to

morphology persist in this reduced cohort setting, while enhancement with necrosis results did not.

Correlations with other variables. We see significant negative correlations between lacunarity and frac-
tal dimension within all of the imaging abnormalities tested (necrosis R=- 0.55 p<0.0001, enhancement with
necrosis R=-0.45, p<0.0001, edema R=-0.55, p <0.0001). Except for lacunarity of enhancement with necrosis
(p=0.08), both lacunarity and fractal dimension are consistently significantly positively correlated with their

corresponding volumes (all tests p <0.001).
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Figure 5. (Left) Multivariate CPH models of lacunarity, age at diagnosis, and abnormality radius for necrosis
(n=390), enhancement with necrosis (n=402), and edema regions (n=257). Lacunarity of both edema and
enhancement with necrosis were significant predictors of overall survival in their respective models (p =0.0007
and p=0.042, respectively). Age at diagnosis, as expected, was consistently significant for survival. Radius was a
significant predictor for regions of necrosis and enhancement with necrosis (p=0.036). (Right) Corresponding
Cox proportional hazard model of fractal dimension, age at diagnosis, and abnormality radii for necrosis,
enhancement with necrosis, and edematous regions. Fractal dimension values of both edema and enhancement
with necrosis were significant predictors of overall survival in their respective CPH models (p <0.0001 and
p=0.0003, respectively). Age at diagnosis was consistently significant across all CPH models, while only
enhancement with necrosis, and necrosis radii were significant (p=0.0018 and p =0.028, respectively). For a
complete table including confidence intervals and significance values, see Supplement 4.

Within the cohort of patients for which we have all three regions available (n=250), we observe significant
positive correlations between both lacunarity and fractal dimension values of necrotic regions and enhancement
with necrosis (both tests p <0.0001 Pearson). Significant positive correlations are also present between these
metrics calculated on enhancement with necrosis and edema regions (lacunarity p=0.009 and FD p=0.018).
We did not observe significant correlations between these metrics calculated on necrotic regions and edema
regions (lacunarity p=0.185 and FD p=0.339).

We see significantly lower fractal dimension values in necrosis-related abnormalities compared with their
counterparts with enhancement (p <0.0001 t-test) and edema (p <0.001 t-test). No significant difference is
observed in the fractal dimension between enhancement with necrosis and edema (p =0.49, t-test). We see sig-
nificance between all three regions in lacunarity. Lacunarity is significantly higher in edema than enhancement
with necrosis (p <0.001, t-test), and necrosis is significantly higher than regions of edema (p <0.001, t-test).
Figure 6 shows boxplots of these values with their significant relationships highlighted.

We found that lacunarity was significantly associated with image resolution across all three abnormalities
tested, while fractal dimension was associated with both enhancement with necrosis, and regions of edema. We
present details of this analysis in Supplement 8. Although we see these significant relationships, lacunarity and
fractal dimension results of analyses presented in Fig. 5 were unaffected by the inclusion of image resolution
(Supplement 8).

We note significant correlations of both morphological metrics with age at diagnosis. We observe a weak
negative significant correlation between lacunarity and age at diagnosis in enhancement with necrosis (p=0.0217,
R=-0.11 Pearson) but a positive significant correlation in edema regions (p =0.0035, R=0.18, Pearson). In
contrast to this, we note a significant positive correlation between fractal dimension and age at diagnosis in
enhancement with necrosis (p <0.001, R=0.19, Pearson) and a significant negative correlation in edema regions
(p<0.001, R=-0.21, Pearson). We do not observe significant correlations within necrotic regions of lacunarity
or fractal dimension with age at diagnosis. These results are shown in Fig. 7.

Discussion

Although clinical care teams holistically consider multiple factors to determine the best course of action for
each patient with GBM, they are somewhat limited in the computational tools and prognostic indicators that
are readily available to them. The limited opportunities for tissue collection leads to a clinical reliance on imag-
ing to make these decisions and an opportunity to maximize the utility of this information through prognostic
imaging-derived biomarkers. Through a multi-institutional retrospective cohort, we present highly reliable (Sup-
plement 3) imaging metrics that suggest the shape of GBM has prognostic value at presentation. In contrast to
the previous publication on this topic’, we see some opposing relationships with these morphological metrics
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Figure 6. Significant differences in lacunarity and fractal dimension between regions of interest. (Left) We note
significant differences in lacunarity values across all three regions of interest, with necrosis the highest, followed
by edema, followed by enhancement with necrosis (all comparisons p <0.001). (Right) Fractal dimension values
are significantly higher in edema and enhancement with necrosis when compared with necrosis (p <0.001), but
we did not observe significant differences in fractal dimension between edema and enhancement with necrosis
(p=0.49).
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Figure 7. Significant relationships between morphology and age reversed between enhancement with necrosis
and edematous regions. (Top row) We see a weak significantly negative correlation between lacunarity and

age at diagnosis in enhancement with necrosis ROIs (p=0.0217, R=— 0.11) and a weak significantly positive
correlation within edema ROIs (p=0.0035, R=0.18). (Bottom row) We see weak significant relationships
between fractal dimension and age at diagnosis within enhancement with necrosis (p <0.001, R=0.19) and
edema ROIs (p<0.001, R=- 0.21), respectively. Fractal dimension of enhancement with necrosis is positively

correlated with age at diagnosis whereas the fractal dimension of edema ROISs has a negative correlation. Trend
lines are shown for significant correlations.

and patient survival for necrotic regions, in that our results generally show a low fractal dimension (less circular,
patchier) in necrotic regions is better for patient survival. To compare more closely with the previous publication’,
we also ran survival analyses for the mean lacunarity and fractal dimension values on necrotic regions. These
metrics did not significantly distinguish overall survival and progression free survival in as many instances as
the median (Supplement 2).
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Within necrotic regions, we see more significant relationships between these morphological metrics and
patient survival within those who received the current standard of care (Fig. 3). In this setting, fractal dimen-
sion can distinguish overall survival and progression free survival (Fig. 3A,B), and lacunarity can distinguish
progression free survival while adjusting for multiple comparisons (Fig. 3C). Lacunarity also significantly dis-
tinguished overall survival, but this result did not hold when adjusting for multiple comparisons. These results
suggest that less connected and more heterogeneous necrosis indicates longer PFS and OS for patients with GBM
receiving the current standard of care. Patchier and less-connected necrosis may indicate that the necrosis is
less well established.

The lacunarity of pretreatment lesions present on T2 MRI has previously been shown to distinguish glioma
grade®!. We have extended on this result to suggest that the shape of these regions also contain information on
patient survival within GBM. Notably, in our cohort, we observe a benefit to OS of lower edema lacunarity values
and high edema fractal dimension values, both within our optimal threshold analysis and as continuous vari-
ables in univariate and multivariate CPH analyses. These results suggest that patchier and more heterogeneous
edematous regions provide a worse prognosis. Within patients receiving the current standard of care, we also
see that lacunarity and fractal dimension of edema-related abnormalities act as independent prognostic vari-
ables against age at diagnosis and the T2/FLAIR abnormality radius. These results suggest meaningful clinical
insights may come from quantifying the morphological appearance of GBMs. Future work may connect these
imaging metrics with biological drivers of clinical aggressiveness through molecular and histological analysis
of tissue specimens.

We tested regional volumes as they relate to outcome, but these did not subsume results of lacunarity and
fractal dimension; this was particularly clear for edema. Rather unexpectedly, we also note that lacunarity and
fractal dimension weakly correlate with patient age for enhancement with necrosis and edematous regions.
Machine learning has been used to reliably predict patient age from brain MRI of healthy adults*, but to our
knowledge no work has noted relationships between patient age and brain tumor shape. Further, the connection
between these morphological metrics and age also suggests that tumors that develop in aged brains may have
different biological aggressiveness. Notably, the fact that age and these morphological metrics retain independ-
ent prognostic value suggests that although increasingly aggressive appearing tumors are increasingly common
with age, there are additional insights to be found in the morphology.

It is important to note that a lack of statistical significance in survival analyses does not necessarily mean a
lack of signal. In stratifying our patient cohorts, our statistical power to observe potential differences decreases.
We chose to present optimal thresholds that did not remain significant while adjusting for multiple comparisons
to show that we do see some signal with these morphological metrics in most cases. We hope that in the future
these optimal thresholds will be tested in an independent patient cohort to validate the results presented here.

We computed 2D lacunarity and fractal dimension values of each MRI slice (and averaged these for each
patient) rather than computing 3D values. Although of course tumors develop in 3D space, the resolution of
MRI is typically lower between slices than within slices, which limits our ability to ascertain accurate lacunarity
and fractal dimension values in 3D space.

There has been some recent research showing that GBM location within the brain can impact outcome®?. A
future direction may explore lacunarity and fractal dimension against the tumor location, to determine whether
location compliments or drives prognostic signals of lacunarity and fractal dimension that we have observed
here. Further work may also explore the dynamics of these morphological markers throughout treatment and
tumor progression.

Throughout this work, we have found relationships between the shape of segmented tumor regions and
survival metrics. We found lacunarity and fractal dimension thresholds that significantly distinguish patient
overall survival and progression-free survival in our cohort, and showed that these act as continuous predic-
tors of survival in some cases. These results warrant further investigation into the biological and genetic drivers
behind the morphological presentation of GBM in a pretreatment setting.

Received: 21 May 2021; Accepted: 8 November 2021
Published online: 01 December 2021

References

1. Stupp, R., Mason, W. P. & Van den Bent, M. J. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. Oncol.
Times. 27, 15-16. https://doi.org/10.1097/01.cot.0000289242.47980.f9 (2005).

2. Stupp, R. et al. Effects of radiotherapy with concomitant and adjuvant temozolomide versus radiotherapy alone on survival in
glioblastoma in a randomised phase III study: 5-year analysis of the EORTC-NCIC trial. Lancet Oncol. 10, 459-466. https://doi.
0rg/10.1016/s1470-2045(09)70025-7 (2009).

3. Stupp, R. et al. Effect of tumor-treating fields plus maintenance temozolomide vs maintenance temozolomide alone on survival
in patients with glioblastoma: A randomized clinical trial. JAMA 318(23), 2306-2316 (2017).

4. Anderson, A. R. A, Weaver, A. M., Cummings, P. T. & Quaranta, V. Tumor morphology and phenotypic evolution driven by
selective pressure from the microenvironment. Cell 127(5), 905-915 (2006).

5. Chan, A. & Tuszynski, J. A. Automatic prediction of tumour malignancy in breast cancer with fractal dimension. R. Soc. Open Sci.
3(12), 160558 (2016).

6. Losa, G. A. & Castelli, C. Nuclear patterns of human breast cancer cells during apoptosis: Characterisation by fractal dimension
and co-occurrence matrix statistics. Cell Tissue Res. 322(2), 257-267 (2005).

7. Liu, S. et al. Relationship between necrotic patterns in glioblastoma and patient survival: Fractal dimension and lacunarity analyses
using magnetic resonance imaging. Sci. Rep. 7(1), 8302 (2017).

8. Chen, C. et al. Microvascular fractal dimension predicts prognosis and response to chemotherapy in glioblastoma: An automatic
image analysis study. Lab. Invest. 98(7), 924-934 (2018).

Scientific Reports |

(2021) 11:23202 | https://doi.org/10.1038/s41598-021-02495-6 nature portfolio


https://doi.org/10.1097/01.cot.0000289242.47980.f9
https://doi.org/10.1016/s1470-2045(09)70025-7
https://doi.org/10.1016/s1470-2045(09)70025-7

www.nature.com/scientificreports/

9. Esgiar, A. N,, Naguib, R. N. G., Sharif, B. S., Bennett, M. K. & Murray, A. Fractal analysis in the detection of colonic cancer images.

IEEE Trans. Inf. Technol. Biomed. 6(1), 54-58 (2002).

10. Pansera, F. Fractals and cancer. Med. Hypotheses. 42, 400. https://doi.org/10.1016/0306-9877(94)90163-5 (1994).

11. Soares, E, Janela, E, Pereira, M., Seabra, J. & Freire, M. M. 3D lacunarity in multifractal analysis of breast tumor lesions in dynamic
contrast-enhanced magnetic resonance imaging. IEEE Trans. Image Process. 22(11), 4422-4435 (2013).

12. Park, Y. W. et al. Magnetic resonance imaging-based 3-dimensional fractal dimension and lacunarity analyses may predict the
meningioma grade. Eur. Radiol. 30, 4615-4622. https://doi.org/10.1007/s00330-020-06788-8 (2020).

13. Yang, D. Standardized MRI assessment of high-grade glioma response: A review of the essential elements and pitfalls of the RANO
criteria. Neurooncol. Pract. 3(1), 59-67 (2016).

14. Barajas, R. . Jr. et al. Glioblastoma multiforme regional genetic and cellular expression patterns: Influence on anatomic and physi-
ologic MR imaging. Radiology 254(2), 564-576 (2010).

15. Gill, B.]. et al. MRI-localized biopsies reveal subtype-specific differences in molecular and cellular composition at the margins of
glioblastoma. Proc Natl. Acad. Sci. USA. 111(34), 12550-12555 (2014).

16. Bedin, V., Adam, R. L., de S4, B. C., Landman, G. & Metze, K. Fractal dimension of chromatin is an independent prognostic factor
for survival in melanoma. BMC Cancer 10, 260 (2010).

17. Delides, A. et al. Fractal dimension as a prognostic factor for laryngeal carcinoma. Anticancer Res. 25(3B), 2141-2144 (2005).

18. Karslioglu, Y., Giinal, A., Kurt, B., Ongiirii, O. & Ozcan, A. Fractal dimension of microvasculature in renal oncocytomas and
chromophobe renal cell carcinomas. Pathol. Res. Pract. 205(10), 677-681 (2009).

19. Mohammed, M. A. et al. Neural network and multi-fractal dimension features for breast cancer classification from ultrasound
images. Comput. Elect. Eng. 70, 871-882. https://doi.org/10.1016/j.compeleceng.2018.01.033 (2018).

20. Lennon, E E. et al. Lung cancer: A fractal viewpoint. Nat. Rev. Clin. Oncol. 12, 664-675. https://doi.org/10.1038/nrclinonc.2015.
108 (2015).

21. Smitha, K. A., Gupta, A. K. & Jayasree, R. S. Fractal analysis: Fractal dimension and lacunarity from MR images for differentiating
the grades of glioma. Phys. Med. Biol. 60(17), 6937-6947 (2015).

22. Ieva, A. D. et al. Three-dimensional susceptibility-weighted imaging at 7 T using fractal-based quantitative analysis to grade
gliomas. Neuroradiology 55, 35-40. https://doi.org/10.1007/s00234-012-1081-1 (2013).

23. Dileva, A, Le Reste, P.-]., Carsin-Nicol, B., Ferre, J.-C. & Cusimano, M. D. Diagnostic value of fractal analysis for the differentia-
tion of brain tumors using 3-tesla magnetic resonance susceptibility-weighted imaging. Neurosurgery 79(6), 839-846 (2016).

24. Curtin, L. et al. Assessment of prognostic value of cystic features in glioblastoma relative to sex and treatment with standard-of-
care. Front. Oncol. 10, 580750 (2020).

25. Karperien, A. L. & Jelinek, H. F. Image] in computational fractal-based neuroscience: Pattern extraction and translational research.
Comput. Neurosci. 1, 503-522. https://doi.org/10.1007/978-1-4939-3995-4_32 (2016).

26. Schneider, C. A., Rasband, W. S. & Eliceiri, K. W. NIH Image to Image]: 25 years of image analysis. Nat. Methods. 9(7), 671-675
(2012).

27. Kassambara A., Kosinski M., Biecek P. & Fabian S. survminer: Drawing Survival Curves using “ggplot2”. https://cran.r-project.
org/web/packages/survminer/index.html. (2019).

28. R. Core Team. R: A language and environment for statistical computing [Internet]. The R Project for Statistical Computing. https://
www.R-project.org. (2020).

29. Kassambara, A. ggplot2: Guide to Create Beautiful Graphics in R. Alboukadel KASSAMBARA (2015).

30. Therneau, T. M. A Package for Survival Analysis in S. https://CRAN.R-project.org/package=survival (2015).

31. Wickham, H. ggplot2: Elegant Graphics for Data Analysis Vol. 67 (Springer, 2016).

32. Hothorn, T. & Hothorn, M. T. The maxstat Package 2007.

33. Lausen, B. & Schumacher, M. Maximally selected rank statistics. Biometrics 48, 73. https://doi.org/10.2307/2532740 (1992).

34. Cole, J. H. et al. Predicting brain age with deep learning from raw imaging data results in a reliable and heritable biomarker.
Neuroimage 163, 115-124. https://doi.org/10.1016/j.neuroimage.2017.07.059 (2017).

35. Awad, A.-W. et al. Impact of removed tumor volume and location on patient outcome in glioblastoma. J. Neurooncol. 135(1),
161-171 (2017).

36. Jungk, C. et al. Location-dependent patient outcome and recurrence patterns in IDH1-wildtype glioblastoma. Cancers https://doi.
org/10.3390/cancers11010122 (2019).

Acknowledgements

The authors gratefully acknowledge the funding that made this research possible from the NTH (ROINS060752,
RO1CA164371, U54CA143970, U54CA193489, U01CA220378, U54CA210180), the Arizona Biomedical
Research Commission (ADHS16-162514), the James S. McDonnell Foundation, and the Ben and Catherine Ivy
Foundation. The authors also acknowledge the image analysis team for their work segmenting tumors. Finally,
thank you to the anonymous reviewers for taking the time to provide their informative feedback on this work.

Author contributions

L.C.—Computed all morphological values, analyzed data, and wrote the manuscript. PW.—Analyzed data and
wrote the manuscript. H.-W.—Data collection. K.M.B—Coding for analyses during revision of manuscript.
Provided clinical insight into the discussion. M.M.M.—Provided clinical expertise. L.S.H.—Provided clinical
expertise and supervised the project. K.R.S.—Supervised the project, directed analyses and edited manuscript.
All authors reviewed the manuscript.

Funding
National Institutes of Health, U01CA220378, U01CA220378, Arizona Biomedical Research Commission,
ADHS16-162514, James S. McDonnell Foundation, Ben and Catherine Ivy Foundation.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-02495-6.

Correspondence and requests for materials should be addressed to L.C.

Scientific Reports |

(2021) 11:23202 | https://doi.org/10.1038/s41598-021-02495-6 nature portfolio


https://doi.org/10.1016/0306-9877(94)90163-5
https://doi.org/10.1007/s00330-020-06788-8
https://doi.org/10.1016/j.compeleceng.2018.01.033
https://doi.org/10.1038/nrclinonc.2015.108
https://doi.org/10.1038/nrclinonc.2015.108
https://doi.org/10.1007/s00234-012-1081-1
https://doi.org/10.1007/978-1-4939-3995-4_32
https://cran.r-project.org/web/packages/survminer/index.html
https://cran.r-project.org/web/packages/survminer/index.html
https://www.R-project.org
https://www.R-project.org
https://CRAN.R-project.org/package=survival
https://doi.org/10.2307/2532740
https://doi.org/10.1016/j.neuroimage.2017.07.059
https://doi.org/10.3390/cancers11010122
https://doi.org/10.3390/cancers11010122
https://doi.org/10.1038/s41598-021-02495-6
https://doi.org/10.1038/s41598-021-02495-6

www.nature.com/scientificreports/

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2021) 11:23202 | https://doi.org/10.1038/s41598-021-02495-6 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Shape matters: morphological metrics of glioblastoma imaging abnormalities as biomarkers of prognosis
	Methodology
	Patient cohort. 
	Biomedical imaging and ROI segmentation. 
	Lacunarity and fractal dimension. 
	Statistical analyses. 
	Ethical approval. 

	Results
	Whole cohort. 
	Necrotic regions. 
	Enhancement with necrotic regions. 
	Edema regions. 

	Current standard of care. 
	Necrotic regions. 
	Enhancement with necrotic regions. 
	Edema regions. 

	Univariate and multivariate Cox proportional hazard models. 
	Correlations with other variables. 

	Discussion
	References
	Acknowledgements


