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Background. Glioblastomas are primary malignant brain tumors with a dismal prognosis. Knowledge of growth rates and under-
lying growth dynamics is useful for understanding basic tumor biology, developing realistic tumor models, and planning treatment
logistics.

Methods. By using repeated pretreatment contrast-enhanced T;-weighted MRI scans from 106 patients (aged 26-83 years), we
studied the growth dynamics of untreated glioblastomas in vivo. Growth rates were calculated as specific growth rates and equiv-
alent volume doubling times. The fit of different possible growth models was assessed using maximum likelihood estimations.

Results. There were large variations in growth rates between patients. The median specific growth rate of the tumors was 1.4% per
day, and the equivalent volume doubling time was 49.6 days. Exploring 3 different tumor growth models showed similar statistical
fit for a Gompertzian growth model and a linear radial growth model and worse fit for an exponential growth model. However,
large tumors had significantly lower growth rates than smaller tumors, supporting the assumption that glioblastomas reach a
plateau phase and thus exhibit Gompertzian growth.

Conclusion. Based on the fast growth rate of glioblastoma shown in this study, it is evident that poor treatment logistics will in-
fluence tumor size before surgery and can cause significant regrowth before adjuvant treatment. Since there is a known associ-
ation between tumor volume, extent of surgical resection, and response to adjuvant therapy, it is likely that waiting times play a
role in patient outcomes.
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Glioblastomas are fast-growing, malignant primary brain tu-
mors, and the prognosis remains poor despite modern treat-
ment regimes. Overall median survival is only 10 months for
unselected patients, increasing to 16 months for patients un-
dergoing maximal safe surgical resection followed by radio-
therapy and temozolomide chemotherapy.!

Knowledge about growth dynamics in unselected glioblas-
toma patients is of interest for understanding the basic biology
of the disease and for developing realistic experimental tumor
models. Awareness concerning the speed of growth in vivo can
also be of clinical importance for patient logistics (eg, bench-
marking acceptable waiting times for diagnostic work-up and
treatment). However, the growth dynamics of untreated glio-
blastomas in vivo have not been much studied, and to our

knowledge not in large representative samples of untreated
patients.

Tumor growth is the product of a complex interaction be-
tween mitotic activity, blood supply, subclonal proliferation,
and cell death (ie, apoptosis or necrosis).? Considerable effort
has been put into the fields of experimental and mathematical
modeling of glioblastoma growth dynamics and variability,**
and several models of tumor growth have been proposed in
the literature. One is simple exponential growth, in which the
tumor has a constant volume-doubling time.” This was first as-
sumed for glioblastomas by Yamashita et al.® Harpold et al
have presented a biomathematical proliferation-invasion model
of glioma growth that predicts linear growth of the radius of
the tumor and describes growth rates as velocities of radial
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expansion.* Gompertzian growth is perhaps one of the most
acknowledged tumor growth models today.” ~° This model as-
sumes initial exponential growth, but as the tumor grows the
volume-doubling time increases due to lack of nutrients and
subsequent cell death until growth becomes linear before final-
ly reaching a plateau phase.”

Among consecutive patients scheduled for glioblastoma
surgery at our institution, which serves a defined geographical
catchment region, we included patients with at least 2 weeks
between the diagnostic MRI and the preoperative MRI taken
the day before surgery. We aimed to study the growth dynam-
ics of untreated glioblastomas in vivo to assess speed of growth
and to explore possible patterns of growth (exponential, linear
radial, or Gompertzian). We also sought to assess the relation-
ship between the contrast-enhancing part of the tumor and the
central nonenhancing part in order to study any implications
this has for growth dynamics.

Materials and Methods

All patients diagnosed with histopathologically verified glio-
blastoma at our hospital between January 2004 and May
2014 were retrospectively evaluated for inclusion. Patients eli-
gible for inclusion were adults (aged > 18 years) who under-
went first-time surgery for glioblastoma, had no prior history
of brain tumor, and had undergone at least 2 T;-weighted
MRI examinations with contrast before surgery. The time inter-
val between the MRIs had to be at least 2 weeks to minimize
the uncertainty in the growth rate estimates.'® Patients with
noncontrast-enhancing tumors were excluded, as were pa-
tients with gliomatosis cerebri according to radiological crite-
ria.** Furthermore, an experienced pathologist reviewed the
histopathological sections of enrolled patients to ensure a uni-
form patient population. The study was approved by the region-
al ethics committee and adhered to the Helsinki Declaration.
In total, 262 glioblastoma cases were screened, of which
106 (40.8%) met the inclusion criteria. In these 106 patients,
the first and last MRI scans before surgery were retrieved. The
first MRI scan was performed when the patient underwent the
initial diagnostic work-up (“diagnostic scan”). The last MRI scan
was usually obtained the day before surgery, to be used for
intraoperative neuronavigation (“preoperative scan”).

Magnetic Resonance Imaging Acquisition

The diagnostic scan was performed in one of 15 different radi-
ology clinics, of which 12 were located in the geographical
catchment region of our neurosurgical department. All preop-
erative scans were performed at our hospital, except for that
of one patient. The contrast-enhanced T;-weighted images
from both diagnostic and preoperative examinations were
used for tumor segmentation. Eight patients underwent diag-
nostic scanning at 1 Tesla, 85 patients at 1.5 Tesla, and 13 pa-
tients at 3 Tesla. Slice thickness varied from 0.6 to 5.0 mm,
interslice gap from 0.0 to 2.0 mm, and inplane resolution
from 0.4 x 0.4 to 1.0 x 1.0 mm?. Preoperative scans were ob-
tained at either 1.5 Tesla (n=56) or 3 Tesla (n=50) with
slice thickness between 1.0 and 1.8 mm, and (with one excep-
tion) maximum 1 x 1 mm? in-plane resolution. High-resolution

images (defined as slice thickness <2 mm) at both scans were
obtained in 61.3% of patients.

Tumor Segmentation

The software BrainVoyager QX (Brain Innovation) was used for
tumor segmentation. Tumor volume was defined as the
contrast-enhancing (CE) compartment of the tumor combined
with the central nonenhancing (non-CE) compartment en-
closed by the contrast, (the latter usually represented necrosis).
In cases with multiple contrast-enhancing lesions, all lesions
were segmented and included in the total tumor volume. The
CE and non-CE compartments were segmented separately to
allow separate investigation of growth rates (Fig. 1).

A range algorithm in the software was used to first mark all
voxels with intensities above a selected threshold. Thereafter, a
manual segmentation tool was used to remove voxels with
high intensity due to contrast enhancement in blood vessels
and meninges, followed by a manual control and delineation
of the tumor border. Using the manual segmentation tool,
the non-CE compartment was then segmented. Tumor vol-
umes were calculated from the voxel volume and the number
of voxels segmented. In some cases, the diagnostic images had
gaps between slices, and the voxel volume was calculated as
voxel-in-plane-resolution x (slice thickness + gap thickness).
The segmentations were done by the first author (A.L.S.) and
verified by a radiologist (E.M.B.)

Segmentation Reproducibility

The reproducibility of the tumor segmentations was investigat-
ed using measures suggested by Bland and Altman.?? Ten
preoperative, high-resolution (1 x 1 x 1 mm?) scans from con-
secutive glioblastoma patients were chosen and reformatted
to 5 mm slice-thickness (1 x 1 x5 mm?). Eight of these scans
had typical radiological features with a contrast-enhancing
ring encapsulating a central nonenhancing area, while 2
scans had nontypical features with speckled contrast enhance-
ment and poorly defined margins. The 8 typical glioblastomas
were segmented twice by the first author (A.L.S.) using the thin
slices (< 1.1 mm) and twice using thick slices (=5 mm), with a
2-week interval between each segmentation. There was a non-
significant mean difference of 0.17 mL in tumor volume be-
tween repeated segmentations on thin slices (paired samples
t test, P=.594). The reproducibility coefficient was 1.72 mL
for segmentations on thin slices; differences above this value
were considered significant. There was a significant difference
with a mean of 1.46 mL between tumor volumes obtained
from thin and thick slices (paired samples t test, P=.007).
The limits of agreement when comparing segmentations
from thin slices with segmentations from thick slices was
1.46 mL+2.43, and thus a difference <—0.97 mL and
>3.99 mL was considered a significant volume change.

Growth Estimations

The growth rate of individual tumors was assessed using vol-
ume doubling time (VDT), specific growth rate (SGR), and veloc-
ity of radial expansion (VRE). VDT was calculated according to
the procedure of Yamashita et al.® Mehrara et al suggested
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Fig. 1. Segmentation of a glioblastoma, with separate masks for contrast-enhancing and noncontrast-enhancing compartments.

that the distribution of VDT in a population tends to be skewed,
thus it may be useful to transform VDT to specific growth rate,
SGR =In(2)/VDT (%/day), which is supposed to give a more
symmetrical distribution.*® The median SGR can be used to cal-
culate the equivalent VDT (eVDT) for the population, which is
suggested to be a more precise estimate of the true growth
rate in a population than classical median VDT. Following the
procedure of Wang et al, we also calculated VRE, assuming lin-
ear growth of the radius of the tumor.*?

Model Fitting to Data

Based on measured tumor volumes at both time points and
time intervals between scans for all patients, 3 different models
of tumor growth were fitted using maximum likelihood estima-
tion (mathematical expressions are given in Table 2): (i) simple
exponential growth, (i) linear radial growth, and (iii) Gompert-
zian growth. The models were based on the assumptions in
earlier studies of tumor growth®®'3 and are explained in the
online Supplementary Method. The fitting procedure gave a
maximum log-likelihood for each model indicating how well
the models explain the observed growth.

Statistical Analyses

The statistical significance level was set to P <.05. Statistical
analysis was done using IBM SPSS Statistics 21.0 and R version
2.13.1. In SPSS, the explore function was used to calculate
measures of central tendency and spread for each of the vari-
ables included and to assess the normality of the sample var-
iables. To investigate if our patient sample was representative,
we compared the distribution of age and sex between included
and excluded patients, using the independent samples t test
and Pearson chi-square test. The rest of the statistical tests im-
plemented were nonparametric because the distribution of all
variables was skewed, except for age. Specifically, the associa-
tions between variables were examined using Spearman corre-
lations, and differences between groups were examined using
the independent samples Mann-Whitney U test, the indepen-
dent samples Kruskal-Wallis test, or the related samples Wil-
coxon signed rank test as appropriate. For group comparisons,
tumor volume was divided into 3 groups based on the 25th and
75th percentile, and pairwise comparisons were performed
using Dunn’s procedure* and Bonferroni correction for multiple
comparisons. SGR was used as the measure of growth in all
group comparisons and correlation analyses.
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Results

Patient Characteristics

Of the 106 cases included in this study, 72 were men (68%),
and mean age at diagnosis was 62.9 years (range, 26-83
years). The sex and age distribution was similar among exclud-
ed patients (P=0.523 and P=0.755, respectively). Eighty-six
(81%) of the included patients were treated with corticoste-
roids, while 20 patients had never received corticosteroids
prior to surgery. Of the patients receiving corticosteroids, 47
(55%) were started on corticosteroids before or approximately
at the same time as the first MRI, while 37 (43%) patients were
given corticosteroids between the 2 MRI examinations. Two pa-
tients received corticosteroids only after both MRI examina-
tions. The median interval between the 2 scans was 23.5
days (range, 14-98 days).

Volumetric Analysis and Volume Change

The median volume of the 106 glioblastomas was 17.7 mL at
the diagnostic scan and 27.5 mL at the preoperative scan.

The median absolute volume change was 6.2 mL, and median
relative volume change was 38.4% (Table 1). Twenty-nine tu-
mors (27%) grew or shrunk less than the limits of agreement
or reproducibility coefficient (according to our reproducibility
estimates; see Materials and Methods) and were therefore re-
garded as having no change in volume between the 2 scans.
Another 29 (27%) tumors demonstrated at least 100% volume
increase between the 2 scans, while 41 (39%) tumors grew
<100%. Seven (7%) tumors exhibited a negative volume chan-
ge even when taking the reproducibility coefficient and limits of
agreement into consideration. These tumors underwent a me-
dian volume reduction of 3.0 mL or —18.5% (Supplementary
Table S1). Six of these 7 tumors had a decrease of their CE com-
partment, and only 2 had growth of their non-CE compartment
after taking the reproducibility coefficient and limits of agree-
ment into consideration.

Growth Estimates

All tumors were included in the growth rate analyses, and the
median VDT was 29.8 days (Table 1). The fastest growing tumor

Table 1. Volume measures and growth rate estimates for different tumor compartments

Variable Median (range)

Entire Tumor (n=106)

Contrast Enhancement (n=106)

Central Noncontrast-enhancing Part (n = 90)

Volume at diagnostic scan (mL) 17.7 (0.05, 146.5) 11.5 (0.05, 127.1) 0 (0.0, 104.6)
Volume at preoperative scan (mL) 27 5 (1.0, 243.5) 16 0 (0.9, 215.4) 10 5 (0.0, 106.5)
Absolute change (mL) 2 (12.8,99.8) 8 (—18.6, 88.3) 9 (—15.6, 31.9)
Relative change (%) 38 4 (—24.9, 4808.7) 34 5 (—42.0,3799.5) 58 5 (—89.3, 26569.1)
VDT (days) 9 8 (—7832.4,8021.0) 3 (—1803.9, 5273.8) 16 7 (—875.1, 855.8)
SGR (%/day) 4 (—1.9, 13.2) 2 (—3.6,10.7) 2(=7.0,12.6)
eVDT (days) 49.6 59.5 31.4

VRE (mm/year) 29.6 (—45.0, 212.4) -

Abbreviations: eVDT, equivalent volume-doubling time; SGR, specific growth rate; VDT, volume doubling time; VRE, velocity of radial expansion.

Table 2. Growth models, parameter estimates, and log-likelihood values

Model Mathematical Model

Statistical Model (Model Tested)

Parameter
Estimates

Log-likelihood
Value

Exponential growth V(t) = Vo*exp(at) logV(t) =

Linear radial growth — V(t) = (4m/3)*(ro + at)® logV(t) =

Gompertzian growth V() =K*exp[log(Vo/K)exp(—at)]  logV(t) =

logVo+at+e=p+e

log4m/3 +3log(r0+ at) +e =p +¢

logK + log(Vo/K)*exp(—at) + e =p + &

a=0.01215
o=1.6123
B=—0.4420
a=0.008314
o=1.5037
B=—0.4415
a=0.007545
K=158.04
o=15345
B=—0.4515

—73.135

—54.23

—53.835

Abbreviations: K, asymptote of growth curve in Gompertz model; ro, radius of tumor at first scan; t, time; V, volume at second scan, Vo, volume at
first scan; a, growth parameter; B, error parameter; &, random error parameter (0,6%*eP¥); p, equations for each model.
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had a VDT of 5.3 days, with a SGR of 13.2% per day. The median
SGR was 1.4% (range, —1.9% to 13.2%) per day, which corre-
sponds to an eVDT of 49.6 days. The median VRE was 29.6 mm
(range, —45.0 mm to 212.4 mm) per year.

Correlation Between Tumor Growth and Tumor Size

There was a significant negative correlation between the natu-
ral logarithm of diagnostic tumor volume and SGR (Spearman
rs(104) = —0.584, P<.001) (Fig. 2). The median SGRs were sig-
nificantly different between small (<3.88 mL, n = 26), medium
(>3.88 mL <36.88 mL, n=54), and large tumors (>36.88 mL,
n=26) (Kruskal-Wallis test, P <.001). Pairwise comparisons re-
vealed significant differences between all 3 groups, and the
small, medium, and large tumors had a median SGR of 3.9%,
1.2%, and 0.3% per day, respectively (Fig. 2, Supplementary
Table S2).

>
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Fig. 2. Panel A shows the correlation between specific growth rate
(SGR) and the natural logarithm of diagnostic tumor volume. Panel B
shows differences in the distribution of SGR between tumors of
different sizes (*P < .05).

Impact of Corticosteroid Treatment

For the 20 patients who never received corticosteroid treat-
ment, the SGR was significantly faster than for those who
received corticosteroids (median, 2.8%/day vs 1.2%/day)
(Mann-Whitney U test, P=.006). However, patients who did
not receive corticosteroid treatment had significantly smaller
tumor volumes than patients who received corticosteroid
treatment (median, 2.7 mL vs 20.3 mL) (Mann-Whitney
U test, P<.001). In a linear regression model, treatment with
corticosteroids was not a significant predictor of SGR after
adjusting for loge diagnostic tumor volume (P = .487).

Contrast-enhancing and Non-contrast-enhancing
Compartments

The median CE compartment grew from 11.5 mL to 16.0 mL
between the examinations, resulting in a median SGR of 1.2%
per day and median eVDT of 59.5 days (Table 1). Ninety (84.9%)
tumors had a central non-CE compartment at the diagnostic
scan, and these tumors had a significantly larger volume at
diagnosis than the 16 tumors without a non-CE compartment
(median volume, 23.7 mL vs 1.2 mL) (Mann-Whitney U test,
P <.001). For these 90 tumors, the non-CE compartment
grew significantly faster than the CE compartment (median
SGR, 2.2% per day vs 1.0% per day) (Wilcoxon signed rank
test, P<.001). Furthermore, the median relative volume of
the non-CE compartment within each tumor increased signifi-
cantly from 21.5% to 28.5% between the scans (Wilcoxon
signed rank test, P<.001). For the 90 tumors with a non-CE
compartment, the relative SGR of CE versus non-CE compart-
ments was 0.61 in small tumors (<9.46 mL, n=22), 0.09
in medium tumors (>9.46, <39.9 mL, n=46), and —0.05
in large tumors (>=39.9 mL, n=22) (Kruskal-Wallis test,
P=.047). This indicates that the growth of non-CE compart-
ments is faster relative to growth of the CE-compartments as
lesions grow larger. In a post hoc linear regression analysis,
the percentage of diagnostic tumor volume consisting of
CE-tissue was not a predictor of tumor SGR after adjusting for
total diagnostic volume (P=.143).

Fitting of Different Growth Models

As seen in Table 2, the maximum log-likelihood values were
similar for both the Gompertzian growth model and the linear
radial growth model. The simple exponential model had a
lower log-likelihood than the 2 other models. Corresponding
to this, the exponential model had a higher estimated standard
deviation of the error term than the 2 other models. Panel A of
Fig. 3 shows the fit for each of the 3 models, with predicted pre-
operative volumes plotted against observed preoperative vol-
umes. Although the exponential growth model shows worse
fit, the difference of standard deviations is not readily apparent
from the plots. The predicted growth curves for arbitrary tu-
mors of different sizes under the 3 growth models are shown
in panel B, illustrating the large difference between the growth
curve in the exponential model and in the 2 other models, es-
pecially for small tumors.
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Fig. 3. Panel A shows the fit for each of the 3 models, with the natural logarithm of predicted preoperative volumes plotted against the natural
logarithm of observed preoperative volumes. In a model with perfect fit, all observations would lie on the diagonal line. The outer lines represent
the 95% prediction interval (ie, the interval where 95% of future observations are predicted to be found). Panel B shows predicted future growth of
theoretical tumors of different sizes, in the 3 different growth models.
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Discussion

We have demonstrated that glioblastomas grow very fast at
the time of diagnosis but have considerable variation in growth
rates between individual patients. While nearly one-third of the
tumors at least doubled in volume in the period between the
diagnostic scan and the preoperative scan, approximately one-
third remained stable or even decreased in volume. Speed of
growth in terms of SGR is much higher in smaller tumors, and
the nonenhancing compartments (ie, necrotic parts of the le-
sions) tend to grow faster than the contrast-enhancing tissue,
especially in larger tumors. Both the linear radial growth
model’® and Gompertzian model of growth® show a good fit
with our data. The slower growth of large tumors indicates a
plateau phase, suggesting that Gompertzian growth best de-
scribes glioblastoma growth in vivo.

Few earlier studies have explored tumor growth rates in un-
treated and treated glioblastoma patients (Table 3). Repeated
imaging before treatment with sufficient time intervals is diffi-
cult to obtain, and posttreatment imaging studies can be diffi-
cult to interpret due to pseudoprogression,’® radiation
necrosis,'® or postoperative contrast enhancement following
peritumoral infarctions.!” Most earlier studies on growth of glio-
blastomas measured growth as VDT. The first studies were
done in the 1980s on patients with recurrent gliomas, of
which a few were grade IV astrocytomas. These studies used
CT as the imaging modality and excluded typical glioblastomas
with ring-like enhancement because of difficulties in measuring
the volume.®!® Later studies have measured the growth of
treated glioblastomas based on either CT or MRI measure-
ments.’®?! The mean VDT reported in these studies ranged
from 9.7 days to 95 days as compared with a SGR of 1.4%
per day, corresponding to an eVDT of 49.6 days in our study.
The large variation in mean VDT in earlier studies is probably
due to the small patient samples; none of the studies had
more than 22 patients. Furthermore, there were substantial dif-
ferences in segmentation methods and patient selection crite-
ria. The last ten years, a few studies reporting tumor growth
using other measures than VDT have been published. Penning-
ton et al investigated the tumor growth between primary sur-
gery and initiation of radiotherapy for 12 patients with gliomas,
of which 11 were glioblastomas. They reported a median abso-
lute tumor growth of 11.1mL (-0.02 mL to 45.1 mL) and a
median relative tumor growth of 35.1% (—0.7% to 105.2%).??
This is close to the 38.4% that we found, but they had a longer
scan interval with a median of 31.5 days compared with our
scan interval of 23.5 days. Wang et al reported a median VRE
of 30.0 mm per year (range, 3-469 mm/y) in a study on growth
kinetics of 32 untreated glioblastomas. This result is very close
to the median VRE of 29.6 mm per year that we found.

Seven of the tumors in our study exhibited negative growth
rates, ranging down to —1.9% per day. Most previous studies
only reported positive growth rates.®**8-21 Only Pennington
et al reported finding a single tumor with a negative relative
volume change of —0.7%.%* They made no further comment
on the volume reduction. One possible explanation for the neg-
ative volume change in our 7 patients may be that these pa-
tients received corticosteroids during the interval between
scans. The use of corticosteroids has previously been associat-
ed with significantly decreased tumor volumes in a study on

Table 3. Previous studies reporting growth rates of glioblastomas

What They Segmented

Imaging
Modality

Value (mean/median) (range)

Measure of Growth

Included Patients Number of
Patients

Year

Authors

Contrast enhancement
Contrast enhancement
Contrast enhancement

cT
cT

Doubling time (days) 19.3+2.19(15.0-21.0)

Doubling time (days)
Doubling time (days)

Relapse tumors

1983
1986
1995

Yamashita®
Tsuboi'®

(21.2-83.2)
(22-181)

46.8+19.0°

14

Relapse tumors

MRI and CT

96.0+57.8°

8

Residual tumor after treatment

Blankenberg?®

or recurrent tumor
GBM patients during treatment

Residual tumor after surgery,

Contrast enhancement
Contrast enhancement,

MRI
MRI

(not stated)
35 (-0.67-105.2)

9.7+99.8

Doubling time (days)
Relative growth (%)

10

2001

Haney?°

12

2006

Pennington??

necrotic and cystic areas

Not stated

before radiation
Patients with tumors not

cT

95 (1.4-319)

Doubling time (days)

2007

James?!

available for surgery
GBM patients prior to surgery

Contrast enhancement,

MRI

30% (3-469)

Velocity of radial

32

2009

Wang*?

including any central

necrosis

expansion (mm/y)

%alues calculated from table in article.

1408



Stensjgen et al.: Growth dynamics of untreated glioblastomas in vivo

recurrent malignant gliomas, but these patients had previously
been treated with radiotherapy and adjuvant chemotherapy.??
It is therefore uncertain if the volume reduction in that
sample represented reduction of the true tumor volume or of
treatment-associated contrast enhancement.?” Still, cases of
previously untreated glioblastomas with pseudoresponse
after corticosteroid administration, both on CT and MRI images,
have been reported.?*?® All patients with shrinking tumors in
our study had received corticosteroids some time before the
second MRI scan, but so had 81% of all patients included
(and in similar doses). Four patients with shrinking tumors
were started on corticosteroids between the first and the sec-
ond scan, while 3 received corticosteroids before the first MRI
scan. Furthermore, we did not find that treatment with cortico-
steroids was a significant predictor of SGR. Another possible
reason for 5 of the 7 shrinking tumors might be low-resolution
diagnostic scans and high-resolution preoperative scans, which
could theoretically lead to overestimation of the diagnostic vol-
ume (ie, partial volume effect).?® We did find a small overesti-
mation of the tumor volume using thick slices compared with
thin slices when we investigated the reproducibility of our seg-
mentations. However, we did attempt to correct for this differ-
ence by using the limits of agreement to determine which
tumors had a significant volume change. Six of these 7 tumors
exhibited a decrease of their CE compartment, and only 2 had
growth of their non-CE compartment (taking the reproducibility
coefficients and limits of agreement into consideration). This
could indicate a collapse due to necrosis as the reason for de-
creasing tumor volume in some of these patients. In summary,
tumor shrinkage was present in a small subgroup, and could be
partly due to tumor biology and partly related to methodo-
logical issues in our study.

We also addressed the question of the overall growth pat-
tern of glioblastomas. Using maximum likelihood estimations,
we tested 3 candidate models previously reported in the liter-
ature (namely exponential,® linear radial'® and Gompertzian
growth).8 However, we cannot draw firm conclusions about
the true dynamics of glioblastoma growth because we lacked
sufficient measurement points for each tumor. By assessing
the fit for the different models, we found that the Gompert-
zian model and linear radial growth model had log-likelihood
values in the same range. The exponential model had a lower
log-likelihood value, which indicates worse fit and more un-
certainty in estimates based on this model. For small tumor
volumes, the future growth predicted by the Gompertz curve
and the linear radial growth curve were somewhat similar
(Fig. 3B). The predicted exponential growth curve is very differ-
ent from the 2 other curves, and the worse fit of the exponen-
tial model might indicate that the true growth curve of
glioblastomas lies closer to the 2 other curves. While the
Gompertzian growth model reached an asymptote for large
tumors where the growth rate was zero, this was not true
for the other two models. This means, for large tumor vol-
umes, that there was a major difference between the predict-
ed values obtained with the 3 models. Unfortunately, we had
too few large tumors to be able to differentiate between the fit
of the Gompertzian model and the linear radial growth model
in the range of tumor volumes, where the two models differed
most. However, we found a significantly slower growth rate of
the largest tumors compared with small and medium-sized

tumors. This indicates that large tumors reach a plateau
with slower growth rates, in agreement with the Gompertzian
growth model.®

We also found a significantly faster growth of the non-CE
compartment compared with the CE, and a corresponding sig-
nificant increase in the relative volume of the non-CE compart-
ment within each tumor at the preoperative scan. The central
non-CE compartment of glioblastomas generally consists of
necrotized tumor tissue, and an increasing percentage of ne-
crosis in the tumors might indicate that the tumors outgrow
their supply of nutrition. The growth rate of the non-CE com-
partments was relatively higher than the growth rate of
CE-compartments as lesions grew larger, illustrating the pla-
teau phase of Gompertzian growth curve that may result
from lack of nutrients and necrosis.

The impact of patient logistics (ie, waiting times) on treat-
ment of glioblastoma patients remains controversial. There
are no randomized trials, and there is conflicting evidence
from rather heterogeneous observational studies.?” ~3° Howev-
er, studying the impact of waiting times in retrospective case
series can be biased because delays may occur for a reason.
One example may be delays due to revisions and second opin-
ions of initial histopathological samples in cases of very small
lesions with limited tissue, or atypical presentation or in trans-
formed low-grade gliomas that are associated with a better
prognosis than primary glioblastomas. Based on our results, it
seems evident that poor logistics will have effects on the tumor
size preoperatively. Since there is a known association between
preoperative tumor volumes and extent of surgical resec-
tion,”* =33 and since residual tumor volume and extent of resec-
tion are associated with survival,>? =3 it is likely that patient
logistics, both in terms of waiting times for surgery and waiting
times for postoperative radiotherapy, play a role in patient
outcome.

The untreated glioblastomas in the present study grew
6.2 mL while waiting 23.5 days for surgery. In comparison, in
the 2 randomized trials that compared tools for increasing
the extent of resection in glioblastoma (namely fluorescence-
guided surgery with 5-ALA and high-field intraoperative MRI),
the differences in median residual tumor volumes between
the intervention groups and controls were only 0.7 mL and
0.03 mL, respectively.>®3’ Although there can be apparent
gains with modern surgical tools, it seems clear that the clinical
advantage associated with removing such small additional
tumor volumes could easily be lost due to poor treatment logis-
tics, (ie, long waiting times before surgery and before adjuvant
treatment). When a tumor is resected sooner rather than later,
there is a greater chance for better surgical results and less
chance for involving eloquent structures. With a daily growth
of 1.4% and doubling of volume in 50 days, diagnostic work-
ups, surgery, and adjuvant treatment should not be delayed
if optimal treatment is to be achieved.

Strengths and Limitations

A major strength of the present study is the large and represen-
tative patient sample from one neurosurgical center with a
population-based referral. Neither age nor sex distributions dif-
fered significantly between included and excluded patients,
and the mean age was comparable to glioblastoma patients
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in Norway.>® Another major strength, compared with earlier
studies, is that none of the patients received any intervention
other than symptomatic corticosteroid treatment in the inter-
val between the 2 scans, enabling us to study the growth dy-
namics of untreated glioblastoma in vivo. As stated earlier,
the administration of corticosteroids did not seem to have a
large effect on our results, and withholding symptomatic treat-
ment is not feasible in any human study setting.

This is also the first study to investigate the growth of CE and
central non-CE compartments separately. We used manual
segmentation (the gold standard for tumor segmentation) to
obtain volume estimates that were as accurate as possible.
Since 61.3% of the patients had high resolution MRIs both diag-
nostically and preoperatively, their tumor segmentation could
be controlled in all orthogonal planes. The large variation in di-
agnostic MRI scanners and imaging parameters represents a
potential source of error, which we attempted to prevent by as-
sessing the reproducibility of our segmentations. Tumor seg-
mentations were also verified by a radiologist, which can be
expected to increase their reproducibility. The significant differ-
ence we found between volumes obtained with thin and thick
slices indicates a slight overestimation of tumor volume in the
thick slices, which could mean that we made a slight underes-
timation in the growth rate for 38.7% of our patients, including
5 of the shrinking tumors. Still, we found low reproducibility co-
efficients and narrow limits of agreement, indicating that our
estimates of tumor growth were good.

We only assessed the growth of tumor volume as depicted on
contrast enhanced T;-weighted images. The amount of contrast
enhancement on pretreatment MRI does not rely solely on
tumor activity but instead may be affected by factors such as
the amount and timing of contrast agent and coexisting factors
such as infarctions.*® It is also known that tumor cells migrate
far outside the border of the tumors as seen on structural
MRI,*! but we still used this as a measure of bulk tumor volume
because the contrast-enhanced T;-weighted image is the basis
for both the evaluation of resection grade and the assessment of
treatment response of enhancing gliomas.>*?

We had to make different assumptions to obtain estimates
of growth rates in this study. First, in line with previous studies,
we assumed that the tumors exhibited a constant growth rate
during the measurement interval. Assuming exponential
growth during the measurement interval will probably yield
an overestimated growth rate for large tumors. Nevertheless,
we think that volume doubling time, or the logarithmic trans-
formation, specific growth rate, could be used as a point mea-
sure of glioblastoma growth because these intuitive measures
are easy to relate to in a clinical setting. Using volume-doubling
time also allowed us to look at the growth of tumor volume
with no assumptions about the shape of the tumors. This strat-
eqy is particularly useful for glioblastomas because they are
highly irregular tumors that seldom resemble spheres. We
also estimated the velocity of radial expansion of the tumors
to compare our results with the only other study that reported
growth rates of untreated glioblastomas.** To obtain this mea-
sure, we used the tumor volume to calculate a spherically
equivalent radius, which was then assumed to follow linear
growth over time. This conversion to radial growth is rather dif-
ficult to relate to the complex shape of glioblastomas observed
in clinical practice.

Conclusion

Our study clearly underlines the rapid growth rate of many glio-
blastomas in vivo as we found a daily growth of 1.4% and an
equivalent volume doubling time of 49.6 days. However,
there were large variations between individual patients. Nearly
one-third of the tumors had more than doubled in volume in
the waiting period between the diagnostic and preoperative
scans, and approximately one-third were practically un-
changed or even decreased in volume. Fitting of the different
growth models showed similar statistical fit for the Gompert-
zian growth model and the linear radial growth model. Howev-
er, large tumors demonstrated much slower growth than smaill
tumors, giving further support to the assumption that glioblas-
tomas exhibit Gompertzian growth.
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