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Abstract

Purpose Up to 30% of patients with glioblastoma (GBM) develop venous thromboembolism (VTE) over the course of the
disease. Although not as high, the risk for VTE is also increased in patients with meningioma. Direct measurement of peak
thrombin generation (TG) allows quantitative assessment of systemic coagulation activation in patients with GBM and
meningioma. Our aim was to determine the extent of systemic coagulation activation induced by brain tumors, to measure
the shift between pre- and post-operative peak TG in patients with GBM, and to assess the relationship between pre-surgical
peak TG and pre-operative brain tumor volume on imaging.

Methods Pre- and post-surgical plasma samples were obtained from successive patients with GBM and once from patients
with meningioma and healthy age- and sex-matched blood donor controls. TG was measured using the calibrated automated
thrombogram (CAT) assay, and tumor volumes were measured in pre-surgical MRI scans.

Results Pre-surgical peak TG was higher in patients with GBM than in controls (288.6 +54.1 nM vs 187.1 +41.7 nM,
respectively, P <0.001), and, in the nine patients with GBM and paired data available, peak TG was significantly reduced
after surgery (323 +38 nM vs 265 + 52 nM, respectively, P=0.007). Similarly, subjects with meningioma demonstrated
higher peak TG compared to controls (242.2 +54.9 nM vs 177.7+57.0 nM, respectively, P <0.001). There was no associa-
tion between peak TG and pre-operative tumor volume or overall survival.

Conclusion Our results indicate that systemic coagulation activation occurs with both meningioma and GBM, but to a greater
degree in the latter. Preoperative peak TG did not correlate with tumor volume, but removal of GBM caused a significant
decrease in coagulation activation.
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Introduction

Patients with cancer are at increased risk for venous thrombo-
embolism (VTE), and up to 30% of patients with malignant
brain tumors, especially glioblastoma (GBM), may suffer a
VTE event over the course of the disease [1-7]. While the
incidence of VTE is lower in patients with meningioma than
in patients with gliomas, it is nevertheless increased over the
general population, particularly in the peri-operative period
[8-13]. To date, however, information about activation of sys-
temic coagulation in patients with meningioma has not been
reported. While thromboprophylaxis effectively reduces VTE
risk in cancer patients [14], this benefit occurs at the cost of
an increased risk for bleeding, which may be catastrophic in
patients with brain tumors [15, 16]. Therefore, identifying
patients at highest risk for VTE is necessary to improve the
therapeutic ratio of thromboprophylaxis [17, 18].

The prothrombotic state in cancer patients arises via numer-
ous mechanisms [2, 19-22], and the ability to assess the net
prothrombotic state by measuring blood biomarkers of coag-
ulation activation (e.g., D-dimers, P-selectin) has allowed
further refinement of VTE clinical prediction models to help
stratify cancer patients into high and low VTE risk groups
[23-29]. The Vienna Cancer and Thrombosis Study (CATS)
identified peak plasma thrombin generation (TG) as a novel
and reliable biomarker to predict VTE risk in cancer patients
in general [30], but there is scant information about its value
specifically in patients with brain tumors. One study measured
peak TG in patients with high-grade gliomas after surgery and
showed that TG was not an independent predictor of VTE [31].
In another study, patients with malignant brain tumors before
surgery had higher levels of peak TG than healthy controls, but
this was not confirmed in a follow up study [32, 33].

We undertook this study to characterize coagulation activa-
tion by measuring peak TG in patients with GBM and patients
with meningioma before surgery. We hypothesized that both
groups would have higher peak plasma TG compared to
age- and sex-matched healthy donors. We further sought to
assess the effect of tumor debulking on coagulation activa-
tion by measuring peak TG before and after surgical resection
of brain tumors. Finally, we evaluated if brain tumor volume
measured on pre-operative magnetic resonance imaging (MRI)
correlated with systemic coagulation activation as assessed by
plasma peak TG.

Materials and methods
Subjects

This study was approved by the Committee for the Protection
of Human Subjects (CPHS) of Dartmouth College. Patients
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aged 18 years and above with MRI findings suggestive of
a new GBM or meningioma and for whom surgical resec-
tion was planned were eligible. Patients with an additional
active malignancy, history of unprovoked VTE at any time
or provoked VTE within 5 years of entry, current treatment
with an anticoagulant for any reason within the last 90 days
or a surgical procedure other than a skin biopsy within the
previous 30 days were excluded.

The research staff identified potentially eligible subjects
after review of the neurosurgical operating room schedule.
Medical records were reviewed for exclusion criteria, and
eligible subjects were offered participation in the study
and provided with a copy of the CPHS-approved informed
consent form to review prior to surgery. Only subjects who
signed the informed consent form were enrolled. Healthy
control subjects were recruited from the Dartmouth-Hitch-
cock Medical Center Blood Donor Program at the time of
a voluntary blood donation and provided separate informed
consent for the collection of an additional 10 mL blood sam-
ple for this study.

Blood collection/thrombin generation

After informed consent was obtained, a total of 20 mL of
blood was collected from study subjects (10 mL from control
subjects) in 3.2% sodium citrate blood collection tubes prior
to surgery at the time of a regularly scheduled venipuncture.
Blood was immediately centrifuged at 4000xg for 10 min
to prepare platelet poor plasma and divided into aliquots
and cryopreserved at — 80 °C until analysis. An additional
20 mL of blood was collected from subjects with GBM 3
to 6 weeks after surgery at the time of a regularly sched-
uled follow up appointment and processed as previously
described.

Thrombin generation was measured using the Calibrated
Automated Thrombogram (CAT) assay (Thrombinoscope
BV, Maastricht, Netherlands) according to the manufactur-
er’s instructions. In brief, eighty microliters of each plasma
specimen was pipetted into each of six wells in a 96-well
microliter plate. Twenty microliters of a mixture contain-
ing tissue factor (1 pM final concentration) and phospholip-
ids (4 uM final concentration) was added to the first three
wells, and 20 pL of thrombin calibrator (600 nM thrombin
activity) was added to the remaining three wells for each
plasma sample. Twenty microliters of a mixture containing
a low-affinity fluorogenic substrate (Z-Gly-Gly-Arg-AMC)
for thrombin (0.5 mM final concentration) and calcium chlo-
ride (20 mM final concentration) was added to each well,
and fluorescence intensity was detected using the Fluoroscan
Ascent (ThermoLabsystems, Helsinki, Finland) at an excita-
tion wavelength of 390 nMand an emission wave length of
460 nM every 20 s over 60 min. Raw data were converted to
thrombin activity over time and peak thrombin levels were
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calculated using Thrombinoscope software (Thrombino-
scope BV, Maastricht, Netherlands). Measurements were
performed in triplicate for each specimen and a commer-
cially prepared, pooled normal plasma control (Precision
BioLogic, Dartmouth, NS, Canada) was included in each
run.

Tumor volumes

Tumor volumes were measured using the highest resolu-
tion available gadolinium-enhanced pre-operative MRI
scan. The outer boundary of the enhancing tumor region
was manually segmented by one of two trained segment-
ers using ITK-SNAP 3.6.0. A board-certified neuroradi-
ologist reviewed and adjusted the segmentation boundaries
as necessary to yield a final total tumor segmentation that
included the enhancing tissue and any necrotic tissue con-
tained inside the enhancing area. Next, using a coregistered
T2-weighted scan for reference where available, necrotic
voxels were segmented on the GBM scans, reviewed by the
neuroradiologist, and subtracted from the total tumor region
to yield a segmentation for non-necrotic tumor. The total and
non-necrotic tumor volumes were calculated as the area of
segmented voxels by slice thickness. Voxel volumes ranged
from 0.39 to 4.64 cubic mm across scans depending on the
resolution of the T1-contrast image.

Statistics

Each subject was assigned a unique patient number (UPN)
and identifying data were removed.

Based on results from a previous study of circulating
markers of coagulation activation in GBM [23] in which
the results were normally distributed, we used t-tests to per-
form patient versus control comparisons of TG values for
the GBM and meningioma groups separately. A paired t-test
was used to evaluate the difference between pre- and post-
surgical peak TG in patients with GBM. Further statistical
analysis was performed in R using two linear regression
models (separately for GBM and meningioma) with TG as
the dependent variable and total pre-operative tumor volume
as the independent variable with age, sex, and self-reported
body weight at the time of scan as additional model terms.
We also ran these models for pre-operative non-necrotic
tumor volumes where available. There were too few patients
with post-operative data to assess the relationship between
tumor volume and TG post-operatively. We aimed to enroll
30 patients with GBM, 30 patients with meningioma and 60
healthy control subjects to detect a true difference in peak
TG between experimental and control subjects of 20% with
a power of 80% and a 2-sided type I error of 0.05.

Subject follow up

The electronic medical records were reviewed monthly after
surgery to monitor for the development of VTE and for over-
all survival.

Results

Fifty-eight patients with newly diagnosed brain tumors
consented to participate in the study. Fifteen subjects were
excluded after final pathology review, leaving 20 with GBM
and 23 with meningiomas for inclusion. The reason for
exclusion in all cases was a final pathologic diagnosis incon-
sistent with either GBM or meningioma. Blood from one age
and sex-matched healthy donor was obtained for each study
subject during the time of a voluntary blood donation at the
Dartmouth-Hitchcock Blood Donor Center.

Characteristics of the study participants are summarized
in Table 1. The GBM cohort consisted of more males than
females while the meningioma group was comprised pre-
dominantly of females. There were more former and current
smokers than nonsmokers in the GBM group; however, the
difference did not reach statistical significance.

The mean peak pre-operative TG was 288.6 +54.1 nM
in the GBM cohort and 187.1 +41.7 nM in the GBM
controls, a difference of 35.2% (P <0.001). Within the
meningioma group there were 18 WHO grade I and
five grade II tumors, and peak TG was similar for both
groups [244.8 +53.3 nM,vs 232.5+66.1 nM, respectively
(P=0.667)]. Grade I and grade II meningiomas were,
therefore, analyzed as a group. Peak TG was higher for the
GBM group compared to the meningioma group by 16.1%

Table 1 Patient characteristics

GBM Meningioma
(N=20) (N=23)
Age (years)
Mean 64 57
Range 37-83 35-75
Sex
Female 7 (35%) 18 (78%)
Male 13 (65%) 5 (22%)
Body mass index (kg/M?)
<25 5(25%) 3(13%)
25-34.9 12 (60%) 14 (61%)
>35 3 (15%) 6 (26%)
Smoking
Never 7 (35%) 16 (70%)
Former 10 (50%) 4 (17%)
Current 3(15%) 3(13%)
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Fig.1 Preoperative thrombin generation (TG) in GBM, meningi-
oma and control subjects. Preoperative TG was higher in GBM and
meningioma subjects than in their respective age- and sex-matched
healthy controls. Preoperative TG was nevertheless significantly
higher in subjects with GBM than with meningiomas
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Peak pre-operative
thrombin generation (nmole)

Table 2 Tumor volumes

GBM patients
Mean (SD)

Meningioma patients
Mean (SD)

Total tumor volume 48,602.6 (25,197.0) 22,218.5(25,411.8)

(cubic mm) (n=19) (n=21)

Non-necrotic tumor 31,231.5 (17,900.6) 18,679.9 (20,676.7)
volume

(cubic mm) (n=11) (n=18)

(P=0.009); however, the meningioma cohort demonstrated
a 26.6% higher TG compared to controls (242.2 +54.9 nM
vs 177.7 nM; P <0.001). Comparisons between groups are
depicted in Fig. 1.

Table 2 shows the total tumor volumes for the 19
patients with GBM and 21 patients with meningiomas who
had evaluable in-house pre-operative scans. As expected,
most of those with meningiomas had no necrotic compo-
nents. The models correlating tumor volume and mean
peak pre-operative TG did not show a statistically signif-
icant association between tumor volume and peak TG in
GBM (6.8 x 10™* mA/mm?>, P=0.32) or in meningioma
(= 3.0x10* mA/mm’, P=0.55).

To assess for the possibility that tumor volume effect
was obscured by the inclusion of both viable and non-
viable tumor tissue in our tumor segmentations, we also
performed a follow up analysis on the subset of subjects
for whom a T2-weighted image existed. Based on a second
segmentation guided by simultaneously viewing the origi-
nal T1-contrast scan and the T2-weighted image (reviewed
and adjusted as necessary by a board-certified neurora-
diologist) the non-viable areas of tumor were identified.
This restriction reduced the number of available cases to
11 GBM and 18 meningiomas and again resulted in no
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significant effect of non-necrotic tumor volume on peak
TG (GBM: — 4.5x10™* mA/mm?, P=0.78; meningioma:
—5.5%10% mA/mm?>, P=0.40).

Nine post-operative GBM blood samples (at 3—6 weeks
after surgery) were available for analysis of TG. The most
common reasons for failure to collect a post-operative blood
specimen were transfer of care to a local hospital or to a
hospice setting and absence of a concurrent clinical indica-
tion for a blood draw at the follow up office appointment.
In the group with available post-operative blood specimens,
the mean peak post-operative TG was 18% lower than the
mean peak pre-operative TG (265 +52 nM vs 323 +38 nM,
respectively, P=0.007) (Fig. 2A) and the post-operative
TG was lower than the pre-surgical TG in all nine cases
(Fig. 2B). The study as originally configured also sought
to assess post-surgical TG in meningioma patients, but this
proved not feasible due to variations in local follow up pro-
tocols and the lack of an indication for post-operative blood
sampling upon which to add study tests.

Study subjects were followed prospectively for the occur-
rence of thrombotic events and survival. Two patients in
the GBM group developed symptomatic VTE with a mean
peak TG of 364 nM compared to 290 nM for the remain-
ing 18 patients without VTE (P =0.04). The median over-
all survival for the 19 patients with GBM with complete
outcome data available was 12 months. We identified no
consistent relationship between pre-operative peak TG and
overall survival.

Discussion

Coagulation activation leading to thrombin generation is
increased in cancer via several mechanisms, including over
expression of tissue factor (TF) by tumor cells and the pres-
ence of increased circulating TF-containing microparticles
(TF-MP) [20, 22, 34-36]. Until recently, the consequence of
increased TF-MP, namely, thrombin generation (TG), could
be assayed in blood only indirectly by measuring surrogate
biomarkers such as prothrombin fragment F1 + 2, the peptide
released when coagulation factor Xa cleaves prothrombin to
the active form thrombin, thrombin-antithrombin complexes
and D-dimers [37]. With the advent of calibrated automated
thrombogram technology, however, [38, 39] TG can be
measured directly to provide a global view of the coagula-
tion dynamic in cancer patients. Using this methodology,
our study revealed that patients with GBM and meningioma
have significantly higher TG in comparison to age and sex
matched healthy controls. Moreover, surgical resection of
GBM resulted in a significant reduction in peak TG although
still higher than in healthy controls. The pre-operative peak
TG did not correlate with tumor volume nor with survival
in patients with GBM.
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Fig.2 Pre/post-operative comparison of TG in GBM subjects (N=09).
Peak thrombin generation was assessed 3 to 6 weeks post-operatively
in GBM patients. Mean peak thrombin generation was decreased

Tissue factor-driven coagulation activation is well
described in malignant brain tumors, and may be directed
by oncogenic mutations in genes that are otherwise not
directly involved in coagulation activation such as EGFR
and IDH1 [40-47]. For example, a study of 61 patients with
GBM demonstrated increased concentration of circulating
TF-MP compared to age- and sex-matched healthy controls
[48]. This prospective study further demonstrated that the
concentration of TF-MP in GBM patients decreased signifi-
cantly after tumor resection, and there appeared to be trend
toward an increase in TF-MP levels at the time of tumor
progression. Eleven subjects in this study developed VTE, of
whom 64% showed elevated TF-MP levels. These findings
suggest that tumor activity as well as VTE risk in patients
with malignant brain tumors may be correlated with cir-
culating TF-MP, though to date, TF associated specifically
with the primary tumors has not shown a similar association
with VTE risk [49]. By measuring TG, we demonstrated
significant pre-operative coagulation activation in patients
with GBM and meningioma.

In our study, the peak TG, a measure of maximal throm-
bin production at a given time point, was significantly
higher in patients with GBM compared to healthy donors.
These results are in line with the findings of others, albeit
under different study conditions. In a previously reported
study, TG, assayed in fresh whole blood, was 20% higher in
patients with GBM prior to treatment compared to age- and
sex-matched healthy controls [32]. No association between
TG and progression-free or overall survival was seen, and an
association between TG and VTE risk was not investigated.
The confounding aspect of this study is that TG was evalu-
ated in whole blood rather than plasma as we have done,
thus introducing inter-subject variability in red blood cell
and platelet counts for which the analysis did not account. A
subsequent study by the same investigators [33] assayed TG

post-operatively compared to pre-operative levels (A) and was lower
post-operatively in each individual subject (B)

in plasma and, while they did not demonstrate a significant
difference between GBM patients and healthy controls, they
did show a decrease in TG after tumor debulking surgery
similar to our findings.

Two of the 20 patients with GBM included in our study
developed symptomatic venous thromboembolism. The
mean peak pre-operative TG in these two subjects was
significantly higher than in GBM subjects without VTE.
Though this is a small sample size, our results are provoca-
tive in suggesting that pre-operative TG may be a useful
biomarker for systemic coagulation activation, whereas post-
operative TG does not seem to be [49]. This hypothesis war-
rants evaluation in future studies.

While it is known that patients with meningioma are at
increased risk for VTE [8-13], to our knowledge, we are
the first to report direct evidence for coagulation activation
in these patients. We demonstrated that pre-operative peak
TG was significantly higher in patients with meningioma
compared to age- and sex-matched healthy controls, sug-
gesting that systemic coagulation activation indeed occurs
in association with these intracranial tumors. Compared to
patients with GBM, however, patients with meningioma
demonstrated lower peak TG, suggesting that systemic coag-
ulation activation occurs to a greater degree in patients with
intra-axial malignant gliomas compared to extra-axial less
aggressive meningioma; likely reflecting differential regula-
tion of tumor-associated procoagulants and anticoagulants
by malignant and benign tumors [20, 42, 50].

Contrast-enhancing tumor volume appears to be a predic-
tor of overall survival in patients with GBM, independent
of age or treatment [51]. However, we were unable to con-
firm a correlation between pre-operative contrast enhancing
tumor volume and pre-operative peak TG for either GBM or
meningioma. While we cannot exclude the possibility that
we missed such an association due to the small sample size,
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this finding may also reflect the molecular biologic hetero-
geneity of both malignant and benign tumors with respect
to regulation of coagulation pathway genes and expression
of procoagulant molecules that cannot be discerned radio-
graphically. In fact, small, radiographically occult malignan-
cies have often been observed to generate disproportionately
large amounts of procoagulant activity resulting in systemic
coagulation activation and thrombosis [52].

Our study, while yielding novel observations, has several
shortcomings. First, the primary endpoint of the study was
pre-operative peak TG, thus we enrolled potential subjects
based on radiologic findings before a tissue diagnosis was
confirmed. This led to exclusion of 26% of patients with
non-GBM or non-meningioma diagnoses after surgery and
a smaller than the intended sample size of 30 patients per
group. Additionally, the validity of pre- and post-surgical
TG comparisons is weak due to substantial drop out of GBM
subjects after surgery. We were unable to perform pre- and
post-surgical TG comparisons in patients with meningioma
because these patients did not routinely have post-operative
blood drawn as part of standard of care. As only two GBM
subjects (10% of the entire cohort) developed VTE, evalu-
ation of an association between pre-operative TG and VTE
risk was not statistically reliable. Nevertheless, our finding
that pre-operative peak TG in the participants who subse-
quently developed VTE was higher than the mean pre-oper-
ative peak TG in subjects who remained VTE-free warrants
further investigation.

Thrombin generation has been studied as a predictive
variable for VTE risk in patients with cancer in several stud-
ies [30-33]. TG is an attractive parameter for VTE predic-
tion because it is a global measure of coagulation activation
that provides summative information about the net status of
the coagulation system, combining information about both
procoagulant and anticoagulant forces. Several TG assays
are commercially available, and though results within a sin-
gle laboratory are generally consistent, there is substantial
intra-laboratory variability, and comparisons among stud-
ies is difficult due to differences in reagents, methods and
instrumentation. Moreover, the lack of a clinically validated,
automated, high throughput assay system limits the clinical
use of TG as a predictive marker presently.

In summary, despite the limitations of our study, we made
some important observations regarding systemic coagulation
activation in patients with brain tumors. We confirmed that
systemic coagulation activation, as assessed by peak pre-
operative TG, occurs in patients with GBM, and we dem-
onstrated the role of the primary tumor in driving coagula-
tion activation by showing a decrease in TG after surgical
debulking. Additionally, we provide evidence that patients
with meningioma also have systemic coagulation activation
as demonstrated by elevated pre-operative TG compared to
healthy donors. Finally, our results suggest that pre-operative
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TG warrants further investigation as a potential biomarker
to predict the risk of VTE in patients with meningioma and
GBM.
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