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Abstract
The microvascular profile has been included in the WHO glioma grading criteria. Nevertheless, microvessels in gliomas of
the same WHO grade, e.g., WHO IV glioblastoma (GBM), exhibit heterogeneous and polymorphic morphology, whose
possible clinical significance remains to be determined. In this study, we employed a fractal geometry-derived parameter,
microvascular fractal dimension (mvFD), to quantify microvessel complexity and developed a home-made macro in Image J
software to automatically determine mvFD from the microvessel-stained immunohistochemical images of GBM. We found
that mvFD effectively quantified the morphological complexity of GBM microvasculature. Furthermore, high mvFD favored
the survival of GBM patients as an independent prognostic indicator and predicted a better response to chemotherapy of
GBM patients. When investigating the underlying relations between mvFD and tumor growth by deploying Ki67/mvFD as
an index for microvasculature-normalized tumor proliferation, we discovered an inverse correlation between mvFD and
Ki67/mvFD. Furthermore, mvFD inversely correlated with the expressions of a glycolytic marker, LDHA, which indicated
poor prognosis of GBM patients. Conclusively, we developed an automatic approach for mvFD measurement, and
demonstrated that mvFD could predict the prognosis and response to chemotherapy of GBM patients.

Introduction

Neovascularization is a hallmark of cancer [1]. Evaluation
of tumor vascularization is helpful in assisting tumor
diagnosis, predicting patient outcome, and searching for

therapeutic targets [2, 3]. For example, microvessel density
(MVD) has been reported to predict the clinical outcome
and the response to therapy in cancer patients [4, 5].

Glioblastoma (GBM) is highly lethal and accounts for
46.1% of the malignant primary brain and the central ner-
vous system tumors [6]. Histologically, GBM is featured by
diverse microvascular morphological patterns such as
glomeruloid-like vessels [7]. Besides, heterogeneity in the
distribution of microvessels among GBMs has been
observed [7, 8]. Therefore, the morphological complexity of
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GBM microvasculature may show clinical significance.
Several studies have demonstrated the prognostic value of
the microvascular patterns in GBM by qualitative assess-
ment, which unexpectedly showed obvious inter-observer
variation and thus inconsistent prognostic conclusions [9,
10]. These drawbacks in the qualitative assessment
emphasize the establishment of a quantitative, software-
based, and standardized method to assess the morphological
complexity of GBM microvasculature.

Recently, the fractal geometry has been applied to
characterize the complexity of a system including biological
structures [11–13]. Fractals are objects which have self-
similarity in a range of scales. Fractal dimension quantifies
how detailed the fractals change within the scales. It is a
non-integer dimension reflecting the space-filling capacity
of fractals. Since many objects in biology show fractal
characteristics, fractal geometry is widely used in
morphology-related biomedical studies. For example, frac-
tal dimension is used to characterize the complexities of
tumor infiltrative margin, retinal vasculature, and chromatin

structure [14–18]. Notably, fractal dimension has been
applied to investigate the microvasculature in tumors such
as renal cell carcinoma and GBM [19, 20]. In principle, the
microvascular fractal dimension (mvFD) characterizes the
complexity of the microvasculature by reflecting the den-
sity, shape, size, and distribution of the microvessels [21].
However, the prognostic and predictive significances of
mvFD in GBM have not been determined.

In this study, we quantified the morphological com-
plexity of GBM microvasculature by developing a home-
made macro in Image J software to automatically obtain the
mvFD and explored their potentials in predicting the clinical
outcome of GBM patients. Furthermore, we explored the
possible reasons underlying the clinical significance of
mvFD by investigating the associations between mvFD and
tumor cell proliferation, as well as glycolysis. We found that
mvFD favors the response to chemotherapy, and thus favors
prognosis in GBM patients. In addition, mvFD inversely
correlates with microvasculature-normalized tumor cell
proliferation and glycolysis of GBM. These results

Fig. 1 The workflow for
acquisition of tumor
microvascular morphometric
parameters. a IHC staining with
anti-CD34 antibody. b Whole-
slide digitalization. c Region
selection (a portion of a
representative image in order to
show the vessel details). d
Positive object extraction and
measurement of MVD. e Image
skeletonization. f Measurement
of mvFD by box-counting
algorithm
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highlight the utility of mvFD in predicting the response to
chemotherapy in GBM patients.

Materials and methods

Patients and tumor samples

Two hundred and seven glioma patients including 94 GBM
cases from the Department of Neurosurgery, Southwest
Hospital, Third Military Medical University (TMMU)
between 2006 and 2014 were enrolled into our study. All
patients received surgery only, or surgery plus chemother-
apy (Temozolomide or Nimustine) and/or radiotherapy, but
did not receive any anti-angiogenic agent. Clin-
icopathological characteristics and follow-up information
including overall survival (OS) time and progression-free
survival (PFS) time were collected (Supplementary
Table 1). Formalin-fixed paraffin-embedded (FFPE) blocks
of tumor specimens were prepared as 4 μm-thick sections.
Pathological diagnoses of all glioma cases were re-
examined independently by three neuropathologists (Bian
XW, Ping YF, and Xiao HL), according to the WHO
Classification of tumors of the Central Nervous System
(2016). All experiments were conducted under the ethical
principles in Declaration of Helsinki. The approval for
using human specimens was obtained from the Ethics
Committee of TMMU. Two public GBM datasets including
the Cancer Genome Atlas (TCGA, http://cancergenome.nih.
gov/) and the REpository for Molecular BRAin Neoplasia
DaTa (REMBRANDT, http://gliovis.bioinfo.cnio.es/) were
mined for the clinical information and the gene expression
data of LDHA and MKI67 (gene name of Ki67) [22].

Immunohistochemical staining

Immunohistochemical (IHC) staining was conducted fol-
lowing the standard procedures adapted to antibodies’
protocols. The primary antibodies are against CD34 (Dako,
Glostrup, Denmark), Ki67 (Dako), IDH1 R132H (Maixin
Bio, Fuzhou, China), and LDHA (Cell Signaling Technol-
ogy, Beverly, MA). Visualization was achieved by Dako
REAL™ EnVision™ Detection System (Dako). Isotype
IgGs were used as negative controls. Ki67 index was
quantified as the percentage of Ki67-positive tumor cells
counted in five randomly selected microscopic fields at
400× magnification in the sections representing the patho-
logical characteristics. The expression scores of LDHA
were semiquantitatively assessed by two neuropathologists
(Bian XW and Ping YF), according to the percentage of
positive cells and the staining intensity as previously
described [23].

Development of a home-made macro to obtain
mvFD

The histological slides were scanned using Axio Scan.Z1
microscopy scanner (Carl Zeiss, Germany) with a
200× magnification (Fig. 1a, b). For each case, five regions
(2.5 mm2 per region) with the highest density of micro-
vessels in the tumor area were chosen and saved as
1920×1080 pixel images (Fig. 1c) [24]. Final microvascular
morphometric parameters were the average value based on
the five regions. Next, we developed a home-made macro in
Image J software (ver 1.45s, NIH, Bethesda, MD) to ana-
lyze the images and automatically obtain the mvFD value.
There were three procedures in the macro. First, positive
object extraction was conducted using thresholding method
in hue-saturation-brightness (HSB) color space (Fig. 1d).
The hue value threshold was 0 to 90 plus 215 to 255. The
saturation threshold was from 25 to 255 for most images,
while the range from 38 to 255 was set for images with non-
specific background staining. The brightness threshold was
from 0 to 255 [25]. Then the images were made into binary
and de-noised to increase the smoothness of positive objects
(Fig. 1d) [26]. Second, the positive objects on the binary
images were skeletonized by an inbuilt algorithm in Image J
(Fig. 1e) [27]. Third, mvFD was calculated using box-
counting algorithm [19]. The box-counting algorithm is
based on counting the number of size-fixed boxes filling the
skeletonized objects in a box grid superimposed on two-
dimensional histological pictures. The algorithm is descri-
bed in Equation 1:

FD ¼ lim
ε!0

logN εð Þ
log 1=εð Þ ; ð1Þ

logN εð Þ ¼ �FD log εð Þ þ c; ð2Þ

where FD is fractal dimension, ε is the side length of a box,
and N represents the minimum number of non-overlapping
boxes required to completely cover the positive objects. As
ε increases exponentially with base 2, N decreases
exponentially, where the exponent represents FD. To work
out the value of FD, the plot of log[N(ε)] against log(ε) was
drawn with base 10, and the linear regression was
conducted using the least squares method (Equation 2)
(Fig. 1f). Then the opposite value of the curve’s slope was
equivalent to FD. The range of the box side length ε from 4
to 256 pixels was used as scale window to ensure a self-
similar behavior.

MVD is defined as the percentage of total vascular area
divided by whole-tumor area [28]. MVD was also calcu-
lated in Image J software based on microvessel-extracted
images (Fig. 1d).
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Statistical analysis

To compare the differences of mvFD or MVD between
the two groups, independent-sample t-test or
Mann–Whitney U-test was used. Fisher’s exact test was
conducted to analyze the correlations between clin-
icopathological characteristics with mvFD (Table 1).
Linear regression analysis was performed to determine
the possible linear correlations between two continuous
variables. For survival analyses, Kaplan–Meier curves
were plotted and the two-sided log-rank test was con-
ducted. Besides, univariate and multivariate Cox
proportional-hazards regression analyses were per-
formed. All statistical analyses were performed by
GraphPad Prism (Version 6.01, GraphPad Software, San
Diego, CA) or PASW Statistics (Version 18.0.0, SPSS,
Chicago, IL). *P < 0.05 or **P < 0.01 (two-tailed) was
considered as statistically significant.

Results

mvFD reflects the morphological complexity and
heterogeneity of microvasculature in glioma

Given that MVD mainly reflects the numbers and density of
microvessels, we initially determined whether mvFD would
be better than MVD in the quantification of micro-
vasculature complexity by comparing MVD and mvFD in
selected glioma sections (Supplementary Table 2). The
results showed that gliomas with low MVD could have
either low or high mvFD values (Fig. 2a, b). Likewise,
gliomas with high MVD could have either high or low
mvFD values (Fig. 2a, b). Noticeably, compared with
tumors bearing simple capillary-like vessels, GBMs with
clustering and tortuous microvessels tended to have a higher
mvFD value (Fig. 2a, b). These results indicate that mvFD
rather than MVD reflects morphological complexity of
glioma microvasculature. Furthermore, to investigate the
heterogeneity of microvasculature complexity in gliomas,
we determined mvFD values in gliomas of different WHO
grades. The results showed that high-grade gliomas (WHO
grade III and IV) had higher mvFD than low-grade gliomas
(WHO grade II) (Fig. 2c), indicating microvessels in high-
grade gliomas are more complex. For high-grade gliomas,
no significant difference was found between grade III and
IV (GBM) in terms of mvFD value (Fig. 2c). For GBM
only, the mvFD values showed a large spectrum, ranging
from 0.73 to 1.31 (Fig. 2c). These data indicate that the
heterogeneity of morphological complexity of micro-
vasculature exists among different gliomas, as well as
within GBMs.

mvFD favors prognosis and response to
chemotherapy in GBM patients

To determine the potential prognostic value of mvFD in
GBM patients, GBM patients were stratified into mvFD-
high (>1.06) and mvFD-low (≤1.06) subgroups, with the
average value as the cut-off point. The results showed that
GBM patients with high mvFD had prolonged PFS and OS
when compared with those with low mvFD (Fig. 3a, b).
Meanwhile, MVD also favored GBM prognosis, although
the efficiency was lower than mvFD (Supplementary Fig-
ure 1a, b). Furthermore, univariate and multivariate Cox
regression analyses were performed and showed that mvFD
but not MVD was an independent prognostic indicator of
PFS and OS in GBM patients (Table 2 and Supplementary
Table 3).

Patient survival is affected by the response to therapy
[29]. Chemotherapy is a conventional treatment for the
newly diagnosed GBM patients [30–32]. Since

Table 1 Correlations between the clinicopathological characteristics
and mvFD in GBM patients

Characteristics mvFD high (n
= 53)

mvFD low (n =
41)

P

Age (years)

Median (LQ, UQ) 53 (39, 61) 48 (41, 60) 0.504

Gender

Female 20 14 0.829

Male 33 27

KPS score

<80 28 31 0.032*

≥80 25 10

Predominant tumor location

Frontal lobe 20 16 0.772

Temporal lobe 19 13

Occipital lobe 3 1

Parietal lobe 7 5

Midline 4 6

Ki-67 index (%)

>20 21 14 0.669

≤20 32 27

IDH1 mutation status

Wild type 32 42 0.888

Mutant type 9 11

MVD (%)

>4 48 16 <0.001**

≤4 5 25

LQ lower quartile, UQ upper quartile, KPS Karnofsky performance
scale, IDH1 isocitrate dehydrogenase 1, MVD microvessel density

*P < 0.05 or **P < 0.01 was regarded as statistically significant
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microvasculature provides the routes for chemotherapeutic
drugs, we hypothesized that mvFD may affect the response
to chemotherapy. Here, we found that high mvFD predicted
prolonged PFS and OS in patients who received che-
motherapy, while high mvFD showed no predictive value in
patients who received no chemotherapy (Fig. 3c, d). Nota-
bly, in those patients with low mvFD, chemotherapy
seemed to have little effect on their survival (Fig. 3c, d),
further emphasizing the role of mvFD in predicting the
response to chemotherapy in GBM patients. In addition,
linear regression analyses between mvFD and survival time
demonstrated that mvFD positively correlated with PFS or
OS in patients with chemotherapy (Fig. 3e, f), while no
linear correlation was observed between mvFD and PFS or
OS in patients without chemotherapy (Fig. 3g, h). In con-
trast, MVD did not predict different clinical outcomes in
patients with or without chemotherapy (Supplementary
Figure 1c, d). These data demonstrate that GBM patients
with high mvFD are more responsive to chemotherapy.
Additionally, we found that the prognostic/predictive value
of mvFD was independent of IDH1 mutation, a crucial
marker for molecular classification and prognosis in glio-
blastoma (Table 2 and Supplementary Figure 2a-2i) [33,
34]. Taken together, these results demonstrate mvFD favors
prognosis and response to chemotherapy in GBM patients.

mvFD inversely correlates with microvasculature-
normalized tumor proliferation

Since mvFD favors GBM response to chemotherapy, we
next investigated the underlying reasons. Given that
microvasculature constitutes networks to deliver oxygen
and nutrition to support tumor cell proliferation, we
explored the possible association between mvFD and
Ki67 proliferation index. The results showed that mvFD
had no correlation with Ki67 in overall GBM patients
(Fig. 4a; Table 1). Notably, further analyses showed that
mvFD inversely correlated with Ki67 in patients with low
mvFD (≤1.06) (Fig. 4b, d), but it had no significant cor-
relation with Ki67 in patients with high mvFD (>1.06)
(Fig. 4c). Since microvasculature has promoting effects
on tumor proliferation, which would introduce bias
especially in the high mvFD patient group, we tried to
exclude such influence through normalizing Ki67 by
mvFD (Ki67/mvFD), and then explored the relation
between mvFD and Ki67/mvFD. In this case, the Ki67/
mvFD reflects the microvasculature-independent tumor
cell proliferation. The results showed that mvFD had an
inverse correlation with Ki67/mvFD in overall GBM
patients (Fig. 4e), suggesting that mvFD was inversely
associated with microvasculature-independent tumor

Fig. 2 mvFD reflects the morphological complexity and hetero-
geneity of the microvasculature in glioma. a IHC images stained with
anti-CD34 antibody in four groups of gliomas based on the high- or
low- values of MVD or mvFD. Scale bars: 50 μm. b Comparison of the
values of MVD or mvFD in the four groups. Each group has five cases
for statistical analysis. c Distributions of mvFD values in gliomas with

different WHO grades (II, III, and IV). The red horizontal lines indi-
cate median with interquartile range. Data were presented as mean ±
SD. Mann–Whitney test was used to assess the statistical significance.
The statistical difference is significant when P < 0.05 or <0.01. **P <
0.01; ns not significant
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proliferation. Furthermore, we investigated the prognostic
values of Ki67/mvFD in GBM, with the average value of
Ki67/mvFD in the GBM group as the cut-off point to
discriminate high (>21.6) and low (≤21.6) subgroups. The
results showed that high Ki67/mvFD predicted shortened
PFS and OS in GBM patients (Fig. 4f, g). These data
indicate that GBM patients with low mvFD may possess
elevated level of microvasculature-independent tumor
proliferation that may contribute to poor prognosis and
poor response to chemotherapy of GBM patients.

mvFD is inversely associated with the glycolysis
status of GBM

Next, we explored the relationship between mvFD and other
molecular markers which could reflect microvasculature-
independent tumor proliferation. Previous reports suggested
that tumor cells utilize glycolysis for proliferation to adapt
to a stressful environment, lacking microvessels [35]. Thus
glycolysis could be regarded as a parameter for
microvasculature-independent tumor proliferation which

Fig. 3 mvFD favors prognosis
and response to chemotherapy in
GBM patients. a, b
Kaplan–Meier curves showing
the differences of GBM patient
survival based on mvFD value.
c, d Kaplan–Meier curves
showing the differences of GBM
patient survival based on mvFD
value and chemotherapy
treatment. chemo+, patients
received chemotherapy; chemo-,
patients did not receive
chemotherapy. a–d Log-rank
test was used to obtain the P-
value with the average value of
mvFD in the GBM group used
as the cut-off point to
discriminate high (>1.06) and
low (≤1.06) subgroups. The
statistical difference is
significant when P < 0.05. e–h
Scatter plots and linear
regression analyses showing the
correlations between mvFD and
progression-free survival (e, g)
or overall survival (f, h) in GBM
patients with chemotherapy (e, f)
or without chemotherapy (g, h).
The red straight line in each
panel is the best fit line of linear
regression. The red dotted lines
in each panel are the 95%
confidence band of the best fit
line. The statistically significant
linear regression is indicated
when P < 0.05. r: correlation
coefficient
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was validated by the positive correlations between gene
expressions of LDHA and MKI67 (gene name of Ki67) in
GBMs of TCGA and REMBRANDT datasets (Fig. 5a, b).
LDHA encodes Lactate Dehydrogenase A, a key enzyme
involved in glycolysis [36]. We then investigated the pos-
sible association between mvFD and LDHA expressions by
IHC analysis on human primary GBM sections (Fig. 5c).
The results showed that LDHA had higher expressions in
GBMs with low mvFD than in those with high mvFD
(Fig. 5d), implying an inverse correlation between mvFD
and glycolysis status of GBM tumor cells. Furthermore, we
performed IHC staining to determine LDHA expressions in
56 GBM samples and found that LDHA was a marker for
poor prognosis in GBM patients (Fig. 5e, f). Similarly,
survival analyses based on LDHA mRNA expressions in
GBM from TCGA and REMBRANDT databases showed
that high LDHA level indicated shortened PFS (Fig. 5g) and
OS (Fig. 5h, i). Conclusively, mvFD is inversely correlated
with glycolysis status in GBM, validating the inverse
association between microvasculature complexity and the
microvasculature-independent tumor proliferation in GBM.

Discussion

Currently, the software-based automated morphometric
analysis in pathology is applied in assessing IHC scores,
measuring morphological parameters of microvessels and
extracting cell nuclear features [37–40]. These practices
assist pathological diagnoses and may exhibit prognostic
and predictive values. In this study, fractal dimension, a
parameter derived from fractal geometry which could reflect
the complexity of fractal structures, was deployed to
quantify GBM microvasculature. Preclinical analyses
showed that mvFD favored GBM patient prognosis and
response to chemotherapy. Notably, mvFD inversely

correlated with microvasculature-normalized tumor cell
proliferation and glycolysis status of GBM. These findings
highlight the roles of microvasculature complexity in pre-
dicting the clinical outcome and implicate its relations with
tumor cell aggressiveness in GBM.

The microvasculature heterogeneity is a common phe-
nomenon in many tumors and may provide promising
biomarkers [41–43]. The microvasculature could reflect the
tumor’s metabolic dependence for oxygen and nutrients
[28]. Several studies have showed the close associations
between microvasculature and metabolism in tumors [44,
45]. Since the metabolic demands are heterogenous in all
grades of gliomas, it is reasonable to infer that micro-
vasculature of gliomas are heterogenous [44, 46, 47]. In
grade II glioma, lower mvFD was observed because the
microvessels are simple and capillary-like in morphology
and have lower density than the microvessels in high-grade
gliomas (grades III and IV). The reason may be that grade II
glioma has less metabolic requirements and less angiogenic
capability than high-grade gliomas [46, 47].

Our study demonstrated that mvFD showed advantages
over MVD in quantification of morphological complexity of
glioma microvasculature. Previously, the roles of MVD in
GBM prognosis were not consistent among researchers
[10]. In fact, MVD doesn’t have the capacity to characterize
the complicated microvascular morphology in high-grade
gliomas which could be achieved by mvFD. Our results
demonstrated that mvFD quantified the architecture het-
erogeneity of microvessels within a GBM tumor and among
GBMs which showed implications of its clinical
significance.

As we know, the resistance to therapy in GBM is a major
obstacle to the treatment efficacy [48, 49]. Therefore, it is
crucial to understand the underlying mechanisms and to find
the corresponding biomarkers predicting response to ther-
apy. Previous studies have elucidated morphological

Table 2 Multivariate Cox regression analysis in GBM patients

Variablea Progression-free survival Overall survival

HR 95% CI P HR 95% CI P

IDH1 mutation 0.349 0.157–0.777 0.010* 0.373 0.145–0.964 0.042*

mvFD 0.426 0.241–0.753 0.003** 0.305 0.161–0.577 <0.001**

Ki-67 index 1.783 1.035–3.072 0.037* 1.963 1.102–3.499 0.022*

Extent of surgical resection 0.604 0.366–0.996 0.048* 0.493 0.282–0.863 0.013*

Radiotherapy 0.549 0.303–0.994 0.048* 0.317 0.174–0.580 <0.001**

HR hazard ratio, CI confidence interval, KPS Karnofsky performance scale

*P < 0.05 or **P < 0.01 was regarded as statistically significant
aAge (1: <50 years vs. 2: ≥50 years), gender (1: male vs. 2: female), KPS score (1: <80 vs. 2: ≥80), extent of surgical resection (1: partial resection
vs. 2: gross total resection), chemotherapy (1: No vs. 2: Yes), radiotherapy (1: No vs. 2: Yes), predominant tumor location (1: frontal lobe vs. 2:
temporal lobe vs. 3: occipital lobe vs. 4: parietal lobe vs. 5: cerebellum vs. 6: midline), Ki-67 index (1: ≤20% vs. 2: >20%), IDH1 mutation (1:
IDH1 wild type vs. 2: IDH1 mutant), mvFD (1: ≤1.06 vs. 2: >1.06), MVD (1: ≤5.28% vs. 2: >5.28%) were included in the analysis. Backward
stepwise method was used
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markers based on microvessel could act as responders of
therapy in cancer [50–52]. For example, Tolaney et al.
reported that a high pre-treatment microvascular density
predicts better pathologic response to neoadjuvant bev-
acizumab and chemotherapy in breast cancer patients [50].
In our study, we demonstrated that mvFD predicts better
response to chemotherapy in GBMs. Since fractal structure
has characteristics of self-organization, we speculate that
GBM with a high mvFD value may possess a more
extended microvascular network, which could promote drug

delivery [53]. More importantly, we found the underlying
relations between microvasculature with the tumor cell
proliferation as well as glycolysis status of GBM. Like
many other cancers, GBM preferentially utilizes glycolysis
as a key energy source regardless of oxygen supply, which
is also known as “Warburg effect” [54, 55]. The glycolysis
in GBM also displays heterogeneity [56]. Some cases have
higher levels of glycolysis, thus GBM cells are adapted to
the metabolic condition lacking oxygen supply, where
glycolysis meets their metabolic demands for growth and

Fig. 4 mvFD inversely correlates with microvasculature-normalized
tumor proliferation. a–c Scatter plots and linear regression analyses
showing the correlation between mvFD and Ki67 index. d IHC images
labeled with anti-CD34 or anti-Ki67 antibody in GBM cases with
different mvFD values. Scale bars: 50 μm. e Scatter plot and linear
regression analysis showing the correlation between mvFD and Ki67/
mvFD. a–c, e The red straight line in each panel is the best fit line of
linear regression. The red dotted lines in each panel are the 95%

confidence band of the best fit line. r, correlation coefficient. f, g
Kaplan–Meier curves showing the differences of PFS (f) and OS (g) of
GBM patients based on Ki67/mvFD value. f, g Log-rank test was used
to obtain the P-value with the average value of Ki67/mvFD in the
GBM group used as the cut-off point to discriminate high (>21.6) and
low (≤21.6) subgroups. The statistical difference is significant when P
< 0.05

Microvascular fractal dimension predicts prognosis and response to chemotherapy in glioblastoma: an. . . 931



Fig. 5 mvFD is inversely associated with glycolysis status of GBM. a,
b Scatter plots and linear regression analyses showing the correlations
between the expressions of LDHA and MKI67 in GBM from TCGA
(a) and REMBRANDT (b) databases. The red straight line in each
panel is the best fit line of linear regression. The red dotted lines in
each panel are the 95% confidence band of the best fit line. r, corre-
lation coefficient. c IHC images labeled with anti-CD34 or anti-LDHA
antibody in GBM cases with different mvFD values. Scale bars: 50
μm. d Comparison of the IHC scores of LDHA expressions in
mvFDhigh GBMs (10 cases) and mvFDlow GBMs (10 cases). mvFDhigh:

>1.06; mvFDlow: ≤1.06. Data were presented as mean ± SD. The
Mann–Whitney test was used to assess the statistical significance. e, f
Kaplan–Meier curves showing the differences of progression-free
survival (e) and overall survival (f) of GBM patients based on IHC
scores of LDHA. g–i Kaplan–Meier curves showing the differences of
GBM patient survival based on LDHA mRNA expressions from
TCGA (g, h) and REMBRANDT (i) databases. Log-rank test was used
for survival analysis with X-tile software used to obtain the cut-off
point [60]. For all panels with statistical analyses, P < 0.05 is regarded
as statistically significant
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proliferation [35, 57]. In other words, GBM with higher
glycolysis level has less dependence on microvasculature
and thus lower mvFD. Furthermore, glycolysis indicates
poor prognosis and contributes to tumor resistance to
therapies including chemotherapy [58]. As a result, GBM
with lower mvFD had higher level of microvasculature-
normalized tumor cell proliferation (higher Ki67/mvFD)
and higher glycolysis level, thus predicted worse prognosis
and worse response to chemotherapy of GBM patients than
GBM with higher mvFD.

Taken together, our findings highlight mvFD as a critical
morphometric marker favoring prognosis and response to
chemotherapy in GBM patients. Its associations with tumor
proliferation and metabolic status were also addressed. To
investigate the possible clinical significance of mvFD in a
broader spectrum, further studies in other solid tumors like
breast cancer are required. The potential application of
mvFD in evaluating tumor response to anti-angiogenic
agents also needs to be investigated. Besides, new strategies
should be developed to acquire mvFD based on medical
imaging techniques such as time-of-flight magnetic reso-
nance angiography (TOF-MRA) [59]. These techniques are
non-invasive and could visualize three-dimensional vascu-
lature, thus may show great potential in monitoring disease
progression and response to therapies.
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