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Abstract
Background Determining isocitrate dehydrogenase (IDH) mutation is crucial for glioma clinical management. 
MR diffusion-derived ‘vessel density’ (DDVD) offers non-invasive tissue perfusion evaluation within the tumor 
microenvironment. The study attempts to distinguish IDH genotypes of diffuse gliomas using DDVD in whole tumor 
parenchyma and its habitats.

Methods This study enrolled 63 patients with diffuse gliomas (30 IDH-mutant and 33 IDH-wildtype) who underwent 
diffusion-weighted (DW) imaging at 3T. DDVDb0b10 was the signal difference between the b = 0 and b = 10 s/mm2 DW 
images. DDVDb0b10_b10b20 is DDVDb0b10 minus DDVDb10b20. nDDVD was DDVD divided by signal intensity at b = 0 s/
mm2 DW image. Correlations between DDVD metrics/intravoxel incoherent motion (IVIM) imaging metrics (D and f) 
and IDH genotypes/Ki-67 status were studied.

Results In tumor parenchyma, DDVDb0b10_b10b20 and nDDVDb0b10_b10b20 were lower, whereas D was higher in IDH-
mutant gliomas [median (interquartile range): 12.76 (9.79–14.60); 15.14 (11.61–19.29); 1.31 (1.19–1.39)] compared to 
IDH-wildtype gliomas [14.48 (2.93–18.60), p = 0.008; 20.55 (15.89–24.02), p < 0.001; 1.16 (0.98–1.27), p = 0.003]. Habitat 
analysis improved the diagnostic performance for IDH genotyping, with the highest AUC of 0.823 found for the 
nDDVDb0b10_b10b20 derived from the high DDVDb0b10 value habitat. Diagnostic efficacy of the combined model of 
nDDVDb0b10_b10b20 with D was superior to that of combined model of f with D. The habitat model incorporating age, 
sex, and Karnofsky Performance Status further significantly enhanced the diagnostic efficacy, with an AUC reaching 
0.979. Additionally, DDVD and f showed a positive correlation with Ki-67, while D exhibited a negative correlation with 
Ki-67 (all p < 0.05).
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Background
Gliomas are among the most common and aggressive 
primary brain tumors, associated with poor prognosis. 
The molecular characterization has become critical in 
guiding treatment strategies and predicting outcomes for 
glioma patients. Based on the molecular characteristics, 
particularly isocitrate dehydrogenase (IDH) status, adult-
type diffuse gliomas are currently categorized into glio-
blastoma (IDH-wildtype), astrocytoma (IDH-mutant), 
and oligodendroglioma (IDH-mutant and 1p/19q-code-
leted) [1]. IDH mutations are associated with better 
prognosis and therapeutic responses compared to IDH-
wildtype gliomas. Accurate and non-invasive methods 
for determining IDH status are highly valuable in clinical 
practice.

The apparent diffusion coefficient (ADC), derived 
from diffusion-weighted imaging (DWI), is a metric for 
assessing tissue cellularity and has been attempted to 
assess tumor grades and IDH genotypes of gliomas [2]. 
However, DWI has certain limitations due to the use of 
a monoexponential model. ADC values are influenced 
not only by molecular diffusion but also by perfusion 
effects and T2 effect which can lead to overestimation 
or underestimation of true diffusion [3, 4]. This is par-
ticularly relevant in gliomas, which are known for their 
heterogeneous vascularity. The intravoxel incoherent 
motion (IVIM) imaging yields metrics of the slow diffu-
sion coefficient (Dslow or D), the fast perfusion-related dif-
fusion coefficient (Dfast or D*) and perfusion fraction (PF 
or f). IVIM imaging has been attempted to assess tumor 
grading, IDH mutation analysis, cellular proliferation and 
predicting survival of glioma patients [3, 5–7]. However, 
the clinical application of IVIM still has great challenges. 
IVIM’s perfusion quantification is often impeded by 
noise sensitivity and the instability of data fitting process 
[8, 9]. Moreover, the perfusion and diffusion components 
in IVIM are noted to be mutually constrained [10, 11], 
and T2 shortening will lead to artificial elevation of f and 
Dfast measurement [12, 13].

Recently, magnetic resonance diffusion-derived ‘ves-
sel density’ (DDVD), a functional parameter indicative of 
microvascular perfusion, has been proposed [14]. In vivo 
blood vessels show high signal when there is no motion 
probing gradient (b = 0 s/mm2) and low signal when even 
very low b-values (such as b = 1, b = 2) are applied. For 
spin-echo type EPI sequence, the second motion probing 
gradient after the 180-degree RF pulse could not fully re-
focus the flowing spins in vessel and micro-vessels after 
being de-phased by the first motion probing gradient 

before the 180-degree RF pulse. The analysis of DDVD 
requires only two b-values, with a significantly shorter 
scanning time than contrast enhanced CT/MRI while 
without the need of a contrast agent injection [15–21]. 
Huang et al. [16] showed that DDVD analysis demon-
strates liver parenchyma has an age-dependent decrease 
of micro-perfusion in healthy women. This agrees with 
the known physiological age-dependent reduction in 
liver blood flow. He et al. [17]. and Li et al. [18] reported 
that analysis of placenta DDVD allows excellent sepa-
ration of normal and early pre-eclampsia pregnancies. 
Lu et al. [19]. reported that placenta regional DDVD is 
significantly higher in pregnant women with placenta 
accreta spectrum disorders than women with normal 
placenta. Hu et al. [20]. described that liver hemangio-
mas can be mostly differentiated from liver mass-form-
ing lesions (hepatocellular carcinomas and focal nodular 
hyperplasia) solely based on DDVD pixel map. Chen et 
al. [21]. reported proof-of-concept case that DDVD pix-
elwise map assessments of brain ischemic area/volume 
are consistent with perfusion CT results, and a combi-
nation of DDVD pixelwise map and high b-value DW 
image identify the exitance and the size of a penumbra. 
As absolute MR signal intensity is influenced by various 
factors, including B0/B1 spatial inhomogeneity, coil load-
ing, receiver gain, etc., the ratio of a lesion to its adjacent 
native tissue can be used to minimize these scaling fac-
tors. Li et al. [12] reported that ratio of HCC DDVD to 
background liver DDVD concur with earlier dynamic 
contrast enhanced CT results [22, 23]. Lu et al. [24] 
reported earlier clinical grades rectal carcinoma had a 
higher ratio of tumor DDVD to tumor-free rectal wall 
DDVD than those of the advanced clinical grades. This 
is consistent with the biology of rectal carcinoma [25, 
26]. Recently, Wang et al. [27]. described that endome-
trial carcinoma with Ki-67 high-proliferation or aggres-
sive histological type had higher DDVD value than those 
with Ki-67 low-proliferation or non-aggressive histologi-
cal type. ROC curve analysis shows AUC of 0.873 for dis-
tinguishing between Ki-67 low- and high-expression, and 
AUC of 0.771 for distinguishing between non- aggres-
sive and aggressive histological types. DDVD also readily 
provides in vivo perfusion information for parotid gland 
tumors [21, 28].

Although research on DDVD has shown promis-
ing applications in abdominal organs and in brain isch-
emic stroke, its potential in brain gliomas has not been 
explored. Given that more angiogenesis is found in IDH-
wildtype gliomas, particularly glioblastomas, compared 
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to IDH-mutant gliomas [29, 30], we hypothesize that 
DDVD can serve as a useful biomarker for IDH geno-
typing. The term “tumor habitat” denotes the distinctive 
spatial microenvironment that arises from the interac-
tion between tumor cells and their surroundings as they 
adapt to various survival pressures [31]. Intra-tumoral 
spatial heterogeneity is a well-established phenomenon 
in gliomas, particularly in glioblastoma at both genomic 
and transcriptomic levels [32, 33]. Recently, habitat anal-
ysis employed various imaging modalities to segment the 
tumor into distinct spatial compartments [34]. By inte-
grating habitat analysis with DDVD, it may be possible to 
achieve more precise and robust differentiation of IDH 
genotypes.

Methods
Patients and clinical information
Between March 2019 and July 2023, this prospective 
study enrolled 106 glioma suspects. Ethical approval 
was granted by the local Ethics Committee, and all par-
ticipants provided informed consent. Exclusion criteria 
included incomplete or poor-quality imaging (e.g., sig-
nificant artifacts or head motion), absence of surgery or 
biopsy, non-glioma histological diagnoses, inadequate 
tissue for genetic analysis, and prior glioma therapy. The 
final study cohort comprised 63 patients (33 males, 30 

females) (Fig. 1). Demographic and clinical data such as 
sex, age, and recurrence rates were documented. Clinical 
evaluations included the assessment of Karnofsky Perfor-
mance Status (KPS).

MRI data acquisition
Structural MRI and multi-b-value DWI were performed 
on a 3.0-T system (MAGNETOM Prisma, Siemens 
Healthcare) utilizing a 64-channel head coil. The struc-
tural MRI included pre-contrast sagittal T1-weighted 
magnetization prepared rapid gradient echo sequence 
(T1-MPRAGE), axial T2-weighted (T2W) fast spin-echo 
(FSE) images, axial fluid-attenuated inversion recovery 
(FLAIR) T2W images, gradient echo (GRE) sequence, 
and post-contrast FLAIR T1W images in axial, sagittal, 
and coronal planes. For DWI, a single-shot echo planer 
imaging (SE-EPI) sequence was applied with parameters: 
repetition time, 2,000 ms, echo time, 69 ms; slice thick-
ness, 5  mm; gap, 1  mm; field of view, 23  cm × 23  cm; 
acquisition matrix, 128 × 128; GRAPPA, 2; slice accelera-
tion factor, 2; and pixel bandwidth, 2055  Hz/pixel. The 
acquisition encompassed 16 b-values (0, 10, 20, 40, 60, 
80, 100, 120, 140, 160, 180, 200, 300, 500, 750 and 1,000 s/
mm2) with a single number of excitation (NEX), totaling 
a scan duration of 2 min 09 s.

Fig. 1 Screening process for patients with glioma. IDH = isocitrate dehydrogenase, 1p/19q-codel = synchronous deletion of the short arm of chromo-
some 1 and long arm of chromosome 19, NEC = not elsewhere classified
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DWI processing and analysis
All diffusion-weighted images were subjected to denois-
ing and motion correction using QSIprep ( h t t p  s : /  / g i t  h u  
b . c  o m /  P e n n  L I  N C / q s i p r e p). DDVD pixelwise maps were 
computed using the following Eqs [20, 28].:

 DDV Db0b10 = Sb0
/

ROIarea_b0 − Sb10
/

ROIarea_b10 (au/pixel) (1)
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Where Sb0, Sb10 and Sb20 refers to the sum of signals 
within the selected region of interest (ROI) on b = 0, 10 
and 20  s/mm2 images, respectively. ROIarea_b0, ROI-
area_b10, and ROIarea_b20 refer to the ROI area (unit in 
pixel) on b = 0, 10 and 20  s/mm2 images. DDVDb0b10 
denotes the average signal intensity difference between 
b = 0 s/mm2 and b = 10 s/mm2, per unit area or per pixel. 
DDVDb0b10_b10b20 was to address the issue of signal decay 
associated with diffusion. By subtracting the b10b20 ele-
ment from b0b10, DDVDb0b10_b10b20 reduces the diffusion 
component inherent in DDVDb0b10, leading to a more 
precise interpretation of the tissue micro-perfusion [28]. 
Furthermore, nDDVD represents the normalized signal 
intensity difference adjusted by the mean signal intensity 
at b = 0 s/mm2 [14].

IVIM parameter maps including D and f were also 
computed by MITK Diffusion ( h t t p  s : /  / g i t  h u  b . c  o m /  M 
I C -  D K  F Z / M I T K - D i ff  u s i o n) using a segmented fitting 
approach with threshold b-value of 170 s/mm2 according 
to the biexponential IVIM model as follows:

 Sb/Sb0 = f.exp (−bD∗) + (1 − f) . exp (−bD) (4)

where Sb0 and Sb are the diffusion-weighted signal inten-
sities for b = 0 s/mm2 and a non-zero b value, respectively.

ROI placement and habitat analysis
Structural MR images were registered to the b = 0 images 
using SPM12 (Wellcome Centre for Human Neuroim-
aging;  h t t p  : / /  w w w .  fi   l . i  o n .  u c l .  a c  . u k / s p m /). ROIs over 
the whole tumor parenchyma (TP) were delineated on 
all tumor slices using ImageJ (version 1.49o, NIH;  h t t p 
s : / / i m a g e j . n i h . g o v / i j /     ) by two neuroradiologists (R.F.J. 
and Y.F.S.) who were blinded to histological results. The 
enhanced TP was outlined using transverse gadolinium-
enhanced T1-weighted images when clear enhancement 
region was present, while for non-enhanced tumors, the 
TP was identified on transverse FLAIR T2W images or 
T2W images. Identifiable necrotic areas, cysts, edema, 
and calcifications were excluded from the ROIs. Figure 2 

illustrates ROI delineation in sample cases for each 
tumor type.

Habitat analysis was conducted on the whole TP ROI 
using nnFAE (an in-house Python-based software). 
DDVDb0b10_b10b20, DDVDb0b10, nDDVDb0b10_b10b20, 
nDDVDb0b10, D and f maps were respectively selected as 
the primary quantitative parameters for habitat analysis. 
We applied the Otsu threshold method to classify the 
voxels of the whole TP into high- and low-value regions 
across the entire cohort for each parameter map. The 
threshold was iteratively set to minimize intra-class and 
maximize inter-class variance. The resulting subregions 
from each parameter map were amalgamated to yield two 
distinct final subregions, known as habitats: low value 
region (mask1) and high value region (mask2). Subse-
quently, the average values of the selected parameters in 
the whole TP and the identified habitats were computed 
for further evaluation.

Molecular and genetic detection of adult-type diffuse 
glioma
Molecular profiling was conducted via multiplexed poly-
merase chain reaction (PCR) coupled with next-genera-
tion sequencing to elucidate key genetic characteristics. 
Targeted detection of single-nucleotide variants (SNVs) 
identified mutations at IDH1R132, IDH2R172, TERT 
C228T, and TERT C250T. Copy number variation (CNV) 
analysis pinpointed 1p/19q co-deletion, chromosome 
10 loss, and chromosome 7 gain. Quantitative real-time 
PCR evaluated EGFRvIII amplification. The presence of 
an IDH1 R132 or IDH2 R172 mutation classified the glioma 
as IDH-mutant; absence indicated an IDH-wildtype diag-
nosis. Patients were grouped according to IDH genotypes 
(IDH-wildtype or IDH-mutant), and were subsequently 
placed in three subtypes according to WHO CNS5 sub-
type criteria [1]. The Envision technique was used for 
immunohistochemical staining. The Ki-67 labeling index 
(LI) was defined as the percentage of nuclear staining-
positive cells with any intensity in the high-density stain-
ing area in the total cells.

Statistical analysis
Statistical analysis was executed using SPSS (version 27, 
IBM Corp.). Intraclass correlation coefficient (ICC) veri-
fied inter-rater reliability. Group comparisons were con-
ducted utilizing the Kruskal-Wallis test for continuous 
variables (age, KPS, Ki-67 LI) and Fisher’s exact test for 
categorical outcomes (sex and recurrence rate). Mann-
Whitney U tests were performed to compare differences 
in each metric between IDH genotypes. Binary Logistic 
Regression synthesized features into predictive equations 
for IDH genotype identification. ROC curve and AUC 
were used to assess diagnostic performance. AUCs were 
compared using the DeLong test. Spearman’s correlation 

https://github.com/PennLINC/qsiprep
https://github.com/PennLINC/qsiprep
https://github.com/MIC-DKFZ/MITK-Diffusion
https://github.com/MIC-DKFZ/MITK-Diffusion
http://www.fil.ion.ucl.ac.uk/spm/
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https://imagej.nih.gov/ij/
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examined Ki-67 LI correlations with metrics. The p val-
ues were adjusted for multiple comparisons using the 
Benjamini-Hochberg method.

Results
Participant characteristics
Patient demographics for the 63 subjects are detailed in 
Table  1. Of the 33 with IDH-wildtype glioma, 28 were 
glioblastoma and 5 were IDH-wildtype glioma, not else-
where classified (NEC). The 30 with IDH-mutant glioma 
comprised 22 astrocytomas and 8 oligodendrogliomas. 
There were no significant differences in sex and recur-
rence rate across the groups (p = 0.469 and 0.845). How-
ever, age, KPS, and Ki-67 LI varied significantly (p < 0.001, 
p = 0.038, and p = 0.002), with patients of IDH-wildtype 
glioma exhibiting older age, reduced KPS, and elevated 
Ki-67 LI.

Comparisons of DDVD and IVIM values among different 
tumor groups
The inter-observer reproducibility of measurements in 
45 randomly selected patients is described in Supple-
mentary Table S1 (for whole TP) and Supplementary 
Table S2 (for habitats analysis). The ICCs ranged between 
0.813 and 0.958 for the whole TP and between 0.578 and 
0.980 for the tumor habitats, indicating good to excellent 
reproducibility between radiologists. The measurement 
data from R.F.J were used for subsequent statistical analy-
sis. Comparisons of DDVD and IVIM values between 
IDH genotypes and between tumor subtypes are listed 
in Table 2 and visualized in Fig. 3. Compared with IDH-
mutant gliomas, DDVDb0b10_b10b20 and nDDVDb0b10_b10b20 
of the whole TP were significantly higher in IDH-wild-
type gliomas (p = 0.008 and < 0.001, respectively), 
whereas D was significantly lower (p = 0.003). In contrast, 
no significant differences were found for the DDVDb0b10, 
nDDVDb0b10 and f between two groups (p = 0.296, 0.080 
and 0.080, respectively). Compared with astrocytoma, 

Fig. 2 Examples of ROI delineation and representative cases of gliomas. (A) A 73-year-old female patient with glioblastoma, IDH-wildtype in the left fron-
tal lobe showing high DDVDb0b10_b10b20 value, high f value and low D value; (B) a 53-year-old female patient with astrocytoma, IDH-mutant (grade 2) in 
the left frontal lobe showing low DDVDb0b10 value, low f value and high D value; and (C) a 31-year-old male patient with astrocytoma, IDH-mutant (grade 
4) in the left temporal lobe showing low DDVDb0b10 value, low f value and moderate (D) value. ROI = region of interest, IDH = isocitrate dehydrogenase, 
DDVD = diffusion-derived vessel density, IVIM = intravoxel incoherent motion
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DDVDb0b10_b10b20 and nDDVDb0b10_b10b20 were signifi-
cantly higher (p = 0.014 and 0.006), whereas D was signif-
icantly lower in glioblastoma (p = 0.014). In contrast, no 
significant differences were found for the other compari-
sons among different tumor subtypes (p > 0.05 for all).

Diagnostic performances of DDVD and IVIM values for IDH 
genotyping
The AUC, sensitivity and specificity of the DDVD and 
IVIM metric values when separating IDH genotypes are 
listed in Table 3. The ROC curves are depicted in Fig. 4. 
The AUCs of the metric values derived from the whole 
TP ranged from 0.577 to 0.763. The nDDVDb0b10_b10b20 
value demonstrated the best diagnostic performance 
in distinguishing IDH-mutant gliomas from IDH-wild-
type gliomas; with an AUC and 95% confidence interval 
(CI) of 0.763 (0.644–0.881), a sensitivity of 90.00%, and 
a specificity of 57.58%. The D and DDVDb0b10_b10b20 val-
ues also showed moderate diagnostic performance, with 
AUCs of 0.746 and 0.709, respectively.

The segmentation thresholds of habitat analy-
sis using Otsu threshold method were 15.095 for 
DDVDb0b10_b10b20 map, 25.529 for DDVDb0b10 map, 
20.308 × 10− 3 for nDDVDb0b10_b10b20 map, 22.385 × 10− 3 
for nDDVDb0b10 map, 1.377 × 10− 3 for D map and 0.068 
for f map. After habitat analysis, the diagnostic perfor-
mance of each metric value for IDH genotyping showed 
varying degrees of improvement. The most notable 
improvements were observed in the metric values 
derived from the high-value habitat segmented based on 
the DDVDb0b10 map (DDVDb0b10, mask2) and the low-
value habitat segmented based on the D map (D, mask1). 
The best AUCs of the metric values derived from habitats 
ranged from 0.731 to 0.823, as shown in Table 3.

Logistic regression models in identifying IDH genotypes
Binary logistic regression modeling further enhanced the 
diagnostic performance for IDH genotyping, as shown 
in Table  4. For whole TP features, the combined model 

of nDDVDb0b10_b10b20 and D (model1) achieved an AUC 
(95% CI) of 0.812 (0.708–0.917), higher than the com-
bined model of f and D (model2), which had an AUC 
(95% CI) of 0.774 (0.656–0.892). Similarly, for habitat 
features, the combined model of nDDVDb0b10_b10b20 
and D (model3) achieved an AUC (95% CI) of 0.866 
(0.777–0.954), higher than the combined model of f and 
D (model4), with an AUC (95% CI) of 0.828 (0.721–
0.936). Additionally, models based on habitat features 
also showed higher diagnostic AUCs compared to those 
based on whole TP features.

Furthermore, combined model of clinical indicators 
(age, sex, and KPS) and imaging indicators (habitat-based 
nDDVDb0b10_b10b20 and D) (model5) further significantly 
improved the diagnostic efficacy for IDH genotyping, 
achieving an AUC (95% CI) of 0.979 (0.953-1.000), with a 
sensitivity of 96.67% and specificity of 90.91%.

In order to better guide the image-based diagnosis, cut-
off values of representative metrics and models under dif-
ferent diagnostic specificity for identifying IDH-wildtype 
gliomas were reported in Table 5.

Comparisons of AUCs for IDH genotyping
Assessments using the DeLong test showed that the 
improvement of AUC after habitat analysis was sig-
nificant for nDDVDb0b10 and f (p = 0.007 and 0.009, 
respectively), but not significant for DDVDb0b10_b10b20, 
DDVDb0b10, nDDVDb0b10_b10b20 and D (p = 0.219, 0.054, 
0.218 and 0.813, respectively). Compared to the best 
AUC of 0.763 from the whole TP, the best AUC of 0.823 
from the tumor habitat showed a slight improvement 
(p = 0.218), the AUC of the model3 improved signifi-
cantly (p = 0.039), and the model5 further significantly 
enhanced the AUC for IDH genotyping (p < 0.001). In 
addition, compared to the AUCs of combined mod-
els of nDDVDb0b10_b10b20 and D (model1 and model3), 
the AUCs of combined models of f and D (model2 and 
model4) also improved slightly (p = 0.240 and 0.375).

Table 1 Participant demographic, clinical, and pathological characteristics
Characteristic IDH-wildtype (n = 33) IDH-mutant (n = 30) p

1p19q-intact (n = 22) 1p19q-codel (n = 8)
Age (years) 57.5 (50–64) 36 (32–46) 45 (35–47) < 0.001**

Sex (male/female) 17/16 12/10 4/4 0.469
KPS 80 (50–90) 80 (70–90) 90 (90–90) 0.038*

Recurrent/primary glioma 7/26 6/16 2/6 0.845
WHO CNS5 subtype
 Glioblastoma 28 NA NA NA
 Astrocytoma (grade 2/3/4) NA 13/4/5 NA NA
 Oligodendroglioma (grade 2/3) NA NA 6/2 NA
Ki-67 LI (%) 32.5 (12.5–50) 10 (5–30) 5 (4.5–10) 0.002**

Values are presented as number or median (interquartile range). *p < 0.05 and **p < 0.01. IDH = isocitrate dehydrogenase, 1p19q-codel = synchronous deletion of 
the short arm of chromosome 1 and long arm of chromosome 19, KPS = Karnofsky performance status, WHO CNS5 = fifth edition of the World Health Organization 
Classification of Tumors of the Central Nervous System, NA = not applicable, Ki-67 LI = Ki-67 labeling index
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Correlations of Ki-67 LI with DDVD and IVIM values
The Ki-67 LI was significantly positively correlated with 
DDVDb0b10_b10b20 (rho = 0.437, p < 0.001), DDVDb0b10 
(rho = 0.369, p = 0.005), nDDVDb0b10_b10b20 (rho = 0.397, 
p = 0.002), nDDVDb0b10 (rho = 0.332, p = 0.010), and f 
(rho = 0.456, p < 0.001). Conversely, Ki-67 LI was sig-
nificantly negatively correlated with D (rho = -0.262, 
p = 0.038). After habitat analysis, the correlation coeffi-
cients improved from − 0.262 ∼ 0.456 based on whole TP 
features to -0.551 ∼ 0.516 based on habitat features, as 
shown in Table 6.

Discussion
The current study is the first to apply DDVD in the inves-
tigation of brain gliomas. The current study showed that 
the DDVD values were significantly higher in IDH wild-
type gliomas compared to IDH mutant gliomas, suggest-
ing increased tissue micro-perfusion in the TP of IDH 
wild-type gliomas. Our findings are basically consistent 
with previous perfusion studies on gliomas [35, 36], in 
which significantly higher relative cerebral blood volume 
(rCBV) value was similarly found in IDH wild-type glio-
mas. According to the 2021 WHO classification of cen-
tral nervous system tumors, glioblastomas constitute the 
majority of IDH wild-type gliomas. Pathologically, glio-
blastomas are characterized by two typical characteris-
tics: microvascular proliferation and palisading necrosis 
[35, 37]. Therefore, the higher micro-perfusion observed 
in the TP of IDH wild-type gliomas can be attributed to 
the frequent occurrence of microvascular proliferation, 
which well explains the elevated DDVD values in these 
tumors.

The current study demonstrated that the Ki-67 LI was 
elevated in IDH-wildtype gliomas or glioblastomas and 
was positively correlated with DDVD. This suggests that 
an increased Ki-67 LI is linked to enhanced micro-per-
fusion in gliomas. The Ki-67 LI serves as an indicator of 
proliferating cells within a tumor, and a higher Ki-67 LI 
indicates greater proliferation [38]. It is a well-established 
biological principle that during periods of heightened 
cellular proliferation, there is a concomitant require-
ment for microvascular proliferation to ensure the sup-
ply of nutrients essential for cell growth. This concept is 
corroborated that a significantly higher microvascular 
density in glioblastomas with a Ki-67 LI exceeding 20% 
[39]. This explains why a higher Ki-67 LI was correlated 
with higher DDVD values. Notably, our recent study with 
endometrial carcinoma also showed Ki-67 high-prolifer-
ation or aggressive histological type had higher DDVD 
value than those with Ki-67 low-proliferation or non-
aggressive histological type [27].

It is noteworthy that the present study observed a 
relatively better performance of DDVDb0b10_b10b20 com-
pared to DDVDb0b10 in both IDH genotyping and Ki-67 Ta
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Fig. 3 Box and whisker graphs for separating IDH genotypes and tumor subtypes. Box and whisker graphs show distributions of DDVDb0b10_b10b20 (A), 
DDVDb0b10 (B), nDDVDb0b10_b10b20 (C), nDDVDb0b10 (D), IVIM_D (E), IVIM_f (F) values of the whole TP that could be used to identify the IDH genotype and 
tumor subtype of adult-type diffuse gliomas. * p < 0.05 and ** p < 0.01. TP = tumor parenchyma, IDH = isocitrate dehydrogenase, DDVD = diffusion-derived 
vessel density, IVIM = intravoxel incoherent motion
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correlation analysis. The improved performance of 
DDVDb0b10_b10b20 may be attributed to its design, which 
subtracts the b10b20 element from b0b10, thereby reduc-
ing the diffusion component present in DDVDb0b10 [15, 
28]. This study also applied habitat analysis. Tumor 
cells have different genetic traits in different areas of 
the tumor. This means a tumor is like a mix of differ-
ent environments, each with its own conditions and cell 
behaviors. These differences cause tumor cells to interact 
with their surroundings, leading to genetic changes in 
the tumor [31]. A habitat imaging method can use MR 
images to create a set of phenotypic heterogeneity maps 
showing these differences, which can help in identify-
ing representative subregions of tumor [40, 41]. In the 
current study, the diagnostic efficiency was significantly 
improved for DDVD, D, and f values in classifying IDH 
genotypes through habitat analysis and the correlation of 
these parameter values with Ki-67 LI was also enhanced. 
This improvement is likely because habitat analysis effec-
tively identifies representative subregions of gliomas. Of 
note, the most notable improvements were observed in 
the metric values derived from the habitats with higher 
DDVD value and lower D value, which represent subre-
gions with higher malignancy in gliomas.

In this study, the modeling analysis revealed that 
the diagnostic efficiency of the combined model using 
DDVD and D was superior to that using f and D for IDH 
genotyping, suggesting that DDVD might provide a more 
accurate assessment of micro-perfusion compared to 
IVIM_f of IVIM. As expected, predictive models based 
on habitat features demonstrated better diagnostic per-
formance than those based on the whole TP features. 
When clinical indicators (age, sex, and KPS) were further 
integrated into a model, the diagnostic efficacy for IDH 
genotyping was further improved.

There were some limitations in this study. First, it used 
a single-center study with a relatively small sample size, 
especially for patients with oligodendroglioma. Second, 
DWI scan parameters can be further optimized. The sec-
ond b-value of 10  s/mm2 was relatively high for DDVD 
analysis. Our earlier study showed that DDVDb0b2 is bet-
ter in assessing HCC than DDVDb0b10 [12, 18], which is 
consistent with the initial definition of DDVD [14]. The 
NEX of DWI in this study was only 1. Our recent experi-
ence shows increasing NEX can improve DDVD measure 
stability, and since the DDVD protocol is very fast, higher 
NEX will be practically feasible. Moreover, tumor habi-
tats defined based on diffusion MRI using otsu method 
clustering into higher and lower value habitats could not 
be confirmed pathologically. However, such a pathologi-
cal correlation would be challenging to achieve. Future 
studies with more optimized DWI scan parameters and 
with larger sample sizes for various types of gliomas are 
highly desirable. Another limitation is that follow-up Ta
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imaging of the patients was unavailable to us, thus we 
could not assess the correlation between DDVD mea-
sures with the glioma recurrence rate.

In conclusion, DDVD, an in vivo measure of vessel 
micro-perfusion, can help to distinguish between IDH 
genotypes in diffuse gliomas. Habitat analysis enhances 
the performance of DDVD for IDH genotyping and Ki-67 

evaluation. These findings suggest that DDVD can serve 
as a novel biomarker for IDH genotyping in adult-type 
diffuse gliomas, aiding in personalized treatment strate-
gies and probably also in post-treatment follow-ups.

Fig. 4 ROC curves for DDVD and IVIM parameters and models when separating IDH genotypes of gliomas. ROC curves for DDVDb0b10 (A), DDVD-

b0b10_b10b20 (B), IVIM_D (C), nDDVDb0b10 (D), nDDVDb0b10_b10b20 (E), IVIM_f (F) values of the whole TP and their best habitats, and models reported in Table 4 
(G, H, I) when distinguishing IDH-wildtype gliomas from IDH-mutant gliomas. AUC = area under the curve, TP = tumor parenchyma, IDH = isocitrate dehy-
drogenase, DDVD = diffusion-derived vessel density, IVIM = intravoxel incoherent motion
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Table 4 Modeling and evaluating diagnostic performance of models for IDH genotyping of gliomas
Model β p AUC (95%CI) Sen/Spe (%)
Imaging model
 Whole TP feature
  Model1 0.812 (0.708–0.917) 90.00/63.64
   nDDVDb0b10_b10b20

# -0.152 0.017*

   IVIM_D# 4.662 0.012*

   Constant -2.999 0.253
  Model2 0.774 (0.656–0.892) 60.00/84.85
   IVIM_f# -31.537 0.071
   IVIM_D# 5.643 0.002**

   Constant -5.187 0.023
 Habitat feature
  Model3 0.866 (0.777–0.954) 80.00/81.82
   nDDVDb0b10_b10b20

## -0.119 0.004**

   IVIM_D## 10.243 0.010*

   Constant -7.310 0.109
  Model4 0.828 (0.721–0.936) 90.00/75.76
   IVIM_f## -47.403 0.011*

   IVIM_D## 8.387 0.024*

   Constant -4.722 0.304
Clinical + imaging model
  Model5 0.979 (0.953-1.000) 96.67/90.91
   Age -0.354 0.009**

   Sex -3.193 0.052
   KPS 0.108 0.026*

   nDDVDb0b10_b10b20
## -0.239 0.006**

   IVIM_D## 28.171 0.018*

   Constant -13.891 0.114
*p < 0.05 and **p < 0.01. # represents features from Whole TP and ## represents features from Habitat. IDH = isocitrate dehydrogenase, AUC = area under curve, 
CI = confidence interval, TP = tumor parenchyma, DDVD = diffusion-derived vessel density, IVIM = intravoxel incoherent motion, KPS = Karnofsky performance status

Table 5 Cut-off values of representative metrics and models under different diagnostic specificity for identifying IDH-wildtype 
gliomas
Metric Specificity

75% 80% 85% 90% 95% 100%
nDDVDb0b10_b10b20

# 19.267 19.304 19.327 19.636 24.911 26.185
IVIM-D# 1.191 1.173 1.160 1.021 1.005 0.983
nDDVDb0b10_b10b20

## 28.985 29.776 31.466 32.904 36.343 48.671
IVIM-D## 1.071 1.055 1.019 1.003 0.975 0.882
Model3 0.550 0.536 0.292 0.268 0.185 0.104
Model5 0.831 0.785 0.714 0.472 0.351 0.142
Units for nDDVD and IVIM-D values are 10− 3 and 10− 3 mm2/s, respectively. # represents features from Whole TP and ## represents features from Habitat. IDH = isocitrate 
dehydrogenase, DDVD = diffusion-derived vessel density, IVIM = intravoxel incoherent motion
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Abbreviations
DWI  Diffusion-weighted imaging
IDH  Isocitrate dehydrogenase
TP  Tumor parenchyma
DDVD  Diffusion-derived vessel density
IVIM  Intravoxel incoherent motion
AUC  Area under curve
ROC  Receiver operating characteristic
ROI  Region of interest
WHO  World Health Organization
CNS  Central nervous system
TERT  Telomerase reverse transcriptase
EGFR  Epidermal growth factor receptor
NEC  Not elsewhere classified
KPS  Karnofsky performance status
T1-mprage  T1-weighted magnetization prepared rapid gradient echo 

sequence
T2WI  T2-weighted imaging
FSE  Fast spin-echo
FLAIR  Fluid attenuated inversion recovery
Ki-67 LI  Ki-67 labeling index
PCR  Polymerase chain reaction
ICC  Intra-class correlation coefficient
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