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On diffusion-weighted (DW) imaging, blood vessels show 
high signal when there is no diffusion gradient (b=0 s/mm2), 
while they show low signal even when very low b-values 
(such as b=1 or 2 s/mm2) are applied. Thus, the signal 
difference between images when the diffusion gradient is 
off and images when the diffusion gradient is on reflects the 
extent of tissue vessel density. Recently, Wáng (1) proposed 
that liver tissue micro-perfusion can be measured by a DW 
imaging-derived surrogate biomarker [diffusion-derived 
vessel density (DDVD)]: 

( ) ( )Sb0 Sb2DDVD b0b2 arbitrary unit au pixel
ROIarea0 ROIarea2

= −     [1] 

where ROIarea0 and ROIarea2 refer to the number of pixel 
in the selected region-of-interest (ROI) on b=0 s/mm2 and 
b=2 s/mm2 images, respectively. Sb0 refers to the measured 
total liver signal intensity within the ROI when b=0 s/mm2, 
and Sb2 refers to the measured total liver signal intensity 
within the ROI when b=2 s/mm2, thus Sb/ROIarea equates 
to the mean signal intensity within the ROI. Sb2 and 

ROIarea2 can also be approximated by other low b-value 
diffusion image’s data. DDVD can be interpreted as a 
physiological surrogate of the area of micro-vessels per 
unit tissue area, which can be conceptually converted to 
a surrogate of the volume of micro-vessels per tissue unit 
volume if multiple slices are integrated. 

The potential of clinical application of DDVD as a 
straightforward diffusion imaging biomarker has been 
recently demonstrated (1-6) (Figure 1). DDVD was 
initially proposed to evaluate the perfusion status of liver 
fibrosis, and it has shown that it is a useful parameter for 
the distinguishing of livers with and without fibrosis, and 
that livers with severer fibrosis tend to have even lower 
DDVD measurements than those with milder liver fibrosis 
(1-3). DDVD has also been tested in a number of other 
clinical scenarios (4-7). Zheng et al. (4) described spleen 
DDVD is decreased in viral hepatitis-b liver fibrosis 
patients. Huang et al. (5) showed that DDVD analysis 
demonstrates liver parenchyma has an age-dependent 
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decrease of micro-perfusion. This agrees with the known 
physiological age-dependent reduction in liver blood 
flow which has been well documented using a variety of 
technical methods including histology, dye dilution, and 
indicator clearance. He et al. (6) reported that DDVD 
analysis of the placenta allowed excellent separation of 
normal and early preeclampsia pregnancies. In a pilot study 
of 72 hepatocellular carcinoma (HCC) patients, the median 
ratio of tumor DDVD to adjacent liver DDVD was 2.94, 

which agrees with contrast agent dynamically enhanced 
computed tomography/magnetic resonance imaging (CT/
MRI) data (7). Mean DDVD value was higher for HCCs 
with micro-vessel invasion (MVI) than HCCs without MVI, 
and mean DDVD value was higher for more malignment 
Edmondson-Steiner grade III or IV HCCs than for better 
differentiated Edmondson-Steiner grade I or II HCCs (7).

Compared with existing perfusion imaging techniques, 
DDVD protocol has many advantages. Compared with 

Figure 1 Examples of DDVD in tissue characterization. (A) Compared with healthy livers, lower DDVD value is noted for fibrotic livers (Hth 
b0/2: healthy volunteers. Pt F0 b0/2: patients with biopsy histology confirmed without liver fibrosis. F1, b0/2: cases of viral hepatitis type-B 
caused stage-1 liver fibrosis; F2, b0/2: cases of viral hepatitis type-B caused stage-2 liver fibrosis; F3-4, b0/2: cases of viral hepatitis type-B 
caused stage-3 and stage-4 liver fibrosis). DDVD(b0b2) is computed from b=0 and b=2 s/mm2 DW images. (B) Rat livers with BDL show 
lower DDVD than healthy control rat livers. All: all BDL rats. wk1: rats of 1 week after BDL. wk2: rats of 2 weeks after BDL. wk3: rats of  
3 weeks after BDL. wk4: rats of 4 weeks after BDL. DDVD(b0b25) is computed from b=0 and b=25 s/mm2 DW images. (C) Aged-related 
liver perfusion reduction, as shown with DDVD, among healthy women. (D) Placenta with early PE show lower DDVD than normal 
control placenta. DDVD(b0b20) is computed from b=0 and b=20 s/mm2 DW images. (A-D) are reused with permission from the studies 
(2,3,5,6), respectively. DDVD, diffusion-derived vessel density; BDL, biliary duct ligation; GA, gestational age; PE, preeclampsia; FGR, fetal 
growth restriction; DW, diffusion weighted. 
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contrast agent dynamically enhanced imaging, DDVD 
protocol does not involve contrast injection, data acquisition 
is much faster, and data post-processing is also relatively 
straightforward. Compared with contrast agent enhanced 
CT perfusion examination, DDVD is without radiation. 
Compared with contrast agent enhanced MRI perfusion 
examination, our initial experience suggests that DDVD 
measure is more stable. The analysis of DDVD requires 
only 2 b-values (with one being b=0 s/mm2), allowing a short 
scanning time that can be completed within a single breath-
hold duration, rendering it useful when the target organ is 
subject to respiratory motion. Intravoxel incoherent motion 
(IVIM) is also a noninvasive imaging method (but with a 
long scan time). However, it has been shown when there 
is T2 relaxation elevation of tumor (or other pathological 
tissue) relative to native tissue, standard IVIM modeling 
leads to suppression of perfusion fraction (and maybe also 
Dfast) measurement (8,9). The spleen is known to have 
similar total blood perfusion per unit volume to that of 
the liver. However, due to the longer T2 of the spleen 

relative to the T2 of the liver, IVIM analysis showed that 
spleen perfusion fraction is only half of that of the liver (10).  
On the other hand, T2 shortening leads to artificial elevation 
of perfusion fraction and Dfast measurement (11). Jerome 
et al. proposed a T2 extend IVIM model to correct this 
phenomenon, but this approach requires IVIM data acquisition 
to be run multiple times with varying TEs (12,13). This would 
lead to excessively long data acquisition in clinical settings. 

As absolute magnetic resonance (MR) signal intensity 
is influenced by various factors, including B0/B1 spatial 
inhomogeneity, coil loading, receiver gain, etc., we have 
used the ratio of a lesion to its adjacent native tissue 
(such as the ratio of HCC’s DDVD to liver DDVD) to 
minimize these scaling factors (7). Following this, it may 
be useful to present pixel-by-pixel map of DDVD, so that 
the difference between the DDVD of a diseased tissue and 
DDVD of native/adjacent tissues can be compared visually. 
In this article, we present some examples of such DDVD 
map (Figures 2-12). We try to convey the message that 
DDVD map can be applied in multiple organs and multiple 

Figure 2 A case of normal liver (A) and a case of viral hepatitis type-B caused stage-2 liver fibrosis (B). DDVD map is computed from b=0 
and b=2 s/mm2 DW images. The fibrotic liver shows lower DDVD signal, thus lower blood perfusion, than the case of normal liver. (A1 and 
B1) b=0 s/mm2 DW image. (A2 and B2) right liver DDVD map after the removal of vessel pixels [see description in the study (2)]. These two 
cases’ materials are from reference (2). DDVD, diffusion-derived vessel density; DW, diffusion weighted.
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Figure 3 Liver DDVD maps of a control rat and a rat of 4 weeks after BDL. DW imaging included b=0 and b=25 s/mm2 images [(A-C) control 
rat; (D-F) BDL rat]. DDVD map is computed from b=0 and b=25 s/mm2 DW images. DDVD maps show higher liver parenchyma value for the 
control rat [(C) 58.2 arbitrary unit/pixel] than for the BDL rat [(F) 27.8 arbitrary unit/pixel]. Lower DDVD in the BDL rat liver is considered 
due to lower blood perfusion associated with liver fibrosis. A few artefacts are noted on DDVD map. In (C and F), the peripheral high signal rims 
around the liver are caused by misalignment between b=0 and b=25 s/mm2 images, which is likely caused by respiration motion. Dilated biliary 
duct (*) also shows high signal on (F). Dilated biliary duct is without blood perfusion. The dilated biliary duct’s falsely high DDVD value and also 
the CSF DDVD values are considered to be due to T2 effect. According to the initial definition of DDVD, the second b-value should be very low 
so to eliminate the T2 effect (1). For this rat study, since the second b-value was 25 s/mm2, then T2 effect is introduced for tissues/structures with 
long T2 leading to high value on DDVD map (see explanation in Figure 4). The rat materials are from reference (3). DWI, diffusion-weighted 
imaging; DDVD, diffusion-derived vessel density; BDL, biliary duct ligation; DW, diffusion weighted; CSF, cerebrospinal fluid.

Figure 4 The impact of T2 relaxation time on DDVD map calculation. (A,B) T2 weighted image and b=0 s/mm2 DW image respectively, 
with the fluid in the sigmoid (arrow) showing high signal due to its long T2. DDVD(b0b5) map is computed from b=0 and b=5 s/mm2 DW 
images, and DDVD(b0b10) map is computed from b=0 and b=10 s/mm2 DW images. (C,D) DDVD(b0b5) and DDVD(b0b10) maps show 
the fluid in the sigmoid is low signal. (K,L) DDVD(b0b200) and DDVD(b0b1000) maps show the fluid in the sigmoid is very high signal 
due to its long T2. (E) DDVD(b0b20) map; (F) DDVD(b0b30) map; (G) DDVD(b0b40) map; (H) DDVD(b0b60) map; (I) DDVD(b0b80) 
map; (J) DDVD(b0b100) map. From DDVD(b0b20) to DDVD(b0b1000), the fluid in the sigmoid shows increasingly higher signal on DDVD 
map. Commonly, when the second b-value is less than 10 s/mm2, the T2 effect of a tissue or a substance is not apparent on DDVD map, while 
after second b-value is more than 10 s/mm2, the T2 effect of a tissue or a substance is visible on DDVD map. Therefore, we advocate the second 
b-value for DDVD calculation should be small (1). T2W, T2 weighted; DDVD, diffusion-derived vessel density; DW, diffusion weighted.
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Figure 5 Appearance of a hepatic cyst (white arrow) on DDVD map. DDVD(b0b1) map (C) is computed from b=0 and b=1 s/mm2 DW images, 
and DDVD(b0b2) map (D) is computed from b=0 and b=2 s/mm2 DW images. On DDVD(b0b1) map and DDVD(b0b2) map, the hepatic cyst 
shows very low signal, consistent with that hepatic cyst has no perfusion. Due to the long T2 of hepatic cyst, hepatic cyst shows iso- signal to 
adjacent liver on DDVD(b0b30) map, higher signal compared with the adjacent liver on DDVD(b0b50) map and DDVD(b0b100) map. On 
the DDVD map (I) entitled ‘b0b50-(b50-b100)’, [i.e., (signal at b0 − signal at b50) − (signal at b50 − signal at b100), hereby ‘signal at b0’ refers 
to signal intensity on b=0 s/mm2 DW image], we aim to minimise the diffusion effect while maintaining the perfusion effect. We assume that, 
approximately diffusion effect (b0-b50) = diffusion effect (b50-b100), while perfusion effect (b0-b50) >> perfusion effect (b50-b100). Green arrow 
denotes the signal due to fluid in the stomach. As the images in this case were acquired with respiratory gating (rather than breath-holding), 
the alignment of images of varying b-values are not perfect. (A) b=0 s/mm2 DW image. (B) b=1 s/mm2 DW image. (E) DDVD(b0b20) map; (F) 
DDVD(b0b30) map; (G) DDVD(b0b50) map; (H) DDVD(b0b100) map. DDVD, diffusion-derived vessel density; DW, diffusion weighted.

Figure 6 Appearance of a hepatocellular carcinoma on DDVD map. DDVD(b0b10) map (C) is computed from b=0 and b=10 s/mm2 DW 
images, and DDVD(b0b20) map (D) is computed from b=0 and b=20 s/mm2 DW images. On DDVD(b0b10) map, the hepatocellular carcinoma 
shows higher signal compared with the adjacent liver. The same as in Figure 5, on the DDVD map (I) entitled ‘b0b50-(b50-b100)’, [i.e., (signal at 
b0 − signal at b50) − (signal at b50 − signal at b100), hereby ‘signal at b0’ refers to signal intensity on b=0 s/mm2 DW image], we aim to minimise 
the diffusion effect while maintaining the perfusion effect. We assume that, approximately diffusion effect (b0-b50) = diffusion effect (b50-b100), 
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while perfusion effect (b0-b50) >> perfusion effect (b50-b100). With Figure 5, the hepatic cyst shows low signal on DDVD map of ‘b0b50-
(b50-b100)’. The hepatocellular carcinoma remains higher signal compared with the adjacent liver on DDVD map of ‘b0b50-(b50-b100)’ in this 
figure. The yellow arrow denotes a focus of necrotic change which was imaged on b=0 s/mm2 image while missed on b=10 s/mm2 image (of this 
slice), and this also cause an artefact on subsequent DDVD maps. As the images in this case were acquired with free-breathing, the alignment of 
images of varying b-values is not perfect. Green arrows denote the signal due to fluid in the stomach. (A) b=0 s/mm2 DW image. (B) b=10 s/mm2 
DW image. (E) DDVD(b0b50) map; (F) DDVD(b0b100) map; (G) DDVD(b0b200) map. (H) DDVD(b0b400) map. DDVD, diffusion-derived 
vessel density; DW, diffusion weighted.

Figure 7 An example of DDVD map with liver region segmented and overlayed on b=0 s/mm2 DW image. This patient had 
cholangiocarcinoma with metastasis and was under treatment. DDVD map is computed from b=0 and b=10 s/mm2 images, showing multiple 
tumor sites with increased DDVD relative to the liver parenchyma and thus suggesting increased blood perfusion for the tumor nodules. (A) 
T2-weighted anatomical image; (B) gadolinium enhanced T1-weighted image; (C) b=0 s/mm2 DW image with liver region segmented by 
a ROI (dashed circle); (D) DDVD map of the liver region is overlayed on b=0 s/mm2 DW image. DDVD, diffusion-derived vessel density; 
DW, diffusion weighted; ROI, region-of-interest.

Figure 8 An example of liver DDVD map with a metastatic tumor from nasopharyngeal carcinoma. DDVD map is computed from b=0 
and b=10 s/mm2 DW images. Tumor (red circle) appears higher perfusion relative to adjacent liver. (A) T1-weighted anatomical image; (B) 
gadolinium enhanced T1-weighted image; (C) b=0 s/mm2 DW image; (D) DDVD map. *, superior mesenteric artery shows flow-related 
signal void on DW image (C) and DDVD map (D). Single arrow denotes duodenum showing high signal on DDVD map which is caused by 
the fluid in the lumen and duodenum peristalsis during the DW imaging. This is a common artifact of gastrointestinal tract. Double arrows 
for right kidney border and triple arrows for gallbladder denote artifacts due to misalignment between b=0 and b=10 s/mm2 images. Note 
that right renal veins are well shown with high value on DDVD map. CSF commonly shows high value on DDVD map. DDVD, diffusion-
derived vessel density; DW, diffusion weighted; CSF, cerebrospinal fluid.
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Figure 9 An example of DDVD map showing a hyper-vascular rectal carcinoma (arrow). DDVD map is computed from b=0 and b=5 s/mm2 
DW images. (A) T2-weighted anatomical image; (B) b=0 s/mm2 DW image; (C) DDVD map. *, artefacts due to fatty fascia misalignment 
between b=0 and b=5 s/mm2 images. Ve, vessels; DDVD, diffusion-derived vessel density; DW, diffusion weighted. 
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Figure 10 A case of right parotid gland malignant tumor (arrow) with bilateral parotid gland segmented and overlayed on b=0 s/mm2 DW 
image. DDVD map is computed from b=0 and b=20 s/mm2 images. Tumor appears higher perfusion relative to adjacent parotid gland tissue. 
Note that vessels near the parotid gland show very high signal on DDVD map. (A) T2-weighted anatomical image; (B) b=0 s/mm2 DW 
image with bilateral parotid glands and tumor segmented by ROIs (dashed circles); (C) DDVD maps of bilateral parotid glands and tumor 
are overlayed on b=0 s/mm2 DW image. DDVD, diffusion-derived vessel density; DW, diffusion weighted; ROI, region-of-interest.

tissues, helping to evaluate different pathological entities 
particularly concerning their perfusion status. It has been 
shown apparent diffusion coefficient (ADC) measure is 
heavily affected by T2 effect (14,15); however, T2 effect can 
be minimized for DDVD when appropriate scan protocols 
or data processing protocols are adopted (Figure 5). 

How to acquire DDVD scan protocol and how to 

conduct image postprocessing have not been optimized 
yet. Increasing number of excitations (NEX) can improve 
DDVD measure stability, and since the DDVD protocol 
is very fast, high NEX is feasible. Figures 2-11 show that 
DDVD map should be viewed side-by-side with the source 
DW images. The clinical application potential of DDVD 
map will be further studied. 
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Figure 11 DDVD map, computed from b=0 and b=50 s/mm2 images, of placenta percreta demonstrates higher blood perfusion. (A) Normal 
placenta; (B) placenta percreta. (A1) is a b=0 s/mm2 DW image showing normal placenta. (A2) Placenta region in (A1) is segmented with 
a ROI. (A3) DDVD map of the placenta region is overlayed on b=0 s/mm2 DW image, with ROI based on (A2). (B1) is a b=0 s/mm2 DW 
image with placenta percreta. (B2) Placenta region in (B1) is segmented with a ROI. (B3) DDVD color map of the placenta region is 
overlayed on b=0 s/mm2 DW image, with ROI based on (B2). Compared the case in (A3), the placenta in (B3) shows both general and focal 
(arrow) increased DDVD signal. DDVD, diffusion-derived vessel density; DW, diffusion weighted; ROI, region-of-interest. 
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Figure 12 3D surface-rendering of DDVD map. (A) A DDVD map showing a hepatocellular carcinoma (T). DDVD map is computed 
from b=0 and b=2 s/mm2 DW images. The filling defect in aorta is likely an artefact. The voxel size of the original DW imaging for (A) is 
0.76×0.76×7 mm3. (B) 3D surface-rendering of DDVD maps at the level of the hepatocellular carcinoma (T). Arrow in (B) denotes a vessel, 
possibly a vein. The visualization of mesenteric vessels in this image is contaminated by signal from bowels. (C) A DDVD map at the pelvis 
level. DDVD map is computed from b=0 and b=5 s/mm2 DW images. The voxel size of the original DW imaging for (C) is 2.73×2.73×6.0 mm3. 
(D) 3D surface-rendering of DDVD maps of the pelvis. This approach described here can in theory be used for angiography. The patient 
in (C,D) was scanned with the rectum extended with fluid. CSF, cerebrospinal fluid; K, kidney; 3D, three-dimensional; DDVD, diffusion-
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