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Studies on liver diffusion-weighted imaging (DWI) revealed
that diffusion-derived ‘vessel density’ (DDVD) can reflect
microvascular perfusion. Liver blood vessels including
sub-pixel microvessels show high signal when there is
no motion probing gradient (b=0 s/mm’) and low signal
when even very low b-values (such as b=1, =2 s/mm’) are
applied (1). Thus, the signal difference between images
when the motion probing gradient is ‘off’ and ‘on’ reflects
the extent of tissue vessel density in the physiological sense,
and we term this ‘DDVD’. DDVD is derived from the
equation (1,2):

DDVD(bU,bZ) _ Sbh, . _arbitrary umt(au)

Sb,
= - ;| unit - [1]
ROlarea, ROlarea, pixel

where ROlarea, and ROlarea, refer to the number of pixels
in the selected region of interest (ROI) on 4=0 and 4=2 s/mm’
DWI, respectively. b, refers to the measured sum signal
intensity within the ROI when #=0 s/mm’, and Sb, refers
to the measured sum signal intensity within the ROI when
b=2 s/mm’, thus Sh/ROlarea equates to the mean signal
intensity within the ROI. Sb, and ROlarea, can also be
approximated by other low b-values DWI. As absolute
magnetic resonance (MR) signal intensity is influenced by
various factors, including BO/B1 spatial inhomogeneity,
coil loading, receiver gain, etc., the ratio of a lesion to its

adjacent native tissue (such as the DDVDyco/DDVDy,.,

ratio, HCC: hepatocellular carcinoma) can be used to
minimize these scaling factors. DDVD measure based on
this simple principle is useful as a straightforward imaging
biomarker in diverse clinical scenarios (2-14).

For DWI, a long time of repetition (I'R) and a modest
time of echo (TE) are commonly used for data acquisition.
A long TR is useful to minimize the “T'l effect’ [which
is defined as magnetic resonance imaging (MRI) signal
differences contributed by T'1 relaxation time difference].
In our liver DWI and intravoxel incoherent motion (IVIM)
studies, TE of around 60 ms has been applied. We have
recently demonstrated that, for liver and spleen DDVD
measurement, when the 2™ b-value is 1 or 2 s/mm’, and the
TE is 63 ms (TR: 1,600 ms), DDVDy,,, is approximately
similar to DDVD,,.., which agrees with the known
physiology that liver and spleen have similar amounts of
blood perfusion (13). According to the analysis in (13),
DDVD value of 11 arbitrary unit (au)/pixel at 1.5 T or 35 au/
pixel at 3.0 T will be approximately equivalent to computed
tomography (CT) perfusion of blood volume of 18 mL/
100 mL with a blood flood speed of around 1.2 mL/min/mL
(Figure 1A4,1B). This also correlates to the liver IVIM-
perfusion fraction (IVIM-PF) measure of about 18%
reported by us (15). In physiological studies, the hepatic
blood volume including that of the large vessels is about

25 mL/100 g and blood flow is about 1.04 mL/min/mL (16).
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Figure 1 Liver DDVD and spleen DDVD comparison with healthy volunteer studies. (A) 1.5 T scan had 26 subjects and 3.0 T scan had
19 subjects. 1.5 T scan had TR of 1,600 ms (acquired with respiratory gating) and TE of 63 ms, and 3.0 T scan had TR of 1,600 ms and
TE of 59 ms (acquired with free breathing). For liver and spleen DDVD measurement, when the 2™ pvalue is 1 or 2 mm’/s, DDVDy,, is
approximately similar to DDVD,y.,, (arrows in A). (B) While spleen shows a higher signal on DWI =0 mm®/s image (B1), on the maps of
DDVD,,, (B2) and DDVD,,,, (B3), liver signal and spleen signal appear similiar (1.5 T' data). (C) An increasing 2™ b-value is associated
with a slowly increasing DDVDy,,./DDVD,.., ratio, and this is slightly more apparent with 3.0 T" data. Since when 2™ p-value is >2 s/mm’,
DDVD mainly reflects blood volume, results in (C) is consistent with the fact that liver has a slightly higher blood volume as shown with
perfusion CT and nuclear medicine studies (13). Data of this graph is based on (13). DDVD, diffusion-derived ‘vessel density’; TE, time of

echo; TR, time of repetition.

As in vivo diffusion metrics can be only measured with
MRI thus external validation is not possible for diffusion
metrics (17), it will be convenient and practical for us to
consider liver/spleen parenchyma as the reference tissues.
Our modeling analysis shows that, when the 2™ b-value is
very low (such as 1 or 2 s/mm”), liver DDVD is contributed
by both blood pool volume and blood flow speed; however,
when the 2™ b-value is only low (such as 10 or 20 s/mm’),
then liver DDVD is more contributed by blood pool
volume (3). In fact, the blood pool volume of the liver is
slightly larger than that of the spleen, while the blood flow
speed of the spleen is slightly faster than that of the liver [see
Tiab. 1 and Tiab. 2 in (13)]. Moreover, a shorter T2 relaxation
time (T2) of the liver than that of the spleen (liver T2:
40 ms, spleen T2: 60 ms, 3.0 T data) leads to a faster signal
decay during DWI signal acquisition and promotes fast
compartment measurement (18-20). T2 values are shorter

© AME Publishing Company.

at 3.0 T than at 1.5 T. These factors likely promote the
DDVDy,,, value over DDVD,,,., value when the 2" p-value
is increasingly larger till the 2nd 4-value is 30 s/mm’,
and also promote the difference between DDVDy,,, and
DDVD.., being greater at 3.0 T than at 1.5 T (Figure 1C).
Note that, an application of the diffusion gradients will
lead to a decrease in observed T2 for tissues which can
be interpreted as an application of diffusion gradients is
associated with a longer TE for data acquisition (21), and it
is likely that that a stronger diffusion gradient (i.e., a higher
b-value) will lead to an even shorter observed 12. Figure 1C
shows, an increasing 2" b-value is associated with a slowly
increasing DDVDy,,./DDVDs,,, ratio, and this is slightly
more apparent with 3.0 T data. Such a trend is interpreted
as a “T2 effect’ which is contributed by the T2 relaxation
time difference. When the 2" b-value is <20 s/mm’,

DDVDy;,./DDVDs .., ratio can reach up to 1.25; this

pleen
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Figure 2 HCC measure to surround liver parenchyma measure ratios of perfusion CT measured blood volume (A), blood flow speed (B),
and DDVD (C). The DDVDy;o/DDVDy,,, ratio agrees well with the HCC/liver ratio of perfusion CT measured blood volume. (A) and
(B) are the based on a random selection of the reports of Pahwa ez al. (22), Ippolito et al. (23), Sahani ez 4l. (24), Lewin ez al. (25), Mulé
et al. (26), Ganga et al. (27), Sacco et al. (28), Wang et al. (29), Li JP et al. (30), Li XR et al. (31). (C) is based on the authors’ own data of
26 cases of HCC. DDVDr was measured at 3.0 T, with a TE of 59 ms (TR: 1,600 ms, acquired with free breathing) and #=0, 2 s/mm’. CT,
computed tomography; DDVD, diffusion-derived ‘vessel density’; DDVDr, DDVD ratio; HCC, hepatocellular carcinoma; SD, standard

deviation; TE, time of echo; TR, time of repetition.

remains reasonable since liver blood pool volume is
indeed slightly larger than that of the spleen. When a
TE of 59 ms (TR: 1,600 ms) and 5=0, 2 s/mm’ were used
for DDVD calculation of 26 cases of HCC, we measured
a mean DDVDy/DDVD,,,, ratio of 1.42. This value
agrees well with perfusion CT blood volume literature
results median ratio of 1.38, while perfusion CT blood
flow literature results mean ratio is 1.92 [Figure 2 (22-31)].
Moreover, in a recent study of parotid tumors (14), we
used DDVD ratio (DDVDr, TR =2,000 ms, TE =50 ms)
to evaluate 24 pleomorphic adenomas (PA), 14 malignant
tumors, and 16 Warthin’s tumors. DDVDr was DDVD
of the tumor divided by DDVD of tumor free parotid
gland tissue. A literature search was conducted for parotid
gland tumor perfusion CT studies. Perfusion parameters
of PAs, malignant tumors, and Warthin’s tumors were
further normalized by the PA measure (thus the normalized
measure for PA is 1). The ratio results of malignant tumor

© AME Publishing Company.

DDVD and Warthin’s tumors DDVD were compared with
literature results. It was noted that DDVDr ratios of both
malignant tumor to PA (1.56) and Warthin’s tumor to PA (2.47)
were very similar to the literature data mean ratio of CT
measured blood volume of these tumors (1.54 for malignant
tumor to PA, and 2.51 for Warthin’s tumor to PA).

However, our recent observations show both a long
TE or a short TR can depress the DDVD measure for
a tissue with a shorter T2/shorter T'1 in relative terms.
Figure 3 shows DDVDy,...,/DDVDy,,, ratio for 12 cases
of focal nodular hyperplasia (FNH) and liver metastasis
patients and 7 cases of HCC patients. When TE was 84
ms (TR =2,500 ms), DDVD,.., was measured higher
than DDVDy,.,. As HCC patients were more likely to
have liver fibrosis background, thus DDVD,,.../DDVDy.,
was even higher for HCC patients than patients with
FNH or with liver metastasis. When TR is shortened,
DDVD,er/ DDVDy,, ratio is also promoted (Figure 4A).

Quant Imaging Med Surg 2025;15(4):3771-3778 | https://dx.doi.org/10.21037/qims-2025-270



3774

A 104 _
o
9 30T N
g | TR=2500 3
TE =84
5 77
S 6
[a}
[a)
S 5-
% 4 FNH n=7 _
[a) Mets n=6 Median
37 2.49
P Mean
1.88 |
ky 9% Cl Hoen=7

0 T T
FNH/mets patients HCC patients
b=10 b=10

Wang et al. The impacts of TE and TR on DDVD

180
160
140
120

100

ddvd (bob10) 0

Figure 3 DDVD,,.../DDVDj,,, ratio for data acquired with TE being 84 ms (I'R =2,500 ms, acquired with respiratory gating) and 2" p-value

being 10 s/mm’. (A) Non-tumor regions of the liver were measured. (B,C) Two cases’ DDVD maps calculated with 4=0 and #=10 s/mm’

DWI images, with spleen (S) showing higher signal than liver (L). T denotes the tumor regions. Unit for TR and TE is millisecond. CI,

confidence interval; DDVD, diffusion-derived ‘vessel density’; DWI, diffusion-weighted imaging; FNH, focal nodular hyperplasia; HCC,

hepatocellular carcinoma; Mets, metastasis; TE, time of echo; TR, time of repetition.

When a TR of 313 ms (TE =38 ms) was applied for
data acquisition, another set of 3.0 T DWI data of ours
shows DDVD,,..,/DDVD,,, ratio was 3.75 when the 2™
b-value was 2 s/mm’, and 2.69 when the 2™ b-value was
10 s/mm’ (Figure 4B,4C). However, shortening of TE from
60 to 46 ms does not appear to have a substantial impact on
DDVD,.../DDVDj,,, ratio. Because the spleen has different
T1/T2 compared to the liver (liver of 810 ms and spleen
of 1,330 ms for T, liver of 40 ms and spleen of 60 ms
for T2, 3.0 T measures), the analyses above demonstrate
that, depending on the TR/TE, DDVD,,., can be
measured higher or slightly lower relative to DDVDy,.
Therefore, only with the right combination of TR/TE and
b-values, DDVD,.., can be measured similar to DDVDy,.
This is further supported by our analyses of HCC DDVD
results as discussed below.

When TE of 84 ms and TR of 2,500 ms were used
to acquire DWI, with one dataset we measured a mean
DDVD,;co/DDVD,., ratio of 5.807 2™ s-value =10 s/mm’,
Figure 54). When TR of 313 ms (TE =38 ms) was used
to acquire liver DWI data, with one dataset we measured
a mean DDVD};co/DDVD,,., ratio of 2.702 (2" b-value
=10 s/mm’, Figure 5B). These results are consistent with
the DDVD,.../DDVDy,., ratio results noted above.
Fortunately, the moderate TE of around 60 ms is the most
commonly used echo time in practice, and a long TR is
commonly applied to minimize the T1 effect and allow

© AME Publishing Company.

better longitudinal spin recovery to improve the signal. On
the other hand, as demonstrated in Figure 5, a shorter TR
or longer TE can be implemented to further enhance lesion
to liver contrast ratio on DDVD map. However, longer TE
and shorter TR are associated with lower signal-to-noise
ratio. In the meantime, short TR can be applied to speed up
data acquisition, allowing breathhold imaging.

TE’s impact on the diffusion metric of ADC has
been noted (20), as well as its impact on IVIM measures
(18,19,32,33). In the study of 5 healthy volunteers’ liver
reported by Jerome ez al. (32), IVIM-PF was measured to be
22.4%, 24.4%, 26.4%, 28.5%, and 30.7%, respectively, for
TE of 62, 72, 82, 92, and 102 ms. In our systematic review,
it was noted that liver IVIM-PF was on average 22% (34).
With our own liver and spleen IVIM-PF qualification, the
IVIM protocol had a b-value distribution of 0, 2, 4, 7, 10,
15, 20, 30, 46, 60, 72, 100, 150, 200, 400, and 600 s/mm’.
The data were acquired with a 1.5 T scanner with TR
of 1,600 ms and TE of 63 ms, and the curve fitting was
based on bi-exponential segmented fitting (starting from
b =0 s/mm’ data and with threshold b-value of 60 s/mm?).
We have measured liver IVIM-PF to be 18% (15). This
approximately agrees with perfusion CT and physiological
measurement results (13,16). However, we measured spleen
IVIM-PF being 9% which was highly underestimated (15).
Though the blood flow speed is slightly higher in spleen
than in liver [reviewed in (13)], IVIM-D,,, was also

Quant Imaging Med Surg 2025;15(4):3771-3778 | https://dx.doi.org/10.21037/qims-2025-270
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Figure 4 Impact of TR on DDVD,.,/DDVDy,,, ratio. (A) The measures of (only) three heathy volunteers (mean and SD). When TR
is 2,000 ms and TE is 46 ms (acquired with free breathing), DDVD,,,.,/DDVDj,,, ratio is 1.13 thus being approximately consistent with
results in Figure I and also showing shortening of TE has no substantial impact on DDVDy...,/DDVDy,, ratio. Shortening of TR to 1,000,
to 500, to 300, and to 200 ms is associated with an increase of DDVD,..,/DDVDy,,, ratio. (B) DDVD,.../DDVDy,,, ratio of seven HCC
cases (acquired with breathhold). Non-tumor regions of the liver were measured. Three cases did not have liver fibrosis, and four cases had
grade-1 liver fibrosis. DDVD,,.,/DDVDy,,, ratio is presented with scatter plot and mean/SD. It is noted that for all seven cases, DDVD,,.,
is measured higher than DDVDy,... DDVD, ../ DDVDy,,, ratio is higher when the 2" p-value is 2 s/mm’ than the 2™ p-value is 10 s/mm’. (C)
An example DDVD map calculated with 5=0 and =2 s/mm’ DWT images [case from (B)], with spleen (S) showing higher signal than liver
(L). Unit for TR and TE is millisecond. DDVD, diffusion-derived ‘vessel density’; G, gastric fluid; HCC, hepatocellular carcinoma; SD,
standard deviation; TE, time of echo; TR, time of repetition.

measured markedly lower in spleen than in liver (15). For is also underestimated. For example, using TE of 66 ms
spleen IVIM-PF to be measured around 18%, TE should (TR: 8,750 ms) and two b-values of 0 and 800 s/mm’, Kim
be extended longer to compensate for the longer T2 of et al. (35) reported ADC,, of 1.07x10~ mm’/s and ADC,ecn
spleen (20). IVIM analysis also underestimates the IVIM- of 0.79x10” mm’/s. Compared with the liver, the spleen
PF of HCC due to its longer T2 relative to the T2 of liver has a higher water content [with longer T1/T2, higher free
parenchyma (33). Accordingly, for the quantification of water content (36), and lower density on CT image (37)],
HCC IVIM-PE, a TE longer than 60 ms is needed as the it is more reasonable that the spleen has higher true tissue
mean T2 of HCC is around 60 ms. When TE is around diffusion (own unpublished data).

60 ms as the case for most abdominal DWI, ADC,,... One of the initial goals of using DDVD was to minimize
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Figure 5 Compared with the cases of a long TR and a short/
moderate TE (see Figures 2,4 results), both the applications of a
long TE of 84 or a short TR of 313 lead to a higher DDVDy/
DDVDy,,, ratio. Data A had 56 cases of HCC, and image data
acquisition at 3.0 T had TR of 2,500 ms (acquired with respiratory
gating) and TE of 84 ms. Data B had 70 cases of HCC, and
image data acquisition at 3.0 T had TR of 313 ms (acquired
with breathhold) and TE of 38 ms. The 2" b-value for DDVD
is both 10 s/mm’ for the data in this graph. Unit for TR and TE
is millisecond. DDVD, diffusion-derived ‘vessel density’; HCC,
hepatocellular carcinoma; SD, standard deviation; TE, time of

echo; TR, time of repetition.

the “T2 effect’. This is approximately achieved when TR
is long, TE is short or modest, and the 2™ b-value is very
low, as shown in our analyses for the relative blood volume
of the liver, spleen, and HCC (Figures 1,2). DDVD is less
sensitive to TE selection and “I72 effect’ compared to those
of IVIM and ADC (13,18,19,32,33,38,39).
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