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Abstract
Background  Age-related liver diffusion metrics changes have been described. We aim to further clarify these 
questions: 1) whether an age-related reduction of liver perfusion can be observed by DDVD (diffusion derived vessel 
density) in older males; 2) whether there is a male female difference in liver perfusion; 3) whether liver ADC values and 
spleen ADC values are correlated. It is known that, physiologically, males’ liver has a higher iron level (thus a shorter 
T2) than females’ liver; pre-menopausal females have a lower liver iron level (thus a longer T2) than post-menopausal 
females. The observations of this study will be interpreted with the recently gained knowledge of the T2 contribution 
to diffusion metrics.

Methods  Included in this healthy volunteer’s study were 68 males (mean age:50.22 years, range: 25–70 years) and 43 
females (mean age 45.56 years, range:20–71 years). DWI images with b-values of 0, 2, 10, 20, 60, and 600 s/mm2 were 
acquired at 1.5T. DDVD were calculated with b = 0, b = 2, b = 10, and b = 20 s/mm2 images. ADC were calculated with 
b = 0, b = 2, b = 60 and b = 600 s/mm2 images.

Results  There was a statistically significant age-related decline of liver DDVD values for females (p = 0.024). A similar 
trend was observed for males, though statistical significance was not achieved (p = 0.113). Liver DDVD values were 
all higher in females than in males (p < 0.001). There was a statistically significant age-related decline of liver ADC 
values both for males (ADC(b0b600), p = 0.009) and for females (ADC(b0b600), p = 0.016). Liver ADC values and spleen ADC 
values were positively correlated (ADC(b0b600), r = 0.33 for males and 0.31 for females, p < 0.05). When the spleen ADC 
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Introduction
Diffusion weighted imaging (DWI) has been commonly 
applied to the liver and to the spleen, particularly in the 
oncological setting. For quantification, ADC (appar-
ent diffusion coefficient) is already widely implemented, 
while IVIM (intravoxel incoherent motion) imaging 
remains in research setting [1–5]. Another emerging use-
ful DWI biomarker is ‘diffusion derived vessel density’ 
(DDVD) [6–9]. Diffusion measurement from a healthy 
spleen is sometimes used to normalize the measures of 
other abdomen organs such as the liver and pancreas [10, 
11]. Understanding the gender- and age-related norma-
tive values of diffusion metrics is highly relevant for liver 
imaging. Huang et al. [12] reported that there was aged-
related reduction of liver DDVD among females, but 
such a trend was not observed in males, probably due to 
the small sample size for males in that study. There was 
no age-related change of spleen DDVD both in males and 
in females [7, 13]. Spleen ADC has also been shown to be 
lower among older females than among younger females, 
but such a trend was not noted among males [13]. A few 
studies described that liver ADC and liver IVIM-Dslow 
were lower among males than females [12, 14, 15].

The liver and spleen both function as iron storage 
organs. There are age and gender differences in norma-
tive values of liver and spleen T2/T1rho relaxometry 
[16]. Schwenzer et al. [17] reported a negative correla-
tion between age and liver T2* in females (r=-0.46) and 
in males (r=-0.30). Liver T2* and spleen T2* were highly 
correlated (r=-0.73). Yu et al. [18] reported an age-related 
decrease of spleen T1rho for both females and males. 
This trend was consistent with the T1rho of females’ liver. 
Females also had higher liver and spleen T1rho values 
than males. Spleen T1rho and liver T1rho were positively 
correlated, and when spleen T1rho was used to normal-
ize liver T1rho, the ratio of T1rholiver/T1rhospleen largely 
removed the sex- and age-effect [18].

Considering the existing literature on age-and gender-
related variations of liver MR relaxometry and diffusion 
metrics, in this study we aim to further clarify these 
questions: 1) whether an age-related reduction of liver 
perfusion can be observed by DDVD in older males; 2) 
whether there is a male female difference in liver DDVD 
values; 3) how the selection of b-value will affect the 

age- and gender-related liver ADC difference; 4) whether 
liver ADC values and spleen ADC values are correlated. 
The observations of this study will be interpreted with 
the recently gained knowledge of T2 contribution to dif-
fusion metrics [19–22]. Recent studies suggest that, in 
addition to ‘true diffusion’, both ADC and IVIM parame-
ters are also heavily affected by tissue T2 relaxation times 
[19–21]. A shorter T2 (< 60 ms) or a longer TE (echo 
time) or a longer diffusion time (an increase of the diffu-
sion gradient separation time) increases the measure of 
a tissue’s fast diffusion compartment (i.e., conceptually 
the perfusion compartment according to IVIM model) 
and depresses the measure of tissue’s slow diffusion com-
partment [22–27], while a longer T2 (> 80 ms) increases 
the measure of tissue’s slow diffusion compartment and 
depresses the measure of fast diffusion compartment [21, 
22, 28–31].

Materials and methods
The healthy volunteer upper abdomen MRI data acqui-
sition as observational studies was approved by the 
institutional ethical committee, and informed consent 
was obtained for all subjects. All the study participants 
were all known to be healthy at the MRI exam and at 
the 6-month follow-up after the exam, without liver, 
spleen, and other abdominal organ disease history, and 
not on any regular medication. MRI was conducted 
from Apr 22, 2019 to Dec. 6, 2022. For all scans, partic-
ipants were asked to fast for 6  h before imaging. Study 
subjects were scanned twice during the same session 
as long as the study subject could tolerate being within 
the magnet and lied still, with the subjects’ position and 
selected scan planes unchanged. The IVIM type of dif-
fusion scan was based on a single-shot spin-echo type 
echo-planar sequence using a 1.5-T magnet (Achieva, 
Philips Healthcare, Best, Netherlands). SPIR technique 
(Spectral Pre-saturation with Inversion-Recovery) was 
used for fat suppression. Image data were acquired with 
respiratory-gating. The TR was 1600ms and the TE was 
63ms, with one TR per respiratory cycle. Other param-
eters included slice thickness = 7  mm and inter-slice 
gap 1  mm, matrix = 124 × 97, FOV = 375  mm×302  mm, 
NEX = 2, number of slices = 7. The included slices were 
focused on the central part of the liver with largest axial 

was used to normalize the liver ADC, then the age-related trend was largely removed, both for males and for females 
(p > 0.05).

Conclusion  Females have a larger liver perfusion volume than males. There is an age-related decrease of DDVD and 
ADC, both for males and females. Liver ADC values and spleen ADC values are positively correlated. These gender and 
age-related changes are unlikely mainly caused by the liver T2 relaxation time variations.

Clinical trial number  Not applicable.
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parenchyma. IVIM series images with 16 b-values of 0, 2, 
4, 7, 10, 15, 20, 30, 46, 60, 72, 100, 150, 200, 400, 600 s/
mm2 were acquired. The IVIM data acquisition time was 
~ 6–7  min for one scan, depending on the respiration 
cycle of the subjects. Only images with b-values of 0, 2, 
10, 20, 60, and 600 s/mm2 were used in this study. For all 
acquired MRI data, images with notable motion and arte-
facts were discarded. For the participants scanned twice, 
when the two scans for a subject were of good quality, the 
mean values of the two scans were adopted; while when 
one scan had good quality and the other scan had unac-
ceptable quality, then the one scan with unacceptable 
quality was discarded and the scan with good quality was 
used. The data of 8 females and 5 males were excluded as 
both of their two scans had unacceptable quality. Finally 
included for analysis in this study were 68 males (mean 
age: 50.22 years, range: 25–70 years, among them 44 
had two scans for analysis) and 43 females (45.56 years, 
range: 20–71 years, years, among them 26 had two scans 
for analysis). The original MRI data have been partially 
analysed and published earlier (Table 1). For these data, 
the current study is the first for liver ADC analysis and 
for the liver ADC and spleen ADC correlation analysis. 
For liver DDVD, the sample size for males increased from 
n = 33 in the study of Huang et al. [12]. to the current 
study of n = 68.

Image segmentation was performed using ITK-SNAP 
(http://www.itksnap.org) and data analysis was ​c​o​n​d​u​c​t​e​
d with MATLAB (MathWorks, Natick, MA, USA). By a 
radiologist with 10 years’ experience in reading abdomi-
nal MRI (MHS), free-hand ROIs (regions-of-interest) 
were manually placed on b = 0  s/mm2 image to cover a 
large portion of liver and spleen parenchyma while avoid-
ing large vessels and then copied to the images of other 
b-values of this slice. To count for the potential inter-
scan motion, the copied ROI on b = 2, b = 10, b = 20, b = 60 
and/or b = 600 s/mm2 images were additionally manually 
adjusted. ADC was calculated according to.

	
ADC2b = ln(S(b1)/S(b2))

b2 − b1
� (1)

where b2 and b1 refers to b = 600 and b = 0 (or = 2, or 
= 60) s/mm2 respectively, where S(b1) and S(b2) denote 
the image signal-intensity acquired at the b-factor value 
of b = 0 (or = 2, or = 60) and b = 600 s/mm2, respectively.

The measurement of liver and spleen DDVD followed 
our earlier reports [12, 13]. ROI for liver and spleen 
parenchyma was segmented on the b = 0  s/mm2 image 
(resulting in ROI area of area0) and then copied onto the 
b = 2, b = 10, and b = 20  s/mm2 images (resulting in ROI 
area of area2, area10, area20 respectively). To count for 
the potential inter-scan motion, the copied ROI on b = 2, 
b = 10, b = 20 images were additionally adjusted. DDVD 
was calculated according to Eq. 2.

	
DDVD (b0b2) =Sb0/ROIarea0

− Sb2/ROIarea2 (arbitraryunit/pixel)� (2)

where ROIarea0 and ROIarea2 refer to the number of 
pixels in the selected region-of-interest (ROI) on b = 0 s/
mm2 and b = 2 s/mm2 images, respectively. Sb0 refers 
to the measured sum of liver signal intensity within the 
ROI when b = 0  s/mm2, and Sb2 refers to the measured 
sum of liver signal intensity within the ROI when b = 2 s/
mm2, thus Sb/ROIarea equates to the mean signal inten-
sity within the ROI. Sb2 and ROIarea2 were additionally 
replaced by other low b-value diffusion image data (b = 10 
and b = 20  s/mm2), which resulted in two additional 
DDVD values for b = 10 and b = 20 s/mm2 respectively.

For all analysis, the mean of all included slice mea-
surements was regarded as the value of the examination, 
with the last step weighted by the percentage ROI area 
for each slice (i.e., assuming the sum pixel number of 
all ROIs for each subject being 100%, according to pixel 
number in each slice’s ROI, a percentage was assigned for 
each slice). For statistical analysis, data were processed 
using GraphPad Prism (San Diego, CA, USA). Com-
parisons were performed using independent 2 sample t 
test or Mann-Whitney U test as appropriate, and tests 
were all two-sided. The significances of diffusion mea-
sures and ages were tested with Pearson correlation. A p 
value < 0.05 was considered statistically significant, > 0.1 
as not significant, and between 0.05 and 0.1 as with a 
trend of significance.

Results
The age-related changes of liver DDVD and ADC, male 
female differences of DDVD and ADC, and the correla-
tions between liver ADC and spleen ADC, are shown in 
Table 2; Figs. 1, 2, 3 and 4.

Table 1  Liver diffusion weighted imaging data analysed in earlier studies [12, 13] and analysed newly in the current study
Liver [12]# Spleen [13]# Liver [*] Spleen [*]
DDVD IVIM IVIM DDVD ADC DDVD ADC ADC

Males, no. of cases’ 33 26 48 65 69 68 68 68
Females, no. of cases 37 36 20 32 34 34 43 43
#: Image data used in the study reported by Huang et al. [12]. and Yu et al. [13]. *: analyses in the current study. Note that, all the results described in this study were 
based on measurements conducted in the current study

http://www.itksnap.org
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Figure 1A, B, C show, there was a statistically sig-
nificant age-related decline of liver DDVD values for 
females. A similar trend was observed for males, though 
statistical significance was not achieved. For females, 
the Pearson r was comparable among DDVDb0b2 
(r=-0.343), DDVDb0b10 (r = 0.333), and DDVDb0b20 
(r = 0.343); while for males, the correlation strength was 

DDVDb0b2 (r=-0.240) > DDVDb0b10 (=-0.129) > DDVDb0b20 
(r = -0.110). Fig. 1D, E, F, show DDVDb0b2, DDVDb0b10, 
and DDVDb0b20 values were all significantly higher in 
females than in males, suggesting significantly higher 
liver perfusion volume among females.

Figure 2 shows, there was a statistically significant 
age-related decline of liver ADC values both for males 

Table 2  Liver diffusion MRI measurements of health males and healthy females
Values Slope r PSlope

Males(n = 68) DDVDb0b2 # 10.789 ± 3.778 (2.976–20.016) 95% CI:9.864–11.679 -0.067 -0.204 0.113
DDVDb0b10 # 20.482 ± 4.820 (10.785–32.891) 95% CI:19.379–21.640 -0.053 -0.129 0.318
DDVDb0b20 # 24.428 ± 5.383(13.060-37.372) 95% CI:23.203–25.740 -0.052 -0.110 0.394
ADC(b0b600) ¶ 1.389 ± 0.938(1.118–1.586) 95% CI:1.368–1.412 -0.003 -0.316 0.009
ADC(b2b600) ¶ 1.250 ± 0.078(1.05–1.40) 95% CI:1.231–1.268 -0.001 -0.135 0.273
ADC(b60b600) ¶ 1.013 ± 0.085(0.799–1.233) 95% CI:0.992–1.033 -0.001 -0.19 0.12
ADCr(b0b600) liver/spleen 1.471 ± 0.231(1.061–2.296) 95% CI:1.417–1.529 0.0002 0.013 0.915
ADCr(b2b600) liver/spleen 1.457 ± 0.247(1.022–2.401) 95% CI:1.398–1.522 0.001 0.052 0.676
ADCr(b60b600) liver/spleen 1.334 ± 0.340(0.853–3.517) 95% CI:1.263–1.425 0.006 0.201 0.100

Females (n = 43) DDVDb0b2 # 15.608 ± 5.267(7.612–27.559) 95% CI:14.129–17.213 -0.123 -0.343 0.024
DDVDb0b10 # 25.141 ± 5.598(15.399–36.519) 95% CI:23.455–26.981 -0.127 -0.333 0.029
DDVDb0b20 # 30.330 ± 6.126(18.998–40.386) 95% CI:28.607–32.128 -0.144 -0.343 0.024
ADC(b0b600) ¶ 1.331 ± 0.884(1.143–1.545) 95% CI:1.303–1.356 -0.002 -0.364 0.016
ADC(b2b600) ¶ 1.186 ± 0.087(0.967–1.369) 95% CI:1.160–1.210 -0.002 -0.310 0.043
ADC(b60b600) ¶ 1.012 ± 0.091(0.818–1.214) 95% CI:0.987–1.037 -0.002 -0.356 0.019
ADCr(b0b600) liver/spleen 1.436 ± 0.152(1.089–1.694) 95% CI: 1.394–1.483 0.002 0.177 0.256
ADCr(b2b600) liver/spleen 1.375 ± 0.159(1.108–1.813) 95% CI:1.324–1.419 0.002 0.200 0.200
ADCr(b60b600) liver/spleen 1.266 ± 0.173(0.997–1.786) 95% CI:1.214–1.319 0.003 0.261 0.091

Value represented: mean ± standard deviation (range), 95% CI. r: Pearson correlation r value. Pslope: P-value for the fitted slope (Pslope < 0.05 suggests the slope of 
increasing or decreasing along age-axis is significant). ADCr = ADCliver/ADCspleen, #: unit in arbitrary unit/pixel, ¶: unit in × 10 − 3 mm2 /s

Fig. 1  A statistically significant age-related decline of liver DDVD value (unit in arbitrary unit/pixel) was noted for females (p < 0.05). A similar trend was 
observed for males, though statistical significance was not achieved (p = 0.113). DDVD values were higher in females than in males (p < 0.001). DDVDb0b2 
was calculated with b = 0 and b = 2 s/mm2 images, DDVDb0b10 was calculated with b = 0 and b = 10 s/mm2 images, DDVDb0b20 was calculated with b = 0 
and b = 20 s/mm2 images
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Fig. 3  Liver ADC values and spleen ADC values (unit in ×10− 3 mm2/s) were positively correlated, with the correlation tended being stronger for females 
than for males (B, C, E, F)

 

Fig. 2  A statistically significant age-related decline of liver ADC value (unit in ×10− 3 mm2/s) was noted both for males and females. Males had a higher 
value than females for ADC(b0b600) and ACD(b2b600). On the other hand, for ADC(b60b600), males and females derived very comparable ADC values. (note: the 
trends shown in this figure had been double confirmed by a second reader)
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(Fig. 2A) and for females (Fig. 2A, B, C). The correlation 
strength was comparable between males and females in 
Fig. 2A. Fig. 2D, E, F show males have a higher value than 
females for ADC(b0b600) and ACD(b2b600). On the other 
hand, for ADC(b0b600), males and females derived very 
comparable values.

Figure 3 shows that liver ADC values and spleen ADC 
values were positively correlated. Moreover, the cor-
relations were stronger for females than for males. Fig. 
4 shows, when the spleen ADC was used to normalize 
the liver ADC, then the age-related trend was largely 
removed, both for males and for females. For all ratios 
of ADCliver/ADCspleen of females (Fig. 4D, E, F) and the 
ratio of ADCliver/ADCspleen(b60b600) for males (Fig. 4C), age 
was weakly positively correlated ADCliver/ADCspleen, i.e., 
a trend was seen that ADCliver/ADCspleen was greater at 
the older age.

Discussion
This study systematically evaluated gender- and age-
related DDVD and ADC changes, and also compared 
ADC(b0b600), ADC(b2b600), and ADC(b60b600). ADC(b0b600) 
would have contained more perfusion information 
than ADC(b60b600). This study shows there was a statisti-
cally significant age-related decline of DDVD values for 
females, such a trend was also noted for males though 
statistical significance was not achieved. Liver DDVD was 
higher in females than in males and being more so among 
younger subjects. There was a statistically significant age-
related decline of ADC(b0b600) values both for men and for 
women. Liver ADC values and spleen ADC values were 
positively correlated, and when the spleen ADC was used 

to normalize the liver ADC, then the age-related trend 
was largely removed. In this discussion, we try to explain 
what factors might have contributed to these age-related 
diffusion metrics changes, particularly with the known 
gender- and age-related T2 relaxation differences [17]. In 
healthy subjects there are iron storage depots in the liver, 
spleen, and bone marrow. In healthy subjects without 
diet iron deficiency, liver iron concentration rises sharply 
in men toward the end of the adolescent growth spurt 
in the late teens and reached maximum before 40 years 
old. In women, liver iron concentration remains relatively 
low until after the fourth decade of life, after which they 
exhibit a steep rise. Maximum levels observed in women 
after menopause are approximately two thirds of those 
for men of comparable age [32]. In addition to liver T2 
shortening caused by the liver iron deposition [17, 33], 
since blood has longer T2 than that of liver parenchyma, 
a lower blood volume in males’ liver also contributes 
to the shorter T2 in males’ liver (see discussion in [21] 
and the paragraph below). Liver T1rho, which is related 
to T2, is notably longer in females than in males [34]. It 
has been noted that shorter T2 values correlate to higher 
ADC values in the liver [21, 35]. Physiological age-related 
decrease in liver blood flow has been well documented 
using a variety of technical methods including histol-
ogy, dye dilution, and indicator clearance [36, 37]. In our 
earlier analysis, we demonstrated the DDVD of females’ 
liver decrease with aging, however, no such a trend was 
noted for the DDVD of males’ liver [12]. In the current 
study, with increased sample size, a trend weaker than 
that of females was shown that DDVD of males’ liver 
also decreased with aging. Though we still could not 

Fig. 4  When the spleen ADC was used to normalize the liver ADC (unit in ×10− 3 mm2/s), then the age-related trend was largely removed. For all ratios 
of ADCliver/ADCspleen of females (D, E, F) and the ratio of ADCliver/ADCspleen(b60b600) for males (C), a weak trend was seen that ADCliver/ADCspleen was greater 
at the older age
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achieve statistical significance in this study, the trend 
for DDVDbb020 was close to being significant (p = 0.113). 
However, for male’s liver DDVDbb020, the decrease with 
aging further weakened (Pearson r=-0.204 for DDVDb0b2, 
r=-0.129 DDVDb0b10, r=-0.110 DDVDb0b20). This supports 
the concept that, applying a very low second b-value for 
DDVD calculation increases the sensitivity for measuring 
tissue perfusion by DDVD [8, 31]. Following the increase 
of second b-value for DDVD calculation, the contribu-
tion from diffusion and T2 effect also increase [38]. The 
age-related DDVD reduction was stronger for females, 
which could be due to that females have a menopause 
which has a fundamental impact on physiology. Estrogen 
has an effect on vascular smooth muscle and endothe-
lial cells, with estrogen administration promoting vaso-
dilatation [39]. Liver DDVD measure for females were 
larger than those of males (Fig. 1). This is also consistent 
with our earlier report that spleen DDVD measures for 
females were larger than those of males [7]. On the aspect 
of gender difference in perfusion volume, with catheter 
an indocyanine green infusion technique, Møller et al. 
[40] described that whole body total blood volume (ml) 
and the cardiac output (ml/min) per kg lean body mass 
were higher in healthy females than in healthy males. 
More recently, Nickander et al. [41] reported that healthy 
females have higher myocardial perfusion, blood volume 
and extracellular volume in the heart compared to males. 
However, as shown in Fig. 1, the male female difference 
is likely to diminish for very old populations. Note that, 
when TR/TE is 1500/60 ms (with respiration-triggered 
imaging) and the second b-value is 2 s/mm2, the T2 effect 
is unlikely to cause major over- or under-estimation for 
liver DDVD [42]. If we consider that younger men have 
a shorter liver T2 than younger women, then the T2 dif-
ference between liver and spleen T2 values may slightly 
depress the DDVD difference between the gender groups, 
as shorter T2 promote higher perfusion measure [20, 21]. 
Similarly, the age-related differences in liver DDVD are 
also unlikely to be caused by the T2 effect. Actually, the 
T2 effect may depress age-related difference in DDVD, 
as shorter T2 among older population may promote the 
DWI-derived perfusion measure [24, 28].

According to IVIM theory, ADC(b0b600) is a compos-
ite measure of both perfusion compartment and slow 
diffusion compartment, and ADC(b60b600) more reflects 
diffusion compartment [21]. Since males have a shorter 
liver T2 than females, and shorter T2 can promote per-
fusion measure [21, 43], this explains that Fig. 2 shows 
ADC(b0b600) was higher in males than females, and the 
male female difference diminished for ADC(b60b600). We 
have earlier reported lower IVIM-Dslow in men than in 
women [12]. Lavdas et al. [14] also reported slightly lower 
ADC in females when b = 0 s/mm2 was incorporated for 
ADC calculation, while ADC is lower in males than in 

females when the first b-value for ADC calculation was 
150  s/mm2. Metens et al. [15]. used the first b-value of 
150  s/mm2 to calculate liver ADC and reported lower 
ADC in males than in females. Note that, when the 
first b-value is 150  s/mm2 to calculate liver ADC, ADC 
is effectively equivalent to IVIM-Dslow. Therefore, the 
recently gained knowledge of T2’s contribution to ADC 
may help to explain the initially puzzling results for male 
female difference in liver ADC. Since the shorter T2 in 
older subjects’ liver and spleen would promote ADC [21], 
the age-related decrease of liver ADC is unlikely due to 
T2 effect. T1rho relaxometry studies also showed lower 
liver and spleen T1rho among older subjects which may 
not relate to the iron level factor [18, 34], reflecting bio-
chemical changes among the older subjects. True ves-
sel volume reduction as shown by histology studies and 
DDVD measures will at least partially contribute to the 
age-related reduction of ADC [12, 36, 37].

The study on the correlation between spleen ADC 
and liver ADC was motivated by our recent observa-
tion that spleen T1rho and liver T1rho were positively 
correlated, and when spleen T1rho was used to normal-
ize liver T1rho, the ratio of T1rholiver/T1rhospleen largely 
removed the gender- and age-effect [18]. The current 
study confirmed that spleen ADC and liver ADC are 
positively correlated (Fig. 3). It has been reported that the 
liver iron level and spleen iron level are positively corre-
lated. Schwenzer et al. [17] reported liver T2* and spleen 
T2* had a strong correlation with r = 0.73. The correla-
tion between spleen T1rho and liver T1rho was around 
r = 0.6, being modestly strong. While earlier work showed 
age-related deductions of both liver T2* and T1rho mea-
sures [17, 34], the age-related reduction of T1rho may be 
independent of the age-related reduction of T2* associ-
ated with iron level increasing [32]. In another study, a 
modestly strong correlation was noted for liver DDVD 
and spleen DDVD (r = around 0.6 [7]). The current study 
shows the correlation of liver ADC and spleen ACD was 
weaker than those of T2*/T1rho relaxometry and DDVD 
correlation. This study also shows, for females’ ADC (Fig. 
4D, E, F) and for males’ ADC(b60b600) (Fig. 4C), the age-
related reduction changed to a slight increasing trend 
after liver ADC is normalized by spleen ADC, which in 
effective suggests that age-related ADC reduction was 
faster for spleen ADC than for liver ADC. Since it was 
noted that there was an age-related reduction of liver 
DDVD but an age-related reduction of spleen DDVD was 
not observed [13, 14], thus for the spleen, the age-related 
reductions of both ADC(b0b600) and ADC(b60b600) are dom-
inated by slow diffusion reduction. ADC(b0b600) contained 
information with perfusion and slow diffusion, and 
ADC(b60b600) is dominated by slow diffusion. Note that 
the correlation between liver ADC and spleen ADC was 
stronger in females than in males. This is not surprising, 
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as we noted higher heterogenicity in males’ spleen ADC 
than females’ spleen ADC [13].

There are many limitations to this study. It can be 
argued that the sample size in this study was small. 
However, we expect that while more samples may lead 
to some of the trends becoming statistically more sig-
nificant, it is unlikely the trend directions will be altered. 
In this study, to explain the relative contribution of per-
fusion and slow diffusion, we presented DDVDb0b20. 
However, DDVDb0b20 is not advocated as we use a very 
low second b-value to measure perfusion information 
[38]. On the other hand, we did not use even higher first 
b-value, such as b = 150 s/mm2, to calculate ADC, but we 
consider that the trends have already been demonstrated 
by a comparison between ADCb0b600 data and ADCb60b600 
data. The data were collected at 1.5T. Compared with the 
measures at 1.5T, 3.0T is associated with a lower measure 
of slow diffusion and a higher measure of perfusion [27, 
44]. Liver ADC value is lower at 3.0T than at 1.5 T [45, 
46]. Absolute liver and spleen DDVD values are substan-
tially higher at 3.0T than at 1.5T, however the ratio of 
DDVDliver/DDVDspleen is only slightly higher at 3.0T than 
at 1.5T [31, 42]. Another limitation is that we do not have 
data for pediatric and adolescent populations. Though we 
did not provide intra- and inter-observer variability data, 
we do not expect this to be an issue as the ROI place-
ments are reasonably straightforward. Moreover, we did 
have an additional reader measured the data shown in 
Fig. 2 and derived same trends.

To summarize, this study shows there is an age-related 
decrease of liver DDVD both for males and females. 
Liver DDVD values for females are larger than those of 
males. However, the male female difference in liver per-
fusion volume is likely to decrease for very old popula-
tions. There is an age-related decrease of ADC values 
both for males and for females. Liver ADC values and 
spleen ADC values are positively correlated. We sug-
gest that these variations are unlikely mainly caused by 
the T2 effect associated with liver iron level variations. In 
fact, if the T2 effect could be eliminated, the gender- and 
age-related changes of liver diffusion metrics would be 
more pronounced in many aspects. We expect the find-
ings of this study will be relevant for diffusion metrics as 
biomarkers of liver diseases classification, as well as for 
understanding physiology related to gender differences 
and aging for the liver.
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