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Intravoxel incoherent motion (IVIM) theory in magnetic 
resonance imaging (MRI) was proposed by Le Bihan et al.  
to account for the effect of vessel/capillary perfusion on 
the aggregate diffusion weighted MR signal. The fast 
component of diffusion is related to perfusion, whereas the 
slow component is linked to tissue molecular diffusion. The 
prevalent IVIM modeling is based on Eq. [1]:

( ) ( ) ( ) ( ) ( )b 0SI SI 1 exp expslow fastPF b D PF b D= − × − × + × − × 	 [1]

where SI(b) and SI(0) denote the signal intensity of images 
acquired with the b-factor value of b and b=0 s/mm2, 
respectively. Three parameters can be computed. Dslow 
(or D) is the diffusion coefficient representing the slow 
molecular diffusion only minimally affected by perfusion. 
The perfusion fraction (PF, or f) represents the fraction 
of the compartment related to circulation, which can be 
understood as the proportional ‘incoherently flowing fluid’ 
(i.e., blood) volume. Dfast (or D*) is the perfusion-related 
diffusion coefficient which holds information for blood 
perfusion’s speed. Recently, we demonstrated that, using 
liver as the reference, IVIM derived PF for the spleen is 
underestimated approximately by half (1). Literature also 
consistently reports a lower spleen Dslow than liver Dslow (1). 
With our own data (n=20 healthy volunteers), liver Dslow was 
estimated to be 1.06±0.10 (×10−3 mm2/s) and spleen Dslow 
was 0.89±0.17. Since Dslow has a limited dynamic range (2), 
this difference of 0.17 (×10−3 mm2/s) between liver Dslow 

and spleen Dslow can be considered substantial [this is also 
consistent with other reports (2)].

Hereby, we argue that spleen Dslow is also substantially 
underestimated by IVIM if we consider liver Dslow as the 
reference. Since the liver and spleen have similar vessel 
volume and blood flow per tissue volume per minute, and 
the spleen is waterier than the liver (T1/T2 relaxation is 
1,328/61 ms for spleen and 809/34 ms for liver at 3.0 T, 
Figure 1) (2,3), it is quite unlikely that spleen Dslow is much 
lower than liver Dslow. While there is no other reference 
measure for water diffusion in vivo, the magnetization 
transfer signal ratio (MTR) measure shows a higher 
proportion of water molecules in the liver are bound to 
other macro-molecules than the water molecules in the 
spleen (4), which supports that water molecules in the 
spleen have a greater extent of free diffusion. Free water 
molecules also allow longer T1 and T2 relaxation times 
than bounded water molecules. The spleen is also an 
organ with the function of storing blood (5). The spleen 
can respond to sympathetic stimulation by contracting its 
fibroelastic capsule and trabeculae to increase systemic 
blood supply. Another point of consideration is that liver 
has higher iron content and shorter T2* relaxation time 
than the spleen (3,6), and it has been well noted that iron 
content and shorter T2* relaxation time are associated 
with lower measured apparent diffusion coefficient (ADC) 
or Dslow (7,8). Despite all these, the fact that measured 
spleen Dslow is much lower than liver Dslow strongly suggests 
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Figure 1 Hypothesized relationship between tissue ADC and 
tissue T2 relaxation time in vivo. Around the tissue T2 relaxation 
time of 34 ms (liver tissue at 3T) and 61 ms (spleen tissue at 
3T), a negative relationship exists between ADC value and tissue 
T2 relaxation time. However, around and till the T2 relaxation 
time for gallbladder (172 ms at 3T), a positive relationship exists 
between ADC value and T2 relaxation time. ADC, apparent 
diffusion coefficient.

	 34	 61	 172
ms

T2 time
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D
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Table 1 Relationship between myometrium tumor T2 weighted signal intensity and tumor diffusion restriction

Tissue type [scenario number]
Diffusion on ADC map

Signal on T2 weighted images
Restricted Unknown Not restricted

DeMulder et al. LM cystic degenerated [1] – – Yes H-hyperintense

DeMulder et al. LM myxoid degenerated [2] – – Yes H-hyperintense

Barral et al. Cellular LM [3] Yes – – Hyperintense

DeMulder et al. Cellular LM [4] Yes – – Hyperintense

Bura et al. Highly cellular LM [5] Yes – – Hyperintense

Bura et al. Leiomyosarcoma [6] Yes – – Hyperintense

Barral et al. Leiomyosarcoma [7] Yes – – Hyperintense

Barral et al. Common LM [8] – – Yes Hypointense

Bura et al. Ordinary LM [9] – – Yes Hypointense

DeMulder et al. LM hyaline degenerated [10] – – Yes Hypointense

DeMulder et al. LM carneous degenerated [11] – – Yes Hypointense

DeMulder et al. LM-calcific degenerated [12] – – Yes Hypointense

DeMulder et al. Lipoleiomyoma [13] – Yes – Heterogeneous

DeMulder et al. STUMP [14] – Yes – Heterogeneous

Barral et al. Degenerated LM [15] – – Yes Heterogeneous

Summarized from Tab. 2 by DeMulder et al. (10), Tab. 1 by Bura et al. (11), and Tab. 1 by Barral et al. (12). ADC, apparent diffusion 
coefficient; LM, leiomyoma; H-hyperintense, highly hyperintense; STUMP, smooth muscle tumors of uncertain malignant potential.

spleen Dslow is underestimated by IVIM. It has been well 
noted that the spleen ADC is also much lower than the 
liver ADC (9). Considering liver as the reference, that 
both fast diffusion (PF) and slow diffusion (Dslow) of the 
spleen are much underestimated is likely due to the 
MRI properties of the spleen such as the much longer 
T2 relaxation time. The well noted ‘T2 shine-through’ 
phenomenon demonstrates the effect of T2 relaxation 
time on diffusion weighted image signal. It is possible 
that, around the range of T2 time of spleen, longer T2 
relaxation time leads to lower diffusion measure (Figure 1).  
This phenomenon will not be limited to the spleen, thus 
we shall keep this in mind when we consider all MRI 
measured diffusion effects including ADC. More examples 
are given in Table 1 for myometrium tumors [myometrium’s 
T2 is 79 ms at 3T (3)].

Table 1 shows, when the uterine myometrium tumors 
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are T2 weighted signal intensity hypertensive (i.e., longer 
T2 time relative to myometrium), these tumors likely show 
diffusion restriction (scenarios 3–7). This is similar to that, 
while the spleen is signal intensity hypertensive relative to 
the liver, spleen demonstrates diffusion restriction relative 
to the liver. On the other hand, when the tumors are T2 
weighted signal intensity hypotensive (i.e., shorter T2 
time relative to uterine myometrium), these tumors likely 
show no diffusion restriction (scenarios 8–12). When 
the tumors have heterogeneous T2 weighted signal, they 
were noted as without diffusion restriction or diffusion 
restriction unknown. However, when the lesions are very 
highly hyperintense such as the cases of leiomyoma cystic 
degeneration and myxoid degeneration (scenarios 1–2), the 
relation between T2 weighted signal intensity and diffusion 
is similar to that of a normal gallbladder, i.e., T2 weighted 
signal intensity highly hyperintense without diffusion 
restriction (Figure 1). For renal carcinoma, a possible 
negative correlation between ADC value and T2 value can 
be noted (Figure 2).

Hereby we discuss two possible implications with 
high clinical relevance. Most liver tumors have a longer 
T2 relaxation time than their native normal tissue and 
this is considered to be associated with oedema. On the 
other hand, most tumors are measured with lower MRI 
diffusion (despite being oedematous) (14). The reason 
why malignant tumors have lower diffusion value (ADC 
and Dslow) is poorly understood but has been proposed to 
be related to a combination of higher cellularity, tissue 
disorganization, and increased extracellular space tortuosity 
(14). These explanations may be true, but it is also possible 
that many tumors have MRI properties similar to the 
spleen such as longer T2 (relative to the liver) and these 
MRI properties may also contribute to the lower MRI 
measured ADC and Dslow (Figures 3,4). In other words, 
if we could hypothetically plant a piece of spleen tissue 
in the liver, MRI would recognize this planted spleen 
tissue as being similar to a tumor and measure it to have 
lower diffusion than the liver. Actually, a case report of 
intrahepatic splenosis, with the presence of acquired ectopic 
splenic tissue with a history of splenectomy after splenic 
rupture from trauma, has been reported (16). Intrahepatic 
splenosis was noted to show high signal on T2 weighted 
and diffusion weighted images with corresponding very 
low signals on ADC images. Note that, Nonomura  
et al. (17) reported there was no ADC difference between 
normal hematopoietic cell bone marrow without fat 
infiltration and lymphoma-related hypercellular bone 
marrow, despite lymphoma tissue had more compacted 
cells. Following the example of spleen tissue, PF of liver 
tumors could be underestimated by IVIM as well. Another 
possible implication will be the interpretation of diffusion 
measures after brain ischemia. After cerebral artery 
occlusion, diffusion decreases in the very acute phase while 
T2 relaxation time remains unchanged. After that, T2 
relaxation time starts to increase, then diffusion starts to rise 
to the baseline level and then further rises to a higher level 
(18,19) (Figure 5). If a longer T2 relaxation time ‘depresses’ 
MRI diffusion measure, at some point, such as 24 hours 
after the occlusion when the T2 relaxation time is already 
very elongated (Figure 5), the diffusion in the ischemic area 
could be highly underestimated by MRI. Note, some brain 
regions have T2 relaxation similar to that of spleen (20).  
However, there is a limit on how longer T2 relaxation 
time can ‘depress’ MRI diffusion measure (Figure 1).  
For example, the gallbladder measures high diffusion 
value (Dslow and ADC of around 3.0×10−3 mm2/s for our  

Figure 2 Possible negative relationship between ADC value and 
T2 relaxation time for renal carcinoma. The Y-axis in (A) denotes 
relative score for T2 relaxation time, with higher score associated 
with longer T2 relaxation time. The Y-axis in (B) denotes relative 
score for ADC, with higher score associated with higher ADC 
value. Arrow denotes the non-metastatic (non-meta, green circles) 
tumors with longer T2 relaxation time tend to have lower ADC 
value. Metastatic tumors (red circles) are associated with low ADC 
value and long T2 relaxation time. Data are re-drawn from Paudyal 
et al. (13). ADC, apparent diffusion coefficient.
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Figure 3 T2w, T1w, and diffusion weighted (b=0–600 s/mm2) MR images of liver and spleen. T2w and T1w images are from two volunteers 
without liver or spleen lesions. Compared the liver, the spleen (blue arrow) shows higher signal on T2w image and lower signal on T1w 
image, consistent with that spleen has longer T1/longer T2 property and appears to be waterier. Diffusion weighted images are from a 
hepatocarcinoma patient with liver fibrosis caused by type-b viral hepatitis. It appears that the tumor (orange arrow) and the spleen show a 
similar signal decay trend following the increasing b-values. Both the tumor and the spleen show higher signal than the liver on all diffusion 
weighted images. g, gallbladder; T2w, T2-weighted; T1w, T1-weighted; MR, magnetic resonance.
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b=100 s/mm2
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in vivo measure). Table 1 also shows, when T2 is very long 
such as those of the leiomyoma cystic degeneration and 
myxoid degeneration, the ADC values might be high. Note 
that, the influence of T2 on IVIM parameter estimation 
has already been demonstrated and extended IVIMs models 
including T2 relaxation times have been proposed (21,22). 
However, it appears that that the application these extended 
IVIMs models mainly change the IVIM-PF measure, but not 

the IVIM-Dslow measure. Since nearly all tissues are dominated 
by slow diffusion with only a smaller contribution by fast 
diffusion, current diffusion models considering T2 time may 
not solve the problem for ADC satisfactorily discussed in 
this letter. Therefore, our arguments suggest new venues 
for future studies and validation for MRI derived diffusion 
parameters such as ADC (even though it has already been 
widely applied clinically).
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Figure 5 A schematic presentation of the time course changes 
of ADC and T2 relaxation time in the ischemic region after a 
cerebral artery occlusion. The data are approximated from the 
rat experimental study of Knight et al. (19). ADC (10−3 mm2/s) 
is presented as values changed from normal tissue measure. T2 
relaxation time is presented relatively in ratio with an increase of 
46 milliseconds as a value of 2 in the graph. X-axis: hours after 
cerebral artery occlusion. ADC, apparent diffusion coefficient.

Figure 4 T2w, T1-weighted Gd-EOB-DTPA enhanced 20-minute hepatobiliary phase, diffusion weighted (b=700 s/mm2) MR images, 
and ADC map of the liver, a hepatocellular carcinoma (orange arrow) and the spleen (blue arrow). Though the tumor has heterogeneous 
structures, it appears that the tumor and the spleen show many signal similarities on these four images. The lower spleen ADC value than 
the liver ADC value is likely due to a quantification error as described in this letter. Reproduced from Cao at al. (15). T2w, T2-weighted; 
ADC, apparent diffusion coefficient; Gd-EOB-DTPA, gadolinium ethoxybenzyl diethylenetriamine pentaacetic acid; MR, magnetic 
resonance.
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