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Background: The spleen is a frequent organ of leukemia metastasis. This study aimed to investigate the 
value of intravoxel incoherent motion (IVIM) diffusion-weighted magnetic resonance imaging (MRI) for 
assessing pathologic changes in the spleen and identifying early spleen involvement in patients with acute 
leukemia (AL).
Methods: Patients with newly diagnosed AL and healthy controls were recruited between June 2020 and 
November 2022. All participants underwent abdominal IVIM diffusion-weighted imaging (DWI) at our 
hospital. IVIM parameters [pure diffusion coefficient (D); pseudo-diffusion coefficient (D*); and pseudo-
perfusion fraction (f)] of the spleen were calculated by the segmented fitting method, and perfusion-diffusion 
ratio (PDR) was further calculated from the values of D, D* and f. Spleen volumes (SVs) were obtained by 
manually segmenting the spleen layer by layer. Clinical biomarkers of AL patients were collected. Patients 
were divided into splenomegaly group and normal SV group according to the individualized reference 
intervals for SV. IVIM parameters were compared among the control group, AL with normal SV group, and 
AL with splenomegaly group using one-way analysis of variance, followed by pairwise post hoc comparisons. 
The correlations of IVIM parameters with clinical biomarkers were analyzed in AL patients. The diagnostic 
performances of IVIM parameters and their combinations for differentiating among the three groups were 
compared.
Results: Seventy-nine AL patients (AL with splenomegaly: n=54; AL with normal SV: n=25) and 55 healthy 
controls were evaluated. IVIM parameters were significantly different among the three groups (P<0.001 
for D, D* and f; P=0.001 for PDR). D and PDR showed significant differences between the control and AL 
with normal SV groups in pairwise comparisons (P<0.001, and P=0.031, respectively). D was correlated with 
white blood cell (WBC) counts (r=−0.424; 95% CI: −0.570, −0.211; P<0.001), lactate dehydrogenase (LDH) 
(r=−0.285; 95% CI: −0.486, −0.011; P=0.011), and bone marrow blasts (r=−0.283; 95% CI: −0.476, −0.067; 
P=0.012). D* (r=−0.276; 95% CI: −0.470, −0.025; P=0.014), f (r=0.514; 95% CI: 0.342, 0.664; P<0.001) 
and PDR (r=0.343; 95% CI: 0.208, 0.549; P=0.002) were correlated with LDH. The combination of IVIM 
parameters (AUC: 0.830; 95% CI: 0.729, 0.905) demonstrated better diagnostic efficacy than the single D* 
(AUC: 0.721; 95% CI: 0.608, 0.816; Delong test: Z=2.012, P=0.044) and f (AUC: 0.647; 95% CI: 0.532, 
0.752; Delong test: Z=2.829, P=0.005), but was not significantly different from the single D (AUC: 0.756; 
95% CI: 0.647, 0.846; Delong test: Z=1.676, P=0.094) in differentiating the splenomegaly group and normal 
SV group.
Conclusions: IVIM diffusion-weighted MRI could be a potential alternative for assessing pathologic 
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Introduction

Leukemia is considered a highly efficient metastatic  
cancer (1). Up to 80% of patients with acute leukemia (AL) 
had spleen involvement (2,3), characterized by increased 
cellularity with more blasts, and proliferation of endothelial 
cells with angiogenesis (1,4). Spleen involvement usually 
manifests as splenomegaly, which is associated with high 
tumor burden and poor prognosis in AL (5-7). Studies 
showed that the spleen can be a sanctuary site for residual 
disease after treatment and an important source for 
relapse (8,9). Some researchers have proposed that early 
splenectomy might be regarded as a promising adjunct to 
the treatment of AL (4,5,10). Therefore, the evaluation 
of spleen involvement, especially in the early stages, is 
important for individualized treatment as well as prognostic 
assessment.

Spleen biopsy is the gold standard for determining the 
presence and extent of leukemic infiltration. However, 
it is an invasive procedure that may lead to the spread of 
leukemia lesions and bleeding. Some imaging techniques 
[ultrasound, conventional computed tomography (CT)] 
are used to assess spleen involvement through splenic size, 
but they are difficult to find early involvement that causes 
no or only minimal increase in spleen volume (SV) (11). 
Semiquantitative contrast-enhanced CT can be applied 
to identify early spleen involvement in hematologic 
malignancies, indirectly reflecting cellular infiltration and 
microvascular changes (12-14). The standardized uptake 
value (SUV) from positron-emission tomography-computed 
tomography (PET-CT) is another functional imaging 
parameter used to evaluate early spleen involvement, which 
quantifies the number and metabolic activity of leukemia 
cells (15). Studies demonstrated that the spleen was the 
second highest organ for PET uptake after bone marrow in 
AL patients, and SUV values of the spleen in AL patients 

were significantly higher than those in controls (15,16). 
Diffusion-weighted imaging (DWI), on the other hand, 

has been applied in assessing the spleen in hematologic 
malignancies, such as multiple myeloma and lymphomas, 
mainly based on the diffusion disorder caused by an 
increase in cell proliferation (17-19). Intravoxel incoherent 
motion (IVIM) is a DWI method that can simultaneously 
characterize diffusion and microcapillary perfusion 
in biological tissues (20). This method assumes a bi-
exponential signal decay as a function of the b value, and 
relies on the acquisition of diffusion-weighted images 
with multiple b-values to extract a set of parameters: pure 
diffusion coefficient (D) that reflects tissue cellularity, 
pseudo-perfusion fraction (f) that represents the fraction 
of vascular volume, pseudo-diffusion coefficient (D*) that 
is related tissue microcapillary perfusion (21,22). Recently, 
attention has been paid to a new IVIM parameter, the 
perfusion-diffusion ratio (PDR), which may evaluate 
capillary permeability by calculating the relationship 
between the rate of S(b) signal decline induced by IVIM 
and that induced by diffusion (23,24). IVIM parameters 
have been utilized in characterizing solid and hematologic 
tumors (21,22,25,26). A study also confirmed that IVIM 
parameters were reliable imaging biomarkers for splenic 
changes in pancreatitis (27). We hypothesis that IVIM could 
be used to assess pathologic changes in the spleen from 
cellularity and angiogenesis and is a potential method for 
assessing early spleen involvement in AL patients.

In this preliminary study, we sought to use IVIM 
parameters to analyze functional abnormalities of the 
spleen based on cellularity and blood perfusion in patients 
with AL, expecting to identify early involvement of the 
spleen with normal volume. We present this article in 
accordance with the STROBE reporting checklist (available 
at https://qims.amegroups.com/article/view/10.21037/
qims-23-856/rc).

changes in the spleen from cellularity and angiogenesis, and D and PDR may be viable indicators to identify 
early spleen involvement in patients with AL.
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Methods

Study participants

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). This 
prospective study was approved by the Ethics Committee 
of Second Hospital of Shanxi Medical University (No. 
2020YX037), and all participants provided written informed 
consent. Between June 2020 and November 2022, patients 
with newly diagnosed AL as determined by the World 
Health Organization classification of hematopoietic tissue 
(28,29) were enrolled consecutively in the study. Inclusion 
criteria were patients who had no known history of splenic 
disease, splenic surgery, nor other diseases which may lead 
to spleen involvement (including immune system diseases, 
chronic liver disease, and cirrhosis), patients who had not 
previously received any treatment, and were eligible for 
magnetic resonance imaging (MRI). Exclusion criterion 
was poor IVIM images quality. The characteristics and 
baseline clinical biomarkers of patients with AL [e.g., 
age, sex, peripheral white blood cell (WBC) counts, 
lactate dehydrogenase (LDH), and bone marrow blasts] 
were collected. All enrolled patients were divided into 
splenomegaly group and normal SV group according to 
the personalized reference intervals for SV described in the 
“Definition of splenomegaly” section (30).

Healthy volunteers with no known history of malignant, 
hematological, splenic, hepatic, nor autoimmune disease 
were recruited as the control group, and those with 
splenomegaly according to the personalized reference 
intervals  for  SV descr ibed in the “Definit ion of 
splenomegaly” section were excluded (30).

MRI acquisition

All participants underwent abdominal IVIM DWI in the 
supine position with a 3.0 T MRI scanner (Discovery 750 w,  
GE Healthcare, Waukesha, WI, USA). IVIM DWI was 
performed using a respiratory-triggered single-shot spin 
echo-planar imaging pulse sequence, and a spectral spatial 
excitation pulse was used for fat suppression. The imaging 
parameters of IVIM DWI were: b=0, 10, 20, 30, 40, 50, 100 
[number of excitations (NEX) =1], 200 (NEX =2), 400 (NEX 
=3), 800 sec/mm2 (NEX =4), repetition time =6,000 to 
10,000 ms depending on the number of slices to adequately 
cover the anatomy, echo time =69.7 ms, slice thickness  
=6.0 mm, slice spacing =2.0 mm, field of view =40 cm 
× 40 cm, matrix =128×128. The acquisition time was 

approximately 4 min, depending upon the breathing.

Imaging analysis

All images were measured independently by two board-
certified abdominal radiologists (with 7 and 3 years of 
abdominal imaging experience, respectively) who were 
blinded to clinical information.

Measurement of IVIM parameters

All IVIM images were processed on the workstation 
(Advantage Windows Workstation 4.6; GE Healthcare) 
to produce the parameters (D, D* and f). To reduce the 
effect of noise and overcome the mathematical instability 
of the IVIM model, a typical segmented fitting method was 
used for IVIM calculation, and the threshold b value was 
selected as 200 s/mm2 (27,31,32). Diffusion-weighted signal 
decay was analyzed according to the IVIM bi-exponential 
equation:

( ) ( ) ( )b 0S S 1 exp b exp b *f D f D= − ⋅ − ⋅ + ⋅ − ⋅ 	 [1]

where Sb is the signal intensity at a given b value and S0 is 
the signal intensity for b=0 sec/mm2. First, D is estimated by 
mono-exponential fitting of the diffusion-weighted signals 
at high b values (b>200 s/mm2) assuming that perfusion 
contributions are negligible, according to the equation:

( )intb 200S S exp b D> = − ⋅ 	 [2]

where Sint is the b=0 intercept of the mono-exponential fit 
of high b value data. f can be estimated according to Eq. [3]:

int 0S S Sf = − 	 [3]

Finally, with the D and f, D* was calculated by fitting all 
data to Eq. [1].

Regions of interest (ROIs) were manually delineated 
on each splenic slice of the b=0 s/mm2 images by tracing 
the outline of spleens with the freehand ROI tool. 
Large vessels as well as areas with gross artifacts were 
avoided. The ROIs were copied to the D, D*, and f maps 
automatically, and the average parameter values and the 
number of voxels for each ROI were documented. Data 
for each spleen was expressed as the weighted average of 
IVIM parameters across all splenic sections. The PDR was 
calculated as (23,24):

*PDR
1

f D
f D

= ⋅
−

	 [4]
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Patients with newly diagnosed AL 

(n=82)

Participants performed abdominal IVIM DWI (n=139)

Healthy volunteers 

(n=57)

Exclusion:

•	Inferior quality of IVIM 

images (n=3)

Patients enrolled in this study 

(n=79)

Healthy volunteers enrolled in this 

study (n=55)

Exclusion:

•	Splenomegaly (n=2)

Control group

(n=55)

Splenomegaly according to the 

personalized reference intervals 

for spleen volume

AL with splenomegaly

(n=54)

AL with normal SV  

(n=25)

Yes No

Figure 1 Participant selection flowchart. IVIM, intravoxel incoherent motion; DWI, diffusion-weighted imaging; AL, acute leukemia; SV, 
spleen volume.

Measurement of SV 

SVs were measured using ITK-SNAP software (version 
3.8.0, www.itksnap.org). The spleens were segmented 
manually by outlining each section of spleens on the  
b=0 s/mm2 images and the volumes were calculated 
automatically. This method has been validated in previous 
studies and shown optimal reproducibility (6,33). 

Def﻿inition of splenomegaly 

Individualized reference intervals for SV based on sex, age 
and anthropometric parameters were calculated using the 
web calculator (https://i-pacs.com/calculators) proposed by 
Kim et al. (30). Splenomegaly was defined as SV above the 
upper limit of the individualized reference intervals.

Statistical analysis

Interobserver agreements for SV and IVIM parameters were 
evaluated by calculating the interclass correlation coefficient 
(ICC). Categorical data were tested using the Chi-
squared test. One-way analysis of variance was used for the 
comparisons of the clinical and MRI parameters among the 
three groups. Post hoc multiple pairwise comparisons were 

done using the LSD or Tamhane’s T2 tests. Area under the 
curve (AUC) of the receiver operating characteristic (ROC) 
analysis was used to evaluate the diagnostic efficacy of IVIM 
parameters. The optimal cutoff values were determined by 
the Youden index. DeLong test was applied to compare the 
AUC values between the different parameters. Correlation 
analyses were performed using Spearman correlation. 
Statistical analyses were conducted using SPSS statistical 
software (version 26.0, IBM, Armonk, NY, USA) and 
MedCalc statistical software (version 20.0.22). P<0.05 (two-
sided test) was considered statistically significant. 

Results

Study participants and clinical characteristics

Eighty-two patients with AL and 57 healthy volunteers 
underwent IVIM DWI in the abdomen. Figure 1 shows 
the participant selection flowchart. Ultimately, 79 patients 
with AL (AL with splenomegaly: n=54, 68%; AL with 
normal SV: n=25, 32%) and 55 healthy volunteers (control 
group) were enrolled in this study (Table 1). There were 
no significant differences in age and sex among the three 
groups (P=0.649 and P=0.462, respectively). The WBC 
counts and LDH of the AL patients with splenomegaly 

https://i-pacs.com/calculators
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were significantly higher than those of the AL with normal 
SV (P=0.042 and P=0.006, respectively). There was no 
significant difference in bone marrow blasts between the 
subgroups of AL (P=0.639) (Table 1).

Inter-reader variability

The ICC values of IVIM parameters were 0.91 (95% CI: 
0.86–0.94) for D, 0.72 (95% CI: 0.62–0.84) for D*, 0.84 
(95% CI: 0.76–0.92) for f (all P<0.001), and the ICC value 
of SV was 0.95 (95% CI: 0.93–0.98, P<0.001), indicating 
good or excellent agreement. As a consequence, only the 
results from the first radiologist were analyzed in our study.

Differences of IVIM parameters among controls, AL 
patients with splenomegaly and AL patients with normal 
SV

The representative IVIM images of the three groups are 
shown in Figure 2. Comparisons of IVIM parameters among 
the three groups are presented in Table 2 and Figure 3.  
D showed statistically significant differences among the 
controls, AL patients with normal SV, and AL patients with 
splenomegaly [(0.99±0.19)×10−3 vs. (0.78±0.16)×10−3 vs. 
(0.66±0.11)×10−3 mm2/s, P<0.001]. D* value in the AL with 
splenomegaly group was significantly lower than that in the 
AL with normal SV group and the control group (P=0.004 
and P=0.001, respectively), while f value was significantly 
higher than that in the AL with normal SV and the control 
groups (P=0.046 and P<0.001, respectively). D* and f 
values had no significant difference between the AL with 

normal SV and the control groups (P=0.913, and P=0.195, 
respectively). AL with splenomegaly and normal SV groups 
showed statistically higher PDR values than the control 
group (P<0.001, and P=0.013, respectively). However, there 
was no significant difference in PDR between AL with 
splenomegaly and normal SV groups (P=0.451).

Correlations of MRI parameters with clinical biomarkers 

D value of the spleen was negatively correlated with WBC 
counts (r=−0.424; 95% CI: −0.570, −0.211; P<0.001), LDH 
(r=−0.285; 95% CI: −0.486, −0.011; P=0.011), and bone 
marrow blasts (r=−0.283; 95% CI: −0.476, −0.067; P=0.012). 
D* value was negatively correlated with LDH (r=−0.276; 
95% CI: −0.470, −0.025; P=0.014), while f and PDR showed 
positive correlation with LDH (r=0.514; 95% CI: 0.342, 
0.664; P<0.001 and r=0.343; 95% CI: 0.208, 0.549; P=0.002, 
respectively) (Table 3). 

Diagnostic performance of IVIM parameters

Figure 4 depicts the ROC curves of IVIM parameters for 
evaluating functional changes of the spleen in AL patients. 
The corresponding diagnostic characteristics are shown in 
Table 4. The combination of D, f, and D* (AUC: 0.987; 95% 
CI: 0.944, 0.999) demonstrated better diagnostic efficacy 
than the single indicator D (AUC: 0.969; 95% CI: 0.917, 
0.993; Delong test: Z=2.032, P=0.042), D* (AUC: 0.714; 
95% CI: 0.620, 0.797; Delong test: Z=5.524, P<0.001), f 
(AUC: 0.733; 95% CI: 0.639, 0.813; Delong test: Z=5.246, 
P<0.001), and PDR (AUC: 0.692; 95% CI: 0.596, 0.777; 

Table 1 Participant characteristics and group differences

Variable AL with splenomegaly (n=54) AL with normal SV (n=25) Control group (n=55) P value

Male Female 0.462†

Men 27 (50.0) 14 (56.0) 34 (61.8)

Women 27 (50.0) 11 (44.0) 21 (38.2)

Age (years) 45±18 42±18 44±18 0.649‡

SV (cm × cm × cm) 448.6 (345.7–674.1) 198.2 (167.6–257.6) 177.8 (144.5–230.4) <0.001§

WBC counts (×109) 15.9 (4.2–54.4) 5.5 (2.5–17.8) 0.042¶

LDH (U/L) 524.6 (290.5–869.8) 270.0 (210.0–402.0) 0.006¶

Bone marrow blasts (%) 72.4 (45.4–86.8) 62.4 (43.4–78.8) 0.639¶

Data are shown as n (%), mean ± standard deviation, and median (interquartile range). †, determined with the χ2 test. ‡, determined with 
the one-way ANOVA test. §, determined with the Kruskal-Wallis test. ¶, determined with the Mann-Whitney U test. AL, acute leukemia; SV, 
spleen volume; WBC, white blood cell; LDH, lactate dehydrogenase.
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Figure 2 IVIM parametric maps of the spleen in a healthy control (top row), a representative AL patient with normal SV (middle row) 
and another representative AL patient with splenomegaly (bottom row). In the healthy control, D=0.85×10−3 mm2/s, D*=108×10−3 mm2/s,  
and f=12.7%. In the patient with normal SV, D=0.71×10−3 mm2/s, D*=58×10−3 mm2/s, and f=24.3%. In the patient with splenomegaly, 
D=0.36×10−3 mm2/s, D*=26×10−3 mm2/s, and f=37.4%. IVIM, intravoxel incoherent motion; AL, acute leukemia; D, pure diffusion 
coefficient; D*, pseudo-diffusion coefficient; f, pseudo-perfusion fraction; SV, spleen volume.

Table 2 Comparisons of splenic IVIM parameters among AL with splenomegaly group, AL with normal SV group, and control group

Parameter AL with splenomegaly (n=54) AL with normal SV (n=25) Control group (n=55) P value Pa Pb Pc

D (×10−3 mm2/s)† 0.66±0.11 0.78±0.16 0.99±0.19 <0.001 <0.001 0.002 <0.001

D* (×10−3 mm2/s)‡ 114.7±34.6 146.5±40.4 153.0±55.1 <0.001 0.001 0.004 0.913

f (%)‡ 27.4±7.7 24.7±5.0 22.5±4.8 <0.001 <0.001 0.046 0.195

PDR† 68.3±33.5 63.1±22.6 47.9±25.9 0.001 <0.001 0.451 0.031

Data are shown as mean ± standard deviation. IVIM parameters were compared by one-way ANOVA. †, data are compared by using LSD 
post hoc test; ‡, data are compared by using Tamhane’s T2 post hoc test; a, post hoc paired comparisons between AL with splenomegaly 
group and the control group; b, post hoc paired comparisons between AL with splenomegaly group and AL with normal SV group; c, post 
hoc paired comparisons between AL with normal SV group and the control group. IVIM, intravoxel incoherent motion; AL, acute leukemia; 
SV, spleen volume; D, diffusion coefficient; D*, pseudo-diffusion coefficient; f, pseudo-perfusion fraction; PDR, perfusion-diffusion ratio.
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Figure 3 Box-and-whisker plots show distributions of D, D*, f, and PDR of AL with splenomegaly group, AL with normal SV group, 
and control group. AL, acute leukemia; D, pure diffusion coefficient; D*, pseudo-diffusion coefficient; f, pseudo-perfusion fraction; PDR, 
perfusion-diffusion ratio; SV, spleen volume.

Table 3 Correlation analyses between IVIM parameters and clinical biomarkers in patients with AL

Parameters
WBC counts LDH Bone marrow blasts

r (95% CI) P r (95% CI) P r (95% CI) P

D −0.424 (−0.570, −0.211) <0.001 −0.285 (−0.486, −0.011) 0.011 −0.283 (−0.476, −0.067) 0.012

D* −0.002 (−0.203, 0.212) 0.986 −0.276 (−0.470, −0.025) 0.014 −0.072 (−0.259, 0.143) 0.530

f 0.028 (−0.185, 0.240) 0.808 0.514 (0.342, 0.664) <0.001 0.019 (−0.192, 0.235) 0.868

PDR 0.156 (−0.071, 0.366) 0.170 0.343 (0.208, 0.549) 0.002 0.119 (−0.110, 0.316) 0.297

IVIM, intravoxel incoherent motion; AL, acute leukemia; WBC, white blood cell; LDH, lactate dehydrogenase; D, diffusion coefficient; D*, 
pseudo-diffusion coefficient; f, pseudo-perfusion fraction; PDR, perfusion-diffusion ratio.

Delong test: Z=5.860, P<0.001) in differentiation between 
the splenomegaly subgroup and the control group. The 
AUC of D combined with f and D* (AUC: 0.830; 95% 
CI: 0.729, 0.905) was higher than the single indicator D* 

(AUC: 0.721; 95% CI: 0.608, 0.816; Delong test: Z=2.012, 
P=0.044) and f (AUC: 0.647; 95% CI: 0.532, 0.752; Delong 
test: Z=2.829, P=0.005), but was not significantly different 
from single D (AUC: 0.756; 95% CI: 0.647, 0.846; Delong 
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Figure 4 Receiver operating characteristic curves of the diagnostic performance of IVIM parameters for differentiating among AL with 
splenomegaly group, AL with normal SV group, and control group. IVIM, intravoxel incoherent motion; AL, acute leukemia; D, pure 
diffusion coefficient; D*, pseudo-diffusion coefficient; f, pseudo-perfusion fraction; PDR, perfusion-diffusion ratio; SV, spleen volume.

Table 4 Diagnostic characteristics of IVIM parameters 

Parameters AUC (95% CI) Cutoff value Sensitivity (%) Specificity (%) P value

AL with splenomegaly (n=54) vs. control group (n=55)

D (10−3 mm2/s) 0.969 (0.917, 0.993) 0.78 92.59 92.73 <0.001

D* (10−3 mm2/s) 0.714 (0.620, 0.797) 163.1 92.59 47.27 <0.001

f (%) 0.733 (0.639, 0.813) 26.2 62.96 78.18 <0.001

PDR 0.692 (0.596, 0.777) 42.2 83.33 52.73 <0.001

D+D*+ f 0.987 (0.944, 0.999) 0.60 92.59 100 <0.001

AL with splenomegaly (n=54) vs. AL with normal SV (n=25)

D (10−3 mm2/s) 0.756 (0.647, 0.846) 0.78 90.74 56.00 <0.001

D* (10−3 mm2/s) 0.721 (0.608, 0.816) 113.3 53.70 84.00 <0.001

f (%) 0.647 (0.532, 0.752) 29.0 42.59 92.00 0.017

D+D*+ f 0.830 (0.729, 0.905) 0.76 68.52 88.00 <0.001

AL with normal SV (n=25) vs. control group (n=55)

D (10−3 mm2/s) 0.804 (0.700, 0.884) 0.75 56.00 96.36 <0.001

PDR 0.692 (0.579, 0.791) 40.5 88.00 49.09 0.001

IVIM, intravoxel incoherent motion; AUC, area under the curve; CI, confidence intervals;  AL, acute leukemia; D, diffusion coefficient; D*, 
pseudo-diffusion coefficient; f, pseudo-perfusion fraction; PDR, perfusion-diffusion ratio; SV, spleen volume.

test: Z=1.676, P=0.094) in differentiating the splenomegaly 
group and the normal SV group. There was no significant 
difference in the AUC between D (AUC: 0.804; 95% CI: 
0.700, 0.884) and PDR (AUC: 0.692; 95% CI: 0.579, 0.791) 
for comparing AL with normal SV group and the control 
group (Z=1.746, P=0.081).

Discussion

The spleen is a frequent organ of leukemia metastasis (1). It 
is important to detect early spleen involvement that has not 
yet caused splenomegaly. Our results indicated that there 
were significant differences in IVIM parameters among 
the controls, AL patients with normal SV, and AL patients 
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with splenomegaly, and that D and PDR may identify early 
spleen involvement in patients with AL.

Spleen involvement has been reported in up to 80% of 
patients with AL (2,3). Splenomegaly is an important clinical 
manifestation of spleen infiltration by leukemia (5-7).  
Compared to previous studies using splenic palpation or 
cross-sectional imaging to determine splenomegaly (7,13), 
our study identified splenomegaly more precisely according 
to the personalized reference interval for three-dimensional 
SV proposed by Kim et al. (30), and the result showed 
that 68% of AL patients had splenomegaly. However, 
morphological changes of the spleen are often not observed 
in the early stages of spleen involvement. The pathological 
changes of spleen involvement commonly include: (I) 
increased cellularity with more blasts entering the spleen 
through large and fenestrated sinusoidal vessels in the red 
pulp (1); and (II) pathological angiogenesis of the spleen, 
which can promote the rapid proliferation of malignant 
blasts in the spleen and the progression of the disease (4,5). 
Previous studies demonstrated that IVIM parameters can 
be utilized in characterizing the cellularity and angiogenesis 
of bone marrow and renal parenchyma in AL patients 
(22,25,26,34). In the present study, the parameters from 
IVIM showed significant differences among the control 
group, AL with normal SV group, and AL with splenomegaly 
group, suggesting they could be used to analyze functional 
changes of the spleen in patients with AL.

In our study, D value of the spleen decreased successively 
among the three groups, which may reflect the diffusion 
alterations caused by hypercellularity. DWI based on 
apparent diffusion coefficient (ADC) value has been applied 
in assessing the spleen in hematologic malignancies, such as 
multiple myeloma and lymphomas (17-19). Compared with 
conventional ADC acquired from DWI, D was the pure 
diffusion coefficient excluding the effect of microcirculation, 
which can more precisely reflect water diffusion in tissues. 
Our results showed that D value exhibited good diagnostic 
performance with an AUC of 0.804 in the differentiation 
between the control and AL with normal SV groups, 
indicating that D is a useful MRI biomarker for identifying 
early pathologic changes in the spleen of AL patients. 
Additionally, D value of the spleen was negatively correlated 
with WBC counts and bone marrow blasts, further 
confirming that a higher D value in AL may be due to the 
hypercellularity caused by leukemic blasts entering the 
spleen.

Compared with the controls and AL patients with 
normal SV, D* value was decreased, and f value was 

increased in AL patients with splenomegaly, which may 
reflect the pathological changes in the splenic vessels of 
AL. The parameters of contrast-enhanced CT and dynamic 
contrast-enhanced MRI have been used to access splenic 
perfusion and infiltration of hematologic malignancies in 
several studies (12,13,35). The use of D* reflecting blood 
flow velocity and f representing vascular volume fraction 
from IVIM provides an alternative means to estimate 
hemodynamic characteristics without using a contrast 
agent, facilitating adoption in clinical practice (22). Shaked 
et al. reported that the stained vessel area and vascular 
density in the spleen of AL mice were significantly higher 
than those of normal control mice (4). Proangiogenic 
response mechanism in the leukemic spleen can lead to 
the up-regulation of key angiogenic factors as well as the 
activation and proliferation of endothelial cells, resulting 
in pathological angiogenesis (4,5), which could be reflected 
by the increased f value (34,36). In the progression of AL, 
more leukemic cells are recruited to the spleen, leading 
to leukostasis, vessel clogging, and slowing of blood flow 
velocity (37,38), which may account for the decrease in 
D* value. In addition, D* and f values are correlated with 
LDH, a tumor burden indicator that can promote tumor 
cell metastasis and tumor angiogenesis (39), contributing to 
further understanding the pathophysiological significance 
of D* and f. However, no significant differences in the D* 
and f values were found between the AL with normal SV 
group and the control group, probably because splenic 
angiogenesis and leukostasis were not obvious before 
splenomegaly. 

PDR is another parameter of IVIM that expresses 
the ratio of water flow within and without the capillary  
network (23). It not only characterizes the fast component 
of DWI but also depicts the relationship between diffusion 
and perfusion. PDR combines all IVIM parameters in one, 
making it more sensitive for evaluating the pathological 
changes of the tissue. It has been used to differentiate liver 
space-occupying lesions and evaluate changes of brain 
parenchyma (23,24). In our study, PDR showed good 
discrimination with a sensitivity of 88% in the comparison 
between the control and patients with normal SV groups, 
suggesting that PDR could be a useful parameter in 
assessing early spleen involvement. However, it is worth 
noting that PDR may be affected by the high variability of 
D* values (40,41), so its reliability and clinical utility need 
to be confirmed by further studies. There was no significant 
difference between the two AL subgroups, probably 
because both perfusion and diffusion changed during the 
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development of splenomegaly, resulting in no significant 
difference in their ratio. 

Our result indicated that the combination of D, f, and 
D* demonstrated better diagnostic efficacy than the single 
D* and f in differentiating AL with normal SV group and 
splenomegaly group. However, the combined diagnosis 
was not significantly superior to the single D. Therefore, a 
single indicator D is more practical for clinical application.

D values of the spleen from healthy controls in our study 
were similar to those reported previously (42-47). However, 
f values were higher than those in some studies, although 
they were still within the range reported in the literature 
(f ranges from 0.076%±0.007% to 0.31%±0.13%) (42-47),  
which may be related to the differences in the ROI 
delineation, MR imager (43), acquisition mechanism (44), b 
value distribution (48), and fitting method (45).

There were several limitations in the current study. 
First, IVIM modeling of the perfusion component could be 
constrained by the diffusion component as reported (49), 
so the higher f value may be affected by the lower D value. 
Further technical improvements for IVIM modeling are 
needed to strengthen the robustness of IVIM parameters. 
Second, the association of IVIM parameters and histologic 
features would aid in validating the pathophysiologic 
meanings of the splenic IVIM parameters. Third, although 
spleen infiltration is expected in most subjects, those with 
a normal sized spleen who did not present with spleen 
infiltration cannot be completely excluded, and changes 
in splenic IVIM parameters after treatment may help to 
determine spleen infiltration. Finally, the sample size was 
small, and further studies need to be performed to explore 
the differences in acute lymphoblastic leukemia and acute 
myelocytic leukemia.

In conclusion, IVIM diffusion-weighted MRI could be a 
potential alternative for assessing pathologic changes in the 
spleen from cellularity and angiogenesis, and D and PDR 
may be viable indicators to identify early spleen involvement 
in patients with AL.
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