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ABSTRACT
Intravoxel incoherent motion (IVIM) MRI allows for simultaneous assessment of tissue microcirculation (perfusion) and diffu-
sion of water. In single-center studies, IVIM has shown great potential for diagnosis, treatment outcome prediction, and treat-
ment monitoring for many different diseases and organs. However, heterogeneity in data acquisition protocols, pre-processing 
pipelines, and post-processing routines yields differences in reported IVIM parameters, which has constrained large-scale de-
ployment of IVIM. Moreover, deploying IVIM protocols and analysis typically requires technical expertise, further challenging 
wider use, especially for clinicians. In this consensus paper, to accelerate the deployment of IVIM, we provide recommendations 
and harmonize protocols for brain, breast, kidney, liver, muscle, and pancreas IVIM studies. For this goal we organized multiple 
questionnaires and held a dedicated workshop. To ensure a level of standardized, reproducible results, without restricting inno-
vation, we suggest a small subset of b-values to always be measured and analyzed separately, and to which more extensive b-value 
sampling can be added for advanced investigations. We further introduce detailed recommendations on acquisition protocols 
and analysis pipelines. To increase consistency, repeatability, and reproducibility, we highly recommend that these protocols and 
pipelines be deployed by scientists and clinicians for IVIM studies. For advanced users who desire different protocols or analysis 
approaches, we suggest adding results from our suggested protocols and analysis pipeline in the supplemental part of their paper 
to enable retrospective studies.

1   |   Motivation

Intravoxel incoherent motion (IVIM) is a diffusion-weighted 
magnetic resonance imaging (MRI) concept that allows 
for simultaneous assessment of incoherent motion of water 
molecules, typically attributed to perfusion, and pure water 
diffusion due to Brownian motion, attributed to tissue 

microstructure, without exogenous contrast agents [1–3]. 
Perfusion and diffusion occur at different temporal and spa-
tial scales. Diffusion-weighted MRI (DWI) involving a range 
of different diffusion-weightings (b-values) permits these two 
processes to be distinguished within the IVIM model by fit-
ting the two-component signal decay. Particularly, the signal 
from medium to high b-values (within the Gaussian diffusion 
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regime 200 ≤ b < 1000 s/mm2) is sensitive mainly to tissue 
water diffusion, whereas signal from lower b-values (b < 200 s/
mm2) is sensitive to both diffusion and faster incoherent mo-
tion. By fitting the IVIM equation,

to the signal S, the IVIM parameters can be obtained: f is the 
pseudo-diffusion signal fraction, D* the pseudo-diffusion coef-
ficient, and D the tissue diffusion coefficient. Note that D* in-
cludes the water diffusion coefficient in blood, Dblood, and D* is 
typically (and throughout this paper) used instead of D* + Dblood. 
Typically, the pseudo-diffusion is attributed to microvascular 
perfusion, and f is most commonly referred to as perfusion sig-
nal fraction. More generally, various types of microcirculation 
can also be studied with IVIM, such as flow in larger vessels, 
tubular, and ductal compartments.

While DWI has become a pillar of clinical MRI since its incep-
tion (63,000+ publications on PubMed, August 13, 2024), IVIM 
has had a smaller representation in the literature primarily due 
to scanner hardware and MRI sequence limitations, but has 
been steadily growing in recent years (Figure 1). This can partly 
be explained by the extensive progress in MRI hardware and 
method developments; most vendors now offer a free choice of 
the number and values of the b-values. Moreover, stronger mag-
netic field gradients and acceleration techniques facilitate the 
integration of IVIM exams into existing DWI protocols within 
reasonable acquisition times. Additionally, many vendors have 
started offering commercial inline image analysis pipelines for 
fitting the IVIM model. Finally, the ability to obtain an endog-
enous perfusion marker without the need for exogenous con-
trast agents makes IVIM an attractive technique when contrast 
agents cannot be used due to contraindications, in young pa-
tients, or in repeated MRI exams.

Compared to conventional DWI, IVIM-derived D reflects the 
pure tissue diffusion coefficient, corrected for effects from 
blood, in contrast to the conventional apparent diffusion co-
efficient (ADC), which contains diffusion effects from tissue 
and blood. Moreover, IVIM provides additional parameters 
related to perfusion ( f, D*).

IVIM has demonstrated potential across various organs and pa-
thologies, and systematic evidence can be found in a large body 
of literature. For example, in breast lesions, IVIM provided supe-
rior diagnostic performance compared to conventional ADC in 
differentiating malignant from benign tumors [4], and showed 
potential as a predictive marker for neoadjuvant chemotherapy 
response [5]. In kidneys, IVIM has demonstrated potential in 
detecting renal function decline, ureteral obstruction, fibro-
sis, chronic kidney disease, diabetic kidney disease, and renal 
cell carcinoma in patient studies [6–11]. Specifically, cortical f 
showed distinction of chronic kidney disease in a meta-analysis 
of 4 studies [10]. In the liver, IVIM has been used in a variety 
of diseases [12] and found useful in characterizing nonalcoholic 
fatty liver disease [13], liver fibrosis [14], and focal liver lesions 
[15]. In placental MRI, IVIM has shown potential in prenatal 
diagnostics by studying placental and fetal perfusion [16, 17]. In 
skeletal muscle, IVIM has distinguished differences in pseudo-
diffusion signal fraction at rest [18, 19] and during functional 

hyperemia [20, 21] in aging and disease, respectively. In the 
brain, IVIM can detect hyperperfused lesions such as high-
grade brain tumors [22–24] and hyperperfused state during hy-
percapnia [25–27] as well as hypoperfused lesions such as stroke 
and infarction [28, 29], and small vessel disease [30]. Regarding 
cancer, 18 meta-analyses involving 9 different cancer types have 
been published [4, 31–47]. Among these, 13 reported area under 
receiver operating characteristic curve (AUC) values for clinical 

(1)S(b)∕S(0) = f ⋅ e−bD∗ + (1 − f ) ⋅ e−bD,

FIGURE 1    |    Timeline of publications related to the use of IVIM sort-
ed by (A) organs and (B) disease categories. The organs brain/spinal 
cord, liver, and pelvic regions constitute the majority of the published 
studies. Cancer clearly dominates the majority of disease studies. A to-
tal of 1500+ research articles were included in this analysis obtained 
from PubMed as of August 13, 2024, using the keywords “intravoxel 
incoherent motion OR IVIM.” Review articles, commentaries, and ed-
itorials were excluded. Due to a vast coverage of organs in the IVIM 
literature, not all organs are depicted in this figure. The organs were 
consolidated as follows: Pelvis includes embryo/fetus/placenta, cervix/
ovary/uterus, and prostate; gastrointestinal (GI) includes stomach, in-
testines, colon, and rectum; musculoskeletal (MSK) includes muscle, 
bone, and cartilage; Head/Neck includes eye, nose, and throat. For the 
disease categories: Cancer includes any type of tumor and metastasis; 
liver/kidney disease includes cirrhosis, fatty liver disease, and chronic 
kidney disease.
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tasks (diagnosis, grading, and subtyping), averaging 0.89 ± 0.04 
for D, 0.81 ± 0.07 for f, and 0.76 ± 0.08 for D*. Within this set of 
meta-analyses in the oncologic sector, 12 studies also reported 
AUC values derived from ADC analysis, yielding 0.88 ± 0.04, 6 
of which were lower than the highest IVIM-derived AUC value 

in that study. Exemplary applications represented by the pseudo-
diffusion fraction maps are highlighted in Figure 2.

These strong indicators of clinical potential should also be con-
sidered in light of counterbalancing limitations, however. First, 

FIGURE 2    |     Legend on next page.
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the IVIM sensitization of microcirculation and microstructure 
has a broad range of tissue context applications (an asset to be 
sure), all of which have their own clinical tasks and quantifica-
tion of diagnostic accuracy, which limits opportunities for large 
scale data aggregation. Given the broad spectrum of MR acqui-
sition techniques and settings (for instance, choice of b-values, 
diffusion preparation, imaging read-out) and data processing 
procedures (i.e., pre-processing steps and fitting algorithms), 
heterogeneous and even contradicting findings have been re-
ported for IVIM [22, 49–53]. These challenges have constrained 
large-scale deployment of IVIM. Moreover, with the lack of 
clear and harmonized guidelines, deploying IVIM protocols 
and analysis typically requires on-site (technical) experts, fur-
ther hindering wider use, especially by clinicians. Therefore, we 
propose to accelerate IVIM deployment and translation by pro-
viding consensus recommendations and harmonized protocols.

To address these challenges, we organized multiple question-
naires and a dedicated workshop to develop community-driven 
and harmonized recommendations for IVIM MRI. To promote 
the accumulation of compatible evidence without restricting in-
novation, our recommendations include tiered sets of b-values 
(abbreviated, minimal, and advanced) with overlap of b-values 
to maximize opportunities for future data pooling. Results from 
these harmonized protocols (abbreviated or minimal) can be 
reported in, for example, Supporting Information to improve 
repeatability and reproducibility and allow for meta-analysis, 
without hindering authors' advanced methods and analysis. We 
further introduce more detailed recommendations on how to 
set up a protocol and analysis pipeline. We highly recommend 
that these protocols and pipelines are deployed by scientists and 
clinicians new to the field of IVIM MRI and for IVIM studies 
where there is no strong rationale for deviating from these set-
tings to increase consistency, repeatability, and reproducibility.

2   |   Consensus Process

Several steps were taken to ensure that the recommendations 
outlined here reflect a consensus of the broader IVIM commu-
nity (Figure 3). The consensus process was initiated at an IVIM 
symposium held at the annual 2019 ISMRM meeting (https://​
www.​ismrm.​org/​19/​progr​am_​files/​​MIS17.​htm) and was con-
solidated starting in 2022, where the workshop committee 
conducted monthly online meetings to lay out the route to con-
sensus, design surveys, and organize a workshop.

Using Google Forms, a survey was conducted among a wide 
range of scientists and clinicians experienced with (pre)clinical 

application of IVIM. Recipients included all members of a long-
standing IVIM email list server and those added due to their 
literature contributions. The first part included questions on 
respondent training, target organ systems, and confidence as-
sessment of IVIM use in various clinical indications. For each 
organ system receiving at least 10 responses, a second part in-
cluded questions on the acquisition and modeling/processing of 
IVIM data for that organ. A full listing of questions is provided 
in Supporting Information S1: Survey Part 1.

Next, a dedicated workshop was held in March 2024 (https://​
www.​ismrm.​org/​works​hops/​2024/​IVIM/​), featuring invited 
talks, proffered papers, and discussions. A total of 78 partici-
pants registered for the workshop. To help with forming recom-
mendations, open-floor discussions formed a large part of the 
scientific program. The results of the survey formed the basis 
for the workshop discussions. Input from the audience was fur-
ther gathered using voting via Slido at the end of the workshop. 
Finally, a call for authors was held.

Following the workshop's outcome, the three lead authors 
drafted an outline of key sections of the manuscript for review 
by all co-authors. After all co-authors reached a consensus on 
the initial outline, all co-authors contributed to designated sec-
tions of the full manuscript. On June 23rd, 2025, the draft of the 
manuscript was shared with all workshop attendees, the IVIM 
mail list participants, and the ISMRM Perfusion study group for 
careful revision and feedback. Finally, on July 29th, 2025 the 
paper was sent for an endorsement vote to the same groups. On 
October 25th, 2025 the paper was endorsed by workshop at-
tendees, IVIM mail list participants, and the ISMRM Perfusion 
study group.

3   |   Survey Highlights

Full survey aggregate data are provided in the Supporting 
Information  S1: Survey Part 1. A total of 47 respondents an-
swered Part 1 of the survey. The majority (85.1%) were trained as 
MR researchers, and 21.3% were trained as radiologists. Tissue 
function and oncology were the dominant applications, with 
68.1% of respondents reporting experience with both. The six 
organ systems with the highest respondent interest were: the 
brain, kidney, liver, muscle, pancreas, and breast.

Clinical indication confidence scores varied with application 
and organ system but showed averages close to the middle of the 
provided range (Figure 4). Indications with high confidence (> 5; 
defined as preliminary proof) included neurological tumors, 

FIGURE 2    |    Examples of IVIM pseudo-diffusion fraction ( f) maps showing distinct patterns across different organs and cancers. (a) f maps of the 
brain of a patient with cerebral small vessel disease (cSVD) and a healthy control, showing regions with increased f in the cSVD patient. Figure mod-
ified from [30] with permission. (b, c) f maps of esophageal and pancreatic cancers demonstrating decreased f values in cancers compared to healthy 
tissue (arrows), showing hypo-vascularity of those cancers. (d) f map of healthy skeletal muscles in the lower leg. The vessels are clearly visible by 
high f values, whereas the muscle tissue exhibits low f values. (e) Comparison of breast cancer and normal breast tissue, with breast cancer exhibit-
ing higher f values in the periphery (rim-enhancing) than normal breast fibroglandular tissue. (f) f map showing reduced pseudo-diffusion fraction 
values in the plantar region of the diabetic foot compared with a healthy individual. (g) Sequential changes in renal f maps, showing variations in 
fraction values during pre-systole, systole, and diastole phases of cardiac activity. Modified from Sigmund et al. [48] with permission. All examples 
came from ethics-approved studies, and all patients gave written informed consent.

https://www.ismrm.org/19/program_files/MIS17.htm
https://www.ismrm.org/19/program_files/MIS17.htm
https://www.ismrm.org/workshops/2024/IVIM/
https://www.ismrm.org/workshops/2024/IVIM/
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chronic kidney disease, liver cirrhosis/fibrosis, body tumors, 
stroke, and MSK functional imaging. The confidence scores 
should be interpreted in light of the definitions provided to re-
spondents. Scores of 7–8 imply readiness for large multicenter 
clinical trials, which typically require well-established and 
standardized acquisition and analysis protocols. Consequently, 
the predominance of scores in the 4–6 range reflects the cur-
rent developmental stage of IVIM, characterized by promising 
preliminary evidence but limited methodological harmoniza-
tion. Rather than indicating a lack of confidence in IVIM as 
a technique, these results highlight the need for standardized 
guidance to enable robust multicenter studies and clinical trans-
lation, which is the primary aim of the present work.

The number of respondents to Part 2 of the survey varied from 
12 (kidney) to 2 (pancreas, Supporting Information S2: Survey 
Part 2 Table  S1). Supporting Information  S2: Survey Part 2 
shows acquisition preferences from Part 2 of the survey for each 
organ system. While MR acquisition preferences are organ-
specific and not universal, some aspects recur with strong levels 
of support, such as: magnetic field strength of 3 T for enhanced 
signal-to-noise ratio (SNR), single-shot spin echo echo-planar 
imaging (EPI) sequence, in-plane spatial resolution ~2 mm, slice 
thickness 3–5 mm, repetition time (TR) 3–5 s, use of minimum 

echo time (TE), parallel imaging factor 2, spectral attenuated (or 
adiabatic) inversion recovery (SPAIR) based fat signal suppres-
sion, free breathing acquisition, and single refocused spin echo 
monopolar diffusion sensitizing gradient waveforms (Steijskal-
Tanner). Some respondents did not provide suggested b-values, 
and some provided the same suggested set of b-values.

The choice of b-values was heterogeneous among respondents 
and organ systems. Figure  5 shows an example histogram of 
suggested b-values of the correspondents in the kidney (organ 
with most respondents). Some b-values (100, 200 s/mm2) were 
common to all submitted sets. For all organs, a slightly higher 
number of b-values was suggested for IVIM in the lower 
b-value range (10 ≤ b < 200 s/mm2) versus the upper range
(200 ≤ b ≤ 1000 s/mm2) (Table 1), with an average value of 1.55.

Figure 6 provides a summary of levels of agreement for a variety 
of pre-processing and reporting alternatives, ranked in order of 
agreement. A full summary of these preferences stratified for 
each organ group is given in Supporting Information S2: Survey 
Part 2 Table S2.

Based on the questionnaire results, 23 additional polls were 
taken during the workshop to further specify the consensus. 

FIGURE 3    |    Schematic overview of the consensus process in the paper.
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There was an average of 30 votes per poll (full questions and re-
sponse data are given in Supporting Information S3: Workshop 
Polls). Recommendation-specific results will be discussed in the 
respective sections. The top obstacles to clinical translation were 
deemed to be a lack of (1) inline processing, (2) demonstration 
of clinical sensitivity, (3) clinical understanding, (4) uniformity 
of pre-processing or protocols, and (5) available test–retest data. 
Finally, a variety of these and other obstacles were suggested 
to be addressed next, particularly (1) standardization and val-
idation (phantoms, b-values, fitting, terminology/lexicon), (2) 

outreach (to clinicians and non-research radiologists), (3) inte-
gration (Picture Archiving and Communication System (PACS) 
workflow, inline vendor processing), and (4) identification of 
high-potential applications for inclusion in clinical trials and/
or clinical routine.

These preferences, assessments, and future directions (some of 
which were also identified in the prior remote survey data) were 
taken into account in the recommendations that are given and 
discussed below, both for the utilization of IVIM in the present 
and its potential for future development.

FIGURE 4    |    Ranked average and standard deviation of the confidence scores of IVIM application to clinical indications. Score specifications: 1: 
Should not be used; 3: Worth investigating; 5: Preliminary proof; 7: At a stage to set up a large clinical trial; 10: Should be used in a daily clinic with 
no further proof needed. The size of the dots indicates the number of responders, ranging from 12 to 40 responders. MSK, musculoskeletal.

FIGURE 5    |    Cumulative distribution of suggested b-values from 6 
experts (color coded) reported for kidney applications in response to 
Survey Part 2.

TABLE 1    |    Numbers of suggested low and high b-values for each 
organ system and the average number of unique b-values.

Organ Replies
Set #1: 

10 ≤ b < 200
Set #2: 

200 ≤ b ≤ 1000
Ratio 
#1/#2

Kidney 6 4.5 3.5 1.28

Breast 6 6.2 4.3 1.42

Liver 3 6.3 5.0 1.27

Muscle 3 6.3 3.0 2.11

Brain 3 6.7 4.3 1.53

Pancreas 2 5.0 3.0 1.66

Average 3.8 5.8 3.9 1.55

Note: The rightmost column shows the ratio of the two previous columns. Bold 
values indicate the average value.
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4   |   Recommendations

The survey results demonstrate that there is not a one-size-fits-
all solution to IVIM. Therefore, here, we present recommenda-
tions for the six organs with the most survey respondents. Other 
organs have not been discussed at length during the workshop, 
and hence other considerations may lead to differing protocols. 
Absent other considerations, we would recommend following 
the liver recommendations for abdominal organs. For all other 
organs, we suggest the breast settings.

4.1   |   Data Acquisition

A summary of recommendations for IVIM data acquisition, 
stratified by organ system and based on the surveys, workshop, 
and post-workshop discussions, is given in Table 2, and a sum-
mary of the b-values in Table 3. As sufficient agreement existed 
among participants, our recommendations reflect parameter 
ranges that are compatible with at least 60% of pre-workshop sur-
vey participants in each organ system. While agreement ranged 
between 60% and 100%, a recommended range is provided for 
all cases based on preferences and practical considerations to 
promote consistency between studies. Recommendations for 
the b-values are summarized in Table  3 and are based on the 
survey and consensus discussion results (abbreviated tier) and 
on Cramer-Rao lower bound simulations (minimal tier). Note 
that these recommended options (b-values and other settings) 
are available by default or as a product on most modern MRI sys-
tems from most vendors. Here, we elaborate on the individual 
parameters in more detail.

4.1.1   |   Field of View, Spatial Resolution, 
and Parallel Imaging

DWI commonly employs single-shot echo planar imaging, 
which carries its own image quality challenges [54]. Field of 
view and in-plane spatial resolution are two parameters that 
can differ per purpose. Diffuse diseases can typically be imaged 
with lower spatial resolution, whereas focal diseases require 
higher spatial resolution. Regarding parallel imaging with 
EPI, reasonable acceleration using parallel imaging techniques 
should only be performed when receiver radio-frequency (RF) 
coils used for signal reception have sufficient receive elements 

FIGURE 6    |    Ranked levels of agreement with the usage of particular 
analysis/reporting options of IVIM data, averaged over organ systems. 
Multiple selections were allowed. The size of the symbol is an indica-
tion of the number of respondents, ranging from 9 to 34. ADC, apparent 
diffusion coefficient; EPI, echo-planar imaging; ROI, region of interest.

TABLE 2    |    Recommendations for IVIM data acquisition and processing in human studies.

Protocol option Brain Kidney Liver Pancreas Muscle Breast

Field strength 1.5 or 3.0 T

Sequence Single shot EPI

In-plane resolution 1–3 mm 2–3 mm 2–4 mm 2–3 mm 1.8–3 mm

Readout FOV 200–270 mm 300–400 mma

Slice orientation Axial Coronal Axial

Slice thickness 1.2–3 mm 2.5–5 mm 4–6 mm 2–4 mm 4–6 mm 2–4 mm

Parallel imaging factor 2–3 2

Fat suppression SPIR (+SSGR if available) SPAIR (+SSGR if available)

TR (s) ≥ 4 ≥ 3 ≥ 4

TE (ms) Minimum

Averages ≥ 1 ≥ 2 ≥ 1

Diffusion gradients Monopolar or bipolar

# directions ≥ 3

Note: The displayed ranges are compatible with a majority (> 60%) of pre-workshop survey respondents and incorporate workshop and post-workshop consensus 
discussions. Note that even given some range of parameters, these recommendations are provided for a non-inferior approach to promote consistency between human 
studies. TR denotes the nominally selected repetition time or time between successive volume acquisitions. While in the case of respiratory gating, the effective TR can 
exceed this value, we include this suggested TR value as a lower bound.
Abbreviations: SPAIR, spectral attenuated inversion recovery; SPIR, spectral presaturation with inversion recovery; SSGR, slice selection gradient reversal.
aReadout FOV for bilateral muscle imaging; for unilateral extremity imaging smaller FOVs are recommended. Note that b-values are provided in Table 3.
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along the phase-encoding direction to support undersampling. 
The field-of-view and receiver bandwidth subsequently need 
to be adjusted to maximize SNR while managing EPI-related 
image distortions. These limits will depend on the disease of 
interest and the purpose of the scan. In particular, for breast 
MRI, we advise using a cropped field of view combined with 
a posterior saturation band. For other organs, fold-over sup-
pression with saturation bands may be used to shorten the EPI 
echo-train if the desired spatial resolution causes substantial 
distortions (bandwidth issue).

4.1.2   |   Imaging Readout

While single-shot EPI is the most commonly used and recom-
mended imaging readout, we acknowledge the growing utiliza-
tion of segmented (also known as multi-shot) EPI approaches 
including segmentation along the phase-encoding or the read-
out direction, for instance, in brain and breast studies [55, 56]. 
This approach significantly removes image distortion. If these 
protocols are utilized, we advise maintaining a similar SNR for 
IVIM analysis as with single-shot EPI.

4.1.3   |   Fat Suppression

The high sensitivity of EPI to chemical-shift artifacts due to 
the fat-water shift renders optimal fat signal suppression es-
sential for IVIM MRI, especially in breast, abdominal, and 
muscle imaging. Spectral presaturation with inversion recov-
ery (SPIR) and SPAIR are commonly used for fat suppression 
in clinical settings. Less common methods include short tau 
inversion recovery (STIR) [57] and slice select gradient re-
versal (SSGR) [58]. SPAIR is less sensitive to transmission 
field (B1) inhomogeneity [59] and, given sufficient magnetic 
field shimming (B0 homogeneity), provides more uniform fat 
suppression compared to SPIR. Therefore, SPAIR is recom-
mended for breast, muscle, and abdominal imaging, with the 
addition of SSGR where possible. In the brain, SPIR is pre-
ferred to SPAIR as it offers acceptable fat suppression while 
allowing for shorter TRs.

4.1.4   |   Respiratory Motion

Another critical aspect of the IVIM protocol, particularly for 
abdominal imaging, is respiratory motion compensation. Due 
to the fast 2D EPI readout, blurring and ghosting of individual 
diffusion-weighted images is limited, but respiratory motion 
may still cause misalignment between slices, misregistration 
between diffusion-weighted images and directions, and signal 
loss (due to intravoxel spin dephasing and/or poor overlap of the 
excitation and refocusing RF pulses) that may adversely impact 
the quality of IVIM MRI. This motion can partially be mitigated 
during acquisition using prospective motion correction (for in-
stance, triggering), which synchronizes image acquisition with 
the respiratory cycle. Prospective motion correction is recom-
mended in the abdomen if the examination permits a longer ac-
quisition time. This is particularly important for focal diseases.

4.1.5   |   Diffusion Gradient Waveform

Practitioners supported using twice-refocused bipolar or single 
refocused monopolar gradient waveforms to varying degrees, 
neither achieving sufficient consensus to exclude the other at this 
stage, although monopolar waveforms are more common. Twice-
refocused diffusion sensitizing gradients allow for some eddy cur-
rent compensation, background gradient effects mitigation and 
partial suppression of coherent blood flow effect, whereas mo-
nopolar gradients allow for shorter TEs, resulting in higher SNR.

4.1.6   |   Repetition and Echo Time

The TR value should be chosen high enough to avoid a T1 bias 
in the perfusion fraction. The T1 values of the organs presented 
here range between 570/812 ms in the liver to 1080/1800 ms in 
gray matter at 1.5/3 T, respectively [60–62]. The TR values rec-
ommended in Table 2 ensure at least 2 * T1 recovery for the blood 
pool and each organ.

The use of higher b-values results in longer diffusion gradients 
and, consequently, longer TE. Generally, we recommend using 
the lowest possible TE to maximize SNR. Nevertheless, it should 
be noted that the T2 values of tissues differ widely, from 40/30 ms 
for liver and muscle to 90/80 ms in the brain at 1.5/3 T, respec-
tively [60]. Preferably, the TE should not exceed 2 * T2.

4.1.7   |   Averaging

Using multiple averages in image space increases the SNR and 
can improve the data quality. This can be beneficial for high 
b-values or regions with low SNR. For skeletal muscle, we rec-
ommend using at least 2 averages collected separately to enable
correction of artifacts from involuntary contractions (muscle
twitches) that may disturb the signal decay [63].

4.1.8   |   Diffusion-Weighting (b-Values)

The range and number of b-values directly impact the estima-
tion of IVIM parameters and thus are important acquisition 

TABLE 3    |    Suggested abbreviated (bold) and minimal (all) b-values 
(s/mm2) for IVIM studies in each organ system.

Organ

b-values (s/mm2)

#1 #2 #3 #4 #5 #6

Brain 0 0 70 300 400 1000

Breast 0 30 70 200 330 800

Kidney 0 30 70 100 200 800

Liver 0 10 20 100 200 500

Muscle 0 40 70 200 300 600

Pancreas 0 0 50 200 290 600

Note: The abbreviated tier was derived from survey results, consensus 
discussions, and literature values (for bthreshold). The additional b-values for the 
minimal tier were derived by Cramer-Rao lower bound simulations. Note that 
for some organs, the Cramer-Rao Lower Bound analysis suggested repeating the 
b = 0 s/mm2 instead of measuring a new unique b-value.
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parameters and key for harmonization. Our recommendations 
are based upon several factors: (1) literature meta-analyses/re-
view articles on reported IVIM metrics in different organs; (2) 
quantitative guidance for minimization of bias and uncertainty; 
(3) current practices of active IVIM practitioners; (4) principles
of harmonization that may permit maximal data pooling in fu-
ture cross-site data acquisition and analysis.

Average IVIM values collected from meta-analyses and review 
articles [4, 41, 64–67] in different organ systems show notable 
variations and support optimized b-value sets per organ (see 
Figure  7 and Supporting Information  S4: Recommendations, 
Table S1).

Taking into account varying experience levels and goals of pro-
spective IVIM practitioners, our suggested sets are organized 
in three “tiers,” which have overlapping b-values: “abbrevi-
ated,” “minimal,” and “advanced.” This approach supports 
future pooled analysis of subsets of data from different stud-
ies or sites. An example of the tiered b-value sets is depicted 
schematically in Figure 8; note that particular values (listed 
in Table 3) are different for each of the 6 focus organ contexts. 
The simplest, “abbreviated” protocol consists of the sampling 
of 3 b-values (including b = 0 mm2/s), all with 3 orthogonal dif-
fusion directions for trace-weighting, to derive D and f from a 
segmented fit approach. This small set is the minimum num-
ber of b-values needed to obtain these two IVIM parameters 
(sometimes referred to as abbreviated IVIM; hence the term) 
and is meant for studies in which no additional scan time is 
available. The “minimal” tier includes the 3 abbreviated val-
ues plus 3 additional b-values, enabling all three IVIM pa-
rameters (D, f, D*) to be estimated within a limited scan time. 
The “advanced” tier permits expanding the “minimal” tier at 
the discretion of the investigator and can include many addi-
tional b-values and diffusion directions to allow improvement 

in parameter estimates and advanced quantification models 
(such as compartmentation, diffusion spectrum analysis, an-
isotropy, diffusion time effects), but should again at least con-
tain the b-values from the minimal tier.

To generate these b-value sets, we first selected a threshold b-
value for segmented (two-step) fitting. The cut-off value, bthreshold, 
was determined to have a negligible contribution of perfusion-
driven IVIM effect above this value, making the diffusion part 
of the signal immune to this component. Our recommendation 
is to include the b-value b = 200 s/mm2 for all organs (except the 
brain, which includes b = 300 s/mm2) to be used as bthreshold. This 
recommendation is based on (1) expert opinions, (2) a balance 
between bias and variance, (3) commonly used values in litera-
ture [12, 67], (4) simulations, and (5) consistency where possible 
across applications. bthreshold must be sufficiently low to ensure 
a broad range of signal intensities to determine D and extrapo-
late to signal intercept at b = 0 s/mm2 to determine f, reducing 
variance in both. To estimate contribution of bias, the b-value 
corresponding to suppression of the pseudo-diffusion term by a 
factor of 20 (e−bD* ~ 0.05; b ~ 3/D*) was computed using literature 
D* values from Supporting Information S4: Recommendations, 
Table  S1, and for all cases except the brain, these thresholds 
were < 200 s/mm2 (for brain bthreshold = 275 s/mm2).

The abbreviated tier b-value set (Table  3) consisted of b = 0 s/
mm2, the threshold b-value, and a selected upper-limit. This 
b-value upper limit was selected (a) to avoid sampling non-
Gaussian diffusion/kurtosis effects, (b) considering typical T2-
relaxation-weighted SNR for each organ, and (c) to align with
survey input, consensus discussions, and expert opinion. These
upper limits were b = 500 s/mm2 for liver, b = 600 s/mm2 for
muscle and pancreas, b = 800 s/mm2 for kidney and breast, and
b = 1000 s/mm2 for brain.

Finally, the minimal tier b-value sets were based on a Cramer-
Rao Lower Bound analysis [68, 69] and assumed Gaussian 
noise. We note that this noise model is only an approximation 

FIGURE 7    |    Mean IVIM values and standard deviations over studies 
(tissue diffusivity D and pseudo-diffusion fraction f) derived from meta-
analyses and review articles for 6 organ systems.

FIGURE 8    |    Tiers of suggested b-values for IVIM studies, illustrated 
for breast: abbreviated (red circles), minimal (blue triangles), advanced 
(green squares).
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to the Rician noise distribution encountered in commonly 
magnitude-averaged DWI signals and is thus a limitation. 
However, we assert that the main features of the suggested b-
value distributions are retained in this case and confer the in-
tended organ-specific optimality. The cost function penalized 
an error metric consisting of the sum of relative uncertainties 
in D and D* and absolute uncertainty in f (to avoid divergence 
for f ~ 0). For each organ context, optimization was per-
formed over a range of parameters centered on the literature 
mean value (Supporting Information  S4: Recommendations, 
Table  S1) and spanning one standard deviation above and 
below it (in the case of breast and pancreas, averages of the 
benign and malignant literature values and a sum of their 
standard deviations was used). The code of the Cramer-Rao 
Lower Bound analysis is available on Google Colab (https://​
colab.​resea​rch.​google.​com/​drive/​​1ffm3​vqbeM​MMvm9​LvTV0​
6ZuQK​qbnc3​hlf#​scrol​lTo=​23K0k​jHtO1RT). A common SNR 
of 25 was assumed for all cases to set a reasonable worst-case 
scenario.

A recent consensus effort for kidney IVIM [65] heuristically 
suggested b-values (0, 30, 70, 100, 200, 400, 800 s/mm2) with 
considerable overlap to those generated by the process herein 
(0, 0, 30, 150, 200, 800 s/mm2). The difference in estimated rel-
ative parameter uncertainty between the subset (0, 30, 70, 100, 
200, 800 s/mm2) and (0, 0, 30, 150, 200, 800 s/mm2) was 2%, 
8%, and 3% for D, f, and D*, respectively; given this minimal 
difference, the former subset was adopted to support continu-
ity of evidence generation. The final optimal sets (rounded to 
the nearest 10 s/mm2) are outlined in Table 3. Note that these 
sets have at least as many b-values < 200 s/mm2 as greater 
than or equal to that threshold, consistent with the general 
survey trend in Table 1.

The aforementioned algorithm utilizes a generic process for 
all organs while incorporating organ-specific parameter val-
ues, but nevertheless, it still has limitations. The ranges ad-
opted from the meta-analyses in Supporting Information  S4: 
Recommendations, Table  S1 incorporate major organ differ-
ences and reported variability but not healthy/pathologic ranges 
in all cases. We emphasize that these values compose only 
the abbreviated and minimal sets. Studies may employ more 
pathology-specific b-values at their discretion and as studies 
warrant, including dynamic and longitudinal studies where D, 
f, and D* may change over time.

We recommend using, at minimum, the abbreviated tier of 3 b-
values, 3 directions, and at least 1 average (for muscle at least 
2 averages). In practice, given the typically poor SNR, we sug-
gest substantially more averages with a minimal tier having at 
least two b-values between 0 and 200 s/mm2. However, given the 
broad applications of IVIM in different organs, it is within the 
practitioner's discretion to increase the number of directions (for 
tensor imaging), increase averages, or increase the number of 
b-values.

It is important to note that imaging gradients and spoilers also 
add diffusion-weighting, effectively increasing the b-value. As 
a result, the nominal b-value might differ from the true b-value 
if these gradients are not taken into account [70]. This is espe-
cially pronounced at low b-values and can cause a substantial 

bias in the IVIM estimates. However, correcting for b-values 
can still be challenging. In particular, it is not always possible 
to obtain the true b-value, and there is a need for vendors to 
add them to DICOM headers. Due to those challenges, using 
corrected b-values is not included as a recommendation. If 
available, we encourage the use of corrected b-values. We en-
courage further research on the effect of corrected b-values 
for IVIM.

We also provide Supporting Information to guide study design 
in the form of minimal suggested SNR to achieve total rela-
tive error (combining elements of bias and dispersion) of less 
than 20%, generated from Monte Carlo simulation studies cen-
tered around the mean values in Supporting Information  S4: 
Recommendations, Table S1 and b-value samples in each organ 
system from Table 3. Full details on these estimations are pro-
vided in Supporting Information S4: Recommendations Text S1, 
Figures S1 and S2, Table S2.

4.2   |   Data Pre-Processing

Data pre-processing is a key step in generating high-quality 
IVIM maps from diffusion-weighted images. In a review of 
pre-processing for DWI, 15 steps were identified as essential 
[71]. While this review primarily targeted conventional diffu-
sion and diffusion tensor MRI of the brain, many steps can be 
applied to IVIM and across other anatomical regions. In our 
survey of IVIM in particular, four key pre-processing steps 
were identified: motion correction, EPI distortion correction, 
denoising, and removal of signal voids. These pre-processing 
steps are summarized in Table 4. These steps are most effec-
tively applied to individual b-value images (separate aver-
ages and directions), and we therefore advise against inline 
averaging/trace-images.

For clinical workflows, inline pre-processing may be easier to 
achieve. In this case, please use the subset of tools available 
on your MR operator console or remote analysis computer. 

TABLE 4    |    Suggested pre-processing for IVIM data, derived from 
the survey results.

Brain

Non-brain 
(abdomen, 

breast, muscle)

Motion correction 
via registration

Yes Yes

Distortion 
correction

Yes If motion is limited 
in the source-images

Denoising If extensive 
protocol

If extensive protocol 
and motion is limited 
in the source-images

Signal void 
exclusion

N/A Yes

Note: Extensive protocol: Denoising algorithms rely on the redundancy of data 
and sufficient b-values or diffusion directions should be sampled if denoising is 
used.
Abbreviation: N/A, not applicable.

https://colab.research.google.com/drive/1ffm3vqbeMMMvm9LvTV06ZuQKqbnc3hlf#scrollTo=23K0kjHtO1RT
https://colab.research.google.com/drive/1ffm3vqbeMMMvm9LvTV06ZuQKqbnc3hlf#scrollTo=23K0kjHtO1RT
https://colab.research.google.com/drive/1ffm3vqbeMMMvm9LvTV06ZuQKqbnc3hlf#scrollTo=23K0kjHtO1RT


11Journal of Magnetic Resonance Imaging, 2026

Registration and denoising are typically available on scanners, 
but inline processing may mean skipping denoising and signal 
void exclusion. Therefore, the offline setting is preferred, whilst 
the inline alternative is intended to provide a workflow feasible 
in a clinical setting.

4.2.1   |   Motion Correction

Retrospective bulk motion correction based on an affine regis-
tration to a b = 0 s/mm2 image is recommended as a minimum 
baseline method to deal with rigid and affine motion and image 
deformations due to eddy currents. Using EPI, slices are ac-
quired rapidly, minimizing within-slice motion artifacts, but 
slice-to-slice motion can still occur and needs to be corrected 
[72, 73]. In regions with more complex motion, non-rigid reg-
istration methods are suggested if available [74–76]. In the ab-
domen, image registration can be combined with prospective 
motion correction, which produces images of superior quality 
compared to the individual methods [77].

4.2.2   |   EPI Distortion Correction

We recommend using EPI image distortion correction. EPI dis-
tortions cause deformations of the images and can cause signal 
pile-up and signal voids, resulting in misaligned anatomy and 
distorted parameter estimates. EPI distortion correction should 
be applied using a method based on reversed phase encoding 
[78], if this can be achieved in a robust fashion. The distortion 
effect is pronounced in the vicinity of (air-)tissue interfaces, such 
as those found around the kidneys, pancreas, liver, bowel, and 
in regions close to the sinuses or cavities. Additionally, the dis-
tortion field in the abdomen changes with respiratory and bowel 
motion. Therefore, the best results are found when estimating 
the distortion field for each read-out individually. Previous stud-
ies performed this by using multi-echo imaging [74] or scout 
acquisitions throughout the respiratory cycle [79] with reverse 
polarity acquisition.

4.2.3   |   Denoising

We recommend denoising the diffusion-weighted images; prefer-
ably, these include separate averages and directions, but for some 
studies, only trace-weighted images are available. Denoising of 
diffusion-weighted images typically exploits the redundancy 
available following the acquisition of several b-values and dif-
fusion encoding directions. This is often done using principal 
component analysis and, more recently, deep learning [80, 81], 
which have both been applied to IVIM [48, 82, 83]. Applicability 
of such algorithms may depend on the level of redundancy in the 
data; for the abbreviated or minimal acquisition protocols with 
only three to six b-values, such redundancy may be unavailable, 
and in those cases, denoising may not be as effective. Potentially, 
deep-learning-based denoising may offer a solution there.

It is important to note that denoising methods can alter the 
original signal at different b-values. Therefore, these methods 
should be used with caution and data consistency checks should 
be performed.

4.2.4   |   Removal of Signal Voids

When present, we recommend the removal of signal voids due to 
bulk motion or incoherent motion other than perfusion. Signal 
voids can occur in scenarios involving pulsatile or respiratory 
motion (particularly in the left liver lobe and pancreas) or invol-
untary contractions of skeletal muscle [63, 84–86]. Their most 
direct solution is manual inspection and removal of the corre-
sponding data from the image set, assuming that sufficient re-
dundancy exists in the sampling and inline averaging has not 
already been performed.

4.3   |   Fitting

Most MRI vendors support in-line IVIM fitting (potentially as an 
additional product), and there are commercial third-party solu-
tions available, as well. These solutions are CE-labeled and hence 
can be used in the clinic. For this reason, there is certainly merit 
in reporting results from such software. However, vendor imple-
mentations may differ from each other, may change with updates, 
and vendors are not always transparent in their exact implemen-
tation. Therefore, for reproducibility purposes, we recommend 
also reporting results from a standardized fitting routine.

Fitting the IVIM model to noisy DWI is an ill-conditioned 
problem, where the precision and accuracy of conventional 
(non-linear) least-squares (NLLS) estimators are limited for 
the pseudo-diffusion parameters, especially in regions of low 
SNR and low pseudo-diffusion signal fraction. Many alterna-
tive approaches have been proposed [87], ranging from simple 
asymptotic “segmented” approaches [88, 89] to more advanced 
Bayesian inference [90–92] or deep learning [93, 94]. The major-
ity of studies use segmented fitting, which is straightforward to 
implement and appears more robust than conventional simul-
taneous least-squares fitting. This trend in the literature was 
reflected in the results of the survey and workshop discussions, 
where further development of advanced estimators was sup-
ported (see Figure 6), while segmented fitting was the approach 
recommended to be included in the baseline protocol for IVIM 
pre-processing.

Segmented fitting relies on the assumption that D* ≫ D, such 
that the contribution of the pseudo-diffusion component to the 
signal attenuation becomes insignificant at sufficiently high 
b-values. This permits a two-step fitting procedure, whereby
first, only the diffusion component is fitted to the data using
only b-values larger than a predefined threshold. This can be
achieved by fitting a mono-exponential function to the signal
data using NLLS, or by fitting a linear function to the logarithm
of the signal data using weighted linear least squares (WLLS),
ideally iteratively [95]. We recommend the use of iterative WLLS 
as it does not require initial guesses, and it is faster than NLLS.
However, we acknowledge that applying NLLS for this first step
may simplify implementation depending on the software used
and typically should give similar results given appropriate ini-
tial guesses. Note that taking the logarithm of the signal can en-
hance noise at high b-values in conditions where SNR is low, so
caution should be taken in such cases. As b-value threshold, we
recommend using b = 200 s/mm2, except for the brain (b = 300 s/
mm2), as defined in Section 4.1.
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The first step also yields an estimate of f from the difference be-
tween the signal at b = 0 s/mm2 and the corresponding vertical 
intercept of the initial fit. In the second step, D* is estimated by 
fitting the full IVIM equation to the data at all b-values using 
NLLS (recommended initial guess D* = 10 × D), after either 
fixing both D and f from the first step or fixing only D and re-
solving for f [96]. As the workshop discussions indicated a slight 
preference for fixing both D and f, we recommend this approach 
to increase consistency.

Note that segmented fitting can introduce a positive bias in the 
estimation of D and a negative bias in the estimation of f, owing 
to the finite pseudo-diffusion component that may remain at 
the chosen threshold b-value [88, 97, 98]. Note further that this 
implementation of the segmented fit relies on measuring the sig-
nal at b = 0 s/mm2, which cannot be exactly measured due to the 
contribution from imaging gradients and spoilers to the b-value. 
Those contributions are neglected in this implementation; we 
offer some discussion on how to deal with this in Supporting 
Information S5.

4.4   |   Reporting Preferences and Good Practice

We expect the recommended protocol to serve well under many 
circumstances, and for a broad range of applications. However, 
we understand that it may not meet the demands of every con-
ceivable IVIM study. Nonetheless, it would be desirable to put 
more advanced studies on a similar footing to allow for data 
pooling, provide some level of data comparability, and quantify 
the added value of the optimized research protocols as com-
pared to standardized analysis. The recommendations in this 
section are based on the survey results and consensus discus-
sions during the workshop.

Regarding region of interest (ROI) prescription, the unweighted 
(b = 0 s/mm2) image was preferred in the majority (4/6) of organ 
systems in the surveys as it contains the highest SNR, making 
the contouring of organs easiest. Some pathologies, such as can-
cer, are most visible on high b-value images and/or ADC maps. 
Hence, we encourage adherence to b = 0 s/mm2 images with sec-
ondary consultation of ADC map and/or high b-value images.

While the acquisition protocols may heavily depend on the in-
tended study purpose, we recommend reporting the results of 
a separate sub-analysis that is streamlined with the suggested 
protocol and pre-processing steps. We further recommend re-
porting the within-ROI values that were rated highest in the 
standardized pipeline poll (see Figure  6): mean, standard de-
viation, median, and interquartile range of ROI statistics for 
completeness and meta-analysis. Then, further paper-specific 
analysis should reflect the data normality.

To support and ensure reproducible research and maintain con-
sistent relaxation weighting, we advise comprehensive reporting 
of acquisition timing: TR, TE, and diffusion gradient waveform, 
including the diffusion time (delay between the pulsed magnetic 
field gradients [Δ], the duration of the pulsed magnetic gradi-
ents [δ], and the maximum gradient strength and slew rate of 
the MR system). Ideally, a comprehensive description of all used 
MRI protocols should be provided as Supporting Information, 

including type of fat suppression, acquired voxel size, echo train 
length, echo spacing, receiver bandwidth used for signal read-
out, acceleration options, oversampling factors and directions, 
and slice gap and slice acquisition order. Also, reconstruction 
settings should be reported if available, including interpolation, 
zero filling, and filtering. Moreover, details from pre-processing 
and fitting should be stated, including details of individual pre-
processing steps, fit algorithm, initial guess, and fit constraints. 
A checklist of parameters to report can be found in Supporting 
Information S6: Reporting Checklist.

There is a strong TE dependency of the pseudo-diffusion signal 
fraction, as the diffusion and pseudo-diffusion compartments 
may have different T2 relaxation times [99, 100]. For example, 
de Bazelaire et  al. [61] reported liver T2 times of 46 ms (1.5 T) 
and 34 ms (3 T), whereas Riexinger et al. [101] estimate the T2 
times of arterial and venous blood as 148 ms (venous, 1.5 T), 
44 ms (venous, 3 T), 206 ms (arterial, 1.5 T), and 107 ms (arterial, 
3 T). When interpreting these population-averaged relaxation 
time values, it is important to note that intersubject variability 
can be substantial; for example, blood relaxation times depend 
on hematocrit [102]. If T2-values are known, a T2-corrected f 
can be reported [103], changing f from being a signal fraction 
to a blood fraction. It has been proposed as good practice to re-
port such metrics for muscle and liver IVIM [67, 99, 100]. In the 
workshop, we did not reach an agreement on whether reporting 
T2-corrected IVIM metrics should be regarded as best practice. 
One challenge we discussed was lack of consensus on how to 
perform the correction appropriately. For example, arterial and 
venous blood have vastly different T2 relaxation times, so one 
would have to take into account their volume fractions [104]; 
moreover, in the kidney, primary urine, and the tubular fluid 
would also have to be considered [105]. Moreover, a T1 correc-
tion might also be important [106]. Therefore, we advise always 
to report the used TE and TR times, such that corrected/un-
corrected f values can be calculated post hoc for meta-analysis. 
Second, IVIM contrast can vary with sequence timing for other 
biophysical reasons such as ballistic/diffusive regimes and de-
gree of motion compensation [107, 108]. These are discussed in 
the section of future directions but their existence is another mo-
tivation for comprehensive reporting.

We recommend using validated and verifiable software. That 
is, the evaluation code should have been tested and validated 
on synthetic data and ideally, the code is provided open ac-
cess, or vendor-provided software packages should be used. 
We highlight that OSIPI [109] offers open-source unit-tested 
IVIM code at https://​github.​com/​OSIPI/​​TF2.4_​IVIM-​MRI_​
CodeC​ollec​tion.

With the objective of translating IVIM into quantitative imag-
ing biomarkers for clinical trials, and ultimately into clinical 
practice, it is of paramount importance to test and validate the 
robustness of the IVIM-derived metrics [110]. The quantita-
tive imaging network communities recommend performing a 
test–retest study prior to designing and executing the clinical 
study. Alternatively, literature may be consulted to provide 
guidance; several studies have performed IVIM repeatabil-
ity (test–retest) and reproducibility (cross-vendor/cross-site) 
studies. Generally, the highest reproducibility values have 
been reported for D and ADC, ranging from good to excellent 

https://github.com/OSIPI/TF2.4_IVIM-MRI_CodeCollection
https://github.com/OSIPI/TF2.4_IVIM-MRI_CodeCollection
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(coefficient of variation [CV] ~ 1%–10%), with good to poor 
reproducibility (CV ~ 10%–40%) for f and D*; this has been 
shown for hepatocellular carcinoma and liver parenchyma 
[111], renal tumors, normal renal cortex and medulla [112], 
and brain [113, 114]. Consequently, continued measurement 
and improvement of repeatability and reproducibility of f 
and D* is crucial. An extensive review of previous test–retest 
studies and reproducibility results from literature is given in 
Supporting Information S7: Test–retest studies.

5   |   Future Directions

We conclude this work with a discussion of the recommended 
focus areas and frontiers for translation and advancement of 
IVIM in the coming years.

To underline its importance, we start by stating we strongly en-
courage the IVIM community to reach out to the clinical com-
munity about the added value of IVIM. This includes continued 
efforts at large scale, such as data summaries (review articles, 
meta-analyses) and multi-center trials to elevate and clarify the 
evidence level of the clinical applications of IVIM. Such efforts 
pave the way for consideration and inclusion of IVIM in clinical 
trials, recommendations to the scientific and clinical societies, 
and ultimately governmental approvals. The process employed 
here by the consensus participants may also be revisited for 
other organ contexts (e.g., prostate, placenta) when researchers' 
demand, evidence accumulation, and/or compelling clinical ap-
plications coalesce in those cases.

IVIM is already used as a tool to study physiological and patho-
physiological conditions in cohorts, for example, to under-
stand disease onset and progression better, or to develop and 
validate treatment pathways. If accurate and precise enough, 
quantitative perfusion imaging with IVIM has great potential 
for diagnosis, treatment stratification, treatment monitoring 
and follow-up imaging in individual patients. One first appli-
cation of IVIM may be as an alternative to contrast-enhanced 
MRI for imaging tissue perfusion, which is used in many clin-
ical routines. IVIM parameter maps of D, D*, and particularly 
f, might be used to replace the contrast-enhanced images, 
particularly for existing contexts in which quantitative visu-
alization is key (e.g., pre/post contrast difference). Obstacles 
to the use of exogenous MRI contrast agents are the risks of 
nephrogenic systemic fibrosis (NSF), gadolinium deposition 
in tissues, and environmental impact. In this context, IVIM 
MRI, as an endogenous contrast alternative for assessing 
perfusion and cellular density, could become a highly valu-
able tool, potentially offering critical diagnostic information 
while mitigating the risks associated with contrast agent use. 
Moreover, IVIM has the added benefit of obtaining matched 
microstructural/cellular information simultaneously. Finally, 
IVIM offers a complementary view of microcirculation (vas-
cular, tubular, and others), as summarized below.

Similar to IVIM, arterial spin labeling (ASL), dynamic sus-
ceptibility contrast (DSC), and dynamic contrast-enhanced 
(DCE) MRI all probe perfusion. Relationships between the 
IVIM pseudo-diffusion parameters and blood flow param-
eters from other MRI perfusion methods have been derived 

[115]. A majority of the published literature found a good 
correlation between f and perfusion blood volumes derived 
from other perfusion MRI approaches [116]. However, as the 
mechanisms and biophysics behind IVIM differ from ASL, 
DSC, and DCE, IVIM may offer complementary information 
and could provide added value to the alternatives in detecting 
certain pathologies [117–119]. Perfusion measures from DSC 
and DCE are based on spatio-temporal contrast agent kinetics, 
which allow for probing exchange parameters. However, un-
like IVIM, they strongly depend on the accurate measurement 
of the contrast agent in the supplying artery, including assess-
ment of the arterial input function. ASL uses arterial blood 
water as an endogenous tracer by saturating or inverting its 
magnetization upstream of the microvascular network [120]. 
Consequently, direct comparison with IVIM can be subtle, as 
ASL monitors the transit of externally labeled blood, while 
IVIM reflects all randomly moving intravoxel blood. Hybrid 
ASL-IVIM methodologies have also been demonstrated that 
allow emphasis or suppression of different vessel sizes [121]. 
While these perfusion measurement techniques are interre-
lated, IVIM offers a distinctive advantage by providing a si-
multaneous assessment of tissue microcirculation (reflecting 
microperfusion effects) and tissue microstructure without the 
need for contrast agents.

IVIM parameters have been shown to be sensitive to physiolog-
ical changes in perfusion, for example, increasing D, f, and D* 
values have been reported in muscles after exercise [67], and in-
creased f in kidney and brain in cardiac systole, or in the brain 
during specific tasks [48, 116]. In correlation with histology, lit-
erature results demonstrate fair to good correlation between f 
and mean vessel density [116, 122]. IVIM has also been related 
to standard perfusion parameters, with a linear relationship be-
tween f and blood volume, D* and mean transit time, and fD* 
with blood flow [115]; however, the exact relationship between 
IVIM parameters and perfusion (i.e., blood flow, blood speed, 
and structure of the micro-vascular network) remains to be in-
vestigated in future research.

We encourage further research on IVIM fitting alternatives. 
Estimator performance can be strongly influenced by acquired 
b-values [123, 124], data quality, and design features (for in-
stance Bayesian prior [125, 126]). Specific examples and use
cases of deep learning have received increasing attention and
recognition in recent years as a promising fitting alternative.
Both voxel-wise [93, 94, 127] and spatially-aware [128–130] deep 
learning methodologies show potential for improving estimator
accuracy and reducing computation time. However, it is essen-
tial to approach deep learning supported IVIM modeling with
caution and ensure comprehensive validation [131].

While many comparative studies exist for subsets of IVIM-
fitting methods [125, 126, 131–134], a major limiting factor in 
the identification of a new gold-standard estimator is the lack 
of standardized tools for the characterization of estimator per-
formance. Quantitative assessment of accuracy and bias is 
only possible using synthetic data, whereas performance on 
in  vivo data can only be assessed either in terms of precision 
(repeatability [133, 135]) or classification accuracy (for instance, 
tumor type [136]). Hence, there is a need for reliable validation 
and open-source benchmarks, such as realistic digital IVIM 
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phantoms, standardized synthetic data sets, freely-available 
in  vivo datasets (with multiple repetitions) for various organs 
and pathologies, ideally complemented by histological charac-
terization, and physical IVIM phantoms. We also need consen-
sus on standardized metrics for evaluating performance. We 
encourage the development of international IVIM fitting com-
petitions (“challenges”) as a gold standard for fair performance 
evaluation enabling algorithmic benchmarking in a controlled 
environment while simulating real-world conditions. We sup-
port increased implementation of inline IVIM processing by 
MRI system vendors, not only conventional simultaneous fitting 
but also segmented variants.

We encourage research into advanced variants of IVIM that 
may eventually be translated as broadly as the canonical vari-
ant. As the tissue and vessel structure is very complex, several 
extensions to the standard IVIM model have been proposed. 
First, the microstructural compartment of the signal only 
shows Gaussian diffusion behavior (as in the canonical IVIM 
variant) to first order, and deviations from this single expo-
nential decay arise at higher b-values (typically exceeding 
b = 1000 s/mm2). Diffusion kurtosis imaging (DKI) provides 
one quantification of this non-Gaussian behavior, and hybrid 
IVIM/DKI methods have been shown to prevent confounds 
between their respective imaging biomarkers [137, 138]. 
Multi-compartment behavior that expands IVIM beyond the 
standard two-compartment model has shown promise in or-
gans with physiologic compartments with distinct diffusion 
rates. This includes tri-exponential and spectral diffusion in 
the kidney (for vascular and tubular flow) [105, 139–144] and 
the brain [145–147].

A key assumption of the IVIM model is that blood flowing 
through randomly oriented capillary segments induces a phase 
dispersion of the MR signal, leading to signal attenuation in 
diffusion-weighted images. However, most body tissues have 
a capillary network with an anisotropic microarchitecture. 
Several advanced diffusion models combining the IVIM theory 
with DTI formalism have been proposed to characterize the an-
isotropy of diffusion and the flow-related signal in the kidney 
[48, 148–150], skeletal muscles [151], myocardium [152], and ce-
rebral gray matter [146, 153]. Overall, it has been demonstrated 
that the IVIM signal in these tissues is direction-dependent, 
suggesting that both the tissue microstructure and (blood) flow 
contribute to the diffusion anisotropy in tissues with a spatially 
organized capillary network.

Variation of diffusion time is known to modulate both aspects 
of the IVIM signal (microcirculation and microstructure), and 
the microcirculation aspect has been recognized in multiple 
contexts  [107, 108, 154] as the water motion shows a ballistic 
(short-time), diffusive (long-time), or intermediate regime. This 
modulation can be a route to more specific tissue modeling and 
biomarker quantification.

Another experimental tool contrast for enhanced quantification 
is the modulation of the diffusion gradient waveform. Through 
the first moment (M1) of the gradient waveform, the degree of 
flow-induced signal decay can be altered, up to the extreme case 
of a fully flow-compensated (FC) (M1 = 0) waveform, which will 
nullify all signal decay from flow that remains steady during the 

echo time TE. Schemes have thus been offered to continuously 
vary M1 to generate a more precise or more complete character-
ization of IVIM contrast [68, 107].

Since physiologic vasculature occurs with a range of flow speeds 
and channel geometry, the flow compensation condition is vari-
ably met throughout the tissue, and thus variation of either flow 
encoding moment and diffusion time (or both) can be advanta-
geous to capture the full network behavior. In that sense, flow-
compensated DWI for IVIM modeling (FC-IVIM) provides a 
more comprehensive description of tissue microvasculature 
than conventional IVIM [48, 150, 155–157]. Beyond evaluating 
D and f, FC-IVIM additionally incorporates microvascular char-
acteristics by modeling blood flow velocity (v) and vessel seg-
ment length (l), which are related via a characteristic time scale 
τ = l/v. It is believed that these additional flow-related parame-
ters could be used as markers to reveal pathological changes in 
microvasculature associated with various diseases. In addition, 
flow-compensated diffusion gradients were found to reduce 
motion-related artifacts in DWI of the liver [158, 159], pancreas 
[160], and kidney [84].

The standard IVIM model does not account for the different 
transverse relaxation times (T2) of tissue, blood, and other com-
partments. This results in the overestimation of f, particularly 
as TE and T2 weighting increase. Jerome et al. [103] proposed 
an extended model called the T2-IVIM model, which enables 
measurement of the T2 values for both compartments (tissue 
and blood). This model, which requires sampling multiple b-
values at multiple echo times, corrects the TE dependence of 
the f parameter, leading to more accurate parameter estimates. 
Moreover, using multiple relaxation weightings may enhance 
our understanding of the different compartments contributing 
to the IVIM signal decay.

6   |   Limitations

Note that this paper reflects a consensus, which is not neces-
sarily the same as stating these are the “optimal” settings. For 
example, the simulations to determine best cut-off values for 
segmented fit were based on a heuristic rule that e−bD* ~ 0.05 
and then rounded to some shared cut-off. This paper does not 
aim to describe universally “optimal” settings (as such a concept 
is elusive given all organ contexts considered) but aims to har-
monize protocols for more reproducible results. We believe that 
at this stage, harmonization will be an important step to bring 
IVIM closer to the clinic. We acknowledge that IVIM is still an 
active research topic, and some future insights may alter the rec-
ommendations, which may then be updated accordingly by an 
analogous process as performed here.

7   |   Conclusions

We present consensus-driven recommendations on how to per-
form IVIM by target anatomy, covering all major organ systems. 
We provide context for these recommendations from the exist-
ing IVIM literature and highlight the most compelling scientific 
frontiers of IVIM development and application. We hope that 
the broad implementation of these recommendations will make 
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IVIM more accessible to clinical and technical researchers and 
accelerate clinical translation of IVIM. In particular, it can 
contribute to building an evidence base conducive to multi-site 
translation and data pooling and feed into societal recommen-
dations, approvals by national and international health author-
ities, and clinical trial usage. We expect that the best utilization 
of IVIM continues to promote and leverage multidisciplinary 
dialogue that formed the basis of this consensus.

Acknowledgments

We thank the ISMRM for hosting the IVIM symposium and work-
shop. We thank NWO for their financial support to the workshop 
from which this paper arose (grant: NWA.1418.22.002). We thank Noa 
van der Knaap for his help with illustrations. O.J.G.-C. is in part sup-
ported by KWF Dutch Cancer Society (grant: KWF-UvA 2021.13785). 
E.E.S. is supported in part by the National Cancer Institute of the US 
National Institutes of Health (NIH) (R01CA245671, UH3CA239861). 
M.I. was supported in part by the Japan Agency for Medical Research
and Development (23he0422025j0002, 23ck0106892h0001). O.J. was
supported by grants from the Swedish state under the agreement be-
tween the Swedish government and the county councils, the ALF-
agreement (ALFGBG-942664). S.K. was supported by R01DK125561.
F.B.L. was supported by the German Research Foundation (437119659). 
M.M.L. was supported in part by grants from the NIH National
Center for Advancing Translational Sciences through award number
TL1TR004420. D.A.R. is supported in part by the National Institute
of Diabetes and Digestive and Kidney Diseases of the US NIH
(R01DK136983). M.S.S. has research support from the Breast Cancer
Research Foundation and the Image Processing & Analysis Core (iPAC) 
at the University of Massachusetts Chan Medical School. A.S.-D. was
part supported by NIH/NCI Cancer Support Grant P30 CA008748. J.S.
is supported in part by the National Institute of Diabetes and Digestive
and Kidney Diseases of the US NIH (K99DK138294). A.W. receives re-
search support from Cancer Research UK programme grant (C33589/
A28284). P.T. While gratefully acknowledges support from the Research 
Council of Norway under FRIPRO Researcher Project 302624.

Funding

This work was supported by National Institutes of Health (K99DK138294, 
P30 CA008748, R01CA245671, R01DK125561, R01DK136983, 
TL1TR004420, UH3CA239861); Japan Agency for Medical Research 
and Development (23ck0106892h0001, 23he0422025j0002); Deutsche 
Forschungsgemeinschaft (437119659); Cancer Research UK (C33589/
A28284); Nederlandse Organisatie voor Wetenschappelijk Onderzoek 
(NWA.1418.22.002); KWF Kankerbestrijding (KWF-UvA 2021.13785); 
Swedish state under the agreement between the Swedish government 
and the county councils, the ALF-agreement (ALFGBG-942664); Breast 
Cancer Research Foundation and the Image Processing & Analysis 
Core (iPAC) at the University of Massachusetts Chan Medical School. 
P.T. While gratefully acknowledges support from the Research Council 
of Norway under FRIPRO Researcher Project 302624.

Affiliations
1Department of Radiology, NYU Langone Health, New York, New York, 
USA  |  2Bernard and Irene Schwartz Center for Biomedical Imaging, 
New York, New York, USA  |  3Center for Advanced Imaging Innovation 
and Research (CAI²R), New York, New York, USA  |  4Department of 
Radiology, C.J. Gorter MRI Center, Leiden University Medical Center, 
Leiden, the Netherlands  |  5Department of Fundamental Development 
for Advanced Low Invasive Diagnostic Imaging, Nagoya University 
Graduate School of Medicine, Nagoya, Japan  |  6Department of 
Neuroradiology, University of Zürich, Zürich, Switzerland  |  7AI 
Medical AG, Zollikon, Switzerland  |  8Kyoto Prefectural University 
of Medicine, Kyoto, Japan  |  9Department of Radiology, University 

of Wisconsin-Madison, Madison, Wisconsin, USA  |  10Department 
of Medical Physics, University of Wisconsin-Madison, Madison, 
Wisconsin, USA  |  11Department of Medical Radiation Sciences, 
Institute of Clinical Sciences, Sahlgrenska Academy, University 
of Gothenburg, Gothenburg, Sweden  |  12Department of Medical 
Physics and Biomedical Engineering, Sahlgrenska University 
Hospital, Gothenburg, Sweden  |  13Department of Radiology 
and Nuclear Medicine, Maastricht University Medical Center, 
Maastricht, the Netherlands  |  14Mental Health en Neuroscience 
Research Institute (MHeNs), Maastricht University, Maastricht, the 
Netherlands  |  15Department of Electrical Engineering, Eindhoven 
University of Technology, Eindhoven, the Netherlands  |  16Department 
of Diagnostic and Interventional Radiology, Medical Faculty and 
University Hospital Düsseldorf, Heinrich-Heine-University Düsseldorf, 
Düsseldorf, Germany  |  17Department of Circulation and Medical 
Imaging, NTNU Norwegian University of Science and Technology, 
Trondheim, Norway  |  18Center for MR Research, University Children's 
Hospital Zurich, Zurich, Switzerland  |  19Department of Radiology, 
Quantitative Intelligent Imaging (QUIN) Lab, Boston Children's Hospital 
and Harvard Medical School, Boston, Massachusetts, USA  |  20Institute 
of Radiology, Uniklinikum Erlangen, Friedrich-Alexander-Universität 
Erlangen-Nürnberg, Erlangen, Germany  |  21Department of Diagnostic, 
Molecular and Interventional Radiology, BioMedical Engineering and 
Imaging Institute, Icahn School of Medicine at Mount Sinai, New York, 
New York, USA  |  22Berlin Ultrahigh Field Facility (B.U.F.F.), Max 
Delbrueck Center for Molecular Medicine in the Helmholtz Association, 
Berlin, Germany  |  23Department of Radiology and Imaging Sciences, 
Emory University, Atlanta, Georgia, USA  |  24Department of 
Orthopedics, Emory University, Atlanta, Georgia, USA  |  25Department 
of Biomedical Engineering, Georgia Technical Institute and 
Emory University, Atlanta, Georgia, USA  |  26Department of 
Radiology, University of Massachusetts Chan Medical School, 
Worcester, Massachusetts, USA  |  27Department of Medical Physics, 
Memorial Sloan Kettering Cancer Center, New York, New York, 
USA  |  28Department of Radiology, Memorial Sloan Kettering Cancer 
Center, New York, New York, USA  |  29F.M. Kirby Research Center 
for Functional Brain Imaging, Kennedy Krieger Institute, Baltimore, 
Maryland, USA  |  30Division of MR Research, The Russell H. Morgan 
Department of Radiology and Radiological Science, The Johns Hopkins 
University School of Medicine, Baltimore, Maryland, USA  |  31Joint 
Department of Physics, The Institute of Cancer Research and The 
Royal Marsden NHS Foundation Trust, London, UK  |  32Department 
of Radiology and Nuclear Medicine, St. Olav's University Hospital, 
Trondheim, Norway  |  33Department of Biomedical Engineering, 
College of Biomedical Engineering and Instrument Science, Zhejiang 
University, Hangzhou, China  |  34NeuroSpin, CEA-Saclay Center, 
Paris-Saclay University, Gif-sur-Yvette, France  |  35Human Brain 
Research Center, Kyoto University Graduate School of Medicine, Kyoto, 
Japan  |  36Department of System Neuroscience, National Institutes for 
Philosophical Sciences, Okazaki, Japan  |  37Department of Radiology 
and Nuclear Medicine, Amsterdam UMC Location University 
of Amsterdam, Amsterdam, the Netherlands  |  38Cancer Center 
Amsterdam, Imaging and Biomarkers, Amsterdam, the Netherlands

References

1. D. Le Bihan, E. Breton, D. Lallemand, M. L. Aubin, J. Vignaud, and
M. Laval-Jeantet, “Separation of Diffusion and Perfusion in Intravoxel
Incoherent Motion MR Imaging,” Radiology 168, no. 2 (1988): 497–505.

2. D. Le Bihan, E. Breton, D. Lallemand, P. Grenier, E. Cabanis, and
M. Laval-Jeantet, “MR Imaging of Intravoxel Incoherent Motions:
Application to Diffusion and Perfusion in Neurologic Disorders,”
Radiology 161, no. 2 (1986): 401–407.

3. D. Le Bihan, “Magnetic Resonance Imaging of Perfusion,” Magnetic 
Resonance in Medicine 14, no. 2 (1990): 283–292.

4. J. Liang, S. Zeng, Z. Li, et al., “Intravoxel Incoherent Motion Diffusion-
Weighted Imaging for Quantitative Differentiation of Breast Tumors: A 
Meta-Analysis,” Frontiers in Oncology 10 (2020): 585486.



16 Journal of Magnetic Resonance Imaging, 2026

5. S. Che, X. Zhao, Y. Ou, et  al., “Role of the Intravoxel Incoherent
Motion Diffusion Weighted Imaging in the Pre-Treatment Prediction and 
Early Response Monitoring to Neoadjuvant Chemotherapy in Locally
Advanced Breast Cancer,” Medicine (Baltimore) 95, no. 4 (2016): e2420.

6. J. Stabinska, H. J. Wittsack, L. O. Lerman, A. Ljimani, and E. E.
Sigmund, “Probing Renal Microstructure and Function With Advanced 
Diffusion MRI: Concepts, Applications, Challenges, and Future
Directions,” Journal of Magnetic Resonance Imaging 60, no. 4 (2024):
1259–1277.

7. A. Caroli, M. Schneider, I. Friedli, et  al., “Diffusion-Weighted
Magnetic Resonance Imaging to Assess Diffuse Renal Pathology:
A Systematic Review and Statement Paper,” Nephrology, Dialysis,
Transplantation 33, no. suppl_2 (2018): ii29–ii40.

8. Y. C. Chang, Y. H. Tsai, M. C. Chung, et al., “Intravoxel Incoherent
Motion-Diffusion-Weighted MRI for Investigation of Delayed Graft
Function Immediately After Kidney Transplantation,” BioMed Research 
International 2022 (2022): 2832996.

9. H. C. Thoeny, T. Binser, B. Roth, T. M. Kessler, and P. Vermathen,
“Noninvasive Assessment of Acute Ureteral Obstruction With
Diffusion-Weighted MR Imaging: A Prospective Study,” Radiology 252,
no. 3 (2009): 721–728.

10. H. Zhou, Y. Si, J. Sun, et al., “Effectiveness of Functional Magnetic
Resonance Imaging for Early Identification of Chronic Kidney Disease: 
A Systematic Review and Network Meta-Analysis,” European Journal of 
Radiology 160 (2023): 110694.

11. B. Gaing, E. E. Sigmund, W. C. Huang, et al., “Subtype Differentiation 
of Renal Tumors Using Voxel-Based Histogram Analysis of Intravoxel
Incoherent Motion Parameters,” Investigative Radiology 50, no. 3 (2015): 
144–152.

12. Q. Wang, G. Yu, J. Qiu, and W. Lu, “Application of Intravoxel
Incoherent Motion in Clinical Liver Imaging: A Literature Review,”
Journal of Magnetic Resonance Imaging 60, no. 2 (2024): 417–440.

13. P. Murphy, J. Hooker, B. Ang, et  al., “Associations Between
Histologic Features of Nonalcoholic Fatty Liver Disease (NAFLD)
and Quantitative Diffusion-Weighted MRI Measurements in Adults,”
Journal of Magnetic Resonance Imaging 41, no. 6 (2015): 1629–1638.

14. P. X. Lu, H. Huang, J. Yuan, et al., “Decreases in Molecular Diffusion, 
Perfusion Fraction and Perfusion-Related Diffusion in Fibrotic Livers:
A Prospective Clinical Intravoxel Incoherent Motion MR Imaging
Study,” PLoS One 9, no. 12 (2014): e113846.

15. I. Y. Choi, S. S. Lee, Y. S. Sung, et al., “Intravoxel Incoherent Motion 
Diffusion-Weighted Imaging for Characterizing Focal Hepatic Lesions:
Correlation With Lesion Enhancement,” Journal of Magnetic Resonance 
Imaging 45, no. 6 (2017): 1589–1598.

16. A. Jakab, R. L. Tuura, R. Kottke, et  al., “Microvascular Perfusion
of the Placenta, Developing Fetal Liver, and Lungs Assessed With
Intravoxel Incoherent Motion Imaging,” Journal of Magnetic Resonance 
Imaging 48, no. 1 (2018): 214–225.

17. X. L. Liu, J. Feng, C. T. Huang, Y. J. Mei, and Y. K. Xu, “Use of
Intravoxel Incoherent Motion MRI to Assess Placental Perfusion in
Normal and Fetal Growth Restricted Pregnancies on Their Third
Trimester,” Placenta 118 (2022): 10–15.

18. F. Adelnia, D. Cameron, C. M. Bergeron, et al., “The Role of Muscle
Perfusion in the Age-Associated Decline of Mitochondrial Function in
Healthy Individuals,” Frontiers in Physiology 10 (2019): 427.

19. S. J. Edwards, J. Yao, M. C. Schechter, et  al., “Feasibility of
Multiparametric Perfusion Assessment in Diabetic Foot Ulcer Using
Intravoxel Incoherent Motion and Blood Oxygenation-Level Dependent 
MRI,” Journal of Magnetic Resonance Imaging 59, no. 5 (2024):
1555–1566.

20. F. Adelnia, M. Shardell, C. M. Bergeron, et al., “Diffusion-Weighted 
MRI With Intravoxel Incoherent Motion Modeling for Assessment

of Muscle Perfusion in the Thigh During Post-Exercise Hyperemia in 
Younger and Older Adults,” NMR in Biomedicine 32, no. 5 (2019): e4072.

21. C. Federau, D. Kroismayr, L. Dyer, M. Farshad, and C. Pfirrmann,
“Demonstration of Asymmetric Muscle Perfusion of the Back After
Exercise in Patients With Adolescent Idiopathic Scoliosis Using
Intravoxel Incoherent Motion (IVIM) MRI,” NMR in Biomedicine 33,
no. 3 (2020): e4194.

22. S. Bisdas, T. S. Koh, C. Roder, et al., “Intravoxel Incoherent Motion
Diffusion-Weighted MR Imaging of Gliomas: Feasibility of the Method
and Initial Results,” Neuroradiology 55, no. 10 (2013): 1189–1196.

23. C. Federau, R. Meuli, K. O'Brien, P. Maeder, and P. Hagmann,
“Perfusion Measurement in Brain Gliomas With Intravoxel Incoherent
Motion MRI,” AJNR. American Journal of Neuroradiology 35, no. 2
(2014): 256–262.

24. O. Togao, A. Hiwatashi, K. Yamashita, et al., “Measurement of the
Perfusion Fraction in Brain Tumors With Intravoxel Incoherent Motion
MR Imaging: Validation With Histopathological Vascular Density in
Meningiomas,” British Journal of Radiology 91, no. 1085 (2018): 20170912.

25. R. Wirestam, S. Brockstedt, A. Lindgren, et  al., “The Perfusion
Fraction in Volunteers and in Patients With Ischaemic Stroke,” Acta 
Radiologica 38, no. 6 (1997): 961–964.

26. L. B. Hu, N. Hong, and W. Z. Zhu, “Quantitative Measurement
of Cerebral Perfusion With Intravoxel Incoherent Motion in Acute
Ischemia Stroke: Initial Clinical Experience,” Chinese Medical Journal 
128, no. 19 (2015): 2565–2569.

27. M. Liu, N. Saadat, Y. Jeong, et  al., “Quantitative Perfusion and
Water Transport Time Model From Multi b-Value Diffusion Magnetic
Resonance Imaging Validated Against Neutron Capture Microspheres,” 
Journal of Medical Imaging (Bellingham) 10, no. 6 (2023): 063501.

28. Y. Yao, S. Zhang, X. Tang, et  al., “Intravoxel Incoherent Motion
Diffusion-Weighted Imaging in Stroke Patients: Initial Clinical
Experience,” Clinical Radiology 71, no. 9 (2016): 938.e11–938.e16.

29. S. Suo, M. Cao, W. Zhu, et al., “Stroke Assessment With Intravoxel
Incoherent Motion Diffusion-Weighted MRI,” NMR in Biomedicine 29,
no. 3 (2016): 320–328.

30. S. M. Wong, C. E. Zhang, F. C. van Bussel, et  al., “Simultaneous
Investigation of Microvasculature and Parenchyma in Cerebral
Small Vessel Disease Using Intravoxel Incoherent Motion Imaging,”
NeuroImage: Clinical 14 (2017): 216–221.

31. D. P. Noij, R. M. Martens, J. T. Marcus, et al., “Intravoxel Incoherent 
Motion Magnetic Resonance Imaging in Head and Neck Cancer: A
Systematic Review of the Diagnostic and Prognostic Value,” Oral
Oncology 68 (2017): 81–91.

32. W. F. Li, C. Niu, T. M. Shakir, T. Chen, M. Zhang, and Z. Wang,
“An Evidence-Based Approach to Assess the Accuracy of Intravoxel
Incoherent Motion Imaging for the Grading of Brain Tumors,” Medicine
(Baltimore) 97, no. 45 (2018): e13217.

33. H. Wu, Y. Liang, X. Jiang, et  al., “Meta-Analysis of Intravoxel
Incoherent Motion Magnetic Resonance Imaging in Differentiating Focal 
Lesions of the Liver,” Medicine (Baltimore) 97, no. 34 (2018): e12071.

34. C. H. Suh, H. S. Kim, S. C. Jung, J. E. Park, C. G. Choi, and S. J. Kim, 
“MRI as a Diagnostic Biomarker for Differentiating Primary Central
Nervous System Lymphoma From Glioblastoma: A Systematic Review
and Meta-Analysis,” Journal of Magnetic Resonance Imaging 50, no. 2
(2019): 560–572.

35. G. C. Baxter, M. J. Graves, F. J. Gilbert, and A. J. Patterson, “A Meta-
Analysis of the Diagnostic Performance of Diffusion MRI for Breast
Lesion Characterization,” Radiology 291, no. 3 (2019): 632–641.

36. N. He, Z. Li, X. Li, et al., “Intravoxel Incoherent Motion Diffusion-
Weighted Imaging Used to Detect Prostate Cancer and Stratify Tumor
Grade: A Meta-Analysis,” Frontiers in Oncology 10 (2020): 1623.



17Journal of Magnetic Resonance Imaging, 2026

37. L. Qin, F. He, S. Wen, et al., Monitoring Treatment Response in Patients 
Undergoing Concurrent Chemoradiotherapy for Locally Advanced Uterine
Cervical Carcinoma Using Intravoxel Incoherent Motion Imaging: A
Systematic Review and Meta-Analysis (Europe PMC, 2020).

38. J. Liang, J. Li, Z. Li, et al., “Differentiating the Lung Lesions Using
Intravoxel Incoherent Motion Diffusion-Weighted Imaging: A Meta-
Analysis,” BMC Cancer 20, no. 1 (2020): 799.

39. D. Yang, H. She, X. Wang, Z. Yang, and Z. Wang, “Diagnostic
Accuracy of Quantitative Diffusion Parameters in the Pathological
Grading of Hepatocellular Carcinoma: A Meta-Analysis,” Journal of
Magnetic Resonance Imaging 51, no. 5 (2020): 1581–1593.

40. W. Ma, J. Mao, T. Wang, Y. Huang, and Z. H. Zhao, “Distinguishing
Between Benign and Malignant Breast Lesions Using Diffusion Weighted 
Imaging and Intravoxel Incoherent Motion: A Systematic Review and
Meta-Analysis,” European Journal of Radiology 141 (2021): 109809.

41. M. Zhu, C. Zhang, J. Yan, et al., “Accuracy of Quantitative Diffusion-
Weighted Imaging for Differentiating Benign and Malignant Pancreatic 
Lesions: A Systematic Review and Meta-Analysis,” European Radiology 
31, no. 10 (2021): 7746–7759.

42. H. Luo, L. He, W. Cheng, and S. Gao, “The Diagnostic Value of
Intravoxel Incoherent Motion Imaging in Differentiating High-Grade
From Low-Grade Gliomas: A Systematic Review and Meta-Analysis,”
British Journal of Radiology 94, no. 1121 (2021): 20201321.

43. F. Wang, C. Y. Yan, C. H. Wang, Y. Yang, and D. Zhang, “The Roles
of Diffusion Kurtosis Imaging and Intravoxel Incoherent Motion
Diffusion-Weighted Imaging Parameters in Preoperative Evaluation
of Pathological Grades and Microvascular Invasion in Hepatocellular
Carcinoma,” Frontiers in Oncology 12 (2022): 884854.

44. Y. Chen, Q. Han, Z. Huang, et  al., “Value of IVIM in Differential
Diagnoses Between Benign and Malignant Solitary Lung Nodules and
Masses: A Meta-Analysis,” Frontiers in Surgery 9 (2022): 817443.

45. Y. Deng, J. Li, H. Xu, et al., “Diagnostic Accuracy of the Apparent
Diffusion Coefficient for Microvascular Invasion in Hepatocellular
Carcinoma: A Meta-Analysis,” Journal of Clinical and Translational
Hepatology 10, no. 4 (2022): 642–650.

46. A. Arian, F. Z. Seyed-Kolbadi, S. Yaghoobpoor, H. Ghorani, A.
Saghazadeh, and D. J. Ghadimi, “Diagnostic Accuracy of Intravoxel
Incoherent Motion (IVIM) and Dynamic Contrast-Enhanced (DCE)
MRI to Differentiate Benign From Malignant Breast Lesions: A
Systematic Review and Meta-Analysis,” European Journal of Radiology 
167 (2023): 111051.

47. H. C. Luo, W. Q. Cheng, H. Ding, and L. He, “Diagnostic Performance 
of Diffusion-Weighted Imaging and Intravoxel Incoherent Motion for
Renal Lesions: A Meta-Analysis,” Clinical Radiology 78, no. 12 (2023):
935–946.

48. E. E. Sigmund, A. Mikheev, I. M. Brinkmann, et al., “Cardiac Phase 
and Flow Compensation Effects on REnal Flow and Microstructure
AnisotroPy MRI in Healthy Human Kidney,” Journal of Magnetic
Resonance Imaging 58, no. 1 (2023): 210–220.

49. O. Jalnefjord, M. Andersson, M. Montelius, et al., “Comparison of
Methods for Estimation of the Intravoxel Incoherent Motion (IVIM)
Diffusion Coefficient (D) and Perfusion Fraction (f),” Magma 31, no. 6
(2018): 715–723.

50. G. Y. Cho, L. Moy, J. L. Zhang, et al., “Comparison of Fitting Methods 
and b-Value Sampling Strategies for Intravoxel Incoherent Motion in Breast 
Cancer,” Magnetic Resonance in Medicine 74, no. 4 (2015): 1077–1085.

51. C. Liu, C. Liang, Z. Liu, S. Zhang, and B. Huang, “Intravoxel
Incoherent Motion (IVIM) in Evaluation of Breast Lesions: Comparison 
With Conventional DWI,” European Journal of Radiology 82, no. 12
(2013): e782–e789.

52. N. R. Doudou, Y. Liu, S. Kampo, K. Zhang, Y. Dai, and S. Wang,
“Optimization of Intravoxel Incoherent Motion (IVIM): Variability of

Parameters Measurements Using a Reduced Distribution of b Values for 
Breast Tumors Analysis,” Magma 33, no. 2 (2020): 273–281.

53. Y. C. Hu, L. F. Yan, L. Wu, et  al., “Intravoxel Incoherent Motion
Diffusion-Weighted MR Imaging of Gliomas: Efficacy in Preoperative
Grading,” Scientific Reports 4 (2014): 7208.

54. M. Poustchi-Amin, S. A. Mirowitz, J. J. Brown, R. C. McKinstry, and T.
Li, “Principles and Applications of Echo-Planar Imaging: A Review for the 
General Radiologist,” Radiographics 21, no. 3 (2001): 767–779.

55. C. Tang, Y. Qin, Q. Hu, and T. Ai, “Diagnostic Value of Multi-Model 
High-Resolution Diffusion-Weighted MR Imaging in Breast Lesions:
Based on Simultaneous Multi-Slice Readout-Segmented Echo-Planar
Imaging,” European Journal of Radiology 154 (2022): 110439.

56. I. Kida, T. Ueguchi, Y. Matsuoka, K. Zhou, A. Stemmer, and D. Porter, 
“Comparison of Diffusion-Weighted Imaging in the Human Brain Using
Readout-Segmented EPI and PROPELLER Turbo Spin Echo With Single-
Shot EPI at 7 T MRI,” Investigative Radiology 51, no. 7 (2016): 435–439.

57. G. M. Bydder and I. R. Young, “MR Imaging: Clinical Use of
the Inversion Recovery Sequence,” Journal of Computer Assisted
Tomography 9, no. 4 (1985): 659–675.

58. Z. Nagy and N. Weiskopf, “Efficient Fat Suppression by Slice-
Selection Gradient Reversal in Twice-Refocused Diffusion Encoding,”
Magnetic Resonance in Medicine 60, no. 5 (2008): 1256–1260.

59. F. Del Grande, F. Santini, D. A. Herzka, et  al., “Fat-Suppression
Techniques for 3-T MR Imaging of the Musculoskeletal System,”
Radiographics 34, no. 1 (2014): 217–233.

60. G. J. Stanisz, E. E. Odrobina, J. Pun, et  al., “T1, T2 Relaxation
and Magnetization Transfer in Tissue at 3T,” Magnetic Resonance in
Medicine 54, no. 3 (2005): 507–512.

61. C. M. de Bazelaire, G. D. Duhamel, N. M. Rofsky, and D. C. Alsop,
“MR Imaging Relaxation Times of Abdominal and Pelvic Tissues
Measured In Vivo at 3.0 T: Preliminary Results,” Radiology 230, no. 3
(2004): 652–659.

62. C. Lian, L. Zhuang, Z. Wang, et al., “The Diagnostic Performance of 
T1 Mapping in the Assessment of Breast Lesions: A Preliminary Study,” 
European Journal of Radiology 177 (2024): 111589.

63. G. Steidle and F. Schick, “Addressing Spontaneous Signal Voids
in Repetitive Single-Shot DWI of Musculature: Spatial and Temporal
Patterns in the Calves of Healthy Volunteers and Consideration of
Unintended Muscle Activities as Underlying Mechanism,” NMR in
Biomedicine 28, no. 7 (2015): 801–810.

64. C. Vieni, B. Ades-Aron, B. Conti, et  al., “Effect of Intravoxel
Incoherent Motion on Diffusion Parameters in Normal Brain,”
NeuroImage 204 (2020): 116228.

65. A. Ljimani, A. Caroli, C. Laustsen, et  al., “Consensus-Based
Technical Recommendations for Clinical Translation of Renal
Diffusion-Weighted MRI,” Magma 33, no. 1 (2020): 177–195.

66. Y. T. Li, J. P. Cercueil, J. Yuan, W. Chen, R. Loffroy, and Y. X. Wang, 
“Liver Intravoxel Incoherent Motion (IVIM) Magnetic Resonance
Imaging: A Comprehensive Review of Published Data on Normal Values 
and Applications for Fibrosis and Tumor Evaluation,” Quantitative
Imaging in Medicine and Surgery 7, no. 1 (2017): 59–78.

67. E. K. Englund, D. A. Reiter, B. Shahidi, and E. E. Sigmund,
“Intravoxel Incoherent Motion Magnetic Resonance Imaging in Skeletal 
Muscle: Review and Future Directions,” Journal of Magnetic Resonance 
Imaging 55, no. 4 (2022): 988–1012.

68. G. Simchick, R. Geng, Y. Zhang, and D. Hernando, “B Value and
First-Order Motion Moment Optimized Data Acquisition for Repeatable 
Quantitative Intravoxel Incoherent Motion DWI,” Magnetic Resonance
in Medicine 87, no. 6 (2022): 2724–2740.

69. O. Jalnefjord, M. Montelius, G. Starck, and M. Ljungberg,
“Optimization of b-Value Schemes for Estimation of the Diffusion



18 Journal of Magnetic Resonance Imaging, 2026

Coefficient and the Perfusion Fraction With Segmented Intravoxel 
Incoherent Motion Model Fitting,” Magnetic Resonance in Medicine 82, 
no. 4 (2019): 1541–1552.

70. I. A. Rashid, F. Szczepankiewicz, A. Gunnlaugsson, L. E. Olsson,
and P. Brynolfsson, “Effect of Inaccurate b-Values From Imaging
Gradients on Intravoxel Incoherent Motion,” Magnetic Resonance in
Medicine 94 (2025): 1514–1528.

71. C. M. W. Tax, M. Bastiani, J. Veraart, E. Garyfallidis, and M.
Okan Irfanoglu, “What's New and What's Next in Diffusion MRI
Preprocessing,” NeuroImage 249 (2022): 118830.

72. S. D. Serai, S. Kurugol, P. Pullens, Z. J. Wang, and E. Sigmund,
“Microstructural Features and Functional Assessment of the Kidney
Using Diffusion MRI,” in Advanced Clinical MRI of the Kidney: Methods 
and Protocols, ed. S. D. Serai (Springer International Publishing, 2023),
271–297.

73. S. Kurugol, B. Marami, O. Afacan, S. K. Warfield, and A. Gholipour, 
“Motion-Robust Spatially Constrained Parameter Estimation in Renal
Diffusion-Weighted MRI by 3D Motion Tracking and Correction of
Sequential Slices,” in Mol Imaging Reconstr Anal Mov Body Organs
Stroke Imaging Treat (2017), vol. 10555 (Wiley, 2017), 75–85.

74. Y. Mazaheri, R. K. Do, A. Shukla-Dave, J. O. Deasy, Y. Lu, and
O. Akin, “Motion Correction of Multi-b-Value Diffusion-Weighted
Imaging in the Liver,” Academic Radiology 19, no. 12 (2012): 1573–1580.

75. J. S. Son, H. S. Park, S. Park, et  al., “Motion-Corrected Versus
Conventional Diffusion-Weighted Magnetic Resonance Imaging of
the Liver Using Non-Rigid Registration,” Diagnostics (Basel) 13, no. 6
(2023): 1008.

76. S. Kurugol, M. Freiman, O. Afacan, et al., “Motion-Robust Parameter 
Estimation in Abdominal Diffusion-Weighted MRI by Simultaneous
Image Registration and Model Estimation,” Medical Image Analysis 39
(2017): 124–132.

77. P. Hucker, M. Dacko, and M. Zaitsev, “Combining Prospective
and Retrospective Motion Correction Based on a Model for Fast
Continuous Motion,” Magnetic Resonance in Medicine 86, no. 3 (2021): 
1284–1298.

78. J. L. Andersson, S. Skare, and J. Ashburner, “How to Correct
Susceptibility Distortions in Spin-Echo Echo-Planar Images:
Application to Diffusion Tensor Imaging,” NeuroImage 20, no. 2 (2003): 
870–888.

79. N. Gilani, A. Mikheev, I. M. Brinkmann, et al., “Characterization
of Motion Dependent Magnetic Field Inhomogeneity for DWI in the
Kidneys,” Magnetic Resonance Imaging 100 (2023): 93–101.

80. J. Veraart, D. S. Novikov, D. Christiaens, B. Ades-Aron, J. Sijbers,
and E. Fieremans, “Denoising of Diffusion MRI Using Random Matrix
Theory,” NeuroImage 142 (2016): 394–406.

81. S. Fadnavis, J. Batson, and E. Garyfallidis, “Patch2Self: Denoising
Diffusion MRI With Self-Supervised Learning,” Advances in Neural
Information Processing Systems 33 (2020): 16293–16303.

82. O. J. Gurney-Champion, D. J. Collins, A. Wetscherek, et  al.,
“Principal Component Analysis Fosr Fast and Model-Free Denoising of 
Multi b-Value Diffusion-Weighted MR Images,” Physics in Medicine and 
Biology 64, no. 10 (2019): 105015.

83. Y. C. Lin and H. M. Huang, “Denoising of Multi b-Value Diffusion-
Weighted MR Images Using Deep Image Prior,” Physics in Medicine and 
Biology 65, no. 10 (2020): 105003.

84. S. McTavish, A. T. Van, J. M. Peeters, et al., “Motion Compensated
Renal Diffusion Weighted Imaging,” Magnetic Resonance in Medicine 
89, no. 1 (2023): 144–160.

85. T. Fuhres, M. Saake, F. Szczepankiewicz, S. Bickelhaupt,
M. Uder, and F. B. Laun, “Impact of Velocity- and Acceleration-
Compensated Encodings on Signal Dropout and Black-Blood State in

Diffusion-Weighted Magnetic Resonance Liver Imaging at Clinical 
TEs,” PLoS One 18, no. 10 (2023): e0291273.

86. L. Heskamp, M. G. Birkbeck, J. Hall, et  al., “Whole-Body
Fasciculation Detection in Amyotrophic Lateral Sclerosis Using Motor
Unit MRI,” Clinical Neurophysiology 161 (2024): 246–255.

87. P. T. While, “Advanced Methods for IVIM Parameter Estimation,” in 
Intravoxel Incoherent Motion (IVIM) MRI (Jenny Stanford Publishing,
2018), 449–484.

88. J. Pekar, C. T. Moonen, and P. C. van Zijl, “On the Precision of
Diffusion/Perfusion Imaging by Gradient Sensitization,” Magnetic 
Resonance in Medicine 23, no. 1 (1992): 122–129.

89. R. Wirestam, M. Borg, S. Brockstedt, A. Lindgren, S. Holtas, and
F. Stahlberg, “Perfusion-Related Parameters in Intravoxel Incoherent
Motion MR Imaging Compared With CBV and CBF Measured by
Dynamic Susceptibility-Contrast MR Technique,” Acta Radiologica 42,
no. 2 (2001): 123–128.

90. J. J. Neil and G. L. Bretthorst, “On the Use of Bayesian Probability
Theory for Analysis of Exponential Decay Data: An Example Taken
From Intravoxel Incoherent Motion Experiments,” Magnetic Resonance 
in Medicine 29, no. 5 (1993): 642–647.

91. M. R. Orton, D. J. Collins, D. M. Koh, and M. O. Leach, “Improved
Intravoxel Incoherent Motion Analysis of Diffusion Weighted Imaging
by Data Driven Bayesian Modeling,” Magnetic Resonance in Medicine 
71, no. 1 (2014): 411–420.

92. M. Freiman, J. M. Perez-Rossello, M. J. Callahan, et al., “Reliable
Estimation of Incoherent Motion Parametric Maps From Diffusion-
Weighted MRI Using Fusion Bootstrap Moves,” Medical Image Analysis 
17, no. 3 (2013): 325–336.

93. M. Bertleff, S. Domsch, S. Weingartner, et al., “Diffusion Parameter 
Mapping With the Combined Intravoxel Incoherent Motion and Kurtosis 
Model Using Artificial Neural Networks at 3 T,” NMR in Biomedicine 30, 
no. 12 (2017): e3833.

94. S. Barbieri, O. J. Gurney-Champion, R. Klaassen, and H. C. Thoeny, 
“Deep Learning How to Fit an Intravoxel Incoherent Motion Model to
Diffusion-Weighted MRI,” Magnetic Resonance in Medicine 83, no. 1
(2020): 312–321.

95. J. Veraart, J. Sijbers, S. Sunaert, A. Leemans, and B. Jeurissen,
“Weighted Linear Least Squares Estimation of Diffusion MRI Parameters: 
Strengths, Limitations, and Pitfalls,” NeuroImage 81 (2013): 335–346.

96. S. Suo, N. Lin, H. Wang, et  al., “Intravoxel Incoherent Motion
Diffusion-Weighted MR Imaging of Breast Cancer at 3.0 Tesla:
Comparison of Different Curve-Fitting Methods,” Journal of Magnetic
Resonance Imaging 42, no. 2 (2015): 362–370.

97. M. C. Wurnig, O. F. Donati, E. Ulbrich, et al., “Systematic Analysis
of the Intravoxel Incoherent Motion Threshold Separating Perfusion
and Diffusion Effects: Proposal of a Standardized Algorithm,” Magnetic 
Resonance in Medicine 74, no. 5 (2015): 1414–1422.

98. P. T. While, J. R. Teruel, I. Vidic, T. F. Bathen, and P. E. Goa, “Relative 
Enhanced Diffusivity: Noise Sensitivity, Protocol Optimization, and
the Relation to Intravoxel Incoherent Motion,” Magma 31, no. 3 (2018):
425–438.

99. A. Lemke, F. B. Laun, D. Simon, B. Stieltjes, and L. R. Schad, “An
In  Vivo Verification of the Intravoxel Incoherent Motion Effect in
Diffusion-Weighted Imaging of the Abdomen,” Magnetic Resonance in
Medicine 64, no. 6 (2010): 1580–1585.

100. T. Fuhres, A. J. Riexinger, M. Loh, et al., “Echo Time Dependence
of Biexponential and Triexponential Intravoxel Incoherent Motion
Parameters in the Liver,” Magnetic Resonance in Medicine 87, no. 2
(2022): 859–871.

101. A. J. Riexinger, J. Martin, S. Rauh, et al., “On the Field Strength
Dependence of Bi- and Triexponential Intravoxel Incoherent Motion



19Journal of Magnetic Resonance Imaging, 2026

(IVIM) Parameters in the Liver,” Journal of Magnetic Resonance 
Imaging 50, no. 6 (2019): 1883–1892.

102. J. M. Zhao, C. S. Clingman, M. J. Narvainen, R. A. Kauppinen, and 
P. C. van Zijl, “Oxygenation and Hematocrit Dependence of Transverse 
Relaxation Rates of Blood at 3T,” Magnetic Resonance in Medicine 58,
no. 3 (2007): 592–597.

103. N. P. Jerome, J. A. d'Arcy, T. Feiweier, et al., “Extended T2-IVIM
Model for Correction of TE Dependence of Pseudo-Diffusion Volume
Fraction in Clinical Diffusion-Weighted Magnetic Resonance Imaging,” 
Physics in Medicine and Biology 61, no. 24 (2016): N667–N680.

104. M. J. Silvennoinen, C. S. Clingman, X. Golay, R. A. Kauppinen,
and P. C. van Zijl, “Comparison of the Dependence of Blood R2 and
R2* on Oxygen Saturation at 1.5 and 4.7 Tesla,” Magnetic Resonance in
Medicine 49, no. 1 (2003): 47–60.

105. S. van Baalen, A. Leemans, P. Dik, M. R. Lilien, B. Ten Haken, and 
M. Froeling, “Intravoxel Incoherent Motion Modeling in the Kidneys:
Comparison of Mono-, Bi-, and Triexponential Fit,” Journal of Magnetic 
Resonance Imaging 46, no. 1 (2017): 228–239.

106. M. Loh, T. Fuhres, C. Stuprich, M. Uder, M. Saake, and F. B. Laun, 
“Influence of Saturation Effects on Biexponential Liver Intravoxel
Incoherent Motion,” Magnetic Resonance in Medicine 90, no. 1 (2023):
270–279.

107. K. Moulin, E. Aliotta, and D. B. Ennis, “Effect of Flow-Encoding
Strength on Intravoxel Incoherent Motion in the Liver,” Magnetic 
Resonance in Medicine 81, no. 3 (2019): 1521–1533.

108. D. Wu and J. Zhang, “Evidence of the Diffusion Time Dependence
of Intravoxel Incoherent Motion in the Brain,” Magnetic Resonance in
Medicine 82, no. 6 (2019): 2225–2235.

109. O. Jalnefjord, I. A. Rashid, D. Kuppens, et  al., eds., Towards
Reproducible Intravoxel Incoherent Motion (IVIM) Analysis: The ISMRM 
Open Science Initiative for Perfusion Imaging (ISMRM, 2024).

110. K. E. Keenan, J. R. Biller, J. G. Delfino, et al., “Recommendations
Towards Standards for Quantitative MRI (qMRI) and Outstanding
Needs,” Journal of Magnetic Resonance Imaging 49, no. 7 (2019): e26–e39.

111. S. Kakite, H. Dyvorne, C. Besa, et al., “Hepatocellular Carcinoma:
Short-Term Reproducibility of Apparent Diffusion Coefficient and
Intravoxel Incoherent Motion Parameters at 3.0T,” Journal of Magnetic
Resonance Imaging 41, no. 1 (2015): 149–156.

112. J. Pan, H. Zhang, F. Man, et  al., “Measurement and Scan
Reproducibility of Parameters of Intravoxel Incoherent Motion in Renal 
Tumor and Normal Renal Parenchyma: A Preliminary Research at 3.0 T 
MR,” Abdominal Radiology (NY) 43, no. 7 (2018): 1739–1748.

113. M. Grech-Sollars, P. W. Hales, K. Miyazaki, et  al., “Multi-Centre
Reproducibility of Diffusion MRI Parameters for Clinical Sequences in
the Brain,” NMR in Biomedicine 28, no. 4 (2015): 468–485.

114. S. M. Wong, W. H. Backes, C. E. Zhang, et al., “On the Reproducibility 
of Inversion Recovery Intravoxel Incoherent Motion Imaging in
Cerebrovascular Disease,” American Journal of Neuroradiology 39, no.
2 (2018): 226–231.

115. D. Le Bihan and R. Turner, “The Capillary Network: A Link
Between IVIM and Classical Perfusion,” Magnetic Resonance in
Medicine 27, no. 1 (1992): 171–178.

116. C. Federau, “Intravoxel Incoherent Motion MRI as a Means
to Measure In  Vivo Perfusion: A Review of the Evidence,” NMR in
Biomedicine 30, no. 11 (2017): e3780.

117. C. Federau, M. Wintermark, S. Christensen, et  al., “Collateral
Blood Flow Measurement With Intravoxel Incoherent Motion Perfusion 
Imaging in Hyperacute Brain Stroke,” Neurology 92, no. 21 (2019):
e2462–e2471.

118. J. Zimmermann, B. Reolon, L. Michels, et  al., “Intravoxel
Incoherent Motion Imaging in Stroke Infarct Core and Penumbra Is

Related to Long-Term Clinical Outcome,” Scientific Reports 14, no. 1 
(2024): 29631.

119. M. M. Liu, N. Saadat, S. P. Roth, et  al., “A Method for Imaging
the Ischemic Penumbra With MRI Using IVIM,” American Journal of
Neuroradiology 46, no. 7 (2025): 1336–1344.

120. J. A. Detre, J. S. Leigh, D. S. Williams, and A. P. Koretsky, “Perfusion 
Imaging,” Magnetic Resonance in Medicine 23, no. 1 (1992): 37–45.

121. T. Kim and S. G. Kim, “Quantification of Cerebral Arterial Blood
Volume Using Arterial Spin Labeling With Intravoxel Incoherent
Motion-Sensitive Gradients,” Magnetic Resonance in Medicine 55, no. 5
(2006): 1047–1057.

122. E. Fokkinga, J. A. Hernandez-Tamames, A. Ianus, et al., “Advanced 
Diffusion-Weighted MRI for Cancer Microstructure Assessment
in Body Imaging, and Its Relationship With Histology,” Journal of
Magnetic Resonance Imaging 60, no. 4 (2024): 1278–1304.

123. A. Lemke, B. Stieltjes, L. R. Schad, and F. B. Laun, “Toward an
Optimal Distribution of b Values for Intravoxel Incoherent Motion
Imaging,” Magnetic Resonance Imaging 29, no. 6 (2011): 766–776.

124. J. L. Zhang, E. E. Sigmund, H. Rusinek, et  al., “Optimization of
b-Value Sampling for Diffusion-Weighted Imaging of the Kidney,”
Magnetic Resonance in Medicine 67, no. 1 (2012): 89–97.

125. P. T. While, “A Comparative Simulation Study of Bayesian Fitting
Approaches to Intravoxel Incoherent Motion Modeling in Diffusion-
Weighted MRI,” Magnetic Resonance in Medicine 78, no. 6 (2017):
2373–2387.

126. O. Gustafsson, M. Montelius, G. Starck, and M. Ljungberg, “Impact 
of Prior Distributions and Central Tendency Measures on Bayesian
Intravoxel Incoherent Motion Model Fitting,” Magnetic Resonance in
Medicine 79, no. 3 (2018): 1674–1683.

127. M. P. T. Kaandorp, S. Barbieri, R. Klaassen, et  al., “Improved
Unsupervised Physics-Informed Deep Learning for Intravoxel
Incoherent Motion Modeling and Evaluation in Pancreatic Cancer
Patients,” Magnetic Resonance in Medicine 86, no. 4 (2021): 2250–2265.

128. S. D. Vasylechko, S. K. Warfield, O. Afacan, and S. Kurugol, “Self-
Supervised IVIM DWI Parameter Estimation With a Physics Based
Forward Model,” Magnetic Resonance in Medicine 87, no. 2 (2022):
904–914.

129. H. Huang, B. Liu, Y. Xu, and W. Zhou, “Synthetic-to-Real Domain
Adaptation With Deep Learning for Fitting the Intravoxel Incoherent
Motion Model of Diffusion-Weighted Imaging,” Medical Physics 50, no.
3 (2023): 1614–1622.

130. M. P. T. Kaandorp, F. Zijlstra, D. Karimi, A. Gholipour, and P. T.
While, “Incorporating Spatial Information in Deep Learning Parameter 
Estimation With Application to the Intravoxel Incoherent Motion
Model in Diffusion-Weighted MRI,” Medical Image Analysis 101 (2024): 
103414.

131. M. P. T. Kaandorp, F. Zijlstra, C. Federau, and P. T. While, “Deep
Learning Intravoxel Incoherent Motion Modeling: Exploring the Impact 
of Training Features and Learning Strategies,” Magnetic Resonance in
Medicine 90, no. 1 (2023): 312–328.

132. S. Barbieri, O. F. Donati, J. M. Froehlich, and H. C. Thoeny, “Impact 
of the Calculation Algorithm on Biexponential Fitting of Diffusion-
Weighted MRI in Upper Abdominal Organs,” Magnetic Resonance in
Medicine 75, no. 5 (2016): 2175–2184.

133. H. Merisaari, P. Movahedi, I. M. Perez, et al., “Fitting Methods for
Intravoxel Incoherent Motion Imaging of Prostate Cancer on Region of
Interest Level: Repeatability and Gleason Score Prediction,” Magnetic 
Resonance in Medicine 77, no. 3 (2017): 1249–1264.

134. O. J. Gurney-Champion, R. Klaassen, M. Froeling, et  al.,
“Comparison of Six Fit Algorithms for the Intra-Voxel Incoherent
Motion Model of Diffusion-Weighted Magnetic Resonance Imaging
Data of Pancreatic Cancer Patients,” PLoS One 13, no. 4 (2018): e0194590.



20 Journal of Magnetic Resonance Imaging, 2026

135. T. Koopman, R. Martens, O. J. Gurney-Champion, et  al.,
“Repeatability of IVIM Biomarkers From Diffusion-Weighted MRI
in Head and Neck: Bayesian Probability Versus Neural Network,”
Magnetic Resonance in Medicine 85, no. 6 (2021): 3394–3402.

136. I. Vidic, N. P. Jerome, T. F. Bathen, P. E. Goa, and P. T. While,
“Accuracy of Breast Cancer Lesion Classification Using Intravoxel
Incoherent Motion Diffusion-Weighted Imaging Is Improved by the
Inclusion of Global or Local Prior Knowledge With Bayesian Methods,” 
Journal of Magnetic Resonance Imaging 50, no. 5 (2019): 1478–1488.

137. M. Iima, M. Kataoka, S. Kanao, et al., “Intravoxel Incoherent Motion 
and Quantitative Non-Gaussian Diffusion MR Imaging: Evaluation of
the Diagnostic and Prognostic Value of Several Markers of Malignant
and Benign Breast Lesions,” Radiology 287, no. 2 (2018): 432–441.

138. Y. Lu, J. F. Jansen, Y. Mazaheri, H. E. Stambuk, J. A. Koutcher,
and A. Shukla-Dave, “Extension of the Intravoxel Incoherent Motion
Model to Non-Gaussian Diffusion in Head and Neck Cancer,” Journal of 
Magnetic Resonance Imaging 36, no. 5 (2012): 1088–1096.

139. J. S. Periquito, T. Gladytz, J. M. Millward, et  al., “Continuous
Diffusion Spectrum Computation for Diffusion-Weighted Magnetic
Resonance Imaging of the Kidney Tubule System,” Quantitative 
Imaging in Medicine and Surgery 11, no. 7 (2021): 3098–3119.

140. Y. Makino, N. Ohno, T. Miyati, et  al., “Tri- and Bi-Exponential
Diffusion Analyses of the Kidney: Effect of Respiratory-Controlled
Acquisition on Diffusion Parameters,” Radiological Physics and
Technology 16, no. 4 (2023): 478–487.

141. J. Stabinska, A. Ljimani, H. J. Zollner, et  al., “Spectral Diffusion
Analysis of Kidney Intravoxel Incoherent Motion MRI in Healthy
Volunteers and Patients With Renal Pathologies,” Magnetic Resonance
in Medicine 85, no. 6 (2021): 3085–3095.

142. R. van der Bel, O. J. Gurney-Champion, M. Froeling, E. S. G. Stroes, 
A. J. Nederveen, and C. T. P. Krediet, “A Tri-Exponential Model for
Intravoxel Incoherent Motion Analysis of the Human Kidney: In Silico
and During Pharmacological Renal Perfusion Modulation,” European
Journal of Radiology 91 (2017): 168–174.

143. Z. X. Kuai, W. Y. Liu, and Y. M. Zhu, “Effect of Multiple Perfusion
Components on Pseudo-Diffusion Coefficient in Intravoxel Incoherent
Motion Imaging,” Physics in Medicine and Biology 62, no. 21 (2017):
8197–8209.

144. M. M. Liu, T. Gladytz, J. Dyke, et al., “Estimation of Multicomponent 
Flow in the Kidney With Multi-b-Value Spectral Diffusion,” Magnetic 
Resonance in Medicine 94, no. 6 (2025): 2550–2566.

145. S. M. Wong, W. H. Backes, G. S. Drenthen, et  al., “Spectral
Diffusion Analysis of Intravoxel Incoherent Motion MRI in Cerebral
Small Vessel Disease,” Journal of Magnetic Resonance Imaging 51, no.
4 (2020): 1170–1180.

146. P. H. M. Voorter, W. H. Backes, O. J. Gurney-Champion, et  al.,
“Improving Microstructural Integrity, Interstitial Fluid, and Blood
Microcirculation Images From Multi-b-Value Diffusion MRI Using
Physics-Informed Neural Networks in Cerebrovascular Disease,”
Magnetic Resonance in Medicine 90, no. 4 (2023): 1657–1671.

147. A. Rydhog, O. Pasternak, F. Stahlberg, A. Ahlgren, L. Knutsson,
and R. Wirestam, “Estimation of Diffusion, Perfusion and Fractional
Volumes Using a Multi-Compartment Relaxation-Compensated
Intravoxel Incoherent Motion (IVIM) Signal Model,” European Journal 
of Radiology Open 6 (2019): 198–205.

148. F. Hilbert, M. Bock, H. Neubauer, et al., “An Intravoxel Oriented
Flow Model for Diffusion-Weighted Imaging of the Kidney,” NMR in
Biomedicine 29, no. 10 (2016): 1403–1413.

149. M. Notohamiprodjo, H. Chandarana, A. Mikheev, et al., “Combined 
Intravoxel Incoherent Motion and Diffusion Tensor Imaging of Renal
Diffusion and Flow Anisotropy,” Magnetic Resonance in Medicine 73,
no. 4 (2015): 1526–1532.

150. A. L. Liu, A. Mikheev, H. Rusinek, et  al., “REnal Flow and
Microstructure AnisotroPy (REFMAP) MRI in Normal and Peritumoral 
Renal Tissue,” Journal of Magnetic Resonance Imaging 48, no. 1 (2018):
188–197.

151. D. C. Karampinos, K. F. King, B. P. Sutton, and J. G. Georgiadis,
“Intravoxel Partially Coherent Motion Technique: Characterization
of the Anisotropy of Skeletal Muscle Microvasculature,” Journal of
Magnetic Resonance Imaging 31, no. 4 (2010): 942–953.

152. O. M. Abdullah, A. D. Gomez, S. Merchant, M. Heidinger, S.
Poelzing, and E. W. Hsu, “Orientation Dependence of Microcirculation-
Induced Diffusion Signal in Anisotropic Tissues,” Magnetic Resonance
in Medicine 76, no. 4 (2016): 1252–1262.

153. T. Finkenstaedt, M. Klarhoefer, C. Eberhardt, et  al., “The IVIM
Signal in the Healthy Cerebral Gray Matter: A Play of Spherical and
Non-Spherical Components,” NeuroImage 152 (2017): 340–347.

154. G. Fournet, J. R. Li, A. M. Cerjanic, B. P. Sutton, L. Ciobanu,
and D. Le Bihan, “A Two-Pool Model to Describe the IVIM Cerebral
Perfusion,” Journal of Cerebral Blood Flow and Metabolism 37, no. 8
(2017): 2987–3000.

155. A. Wetscherek, B. Stieltjes, and F. B. Laun, “Flow-Compensated
Intravoxel Incoherent Motion Diffusion Imaging,” Magnetic Resonance 
in Medicine 74, no. 2 (2015): 410–419.

156. O. J. Gurney-Champion, S. S. Rauh, K. Harrington, U. Oelfke, F.
B. Laun, and A. Wetscherek, “Optimal Acquisition Scheme for Flow-
Compensated Intravoxel Incoherent Motion Diffusion-Weighted
Imaging in the Abdomen: An Accurate and Precise Clinically Feasible
Protocol,” Magnetic Resonance in Medicine 83, no. 3 (2020): 1003–1015.

157. N. Gilani, A. Mikheev, I. M. Brinkmann, et al., “Spatial Profiling
of In Vivo Diffusion-Weighted MRI Parameters in the Healthy Human
Kidney,” Magma 37, no. 4 (2024): 671–680.

158. S. S. Rauh, A. J. Riexinger, S. Ohlmeyer, et al., “A Mixed Waveform 
Protocol for Reduction of the Cardiac Motion Artifact in Black-Blood
Diffusion-Weighted Imaging of the Liver,” Magnetic Resonance Imaging 
67 (2020): 59–68.

159. T. Fuhres, M. Saake, J. Lorenz, et  al., “Reduction of the Cardiac
Pulsation Artifact and Improvement of Lesion Conspicuity in Flow-
Compensated Diffusion Images in the Liver-A Quantitative Evaluation
of Postprocessing Algorithms,” Magnetic Resonance in Medicine 89, no.
1 (2023): 423–439.

160. R. Geng, Y. Zhang, J. Starekova, et  al., “Characterization and
Correction of Cardiovascular Motion Artifacts in Diffusion-Weighted
Imaging of the Pancreas,” Magnetic Resonance in Medicine 86, no. 4
(2021): 1956–1969.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Supplementary Information 
1 Survey Part 1. Supplementary Information 2 Survey Part 2. 
Supplementary Information 3 Workshop Polls. Supplementary 
Information 4 Recommendations. Supplementary Information 5 
Estimating f and S0. Supplementary Information 6 Reporting check-
list. Supplementary Information 7 Test–retest studies. 


	Towards Clinical Translation of Intravoxel Incoherent Motion MRI: Acquisition and Analysis Consensus Recommendations
	ABSTRACT
	1   |   Motivation
	2   |   Consensus Process
	3   |   Survey Highlights
	4   |   Recommendations
	4.1   |   Data Acquisition
	4.1.1   |   Field of View, Spatial Resolution, and Parallel Imaging
	4.1.2   |   Imaging Readout
	4.1.3   |   Fat Suppression
	4.1.4   |   Respiratory Motion
	4.1.5   |   Diffusion Gradient Waveform
	4.1.6   |   Repetition and Echo Time
	4.1.7   |   Averaging
	4.1.8   |   Diffusion-Weighting (b-Values)

	4.2   |   Data Pre-Processing
	4.2.1   |   Motion Correction
	4.2.2   |   EPI Distortion Correction
	4.2.3   |   Denoising
	4.2.4   |   Removal of Signal Voids

	4.3   |   Fitting
	4.4   |   Reporting Preferences and Good Practice

	5   |   Future Directions
	6   |   Limitations
	7   |   Conclusions
	Acknowledgments
	Funding
	References


