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The apparent diffusion coefficient (ADC) derived from MRI 
with diffusion-weighted imaging (DWI) provides a quantita-

tive measure of water mobility, which can be used to assess al-
terations in the tissue microenvironment due to disease (1,2) or 
treatment (3,4). ADC maps are used in a variety of pathologic 
abnormalities to improve disease detection and characterization. 
For example, lower ADC values may indicate higher tissue cel-
lularity correlated with the pathologic grade in prostate cancer 
(2). ADC-aided grading of prostate lesions could spare biopsy 
when assessing progression in patients managed with active sur-
veillance (5). In a multicenter trial of breast cancer, the change 
in ADC across time points has been shown to predict patholog-
ic complete response to neoadjuvant chemotherapy (3), while 
in phase II trials in patients with glioblastoma, ADC has been 
promising for predicting the survival benefit of targeted thera-
pies (6). ADC has also been shown to aid response assessment 
for patients with hepatocellular carcinoma (4). However, a lack 
of measurement standardization and insufficient knowledge of 
the acceptable level of variance impede the full exploitation of 
ADC as a quantitative imaging metric.

Standardizing quantitative imaging biomarkers for clini-
cal trials and practice has been the goal of the Quantitative 
Imaging Biomarker Alliance (QIBA) since its creation by the 
RSNA in 2007. The DWI Biomarker Committee of QIBA 
has undertaken this work for ADC. As with any quantitative 
measure, proper interpretation of ADC numeric values re-
quires established CIs to define the thresholds for consequen-
tial change relative to measurement error. The confidence of 
ADC measurements for different organ types is determined 
by a combination of accuracy (ie, bias, the difference between 
measured value and “truth”) and precision (ie, repeatability, 
proportional to the within-subject coefficient of variation 
[wCV]), holding experimental conditions constant (7,8). The 
DWI Biomarker Committee’s work in this area culminated 
in the current QIBA ADC Profile (9). The profile document 
reports technical performance claims for ADC achieved by 
conforming to specifications for the main elements of the 
quantitative DWI measurement workflow. These specifica-
tions define the limits for essential image acquisition and pro-
cessing parameters to achieve the claimed ADC precision.

The apparent diffusion coefficient (ADC) provides a quantitative measure of water mobility that can be used to probe alterations in tissue 
microstructure due to disease or treatment. Establishment of the accepted level of variance in ADC measurements for each clinical application is 
critical for its successful implementation. The Diffusion-Weighted Imaging Biomarker Committee of the Quantitative Imaging Biomarkers Alliance 
(QIBA) has recently advanced the ADC Profile from the consensus to clinically feasible stage for the brain, liver, prostate, and breast. This profile 
distills multiple studies on ADC repeatability and describes detailed procedures to achieve stated performance claims on an observed ADC change 
within acceptable confidence limits. In addition to reviewing the current ADC Profile claims, this report has used recent literature to develop 
proposed updates for establishing metrology benchmarks for mean lesion ADC change that account for measurement variance. Specifically, changes 
in mean ADC exceeding 8% for brain lesions, 27% for liver lesions, 27% for prostate lesions, and 15% for breast lesions are claimed to represent 
true changes with 95% confidence. This report also discusses the development of the ADC Profile, highlighting its various stages, and describes the 
workflow essential to achieving a standardized implementation of advanced quantitative diffusion-weighted MRI in the clinic. The presented QIBA 
ADC Profile guidelines should enable successful clinical application of ADC as a quantitative imaging biomarker and ensure reproducible ADC 
measurements that can be used to confidently evaluate longitudinal changes and treatment response for individual patients.
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This special report describes the QIBA process to establish 
CIs for reliable detection of ADC change exceeding measure-
ment error; reviews the current ADC precision claims for liver, 
brain, breast, and prostate of the ADC Profile; and proposes 
updated claims based on recent studies published after the 
consensus revision of the ADC Profile. The report also pro-
vides general guidelines for generating future precision claims, 
which can be used for new quantitative DWI acquisition 
methods and advanced models for tissue diffusion parameters 
beyond monoexponential, single-compartment ADC.

ADC Profile Development, Considerations, and 
Evaluations

Profile Stages
Originally, the QIBA DWI Biomarker Committee examined 
the peer-reviewed literature to identify studies containing 
ADC repeatability data with adequate description of meth-
ods and statistics. Following established QIBA processes, the 
initial form and content of the QIBA ADC Profile was open 
for public comment (stage 1), receiving input from experts, 
professional organizations, and other stakeholders, including 
industry. Resolution of public comments led to a consensus 
document (stage 2) published in 2019. The QIBA DWI Bio-
marker Committee undertook several groundwork projects 
to supplement key missing elements for profile conformance 
testing, including development of a physical phantom, qual-
ity control analysis software, and an ADC signal-to-noise ra-
tio digital reference object (DRO). After implementation at 
four independent clinical sites that applied technical confor-
mance procedures and evaluated overall clarity and feasibil-
ity of the process (10,11), the current ADC Profile advanced 
to the clinically feasible stage (stage 3) in 2022 (9).

Abbreviations
ADC = apparent diffusion coefficient, DRO = digital reference object, 
DWI = diffusion-weighted imaging, QIBA = Quantitative Imaging 
Biomarker Alliance, ROI = region of interest, wCV = within-subject 
coefficient of variation, wSD = within-subject SD

Summary
The claims and procedures of the Quantitative Imaging Biomarker 
Alliance Diffusion-Weighted Imaging Biomarker Committee are 
summarized for apparent diffusion coefficient as a quantitative 
biomarker to monitor lesions in the brain, liver, prostate, and 
breast.

Essentials
	■ For lesions measured on clinical scanners with standard diffusion-
weighted single-shot echo-planar imaging, a measured change in 
the apparent diffusion coefficient exceeding 8% in brain, 27% in 
liver, 27% in prostate, and 15% in breast can be considered to 
represent a true change with 95% confidence.

	■ These claims hold when the same MRI scanner and protocol is used 
for longitudinal measurements or when the technical bias between 
different scan protocols is minimized.

	■ CIs for quantitative diffusion metrics derived from new advanced 
scan protocols (eg, artificial intelligence) must be established using 
test-retest studies in at least 35 individuals with repositioning 
and characterization of bias and linearity using phantoms with 
calibrated values.

ADC Accuracy and Precision Evaluation
The quantitative ADC metric is derived from two or more 
DWI acquisitions assuming monoexponential dependence 
of DWI intensity on b value: S(b) = S0e

–b · ADC. Nonmonoex-
ponential tissue models to address mixed diffusion compart-
ments were beyond the scope of the current ADC Profile. 
Key contributors to systematic technical ADC bias include 
dependencies on acquisition protocol and MRI system hard-
ware design (12). Absolute accuracy measurement requires 
ground truth diffusion coefficient values and is typically as-
sessed using physical phantoms containing precisely known 
diffusion media (10,12,13) and enhanced using standardized 
acquisition protocols (3,14,15). 

Precision of tissue ADC measurements was derived from 
test-retest (ie, scan-rescan with repositioning) repeatability 
studies with controllable factors contributing to measure-
ment variability held constant (7,11). Importantly, the in-
traclass correlation coefficient, which is often reported in the 
literature, was not considered when developing the ADC 
Profile, as it is not appropriate for establishing or validating 
ADC precision. Furthermore, in vivo repeatability assess-
ment should be performed with human patients and proto-
cols on multiple platforms, as phantom studies do not reflect 
all relevant sources of variability (11,14,16).

The within-subject SD (wSD) characterizes measurement 
repeatability (7,11). When wSD positively correlates with ADC, 
the wCV and scaled percent repeatability coefficient (equal to 
2.77 · wCV · 100%) are independent of the magnitude of ADC 
and are appropriate measures of precision. Otherwise, wSD 
(and repeatability coefficient) in ADC units should be used. To 
ensure sufficient sample size for nominal 95% CIs of the de-
rived repeatability coefficients, multicenter studies with at least 
35 patients (17) were recommended to form precision claims 
in the ADC Profile. When aggregate wCV was derived from 
several (small) single-center studies, it was computed using re-
ported sample size for each study as a weighting factor. Here, 
wCVi is the wCV from the ith article of n total articles, and Nj is 
the sample size from the ith study (18):

/
Organ-Specific Approach
ADC varies across disease sites, and each disease site pres-
ents unique diffusion imaging challenges; thus, the observed 
wCV and the associated DWI protocols differ across organs. 
For example, while the brain is relatively immobile, air in the 
sinuses can introduce susceptibility-induced artifacts; bulk 
motion in the liver (respiratory and cardiac pulsation) can 
adversely affect the determination of ADC. For this reason, 
the current QIBA ADC Profile provides claims on the ba-
sis of disease site, focusing on the brain, liver, prostate, and 
breast. At the time of ADC Profile writing, other organs were 
excluded due to lack of sufficient published test-retest data to 
support a claim statement.

Current ADC Profile Claims and Proposed Updates
ADC Profile claims establish repeatability coefficient (7,11) 
thresholds, which can be used to determine whether a 
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measured change in mean ADC values of lesions reliably 
represents a true change. If the measured change in ADC ex-
ceeds the repeatability coefficient threshold reported for each 
organ type (Table 1), it indicates that a true change has oc-
curred with 95% confidence. A 95% CI for the true change 
in ADC of a lesion is given below, based on wCV, where Y1 
and Y2 are the ADC measurements at the two time points:

wCV wCV .

Note that this corresponds to a specificity of 95%, since 
sensitivity to detect true change cannot be estimated from 
test-retest studies assuming unchanged biologic condition. 
Table 1 (left columns) lists the current stage 3 ADC Profile 
claims, with repeatability coefficients provided for the four 
organ systems.

The claims in the current profile (9) derive from a review 
of published test-retest studies before 2019 (when the profile 
was first published as a stage 2 consensus document). The 
derived repeatability threshold for breast is based on results 
from a single multicenter study (15) with sufficiently large 
sample size (ie, 71 patients). For other organs, where indi-
vidual study groups were small but image and analysis proto-
col parameters were reasonably similar across studies, claims 
were derived from a meta-analysis of combined single-center 
studies with pooled sample size greater than 35 patients (17) 
(eg, prostate [19–21]). The available literature included both 

healthy tissue and lesions for prostate, brain (22–24), and 
liver (25–27), but only lesions in breast.

The preparation of this report resulted in a review of the 
recent test-retest ADC literature to identify any studies that 
could further inform and refine the claims for included or-
gans. These studies allowed claim derivation exclusively for 
lesions in all four organs. Table 1 (right columns) shows the 
proposed updates informed by this literature, particularly 
for prostate (14,28–30), while also excluding studies with 
healthy volunteers for brain (6,24) and liver (25,26). The 
resulting updated repeatability thresholds for lesion ADC 
notably reduce CIs for prostate (from 47% to 27%) and 
marginally for brain (from 11% to 8%) while slightly in-
creasing them for liver (from 26% to 27%) and breast (from 
13% to 15%). Of note is that both current and updated 
profile claims (Table 1) enable only longitudinal ADC com-
parison for individual patients; profile document updates are 
forthcoming.

Conditions for the ADC Profile Claims to Be Valid
The claimed repeatability thresholds only hold if DWI acqui-
sition and processing parameters conform to profile specifi-
cations (9) summarized in this section and comply with the 
acceptable acquisition and processing protocol parameters, 
detailed in specification tables included in Appendix S1 of 
this report. The profile claims represent the current bench-
mark for ADC precision for a distinct protocol workflow 

Table 1: Current QIBA Profile for Apparent Diffusion Coefficient Claim Statements and Proposed Updates to Claim 
Statements Reflecting the Latest Test-Retest Literature in Four Organs

Organ

Current Profile Claims Proposed Updates to Claims

References
ROI Size 
Range (cm3) wCV

Repeatability 
Coefficient 
(%)* References

ROI Size 
Range (cm3) wCV

Repeatability 
Coefficient 
(%)*

Brain Pfefferbaum et al,  
2003 (22); Bonekamp  
et al, 2007 (23);  
Paldino et al, 2009 (24)

Not  
reported

0.04 11 Paldino et al,  
2009 (24);  
Ellingson  
et al, 2017 (6)†

Not reported 0.026 8

Liver Miquel et al, 2012 (27);  
Heijmen et al,  
2013 (26); Deckers  
et al, 2014 (25)

0.7–130.4 0.094 26 Heijmen et al,  
2013 (26); Deckers  
et al, 2014 (25)†

0.7–130.4 0.095 27

Prostate Gibbs et al, 2007 (20); 
Litjens et al, 2012 (21); 
Fedorov et al, 2017 (19)

1.2–3.2‡ 0.17 47 Boss et al, 2022 (14);  
Barrett et al,  
2019 (30); Zhang  
et al, 2023 (28);  
Rogers et al,  
2023 (29)

0.2–1.3 0.097 27

Breast Newitt et al, 2018 (15) 0.2–20 0.047 13 Newitt et al, 2020 (16)§ 0.2–20 0.054 15

Note.—QIBA = Quantitative Imaging Biomarker Alliance, ROI = region of interest, wCV = within-subject coefficient of variation.
* Calculated using the following equation: repeatability coefficient percent = 2.77 × wCV × 100%.
† While the original cited literature included mixed healthy tissue and lesion data for brain, liver, and prostate, the updated publications 
provide lesion-specific test-retest metrics.
‡ Single section.
§ In the study by Newitt et al (16), wCV calculation was corrected as  from the earlier study by Newitt 

et al (15) ( ), where (variance/mean2) is the variance of replicate measurements for each patient divided by 
the squared mean of the measurements for that patient, and MEAN is the average over the n patients.
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with single-shot echo-planar DWI readout. The current 
claims are valid at both 1.5  and 3.0 T, excepting prostate, 
which is only informed by data at 3.0 T. The same scanner 
and protocol are used for intrapatient test-retest scans to as-
sess precision metrics and inform the claims.

The current ADC Profile claims assume that wCV is con-
stant for tissue regions in the specified size (independent of 
imaging time), the signal-to-noise ratio of the tissue region 
on the b = 0 image is at least 50, and the measured ADC is 
linear (slope ≈ 1) with respect to the true ADC value over the 
tissue-specific range of 0.3 × 10−3 mm2/sec to 3.0 × 10−3 mm2/
sec. Common practice is to avoid image artifacts and exclude 
voxels with nonphysical water diffusion values (ADC <0 or 
ADC >3.0 × 10−3 mm2/sec for 37 °C body temperature) in 
mean ADC calculation (31). The repeatability literature used 
to inform the claims generally excludes poor-quality and 
protocol-deviating examinations (14,15); the profile requires 
sufficient image quality and protocol adherence to be valid.

The claims are defined for mean ADC values within the 
region of interest (ROI) delineated by one reader for test 
and retest scans independently. The typical ADC ROI sizes 
reported by references are listed in Table 1 of this report. The 
ADC Profile illustrates common DWI artifacts leading to 
unreliable ADC values. It provides guidelines to avoid arti-
facts in ROI selection and mitigate bias (sections 3.10, 3.11, 
and 3.13 in reference 9), as well as organ-specific details of 
required image processing and quality control steps (9).

Longitudinal and Cross-Sectional ADC 
Applications
The repeatability coefficient thresholds provided in the pro-
file claims can be used to establish CIs to evaluate changes 
in ADC values related to therapy response over time (“longi-
tudinal” or serial measurements) of individual patients (32). 
For example, if the observed change in ADC of a lesion for an 
individual patient exceeds 15% following treatment, it can 
be considered a true change with 95% confidence for brain 
and breast lesions, but not for prostate and liver (Table 1). 
Beyond constant wCV with time, longitudinal applications 
require that measurement bias be the same for both imaging 
points, canceling out systematic offset between longitudinal 
ADC measurements. Thus, patients should be scanned on 
the same MRI system with a fixed protocol for all imaging 
points during longitudinal study (3,4,6,14).

Quantitative ADC thresholds for “cross-sectional” com-
parison (eg, between groups with and without disease) may 
be used for cancer detection, grading, and staging in prostate 
and breast. This type of diagnostic evaluation needs to assess 
measurement bias and repeatability. Base-level MRI system 
technical bias can be measured when the true ADC value is 
known, which is possible using physical phantoms (11–13) 
but usually is not feasible for patients. Another way to use 
precision as a 95% CI for cross-sectional comparisons is to 
ensure negligible measurement bias (eg, by protocol stan-
dardization) (14,15). When negligible bias exists, the cross-
sectional claim can be compiled based solely on precision, 
where the difference between two ADC measurements (Y2 
− Y1) is replaced by the difference between the “disease” and 
“control” ADCs, accounting for their respective wCVs.

The recent literature in healthy volunteers, using acquisi-
tion protocols largely aligning with the requirements of the 
ADC Profile for each included organ, suggests that organ-
specific differences in repeatability for normal versus ma-
lignant lesion ADC may be substantial (Table 2) and need 
to be accounted for. For example, malignant lesion wCV 
of 9.7% (Table 1) (14,28–30) is higher than wCV of 6.1% 
(33,34) for normal prostate peripheral zone. On the other 
hand, wCV of 9.4% reported for benign breast lesions (35) 
is higher than that of the malignant lesions (wCV of 5.4%) 
(16). Assuming minimal bias, these data suggest that cross-
sectional application of ADC in the peripheral zone of the 
prostate could be based on a wCV of 0.061 in normal tissue 
(33,34) and of 0.097 in the diseased tissue.

ADC Profile Implementation Workflow
The QIBA ADC Profile provides a structured roadmap for 
imaging centers, scanner manufacturers, radiologists, and 
other stakeholders that seek use of quantitative ADC read-
outs for disease characterization and/or monitoring response 
to treatment (Figure). As detailed in the profile, multiple el-
ements must function in concert to achieve the claims. The 
DWI Biomarker  Committee has created checklists for each 
element (https://qibawiki.rsna.org/index.php/QIBA_Profile_
Conformance). Site personnel can complete these checklists 
to serve as an attestation of full or partial profile confor-
mance. To implement the profile, it is recommended that us-
ers define the relevant key participants in the ADC workflow 
(Figure) and use the checklists to confirm conformance to 
their specifications.

Actors, Activities, and Checklists
The profile organizes materials in sections that describe 
necessary elements (“actors”) in the ADC workflow, along 
with specifications for each element to meet the perfor-
mance claims. The ADC Profile elements that influence per-
formance for clinical implementation are site, acquisition 
device, scanner operator, image analyst, reconstruction soft-
ware, and image analysis tool. The purpose of activities is to 
ensure that ADC measurements achieve the precision stated 
in the profile claims. In effect, the checklists summarize re-
quirements (specifications) to meet the claims. Some of the 
specifications are general (eg, DWI phantoms), while others 
are organ-specific.

Quality Assurance and Conformance Testing
Technical conformance testing of the MRI scanner is the es-
sential first step (Figure) to accurate ADC measurements, 
since its performance can be objectively assessed using physi-
cal DWI phantoms and standardized test procedures. Toward 
this end, the ADC Profile provides guidelines to benchmark 
DWI acquisition performance and measure ADC bias with 
detailed description of four essential elements: (a) suitable 
DWI phantom(s), (b) DWI scan protocols, (c) target per-
formance specifications, and (d) analysis software to assess 
performance derived from DWI Digital Imaging and Com-
munications in Medicine, or DICOM, headers.

The profile provides details of the scanner assessment 
procedures and corresponding specifications (9). Updating 
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profile claims based on purportedly improved DWI technol-
ogy (eg, hardware, acquisition, or data processing protocol) 
requires a test-retest study in at least 35 individuals and wSD 
dependence on mean ADC assessed to use either the repeat-
ability coefficient (derived from wSD) or percent repeatabil-
ity coefficient (derived from wCV).

Physical and Digital Reference Objects for ADC Bias Assessment
The QIBA ADC Profile describes physical phantoms and 
DROs, with calibrated or controlled ADC to assess bias. 
Physical phantoms help assess system bias, potentially cor-
rect it (12,13), and ensure that measured ADC scales linearly 
with true ADC over the range of interest (ideally, with slope 
of 1). Characterization of linearity is particularly important 
in the context of enabling tissue classification based on a 
single quantitative measurement. Given the lack of absolute 
truth in tissue ADC values, QIBA recommends assessment 
of MRI system linearity with use of physical phantoms con-
taining an array of known diffusivity values, such as polyvi-
nylpyrrolidone-based phantoms (13,36).

For assessment of ADC spatial uniformity over the im-
aged field of view or at offsets relevant to off-center anatomy 
(eg, breast, liver), single-value uniform ADC phantoms are 
useful (11,12). Since diffusion is thermally driven, internal 
phantom temperature needs to be controlled (eg, with an 
ice water bath) (12,13) or have built-in precise temperature 
readout for calibrated determination of true values (36,37). 

Commercial phantoms (eg, CaliberMRI [10]) are user-
friendly in the clinical environment and have the benefit of 
temperature calibration and sustainable materials. Home-
built ice water–based phantoms (11,12) are economical and 
offer absolute temperature control, but preparation is more 
cumbersome, and images are distorted due to susceptibility 
artifacts.

DROs can be used to detect bias introduced by the al-
gorithm used to convert DWI to ADC maps. Digital phan-
toms are built by forward modeling of the DWI signal and 
offer low-cost alternatives to the assessment of the ADC 
map generation software. However, the input DRO param-
eters should include relevant ranges of b values and a real-
istic noise model to mimic conditions observed for tissue 
DWI acquisition. Linearity of ADC map generation routines 
(from DWI) may also be assessed with use of realistic DROs.

ADC Profile Limitations and Gaps in Knowledge

Need for More Organ-Specific Test-Retest and Interreader Data
For future incorporation of additional organ systems and 
clinical conditions, new studies need to report Bland-Alt-
man statistics, including estimates and 95% CIs for wSD 
or wCV, not just intraclass correlation coefficients or Dice 
similarity coefficients. To assess realistic variability for lon-
gitudinal studies, patients should be repositioned between 
test and retest scan acquisitions. These studies must provide 

Table 2: Summary of Recent Repeatability Studies in Controls Without Malignancy That Are Not Included in the Current 
QIBA Profile for Apparent Diffusion Coefficient

Organ Reference
wCV 
(%) Tissue

ROI or  
VOI Size

No. of 
Scanners

Field 
Strength 
(T)

b Values  
(sec/mm2)

No. of 
Individuals

Test-Retest 
Schedule

Brain Michoux et al,  
2021 (34)*

3.1 Normal  
WM

2.49 cm2 3 3.0 0, 150,  
1000

24 (8 per  
system)

1 hour and  
1–7 days

Liver Michoux et al,  
2021 (34)

8 Left liver  
lobe

4.1 cm2 3 3.0 0, 150,  
1000

24 (8 per  
system)

1 hour and  
1–7 days

Prostate†

Rogers et al,  
2023 (29)

9 nTZ 1.7–13.6 cm2 1 3.0 0, 1500 7 Repositioned

Hoang-Dinh  
et al, 2022  
(33)

6 Whole  
nPZ

1 midgland  
section

2 1.5 Multiple,  
0–800

49 Morning and 
evening

Michoux et al,  
2021 (34)*

5.
16.2

nCZ
nPZ

1.65 cm2 
1.84 cm2

3 3.0 0, 150,  
1000

24 (8 per  
system)

1 hour and  
1–7 days

Breast
Jerome et al,  

2021 (35)
9.4 Benign  

lesion
0.3–25.4 cm3

VOI coefficient 
of variation = 
13.9%

1 3.0 Multiple,  
0–700

20 (26  
samples)

2–10 days

Sorace et al, 
2018 (38)

3.7 Normal FG Whole single breast 
FG VOI

1 3.0 0, 200, 800 10 Same day

Note.—FG = fibroglandular, nCZ = normal central zone, nPZ = normal peripheral zone, nTZ = normal transition zone,  
QIBA = Quantitative Imaging Biomarker Alliance, ROI = region of interest, VOI = volume of interest, wCV = within-subject  
coefficient of variation, WM = white matter.
* The study by Michoux et al (34) used 6-mm sections, which is slightly larger than acceptable for brain and prostate, due to a  
whole-body diffusion-weighted imaging protocol.
† Zone-dependent repeatability observed for prostate.
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a sample size of at least 35 patients or be based on combined 
meta-analysis and account for interlesion correlations (in the 
case of multiple lesions per patient) by reporting an effective 
sample size (18,28). Such meta-analysis presents a challenge 
when individual studies have inconsistent protocols (35,38) 
or report insufficient details, such as multiple lesion correla-
tion (25,26), which may inadvertently bias derived thresh-
olds of change. An additional challenge of test-retest DWI 
studies is acquiring sufficient sample size and high-quality 
data for analysis; for example, two separate DWI repeatabil-
ity studies in breast and prostate had to exclude approxi-
mately 17% of examinations due to issues of image quality 
or protocol deviation (3,14).

Furthermore, current profile claims do not account for in-
terreader variability. Higher variability is expected for multiple 
readers, such as two readers for longitudinal scans with inter-
reader wCVi, when the resulting ,  
where wCV0 is the single-reader test-retest coefficient of 
variation (Table 1). The studies of interreader variability re-
port wCVi within the order of or exceeding the test-retest 
precision for breast (4.5%–6% vs 4.6%–6.5%) (15,39) and 
better than test-retest precision for prostate (2%–5% vs 6%–
10.6%) (14,28,40).

Gaps in Cross-Sectional Applications
Current ADC Profile claims provide thresholds for longitudi-
nal changes but do not enable general cross-sectional applica-
tion with arbitrary bias. Small sample sizes with unharmonized 
acquisition protocols and single-center studies inform the 
majority of the normal-tissue ADC repeatability literature 

(Table 2), impeding cross-sectional claim formulation for all 
organs. The deviation of tissue diffusion parameters from the 
assumption of monoexponential behavior typically results in 
ADC biases, dependent on the b value range and degree of 
suppression of the non–tissue-of-interest signal (eg, from fat 
in breast or bone marrow). Current physical ADC phantoms 
usually have high signal-to-noise ratio and do not match other 
tissue parameters (like relaxivity or multicompartment diffu-
sion) and therefore provide a best-case assessment of protocol 
repeatability. Ideally, a multiparametric phantom with realistic 
ADC ranges and relaxation parameters is needed for bias eval-
uation with b values and signal-to-noise ratio used by the in 
vivo organ-specific DWI protocol. Bias assessment should also 
include realistic filtering of nonphysical ADC values. Impor-
tantly, additional studies are needed to evaluate ADC sensitiv-
ity for target clinical applications, since reported repeatability 
thresholds (based on test-retest studies) only determine speci-
ficity, as these studies are necessarily based on no-change bio-
logic conditions. The desired cross-sectional comparisons will 
also require information on ADC ranges for specific clinical 
conditions (eg, indolent vs aggressive prostate cancer).

Reporting of ROI Size and Delineation
The current repeatability literature often lacks consistent 
ROI information, making the systematic study of how ROI 
size impacts the calculation of repeatability coefficients chal-
lenging. ROI delineation is anticipated to be a large con-
tributor to the observed variability in measured ADC. This 
effect varies by organ due to factors such as minimum size 
and approach to ROI delineation of organs and/or lesions 
(eg, type of contrast material used, manual vs automated 

Diagram shows typical quantitative diffusion-weighted imaging (qDWI) trial workflow with key Quantitative Imaging Biomarker Alliance apparent diffusion coefficient (ADC) 
profile activities. The required workflow components are shown in the arrow-shaped boxes, with activity guidelines detailed in the Specification Tables (9) and Profile Checklist 
(available at https://qibawiki.rsna.org/index.php/QIBA_Profile_Conformance). Initial site qualification and periodic quality assurance (QA) between imaging time points, 
as well as persistent image quality assurance (blue shapes), are essential to ensure consistent image acquisition and processing protocols for achievement of the claimed ADC 
precision and defining thresholds for therapy response assessment of individual patients (as illustrated for a brain lesion). ROI = region of interest.
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segmentation). Several studies indicate that repeatability co-
efficients depend on ROI size and are specifically related to 
the number of voxels included in the ROI (approximately 

) (14,15,28,29). For prostate ADC, better precision 
(lower repeatability coefficients) has been reported for larger 
ROIs in whole prostate (14) and whole normal peripheral 
zone (33) (repeatability coefficient, 10% and 11%, respec-
tively) versus peripheral zone lesion (repeatability coefficient, 
27% [Table 1]). Reduced wCVs were noted for three-dimen-
sional volume versus single-section two-dimensional ROI 
analysis for both breast (15) and prostate (28).

Several recent studies evaluated interreader agreement for 
the ROIs and found repeatability coefficients of 10%–14% 
for prostate lesions (14,28,40) and 17%–22% for breast le-
sions (15,39,41). These investigations suggest that a sizable 
contributor to decreased repeatability is the imprecision of 
manual lesion segmentation. While scan protocol optimiza-
tion can improve ADC measurement precision, standardiza-
tion of segmentation and its automation together with better 
image registration to high-spatial-resolution reference images 
could help reduce interreader discrepancy. Recent consensus 
recommendations have described standardization criteria 
for lesion segmentation (42), which will aid the adoption of 
standardized methods and consistent reporting of ROIs. A 
detailed description of ROI delineation should be required 
for publication of future test-retest studies, which will better 
inform future versions of the ADC Profile.

New ADC Developments and Conclusions
Leveraging the ADC Profile in an ever-evolving landscape 
of new and improved DWI methods, advanced quantitative 
models, and clinical protocols can result in more consistent 
ADC evaluations across patients, sites, and time. The profile 
is a dynamic document, informed by the current literature 
and even updated by it: there has been a nearly twofold im-
provement of precision for prostate ADC compared with 
studies before 2019 (Table 1). The current claims should be 
viewed as baseline performance guidelines achievable when 
the described protocols are standardized and imaging param-
eter values meet the acceptable criteria or better (Appendix 
S1). Adjustments to existing claims are possible as additional 
studies providing appropriate data become available (11,28).

When protocol improvements are desired, the bias across 
systems needs to be assessed with well-characterized phan-
toms, and either minimized by standardization or measured 
and accounted for in ADC CIs. Test-retest repeatabil-
ity studies with a sufficient sample size must also be con-
ducted to establish repeatability coefficients and compared 
with benchmark values when available. For example, a re-
cent study by Zhang et al (28) for prostate ADC indicated 
consistent repeatability coefficients of 22% for a readout- 
segmented echo-planar imaging protocol versus single-shot 
echo-planar DWI using three-dimensional volume ROI. 
However, this study reported a substantial decline in repeat-
ability for a single-section two-dimensional ROI between 
readout-segmented and single-shot echo-planar imaging 
(47% vs 25%). New DWI protocols including multishot, 
reduced field of view, and reverse-polarity gradients require 
bias testing with respect to standard echo-planar imaging 

(used in current claims) but are expected to reduce artifact 
and improve repeatability.

As clinical need drives the utility of ADC, the profile 
could be expanded when sufficient repeatability studies are 
performed for new clinical applications. For example, quan-
titative ADC may be applied for radiation dose optimization 
in head and neck cancer trials. Evaluation of the repeatability 
of this metric in a small pilot study of nine patients showed 
promising results (repeatability coefficient, 3%–9%) (43). 
Additional multisite test-retest studies in at least 26 individ-
uals with similar acquisition protocols would be needed to 
achieve the minimum pooled sample size of 35 to formulate 
the precision claim for this application. Notably, the recent 
development of hybrid MRI–linear accelerator devices has 
entailed assessment of ADC repeatability on novel imaging 
systems with differing technical provisions, coil platforms, 
and field strengths across multiple organ sites, with applica-
tion in the brain achieving an ADC repeatability coefficient 
of 5% with 95% confidence (44), free-breathing imaging of 
the liver achieving a repeatability coefficient of 43% (45), 
and head and neck tumors achieving a mean repeatability 
coefficient of 30% (46,47). Interpretation of the clinical rel-
evance of any observed changes should consider individual 
circumstances and anticipated pathologic variations.

Other approaches are exploring new DWI-based bio-
markers beyond ADC to assess clinical or biologic change. 
For instance, intravoxel incoherent motion, restriction spec-
trum imaging, and diffusion kurtosis model metrics may 
have higher sensitivity for specific disease changes compared 
with ADC (43). Their corresponding acquisition protocols 
need evaluation accordingly for bias and precision. Other 
metrics for ROI histograms, beyond the mean ADC values, 
may also be tested (16). However, these are often expected to 
have increasing variability with decreasing ROI size (29,41) 
and thus would be clinically useful only when their corre-
sponding effect exceeds the mean ADC changes.

Few quantitative biomarkers in imaging are as versatile 
and robust as apparent diffusion coefficient (8,11). Its sim-
plicity of acquisition, ease of implementation, and wide-
spread availability mean that it is ripe for clinical exploitation 
(1,3,6,14), particularly in an era of automation and machine 
learning in radiology (48,49). Standardization and harmoni-
zation will expand its use in this setting (1,8,11), improving 
diagnostic accuracy and response assessment for individual 
patients and their personalized treatments.
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