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A B S T R A C T   

Purpose: This study aimed to assess the image quality of apparent diffusion coefficient (ADC) maps derived from 
conventional diffusion-weighted MRI and fractional intracellular volume maps (FIC) from VERDICT MRI 
(Vascular, Extracellular, Restricted Diffusion for Cytometry in Tumours) in patients from the INNOVATE trial. 
The inter-reader agreement was also assessed. 
Methods: Two readers analysed both ADC and FIC maps from 57 patients enrolled in the INNOVATE prospective 
trial. Image quality was assessed using the Prostate Imaging Quality (PI-QUAL) score and a subjective image 
quality Likert score (Likert-IQ). The image quality of FIC and ADC were compared using a Wilcoxon Signed Ranks 
test. The inter-reader agreement was assessed with Cohen’s kappa. 
Results: There was no statistically significant difference between the PI-QUAL score for FIC datasets compared to 
ADC datasets for either reader (p = 0.240 and p = 0.614). Using the Likert-IQ score, FIC image quality was higher 
compared to ADC (p = 0.021) as assessed by reader-1 but not for reader-2 (p = 0.663). The inter-reader 
agreement was ‘fair’ for PI-QUAL scoring of datasets with FIC maps at 0.27 (95% confidence interval; 
0.08–0.46) and ADC datasets at 0.39 (95% confidence interval 0.22–0.57). For Likert scoring, the inter-reader 
agreement was also ‘fair’ for FIC maps at 0.38 (95% confidence interval; 0.10–0.65) and substantial for ADC 
maps at 0.62 (95% confidence interval; 0.39–0.86). 
Conclusion: Image quality was comparable for FIC and ADC. The inter-reader agreement was similar when using 
PIQUAL for both FIC and ADC datasets but higher for ADC maps compared to FIC maps using the image quality 
Likert score.   

Abbreviations: VERDICT, Vascular, Extracellular, and Restricted Diffusion for Cytometry in Tumor; INNOVATE, CombIning advaNces in imagiNg With biOmarkers 
for improVed Diagnosis of Aggressive prosTate cancer; mpMRI, multiparametric MRI; FIC, intracellular volume fraction; ADC, apparent diffusion coefficient; PI- 
RADS, Prostate Imaging Reporting and Data System. 
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1. Introduction 

Image quality has an important impact on the diagnostic accuracy of 
magnetic resonance imaging (MRI) and its interpretation by radiologists 
in the detection of prostate cancer. Suboptimal diagnostic quality can 
reduce accuracy and confidence in diagnosis, leading to indeterminate 
scores [1,2]. Therefore, assessing image quality for novel imaging se-
quences and comparing them to conventional imaging is important. 
Vascular, Extracellular, and Restricted Diffusion for Cytometry in Tu-
mors (VERDICT) is a non-invasive diffusion-weighted MRI (DWI) tech-
nique which estimates histological parameters from the prostate to 
better characterise prostate cancer [3–6]. The technique combines a 
customised multi-b-value acquisition and a mathematical model of the 
three different diffusion environments in prostate tissue: a) Intracellular 
water, b) water in the extracellular extravascular space and c) water in 
vessels. From fitting the acquired data to the mathematical model, es-
timates of parameters in the three compartments can be derived. Recent 
studies have shown that fractional intracellular volume (FIC) derived 
from the intracellular diffusion environment is increased in prostate 
cancer compared to normal prostate tissue and has the potential to 
reduce false positives compared to multiparametric MRI [7]. However, 
for this technique to be used clinically, image quality needs to be 
compared to multiparametric MRI. 

Recently a scoring system has been developed called Prostate Im-
aging Quality (PI-QUAL) which aims to assess the quality of multi- 
parametric MRI against objective technical criteria and subjective 
criteria for visual assessment [8]. The PI-QUAL score is based on a 1-to-5 
scale where the lowest score of 1 indicates all sequences are below the 
standard of diagnostic quality and the highest score of 5 implies that all 
sequences are of optimal quality [5,8,9]. Image quality can also be 
assessed by a Likert scale (Likert-IQ) used in published studies which is 
more subjective [10,11]. This scale is also a 5-point Likert scale which 
can be applied to each image type. 

In this study, two readers assessed the image quality of MRI datasets 
which either had an apparent diffusion coefficient (ADC) map or a 
fractional intracellular volume (FIC) map using both PI-QUAL and the 
more subjective 5-point image quality Likert (Likert-IQ) score. The cases 
were randomly selected from the INNOVATE trial, which is the largest 
prospective evaluation of VERDICT MRI so far [12]. The clinical out-
comes of the study have been published [13]. The objectives of this 
study were: i) to determine whether the image quality is equivalent for 
FIC and ADC maps, and ii) to assess inter-reader agreement for PI-QUAL 
and image quality Likert scoring systems in VERDICT MRI. 

2. Methods 

2.1. Participants 

A random sample of 57 patients was taken from the INNOVATE 
cohort of 303 (registration no. NCT02689271)[14]. This sample size was 
based on reader availability and the time taken to read each dataset. 
Randomisation was performed on Microsoft Excel (version 16.49, 
Microsoft Corporation, 2021). 

ADC maps were derived from four different b-values (b = 0,150,500 
and 1,000 s/mm2) from two MR scanners; 1.5 T Avanto (Siemens, 
Erlangen Germany) and 3 T Achieva (Philips, Best, Netherlands). 
VERDICT-MRI was performed on one scanner (Achieva) and using six 
different b-values (0, 90, 500, 1500, 2000, 3000 s/mm2). The acquisition 
parameters have been published in previous studies [3]. The acquired 
data were fitted to the VERDICT model using in-house software to 
generate parametric maps including fractional intracellular volume 
(FIC), fractional vascular volume (FVASC) and fractional extravascular 
extracellular space (FEES) maps representing the three different diffu-
sion environments. The maps are produced as a colour heatmap with 
high FIC shown in warm colours (red) and lower FIC values in cooler 
(blue) colours. 

2.2. Study Design 

The study cohort was divided into two separate groups: A and B. 
For cohort A, datasets were compiled with T2W coronal, T2W axial, 

high b value (1,400 or 2,000 s/mm2), dynamic contrast-enhanced im-
aging and ADC map (Fig. 1). 

For Cohort B, datasets were compiled with FIC maps instead of ADC 
maps. 

Two readers highly experienced in prostate MRI reporting (i.e., 
reporting more than 1,000 prostate MRI scans per year and more than 5 
years of reporting experience at a specialist centre) assessed and scored 
each image type individually in a locked sequence starting with T2W 
axial and coronal, followed by either ADC or FIC, high b value and dy-
namic contrast enhancement (DCE). An equal number of datasets from 
Cohort A and Cohort B were taken for each reading session. This was to 
ensure that readers had equal exposure to the two maps rather than 
imbalance, which may affect results. 

Image quality was assessed using the PI-QUAL and Likert-IQ scoring 
systems (Table 1, Fig. 2). The PI-QUAL score is assessed using a dedi-
cated checklist of technical parameters and visual inspection to deter-
mine whether each image type is diagnostic or non-diagnostic (Fig. 2). 
The locked sequential read is shown in Fig. 3. The reporting pro-forma is 
shown in Fig. 4. 

After a washout period of one month, cohort A datasets were pre-
sented with FIC maps and Cohort B datasets with ADC maps. This meant 
that each patient had either their FIC or ADC maps read by both readers 
but separated by a month to avoid recall. Images were displayed using 
the DICOM viewer: Horos (Horos Project, Annapolis, MD, USA). 

The overall PI-QUAL score depends on how many image types are 
rated as diagnostic in a dataset for a participant. Although PI-QUAL does 
not specifically include the assessment of VERDICT maps, it does have 
specific criteria for diffusion-weighted imaging (Fig. 2). These criteria 
were applied by readers to assess VERDICT maps. 

2.3. Statistical analysis 

Image quality was compared for FIC and ADC maps using the Wil-
coxon Signed Ranks non-parametric test for categorical data. Overall, PI- 
QUAL scores for datasets with FIC were compared to datasets with ADC 
using the same test. To account for differences in image quality due to 
the different field strengths of the two scanners, a subgroup analysis of 
image quality was carried out for ADC maps acquired at 1.5 T and 3 T. 
Median scores and 95% confidence intervals were presented as 
descriptive statistics. 

The inter-reader agreement was assessed using weighted Cohen’s 
kappa (К) at two levels. 

For PI-QUAL scoring:  

• PI-QUAL 1, 2 and 3 scores were designated to one group (not possible 
to rule out all significant lesions).  

• PIQUAL 4 and 5 scores were assigned to the other group (possible to 
rule in and out all significant lesions). 

For Likert scoring:  

• Scores of 1, and 2 were designated one level (non-diagnostic image 
quality).  

• Scores of 3, 4 and 5 were designated to the other group (diagnostic 
image quality). 

The level of agreement was inferred as: ≤0 indicating no agreement, 
0.01–0.20 as none-slight, 0.21–0.40 as fair, 0.41–0.60 as moderate, 
0.61–0.80 as substantial, 0.81–1.00 as almost perfect agreement [8]. 
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3. Results 

3.1. Participants 

The demographics of the INNOVATE cohort have been mentioned 
previously [13]. The random sample of 57 participants had a median age 
of 64 (range 47–78) and a median prostate-specific antigen (PSA) of 
5.98 ng/ml (range 0.83–37.4) comparable to the full cohort. A total of 
32/57 (56%) participants underwent a biopsy of MRI lesions. Fifteen out 
of 32 (47%) participants had clinically significant cancer (defined as 
Gleason score ≥ 3 + 4, with 12 biopsies showing Gleason 3 + 4 disease 
and 3 biopsies showing Gleason 4 + 3 disease respectively. Three out of 
32 participants (9%) had Gleason 3 + 3 disease and fourteen (44%) had 
a negative biopsy. 

3.2. Image quality 

Fig. 5 shows representative images from the study cohort for each 
Likert-IQ score where both readers had identical image quality scores. 
The frequencies of scores are charted in Figs. 6 and 7. 

The median Likert-IQ score for ADC for reader-1 was 3, 95% confi-
dence interval (CI) [3,4] and for reader-2 it was 4, 95% CI [3,4]. For FIC, 
the median quality score for reader-1 was 4, 95% CI [3,4] and also 4 for 
reader-2, 95% CI [3,4]. There was a statistical difference between FIC 

quality and ADC quality for reader-1 (p = 0.021) but not for reader-2 (p 
= 0.663). For PI-QUAL scoring, the median PI-QUAL score for ADC 
datasets was 3, 95% CI [3,4] for reader-1 and 4 for reader-2, 95% CI 
[4,4]. The median score for FIC datasets was 3, 95% CI [3,4] for reader-1 
and 4 for reader-2, 95% CI [4,4]. There was no statistical difference 
between FIC and ADC PI-QUAL scores (p = 0.240 and p = 0.614). 

There were a similar number of cases that were rated as poor quality 
or non-diagnostic on Likert-IQ for FIC and ADC by both readers. For 
instance, the first reader rated 9 FIC cases as 2/5 for image quality and 9 
ADC cases as 2/5 on the Likert scale. In addition, the first reader rated 4 
cases as 1/5 for ADC maps and no cases as 1/5 for FIC maps. The second 
reader rated 14 FIC and 14 ADC cases as 2/5 on the Likert quality scale. 
One FIC and one ADC case were rated 1/5 by the second reader. 

Likert rating given by both readers, for example, ’5′ was rated Likert 
5 (excellent quality), ‘4′ (good quality), ‘3′ (satisfactory quality), ‘2′ (poor 
quality), and ‘1′ (very poor quality). Red arrows show susceptibility 
artefacts from rectal gas, which are worse for lower-quality scores. 

3.3. 1.5T subgroup 

For participants who had ADC maps derived from 1.5 T data (n =
18), the median ADC Likert-IQ rating and the median FIC quality score 
for both readers was 3. There was no difference between ADC and FIC 
quality scores in the subgroup for reader-1 (p = 0.542) and reader-2 (p 
= 0.263). 

The median PI-QUAL score for ADC datasets was 3 for reader-1 and 4 
for reader-2. The median PI-QUAL scores for FIC datasets for reader-1 
and reader-2 were 3 and 4, respectively. There was no difference be-
tween PI-QUAL scores for FIC compared to ADC for reader-1 (0.579) and 
reader-2 (p = 0.083). 

3.4. 3T subgroup 

For participants with ADC maps derived from 3 T data (n = 39), the 
median ADC quality rating for reader-1 was 3 and for reader-2 was 4. 
The median FIC quality score was 4 for both readers. For reader-1, the 
FIC quality score was higher than ADC (p = 0.022). There was no dif-
ference between ADC and FIC quality scores in this subgroup for reader- 
2 (p = 0.72). 

The median PI-QUAL score for ADC datasets was 3 for reader-1 and 4 
for reader-2. The median PI-QUAL score for FIC datasets was 4 for both 
readers. There was no difference between PI-QUAL scores for FIC 
compared to ADC for reader-1 (p = 0.324) and reader-2 (p = 0.549). 

Fig. 1. Study Design T2W, T2 Weighted; ADC, apparent diffusion coefficient; DCE, dynamic contrast-enhanced; FIC, fractional intracellular volume.  

Table 1 
PIQUAL and Likert Image Quality Scoring.  

Score PIQUAL Likert 

1 All mpMRI sequences are below 
the minimum standard of 
diagnostic quality 

very poor quality, considered non- 
diagnostic (artefacts on all slices, 
scans uninterpretable) 

2 Only one mpMRI sequence is of 
acceptable diagnostic quality 

poor quality with some impairment of 
diagnostic quality (substantial 
artefacts, but still interpretable) 

3 At least two mpMRI sequences 
taken together are of diagnostic 
quality 

satisfactory quality without 
impairment of diagnostic quality 
(some artefacts present), 

4 Two or more mpMRI sequences 
are independently of diagnostic 
quality 

good quality (hardly any artefacts), 

5 All mpMRI sequences are of 
optimal diagnostic quality 

excellent quality (no artefacts 
present). 

Legend PIQUAL, Prostate Imaging Quality Score; mpMRI, multiparametric MRI. 
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Fig. 2. PI-QUAL Scoring Sheet Legend: T2-WI, T2-weighted imaging; DWI, diffusion-weighted imaging; DCE, dynamic contrast–enhanced; ADC, apparent diffusion 
coefficient. Reprinted with permission from Giganti et al. 2020. 
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There was no difference in image quality between scanners for ADC 
maps as rated by reader-1 (p = 0.131) or reader-2 (0.405). 

3.5. Inter-Reader agreement 

The inter-reader agreement was ‘fair’ for PI-QUAL scoring of datasets 
with FIC maps at 0.27 (95% CI; 0.08–0.46) and ADC datasets at 0.39 
(95% CI 0.22–0.57). For Likert scoring, the inter-reader agreement was 
also ‘fair’ for FIC maps at 0.38 (95% CI; 0.10–0.65) and substantial for 
ADC maps at 0.62 (95% CI; 0.39–0.86). 

4. Discussion 

The major findings of this study are that the image quality and inter- 
rater agreement of FIC were comparable to the ADC as rated by two 
experienced genitourinary radiologists using two different scoring sys-
tems. Using the PI-QUAL image quality score, the inter-reader agree-
ment was fair for both FIC and ADC datasets. Using the Likert-IQ scoring, 
the inter-reader agreement was fair for FIC and substantial for ADC. 

Similar image quality is expected as both acquisitions use echo 
planar imaging, which is prone to susceptibility artefacts from rectal air 
or peristalsis. The slightly lower inter-rater agreement for FIC maps 
using the Likert-IQ scoring could be due to the unfamiliarity of the 
readers with FIC maps. 

Recent studies have shown that FIC maps can characterise prostate 
cancer better than ADC maps, which in turn could potentially spare 
unnecessary biopsies in patients with suspicion of prostate cancer [3]. 
For this promising imaging technique to be translated into the clinic, 
image quality must be comparable to the current ADC maps if being 
assessed qualitatively. The quality of prostate MRI is important, espe-
cially in the MRI-derived targeted biopsy paradigm of prostate cancer 
diagnosis [3]. The ability to rule out significant lesions in a patient with 

a favourable PSA profile could avoid an immediate unnecessary biopsy 
due to the high negative predictive value of prostate MRI [15]. 

This is the first study where readers have assessed the image quality 
of FIC maps using PI-QUAL, therefore results cannot be directly 
compared to other literature. However, two recent studies have assessed 
inter-rater agreement for PI-QUAL of mpMRI and shown higher kappa 
values of up to 0.82 [16,17]. The lower kappa values seen in our study 
could be due to the different levels of familiarity of the two readers in 
using the PIQUAL score. One author had greater familiarity with using 
PIQUAL compared to the other. Interestingly in this study by Giganti 
et al., the percentage agreement was lowest for conventional diffusion- 
weighted imaging and there was substantial disagreement when 
assessing the adequacy of ADC maps. ADC maps tend to be more sus-
ceptible to artefacts and noisier compared to T2 weighted and post- 
contrast imaging which could explain this variation. 

The relatively small number of patients included in this analysis is a 
limitation of the study. However, taking a random sample from the study 
cohort should be representative of the larger cohort. Another limitation 
of the study is that FIC maps were derived from VERDICT acquisition on 
a 3 T scanner whereas some ADC maps (n = 18) were derived from 1.5 T 
and this could be a confounding factor in assessing image quality. 
However, subgroup analysis of participants who had both datasets 
derived from 3 T, did not show any differences in image quality between 
FIC and ADC. A further limitation is that the PI-QUAL scoring system 
was not designed to be used for VERDICT maps. All the technical and 
visual assessment criteria are however applicable to any diffusion- 
weighted sequence. For instance, the field of view, in-plane resolution, 
slice thickness and the number of b values for VERDICT MRI are com-
parable to mpMRI DWI. The use of PIQUAL for VERDICT was therefore 
judged to be appropriate by the study authors before the start of the 
study. The overall PIQUAL score is a global image quality score for the 
whole MRI dataset and therefore any differences between ADC and FIC 

Fig. 3. Locked Sequential Read scheme Image quality was assessed in a locked sequence. FIC = fractional intracellular volume, ADC = apparent diffusion coefficient, 
DCE = dynamic contrast enhancement. The highlighted ‘Likert score’ and ‘PI-RADS 2.1 score’ are the scores that were assessed for the primary and second-
ary outcomes. 
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Fig. 4. Reporting Pro-forma Legend: T2-W, T2-weighted imaging; FIC, fractional intracellular volume; ADC, apparent diffusion coefficient; DWI, diffusion-weighted 
imaging; DCE, dynamic contrast–enhanced; PIQUAL. 
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Fig. 5. Apparent Diffusion Coefficient (ADC) maps (left) and Fractional Intracellular Volume (FIC) maps (right) from 5 participants.  
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Fig. 6. Likert Quality Scores for both readers; FIC on left, ADC on right.  

Fig. 7. PI-QUAL scores for both readers.  
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quality for a given patient, may not be reflected in the overall score. The 
use of Likert-IQ allowed for individual comparison of ADC and FIC maps. 

5. Conclusion 

Image quality and inter-reader agreement of two scoring systems for 
image quality (PI-QUAL score and Likert-IQ) were comparable for FIC 
maps compared to ADC maps. 
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