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Abstract

Purpose To assess the diagnostic performance of prostate MRI by estimating the proportion of clinically significant
prostate cancer (csPCa) in patients without prostate pathology.

Materials and methods This three-center retrospective study included prostate MRI examinations performed for
clinical suspicion of csPCa (Grade group ≥ 2) between 2018 and 2022. Examinations were divided into two groups:
pathological diagnosis within 1 year after the MRI (post-MRI pathology) is present and absent. Risk prediction models
were developed using the extracted eleven common predictive variables from the patients with post-MRI pathology.
Then, the csPCa proportion in the patients without post-MRI pathology was estimated by applying the model. The
area under the receiver operating characteristic curve (AUC), sensitivity, specificity, and positive and negative
predictive values (PPV/NPV) of prostate MRI in diagnosing csPCa were subsequently calculated for patients with and
without post-MRI prostate pathology (estimated statistics) with a positive threshold of PI-RADS ≥ 3.

Results Of 12,191 examinations enrolled (mean age, 65.7 years ± 8.4 [standard deviation]), PI-RADS 1–2 was most
frequently assigned (55.4%) with the lowest pathological confirmation rate of 14.0–18.2%. Post-MRI prostate pathology
was found in 5670 (46.5%) examinations. The estimated csPCa proportions across facilities were 12.6–15.3%,
18.4–31.4%, 45.7–69.9%, and 75.4–88.3% in PI-RADS scores of 1–2, 3, 4, and 5, respectively. The estimated (observed)
performance statistics were as follows: AUC, 0.78–0.81 (0.76–0.79); sensitivity, 76.6–77.3%; specificity, 67.5–78.6%; PPV,
49.8–66.6% (52.0–67.7%); and NPV, 84.4–87.2% (82.4–86.6%).

Conclusion We proposed a method to estimate the probabilities harboring csPCa for patients who underwent
prostate MRI examinations, which allows us to understand the PI-RADS diagnostic performance with several metrics.

Clinical relevance statement The reported estimated performance metrics are expected to aid in understanding the
true diagnostic value of PI-RADS in the entire prostate MRI population performed with clinical suspicion of prostate cancer.

Key Points
● Calculating performance metrics only from patients who underwent prostate biopsy may be biased due to biopsy
selection criteria, especially in PI-RADS 1–2.

● The estimated area under the receiver operating characteristic curve of PI-RADS in the entire prostate MRI population
ranged from 0.78 to 0.81 at three facilities.

● The estimated statistics are expected to help us understand the true PI-RADS performance and serve as a reference for
future studies.
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in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
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Introduction
The Prostate Imaging-Reporting and Data System (PI-
RADS) is designed to improve early diagnosis of clini-
cally significant prostate cancer (csPCa) [1]. Positive
predictive value (PPV) is the most widely used perfor-
mance metric for PI-RADS positive cases, commonly
defined as PI-RADS ≥ 3 [2–5]. As using a single perfor-
mance metric (e.g., PPV alone) can be misleading [6],
multiple metrics are needed to assess the diagnostic
performance of prostate MRI. Recently, cancer detection
rate (CDR) and abnormal interpretation rate (AIR) have
been proposed as new combined metrics for PI-RADS-
positive cases [7, 8].
Similarly, negative predictive value (NPV) is a common

performance metric for PI-RADS negative cases, com-
monly defined as PI-RADS 1–2 [9, 10]. NPV influences
clinicians’ decisions to avoid prostate biopsy [11], but
similarly, using NPV alone can be misleading as a per-
formance metric. Unfortunately, there are no other well-
established metrics for PI-RADS negative cases.
Calculating performance metrics only from patients

who underwent prostate biopsy may be biased due to
biopsy selection criteria. This concern is especially true

for PI-RADS negative cases due to a low prostate biopsy
rate, for example, 12.4% in a previous study [12].
In this study, we propose to estimate diagnostic per-

formance metrics from the entire patients undergoing
prostate MRI for clinical suspicion of csPCa. For this, the
csPCa proportion in patients without pathological con-
firmation needs to be estimated. To make this estimation
reasonable, several known csPCa-associated factors
should be taken into account, including age [13], prostate-
specific antigen density (PSAD) [14, 15], previous history
of prostate biopsy [16], and family history of prostate
cancer [17]. We recently developed a natural language
processing pipeline to capture such information from
radiology reports and clinical notes [18]. By estimating the
csPCa proportion, we can calculate not only NPV but also
other key performance metrics, including sensitivity,
specificity, and area under the receiver operating char-
acteristic curve (AUC). This may help us understand the
true diagnostic performance of prostate MRI regardless of
the presence of pathological confirmation of the prostate.
The purpose of this study was to estimate the diagnostic

performance of prostate MRI performed for clinical sus-
picion of csPCa by estimating the csPCa proportion
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in patients without pathological confirmation of the
prostate.

Materials and methods
This HIPAA-compliant retrospective study was approved
by our institutional review board with an informed consent
waiver. Thousands of patients overlapped with published
works regarding CDR of prostate MRI [7, 8, 18–20].

Study population
Patients who underwent prostate MRI at three facilities of a
single institution from 2018 to 2022 were included. Patients
who had known prostate cancer (Grade group ≥ 1) at the
time of MRI or had incomplete examinations were
excluded (Fig. 1).

MRI
All examinations were performed under PI-RADS version
2.0 or 2.1 technical specifications. Most studies were per-
formed on 3-T scanners (GE Medical Systems, Illinois, U.S.,
or Siemens Healthineers, Erlangen, Germany), but 1.5-T
scanners were used when the 3-T magnet was contra-
indicated. Contrast material was used unless contra-
indicated. Board-certified, fellowship-trained abdominal
radiologists interpreted the MRI based on PI-RADS criteria
using the same standardized report template. Prostate seg-
mentation and 3-dimensional lesionmarkings were made on
DynaCAD (Philips Healthcare, Best, the Netherlands) for a
targeted biopsy when PI-RADS ≥ 3 lesions existed.

Prostate biopsy
Trans-rectal or trans-perineal ultrasound-guided targeted
biopsy (3–5 cores per lesion) was performed by urologists

utilizing fusion software (UroNav, Philips Healthcare).
Systematic biopsies were performed simultaneously
(10–12 cores). In PI-RADS 1–2, systematic biopsies were
performed if clinical suspicion of csPCa was high.

Estimation of csPCa proportion
In overview, the csPCa proportion in patients who did not
have pathological confirmation within 1 year after the
MRI was estimated using logistic regression models
developed from patients who had pathological confirma-
tion for each PI-RADS score.

Data collection
The target variable was the presence of csPCa within 1
year after the MRI, which was extracted from pathology
reports between January 2018 and October 2023. The
csPCa was defined as Grade group ≥ 2 or prostate cancer
pathologically diagnosed only from the metastatic foci
without a Gleason score. The following ten predictive
variables at the time of MRI were extracted from clinical
notes or MRI reports: age; facility; prostate-specific anti-
gen (PSA) values at the time of MRI; presence of previous
benign prostate biopsy [16]; patient-level highest PI-
RADS score; prostate volume measured on MRI; family
history of prostate cancer; family history of breast cancer
(alternative of possible BRCA gene mutation [17, 21]);
presence of prostate nodule on digital rectal exam [22];
and race [13]. Additionally, the PSAD value was calcu-
lated by dividing the PSA value by prostate volume.
To extract clinical notes, an in-house software, Med-

Tagger (https://github.com/OHNLP/MedTagger/), [23]
was used. Then, patient-level categorization was performed
by applying a developed natural language processing

Fig. 1 Patient flowchart. PI-RADS, Prostate Imaging-Reporting and Data System
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pipeline using Bidirectional Encoder Representations from
Transformers [18].

Data preprocessing and feature selection
First, PSA and prostate volume were log-transformed to
make the originally skewed distribution more normal.
Second, continuous variables, including those two and
age, were standardized to have means of 0 and standard
deviations of 1. Facility information, a categorical variable
with three classes, was binarized using one-hot encoding.
Third, missing value imputations were performed using
multiple imputations by chained equations technique [24]
for variables with missing values of transformed PSA and
transformed prostate volume. Then, PSAD was calcu-
lated, log-transformed, and standardized. Features to be
included in the logistic regression model were selected
using a subset of data with a forward feature selection
technique. The most parsimonious set of features with
low error was chosen using the area under the receiver
operating characteristic curves and the one standard error
rule [25]. The final included features were age, previous

history of benign prostate biopsy, facility, PI-RADS score,
PSAD, and prostate volume. The details of those steps will
be reported separately.

Bootstrap aggregation
A thousand prediction models were created using differ-
ent subsets of data generated by random sampling with
replacement [26] from each PI-RADS population with
pathological confirmation. Then, the models were applied
to patient data without pathological confirmation to
estimate the csPCa proportion, defined as the average of
the model’s outputs of all patients at each PI-RADS score.
Similarly, the degree of estimation bias, a difference
between observed and estimated csPCa proportions, was
calculated using the population with pathological con-
firmation but not selected at random sampling (out of
bag). Further details regarding this process can be found
in Fig. 2.
The above data preprocessing step was independently

performed for each bootstrap repetition to avoid data
leakage. Standardization was based on training sets and

Fig. 2 The schema of estimating the proportion of clinically significant prostate cancer in patients without pathological confirmation. The proportion of
clinically significant prostate cancer (csPCa) in patients without pathological confirmation was estimated through a thousand repeated processes called
bootstrap aggregating, a commonly used machine learning technique for reducing variance. For each repetition, a model was independently created
using a subset of the dataset called “bag”, which was chosen by sampling with replacement. The remaining data not chosen in the sampling process was
called “out of bag” and used for calculating the degree of estimation bias in the population with pathological confirmation. A model consisted of three
calibrated logistic models created through threefold cross-validation and outputted the average of their outputs. In each fold, a logistic regression model
was developed using two-thirds of the “bag”. Then, its prediction on the remaining subset was used to fit the agreement to the observed csPCa
proportion through a sigmoid regressor. The thousand estimated results were aggregated to calculate the mean with the 95% confidence interval using
the percentiles of the bootstrap distribution. This process was performed separately for data per PI-RADS score
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applied to other data. The average of bootstrap statistics
was taken to compute a more accurate estimate with
degrees of uncertainty.

Analyses
The primary analysis estimated the PI-RADS score-level
csPCa proportion in patients who did not have pathological
confirmation of the prostate within 1 year after the MRI.
Then, the AUC and the following statistics were calculated:

Sensitivity ¼ estimated# � PI � RADS i \ csPCaþð Þ
# ðcsPCaþÞ

Specificity ¼ estimated # <PI � RADS i \ csPCa�ð Þ
estimated ð# csPCa�Þ

estimated observedð ÞPPV ¼ estimated observedð Þ# � PI � RADS i \ csPCaþð Þ
# ð� PI � RADS i \ pathþÞ

estimated observedð ÞNPV ¼ estimated observedð Þ# PI � RADS 1� 2 \ csPCa�ð Þ
# ðPI � RADS1� 2 \ pathþÞ

estimated observedð ÞCDR ¼ estimated observedð Þ# PI � RADS � 3 \ csPCaþð Þ
# ðtotalÞ

AIR ¼ # ðPI � RADS � 3Þ
# ðtotalÞ

Pathological confirmation rate ¼ # ðPI � RADS i \ pathþÞ
# ðPI � RADSiÞ

Prevalence of csPCa ¼ estimated# ðcsPCaþÞ
# ðtotalÞ

Abbreviations : # number of examinations; i ¼ 3; 4; 5;

path ¼ prostate pathology within one year after the MRI

The “observed” diagnostic performance metrics were
defined for patients with pathological confirmation,
whereas the “estimated”metrics were for patients with and
without pathological confirmation, if appropriate. The
CDR and AIR were calculated at PI-RADS ≥ 3. Note that
the “estimated” items in a whole population, regardless of
the presence of prostate pathology, were derived from the
sum of the observed number of patients with csPCa in the
population with pathology and the estimated number of
patients with csPCa in the population without pathology.
For comparison with our estimated statistics, published

studies that evaluated the diagnostic performance of
prostate MRI were searched. Although most studies are for
patients who have already been planned for prostate biopsy,
we considered that two multi-center prospective studies
evaluating the diagnostic performance of MRI-guided
biopsy may potentially reflect the entire prostate MRI
populations performed with clinical suspicion of csPCa

[27, 28]. Van der Leest et al enrolled 626 biopsy-naive
patients with clinical suspicion of csPCa and performed
biopsies in all cases including 309 (49.3%) PI-RADS 1–2
examinations. Rouvier et al enrolled 251 biopsy-naive
patients with clinical suspicion of csPCa and performed
biopsies in all cases including 53 (21.1%) had PI-RADS 1–2
examinations. Since those studies focused on biopsy-naive
patients, the above statistics in the current study were
reported separately for all patients, biopsy-naive patients,
and those with previous benign prostate biopsies. We
considered AUC as a more suitable performance metric for
comparison than other metrics because it is theoretically
independent of disease prevalence and is invariant to shifts
in PI-RADS assignments. The AUC between the current
study cohort and published studies [27, 28] were compared
but without statistical test due to the limited number of
studies for comparison (n= 2).
The secondary analysis evaluated the association between

the presence of pathological confirmation and age, PSAD,
and the presence of previous benign biopsy for each PI-
RADS score. The PI-RADS score-level breakdown of csPCa
was shown using the Gleason grading system [29]. All ana-
lyses were performed at the exam level and summarized at
each facility. Python 3.11 was used with an alpha level of 0.05.

Results
Study exam cohort
A total of 30,620 prostate MRI examinations were per-
formed between 2018 and 2022. Of these, 12,191 exam-
inations from 10,718 unique patients were enrolled (mean
age, 65.7 years ± 8.4 [standard deviation]). Those exam-
inations were interpreted by 41 board-certified abdominal
radiologists and included 6761 PI-RADS 1–2 examina-
tions (55.4%). Post-MRI prostate pathology was obtained
in 5670 examinations (46.5%) within 1 year after the MRI,
and csPCa was found in 3086 examinations (25.3%).
Table 1 shows the extracted characteristics of patients
with and without pathological confirmation. Table 2
shows the association between the included features and
the presence of csPCa in patients with pathological con-
firmation. Age and PSAD were significantly higher in
patients with csPCa than those without csPCa. The
pathological confirmation rate was lowest in PI-RADS
1–2, ranging between 14.0 and 18.2% across facilities
(Table 3).

Primary analysis
Table 4 shows the observed and estimated csPCa pro-
portions per PI-RADS score. The estimation bias in
patients with pathological confirmation ranged from
−0.6% to 1.2%. The estimated csPCa proportion was
lower than the observed proportion in the PI-RADS 1–2
population (12.6–15.3% vs. 13.4–17.6%, respectively).
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In contrast, the opposite was found in the PI-RADS 5
population (75.4–88.3% vs. 73.2–87.8%, respectively).
Figure 3 shows the bar plots representing the observed

and estimated csPCa proportions. The estimated csPCa
proportion was most uncertain in PI-RADS 1–2
(12.8–15.7%).
Figure 4 shows the receiver operating characteristic

curves of the PI-RADS score. The estimated AUC across
facilities ranged from 0.78 to 0.81, while the observed AUC
ranged from 0.76 to 0.79. Table 5 summarizes all PI-RADS
performance metrics and csPCa prevalence at each facility.
The estimated statistics were as follows (with observed
statistics shown in parentheses, if appropriate): sensitivity at
PI-RADS ≥ 3, 76.6–77.3%; specificity at PI-RADS ≥ 3,
67.5–78.6%; PPV at PI-RADS ≥ 3, 49.8–66.6% (52.0–66.7%);
NPV, 84.4–87.2% (82.4–86.6%); CDR, 22.7–28.8%

(19.5–25.4%); and csPCa prevalence, 29.6–37.7%. The lar-
gest inter-facility difference was seen in PPV at PI-
RADS ≥ 3. Biopsy-naive patients had higher estimated sen-
sitivity, PPV, CDR, AUC, and csPCa prevalence than those
with previous benign biopsies in all facilities. In contrast, the
estimated NPV in biopsy-naive patients was lower than in
those with previous benign biopsies.
Supplementary Table 1 compares the estimated diag-

nostic performance in biopsy-naive patients between the
present study and the published studies [27, 28]. The
estimated AUC was as follows: facility I–III, 0.79–0.83 vs.
published studies, 0.81–0.86.

Secondary analysis
Supplementary Table 2 shows the characteristics of the
patients with and without pathological confirmation.

Table 1 Patient characteristics

Data Number of missing values

With pathology

(n = 5620)

Without pathology

(n = 6521)

p-value With pathology Without pathology

Age (years)a 66.2 ± 8.0 65.3 ± 8.7 < 0.001

PSA (ng/mL)b 6.8 (5.1, 9.8) 5.8 (4.1, 8.4) < 0.001 560 (9.9%) 732 (11.2%)

Previous prostate biopsy Naive 2147 (37.9%) 1960 (30.1%) < 0.001

Benign 1272 (22.4%) 2356 (36.1%)

Unknown 2251 (39.7%) 2205 (33.8%)

Family history of prostate

cancer (+)

1723 (30.4%) 1667 (25.6%) < 0.001

Family history of breast

cancer (+)

578 (10.2%) 701 (10.7%) 0.33

Focal nodule on digital

rectal exam (+)

546 (9.6%) 431 (6.6%) < 0.001

Race Caucasian 5208 (91.9%) 5911 (90.6%) < 0.001

African American 225 (4.0%) 229 (3.5%)

Asian 93 (1.6%) 144 (2.2%)

Others or

unknown

144 (2.5%) 237 (3.6%)

Facility I 3027 (53.4%) 3479 (53.4%) 0.68

II 1190 (21.0%) 1405 (21.5%)

III 1453 (25.6%) 1637 (25.1%)

PI-RADS 1–2 1041 (18.4%) 5720 (87.7%) < 0.001

3 933 (16.5%) 415 (6.4%)

4 2052 (36.2%) 231 (3.5%)

5 1644 (29.0%) 155 (2.4%)

Prostate volume (mL)b 46.8 (34.0, 66.6) 59.3 (41.0, 87.0) < 0.001

PSAD (ng/mL²)b 0.14 (0.10, 0.22) 0.09 (0.06, 0.13) < 0.001

Empty cells in the "Number of missing values" column represent no missing values. Unless otherwise specified, other data are the number of examinations, with
percentages in parentheses. Proportions were compared using the chi-squared test
PI-RADS Prostate Imaging-Reporting and Data System, PSA prostate-specific antigen, PSAD prostate-specific antigen density
a Data are the means, with the standard deviation in parentheses. The means were compared using the unpaired t-test
b Data are the medians, with 1st and 3rd quartiles in parentheses. The medians were compared using the Wilcoxon rank sum test
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Patients without pathological confirmation were significantly
older, had lower PSAD values and a lower proportion of
previous benign prostate biopsies than those with patholo-
gical confirmation. Supplementary Table 3 shows the PI-
RADS score-level breakdown of csPCa. In 165 csPCa
examinations with PI-RADS 1–2, 70.9% (117/165) and 20.6%
(34/165) were ISUP Grades Group 2 and 3, respectively.

Discussion
The current study collected common prostate cancer risk
factors and developed risk prediction models to estimate
the diagnostic performance of prostate MRI performed
for clinical suspicion of csPCa. The sensitivity and spe-
cificity of PI-RADS ≥ 3 were estimated as 76.6–77.3% and
67.5–78.6%, respectively. The estimated NPV in the whole

Table 2 Association between the included predictive variables and the presence of clinically significant prostate cancer

csPCa (+) csPCa (−) p-value Number of missing values

PI-RADS Variables

1–2 Number of examinations 165 (15.9%) 876 (84.1%)

Age (years)a 64.5 ± 7.2 62.7 ± 7.3 0.003 0

Benign biopsy history (+) 38 (23.0%) 263 (30.0%) 0.09 0

Facility I 87 (52.7%) 407 (46.5%) 0.31 0

Facility II 29 (17.6%) 187 (21.3%)

Facility III 49 (29.7%) 282 (32.2%)

PSA (ng/mL)b 6.7 (5.3, 9.3) 6.7 (4.9, 9.4) 0.56 141 (13.5%)

Prostate volume (mL)b 43.9 (31.5, 64.5) 59.0 (43.9, 80.0) < 0.001 45 (4.3%)

PSAD (ng/mL²)b 0.16 (0.11, 0.21) 0.12 (0.08, 0.16) < 0.001 163 (15.7%)

3 Number of examinations 284 (30.4%) 649 (69.6%)

Age (years)a 65.7 ± 7.0 63.0 ± 7.4 < 0.001 0

Benign biopsy history (+) 50 (17.6%) 214 (33.0%) < 0.001 0

Facility I 214 (75.4%) 409 (63.0%) < 0.001 0

Facility II 24 (8.5%) 132 (20.3%)

Facility III 46 (16.2%) 108 (16.6%)

PSA (ng/mL)b 6.2 (5.0, 8.4) 6.2 (4.7, 8.5) 0.22 73 (7.8%)

Prostate volume (mL)b 41.0 (32.0, 57.8) 56.8 (40.0, 79.0) < 0.001 36 (3.9%)

PSAD (ng/mL²)b 0.15 (0.11, 0.21) 0.11 (0.08, 0.15) < 0.001 97 (10.4%)

4 Number of examinations 1271 (61.9%) 781 (38.1%)

Age (years)a 67.4 ± 7.4 64.9 ± 7.3 < 0.001 0

Benign biopsy history (+) 188 (14.8%) 239 (30.6%) < 0.001 0

Facility I 685 (53.9%) 364 (46.6%) < 0.001 0

Facility II 215 (16.9%) 238 (30.5%)

Facility III 371 (29.2%) 179 (22.9%)

PSA (ng/mL)b 6.4 (5.0, 8.7) 5.8 (4.4, 8.4) < 0.001 203 (9.9%)

Prostate volume (mL)b 40.0 (30.6, 55.7) 52.0 (37.0, 72.3) < 0.001 46 (2.2%)

PSAD (ng/mL²)b 0.16 (0.11, 0.23) 0.11 (0.08, 0.17) < 0.001 236 (11.5%)

5 Number of examinations 1366 (83.1%) 278 (16.9%)

Age (years)a 69.8 ± 8.0 67.0 ± 8.2 < 0.001 0

Benign biopsy history (+) 194 (14.2%) 86 (30.9%) < 0.001 0

Facility I 756 (55.3%) 105 (37.8%) < 0.001 0

Facility II 267 (19.5%) 98 (35.3%)

Facility III 343 (25.1%) 75 (27.0%)

PSA (ng/mL)b 8.8 (6.1, 14.8) 6.7 (5.3, 10.6) < 0.001 143 (8.7%)

Prostate volume (mL)b 41.0 (32.2, 57.0) 51.0 (37.0, 73.0) < 0.001 41 (2.5%)

PSAD (ng/mL²)b 0.21 (0.14, 0.37) 0.15 (0.09, 0.22) < 0.001 171 (10.4%)

Unless otherwise specified, data are the number of examinations with percentages. Parentheses enclose the percentages within the group with or without csPCa.
Proportions were compared using the chi-squared test
csPCa clinically significant prostate cancer, PI-RADS Prostate Imaging-Reporting and Data System, PSA prostate-specific antigen, PSAD prostate-specific antigen density
a Data are the means with standard deviations. The means were compared using the unpaired t-test
b Data are the medians, with 1st and 3rd quartiles in parentheses. The medians were compared using the Wilcoxon rank sum test
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PI-RADS 1–2 population was 84.4–87.2%, which was
0.6–2.0% higher than the observed NPV in the PI-RADS
1–2 population with pathological confirmation.
The purpose of the current study was to understand the

PI-RADS diagnostic performance in the entire population,
including patients without pathological confirmation. It
was assumed that the probability of harboring csPCa in
patients without pathological confirmation could be
adequately estimated using csPCa-associated clinical
variables and data obtained from patients with patholo-
gical confirmation. This assumption is considered rea-
sonable, especially in patients with pathological
confirmation. Previous studies showed that the csPCa
proportion can be reasonably estimated by using clinical
variables [30–33]. The current study also showed a small

estimation bias in the csPCa proportions, supporting this
assumption.
However, these findings do not necessarily prove that

the estimated csPCa proportion in patients without
pathological confirmation is accurate. Population differ-
ences between those with and without pathological con-
firmation may exist, such as the documentation/
extraction rate of the clinical information. For example,
urologists might record csPCa-related clinical factors
more frequently in patients who were undergoing prostate
biopsy than those who were not. This study requires an
assumption of no significant difference in the unextracted
clinical variables between the two populations, which is
the largest limitation of this study. To support our esti-
mated result, we compared the AUCs in biopsy-naive
patients to those in the previous prospective studies
[27, 28]. Although we did not perform statistical tests due
to the limited number of studies, the mean AUCs are
close between the three facilities in the current study and
the two published studies.
PI-RADS 1–2 accounted for more than 50% of prostate

MRI examinations, but less than 20% of those examina-
tions had pathological confirmation. Therefore, the esti-
mated csPCa proportion in PI-RADS 1–2 substantially
impacted the overall estimated statistics. By adding the
estimated data, the receiver operating characteristic curve
shifted to the lower left compared to that created from the
observed data alone. The sensitivity decreased while
the specificity increased in all PI-RADS score thresholds.

Table 4 Estimated and observed proportions of clinically significant prostate cancer

Patients without pathological confirmation Patients with pathological confirmation

PI-RADS Facility Estimation Observation Estimation bias (estimation - observation in out of bag)

1–2 I 15.3% [12.2–18.5%] 17.6% (87/494) −0.6% [−6.8 to 5.9%]

II 12.6% [8.8–16.7%] 13.4% (29/216) 0.5% [−9.0 to 10.0%]

III 13.5% [10.3–16.8%] 14.8% (49/331) 0.0% [−8.0 to 7.7%]

3 I 31.4% [27.7–34.9%] 34.3% (214/623) −0.2% [−7.2 to 7.0%]

II 18.4% [13.5–23.5%] 15.4% (24/156) 1.2% [−9.6 to 11.8%]

III 28.6% [22.3–35.1%] 29.9% (46/154) 0.4% [−14.3 to 14.8%]

4 I 64.6% [61.8–67.2%] 65.3% (685/1049) −0.0% [−5.9 to 5.5%]

II 45.7% [41.8–49.8%] 47.5% (215/453) 0.6% [−8.2 to 9.9%]

III 69.9% [66.2–73.6%] 67.5% (371/550) −0.2% [−8.7 to 8.0%]

5 I 88.3% [86.4–90.2%] 87.8% (756/861) −0.4% [−4.7 to 3.9%]

II 75.4% [71.3–79.4%] 73.2% (267/365) 0.8% [−9.0 to 10.4%]

III 86.1% [83.1–88.8%] 82.1% (343/418) 0.2% [−7.2 to 7.9%]

The estimated proportions of clinically significant prostate cancer (csPCa) are based on patients without pathological confirmation. The average of the model’s
outputs is shown for each PI-RADS score, assuming a 100% pathological confirmation rate
The observed csPCa proportions are based on patients with pathological confirmation
The estimation biases represent the differences between the estimated and the observed csPCa proportions in patients with pathological confirmation
The 95% confidence intervals are shown in square brackets
PI-RADS Prostate Imaging-Reporting and Data System

Table 3 Facility-level pathological confirmation rates per PI-
RADS score

PI-RADS Facility I Facility II Facility III

1–2 14.0% (494/3530) 15.3% (216/1414) 18.2% (331/1817)

3 70.1% (623/889) 62.2% (156/251) 74.0% (154/208)

4 91.7% (1049/1144) 87.3% (453/519) 87.3% (453/519)

5 91.3% (861/943) 88.8% (365/411) 93.9% (418/445)

The numerators in parentheses are the number of examinations with post-MRI
prostate pathology within 1 year after the MRI, while the denominators are the
number of examinations with and without pathological confirmation
PI-RADS Prostate Imaging-Reporting and Data System
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The estimated sensitivity of PI-RADS ≥ 3 was about 77%,
indicating that about 23% of csPCa was categorized as PI-
RADS 1–2. Also, about 13–15% of the patients who were
categorized PI-RADS 1–2 and without pathological con-
firmation were estimated to have csPCa. Possible reasons
for false negatives include lesion characteristics such as
small size and tumor location of the anterior region or
transition zone [34–36]. Most of those missed csPCa may
be intermediate-risk cancers (Grade Groups 2–3), given
that over 90% of pathologically proven csPCa in PI-RADS
1–2 were in intermediate-risk groups. Another possible
reason is decreased image quality. For example, a previous
study [19] showed decreased CDR in patients with mod-
erate to severe susceptibility artifacts from hip prostheses,
mainly attributed to the increased frequency of PI-RADS
1–2. Adequate diagnostic image quality is essential for the
efficient MRI-directed diagnostic pathway, and standar-
dization of image quality metrics (PI-QUAL) has been
proposed [37–39]. On the other hand, about 21–33% of

non-csPCa cases are estimated to be categorized as PI-
RADS ≥ 3. Possible reasons for false positives include
inflammatory changes and benign hyperplasia [40]. As a
previous study [4] reported, there was an inter-facility
difference in PPV. Possible reasons behind this include
differences in the distribution of age and race, radiologists’
threshold in assigning PI-RADS scores, and indications of
prostate biopsies [8, 41].
This study revealed the diagnostic challenges of prostate

MRI, especially in patients with previous benign prostate
biopsies. Compared to biopsy-naive patients, the esti-
mated sensitivity of PI-RADS ≥ 3 and AUC were lower by
12–17% and 0.18–0.21, respectively. One plausible
explanation is that many easily identifiable csPCa have
already been diagnosed in previous biopsies, making it
relatively difficult to detect csPCa in the remaining
population. Given the difference in diagnostic perfor-
mance, it is preferable to calculate the performance
metrics separately according to previous biopsy status.

Fig. 3 Observed and estimated proportions with clinically significant prostate cancer. a Facility I. b Facility II. c Facility III. The darker colors represent the
examinations with pathological confirmation, while the lighter colors represent those without pathological confirmation. The numbers above the bars
represent the PI-RADS score-level proportion of the categories corresponding to the identical color bar plots. The 95% confidence intervals of the
estimated proportions are shown in square brackets. The vertical lines in light red represent the 95% confidence intervals of the estimated proportion of
clinically significant prostate cancer. csPCa, clinically significant prostate cancer; PI-RADS, Prostate Imaging-Reporting and Data System
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In PI-RADS 1–2, patients without pathological con-
firmation had significantly lower PSAD values, a sig-
nificantly higher proportion of a previous history of benign
biopsy, and were significantly older than those with
pathological confirmation. The former two factors indicated
that prostate biopsy was not performed due to a relatively
low risk of csPCa, while the last factor suggested that biopsy
was avoided because of the lower clinical impact of diag-
nosing csPCa despite a higher csPCa risk. Overall, the
estimated csPCa proportion was slightly lower in patients

without pathological confirmation than in those with
pathological confirmation. On the other hand, the esti-
mated csPCa proportion was slightly higher in patients
without pathological confirmation than in those with
pathological confirmation in PI-RADS 5. This may indicate
that urologists avoided prostate biopsy despite the high risk
of csPCa based on patient conditions, such as comorbidities.
Our proposed method allows us to estimate several

performance metrics, including sensitivity and specificity.
Comparing these metrics among several institutions

Fig. 4 Observed and estimated receiver operating characteristic curves. a Facility I. b Facility II. c Facility III. The colored lines represent the receiver
operating characteristic (ROC) curves in patients with pathological confirmation, while the same color dotted lines represent those in patients with and
without pathological confirmation. Light gray areas represent the distribution of the ROC curves for each bootstrap repetition. The area under the ROC
curve was shown with the 95% confidence interval in square brackets. The 95% confidence interval was calculated using the percentiles of the bootstrap
distribution. AUC, area under the receiver operating characteristic curve; PI-RADS, Prostate Imaging-Reporting and Data System
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would be valuable feedback for improving diagnostic
performance for each center. Also, these estimated
metrics may be used to recognize facilities with high
diagnostic performance, such as the American College of
Radiology Prostate Cancer MRI Center Designation [42].
In addition to the potential biases mentioned above,

the current study’s limitations include a potential
selection bias due to the retrospective single-institution
study design, although it consists of a multi-state health
system. Also, this study assumed that there was no sig-
nificant change in biopsy indications during the research
period.
In summary, the estimated AUC, sensitivity at PI-

RADS ≥ 3, and specificity at PI-RADS ≥ 3 were 0.78–0.81,
76.6–77.3% and 67.5–78.6%, respectively. The estimated
statistics varied depending on the previous biopsy status.
We expect the calculated statistics to help us understand
the true PI-RADS performance and serve as a reference
for future studies.

Abbreviations
AIR Abnormal interpretation rate
AUC Area under the receiver operating characteristic curve
CDR Cancer detection rate
csPCa Clinically significant prostate cancer
NPV Negative predictive value
PI-RADS Prostate Imaging-Reporting and Data System

PPV Positive predictive value
PSA Prostate-specific antigen
PSAD Prostate-specific antigen density

Supplementary information
The online version contains supplementary material available at https://doi.
org/10.1186/s13244-024-01845-y.

ELECTRONIC SUPPLEMENTARY MATERIAL

Acknowledgements
The authors thank Desiree Lanzino, Ph.D., for her assistance in editing the
manuscript.

Author contributions
H.N. contributed to methodology, data curation, analysis, and manuscript
writing. H.T. contributed to methodology and manuscript editing. J.D.L., A.K.,
A.T.F., D.J.L., M.R.H., and C.D. contributed to resources and manuscript editing.
N.T. contributed to conceptualization, project administration, methodology,
and manuscript editing. All authors read and approved the final manuscript.

Funding
The authors state that this work has not received any funding.

Declarations

Ethics approval and consent to participate
Institutional Review Board approval was obtained with an informed consent
waiver (#23-008038). Some subjects in this study have been previously
reported in Nagayama et al [7], Nakai et al [8], Nakai et al [18], Nakai et al [19],
and Cai et al [20].

Table 5 Comparison of the diagnostic performance in biopsy-naive patients with published studies

Current study Published study

PI-RADS threshold Facility I Facility II Facility III van der Leest Rouviere

Sensitivity ≥ 3 80.4% [77.8–83.2%] 79.5% [75.4–83.7%] 81.2% [78.3–84.3%] 93.2% (136/146) 93.6% (88/94)

≥ 4 69.0% [66.8–71.3%] 73.5% [69.6–77.6%] 76.8% [74.1–79.6%] 89.0% (130/146) 83.0% (78/94)

5 35.6% [34.5–36.8%] 39.5% [37.4–41.7%] 35.1% [33.9–36.4%] 65.8% (96/146) 58.5% (55/94)

Specificity ≥ 3 73.6% [72.9–74.3%] 68.3% [67.2–69.2%] 77.0% [76.3–77.6%] 62.3% (299/480) 29.9% (47/157)

≥ 4 88.0% [87.6–88.3%] 78.4% [77.6–79.0%] 83.9% [83.5–84.3%] 69.4% (333/480) 61.8% (97/157)

5 97.9% [97.8–98.0%] 93.8% [93.6–94.0%] 96.3% [96.1–96.4%] 90.6% (435/480) 93.0% (146/157)

PPV ≥ 3 70.9% [70.6–71.2%] 58.8% [58.2–59.4%] 71.4% [71.2–71.7%] 42.9% (136/317) 44.4% (88/198)

≥ 4 82.1% [81.9–82.3%] 65.9% [65.7–66.3%] 77.2% [76.8–77.4%] 46.9% (130/277) 77.8% (98/126)

5 93.2% [93.1–93.4%] 78.4% [77.7–79.0%] 87.0% [86.6–87.2%] 68.1% (96/141) 83.3% (55/66)

NPV 82.5% [79.5–85.4%] 85.4% [81.5–89.0%] 85.3% [82.4–88.1%] 96.8% (299/309) 88.7% (47/53)

CDR 35.7% [35.6–35.9%] 28.9% [28.6–29.1%] 33.6% [33.5–33.7%] 21.7% (136/626) 39.8% (137/344)

AIR 50.4% (1073/2130) 49.1% (421/858) 47.1% (527/1119) 50.6% (317/626) 78.9% (198/251)

Prevalence 44.4% [43.0–45.9%] 36.3% [34.4–38.4%] 41.4% [39.9–42.9%] 23.3% (146/626) 37.5% (94/251)

AUC 0.83 [0.81–0.84] 0.79 [0.76–0.82] 0.83 [0.81–0.85] 0.86 [0.83–0.89] 0.81 [0.76–0.86]

Performance metrics were calculated for the present study and two multi-center prospective studies that evaluated the diagnostic performance of MRI-guided biopsy
(van der Leest: [28], Rouviere: [29])
The current study shows the estimated statistics calculated from all biopsy-naive patients with clinical suspicion of clinically significant prostate cancer (csPCa) in the
three facilities. In contrast, the published studies show the observed statistics calculated from all enrolled biopsy-naive patients
When calculating the estimated statistics, the estimated number of examinations with csPCa was used, assuming a 100% pathological confirmation rate. The 95%
confidence intervals are shown in square brackets
AIR abnormal interpretation rate, CDR cancer detection rate, NPV negative predictive value, PI-RADS Prostate Imaging-Reporting and Data System, PPV positive
predictive value

Nakai et al. Insights into Imaging          (2024) 15:271 Page 11 of 13

https://doi.org/10.1186/s13244-024-01845-y
https://doi.org/10.1186/s13244-024-01845-y


Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Department of Radiology, Mayo Clinic, Rochester, MN, US. 2Department of
Radiology, Mayo Clinic, Jacksonville, FL, US. 3Department of Radiology, Mayo
Clinic, Scottsdale, AZ, US. 4Department of Urology, Mayo Clinic, Rochester, MN,
US. 5Department of Urology, Mayo Clinic, Scottsdale, AZ, US. 6Department of
Urology, Mayo Clinic, Jacksonville, FL, US.

Received: 12 June 2024 Accepted: 9 October 2024

References
1. Turkbey B, Rosenkrantz AB, Haider MA et al (2019) Prostate Imaging

Reporting and Data System version 2.1: 2019 update of Prostate Imaging
Reporting and Data System version 2. Eur Urol 76:340–351

2. Salka BR, Shankar PR, Troost JP et al (2022) Effect of prostate MRI inter-
pretation experience on PPV using PI-RADS version 2: a 6-year assessment
among eight fellowship-trained radiologists. AJR Am J Roentgenol
219:453–460

3. Davenport MS, Downs E, George AK et al (2021) Prostate Imaging and
Data Reporting System version 2 as a radiology performance metric: an
analysis of 18 abdominal radiologists. J Am Coll Radiol 18:1069–1076

4. Westphalen AC, McCulloch CE, Anaokar JM et al (2020) Variability of the
positive predictive value of PI-RADS for prostate MRI across 26 centers:
experience of the Society of Abdominal Radiology Prostate Cancer
Disease-focused Panel. Radiology 296:76–84

5. Shankar PR, Davenport MS, Helvie MA (2020) Prostate MRI and quality:
lessons learned from breast imaging rad-path correlation. Abdom Radiol
(NY) 45:4028–4030

6. Hardesty LA, Klym AH, Shindel BE et al (2005) Is maximum positive pre-
dictive value a good indicator of an optimal screening mammography
practice? AJR Am J Roentgenol 184:1505–1507

7. Nagayama H, Nakai H, Takahashi H et al (2023) Cancer detection rate and
abnormal interpretation rate of prostate MRI performed for clinical sus-
picion of prostate cancer. J Am Coll Radiol. https://doi.org/10.1016/j.jacr.
2023.07.031

8. Nakai H, Nagayama H, Takahashi H et al (2023) Cancer detection rate and
abnormal interpretation rate of prostate MRI in patients with low-grade
cancer. J Am Coll Radiol. https://doi.org/10.1016/j.jacr.2023.07.030

9. Sathianathen NJ, Omer A, Harriss E et al (2020) Negative predictive value
of multiparametric magnetic resonance imaging in the detection of
clinically significant prostate cancer in the Prostate Imaging Reporting
and Data System era: a systematic review and meta-analysis. Eur Urol
78:402–414

10. Knaapila J, Jambor I, Ettala O et al (2021) Negative predictive value of
biparametric prostate magnetic resonance imaging in excluding sig-
nificant prostate cancer: a pooled data analysis based on clinical data
from four prospective, registered studies. Eur Urol Focus 7:522–531

11. Bazargani S, Bandyk M, Balaji KC (2021) Variability of the positive pre-
dictive value of PI-RADS for prostate MRI across 26 centers: what about
the negatives? Radiology 298:E57

12. Reijnen JS, Marthinsen JB, Tysland AO et al (2021) Results from a PI-RADS-
based MRI-directed diagnostic pathway for biopsy-naive patients in a
non-university hospital. Abdom Radiol (NY) 46:5639–5646

13. Pinsky PF, Parnes H (2023) Screening for prostate cancer. N Engl J Med
388:1405–1414

14. Falagario UG, Jambor I, Lantz A et al (2021) Combined use of prostate-
specific antigen density and magnetic resonance imaging for prostate
biopsy decision planning: a retrospective multi-institutional study using
the prostate magnetic resonance imaging outcome database (PROMOD).
Eur Urol Oncol 4:971–979

15. Stevens E, Truong M, Bullen JA et al (2020) Clinical utility of PSAD com-
bined with PI-RADS category for the detection of clinically significant
prostate cancer. Urol Oncol 38:846.e9–846.e16

16. Patel HD, Koehne EL, Shea SM et al (2022) Risk of prostate cancer for men
with prior negative biopsies undergoing magnetic resonance imaging
compared with biopsy-naive men: a prospective evaluation of the PLUM
cohort. Cancer 128:75–84

17. Barber L, Gerke T, Markt SC et al (2018) Family history of breast or prostate
cancer and prostate cancer risk. Clin Cancer Res 24:5910–5917

18. Nakai H, Suman G, Adamo DA et al (2024) Natural language processing
pipeline to extract prostate cancer-related information from clinical notes.
Eur Radiol. https://doi.org/10.1007/s00330-024-10812-6

19. Nakai H, Takahashi H, Adamo DA et al (2024) Decreased prostate MRI
cancer detection rate due to moderate to severe susceptibility artifacts
from hip prosthesis. Eur Radiol 34:3387–3399

20. Cai JC, Nakai H, Kuanar S et al (2024) Fully Automated Deep Learning
Model to Detect Clinically Significant Prostate Cancer at MRI Radiology
312. https://doi.org/10.1148/radiol.232635

21. Messina C, Cattrini C, Soldato D et al (2020) BRCA mutations in prostate
cancer: prognostic and predictive implications. J Oncol 2020:4986365

22. Naji L, Randhawa H, Sohani Z et al (2018) Digital rectal examination for
prostate cancer screening in primary care: a systematic review and meta-
analysis. Ann Fam Med 16:149–154

23. Liu H, Bielinski SJ, Sohn S et al (2013) An information extraction frame-
work for cohort identification using electronic health records. AMIA Jt
Summits Transl Sci Proc 2013:149–153

24. Azur MJ, Stuart EA, Frangakis C, Leaf PJ (2011) Multiple imputation by
chained equations: what is it and how does it work? Int J Methods
Psychiatr Res 20:40–49

25. James G, Witten D, Hastie T, Tibshirani R (2013) An introduction to sta-
tistical learning: with applications in R. New York: Springer

26. Breiman L (1996) Bagging predictors. Mach Learn 24:123–140
27. van der Leest M, Cornel E, Israël B et al (2019) Head-to-head comparison

of transrectal ultrasound-guided prostate biopsy versus multiparametric
prostate resonance imaging with subsequent magnetic resonance-
guided biopsy in biopsy-naïve men with elevated prostate-specific anti-
gen: a large prospective multicenter clinical study. Eur Urol 75:570–578

28. Rouvière O, Puech P, Renard-Penna R et al (2019) Use of prostate sys-
tematic and targeted biopsy on the basis of multiparametric MRI in
biopsy-naive patients (MRI-FIRST): a prospective, multicentre, paired
diagnostic study. Lancet Oncol 20:100–109

29. Epstein JI, Egevad L, Amin MB et al (2016) The 2014 International Society
of Urological Pathology (ISUP) Consensus Conference on Gleason grad-
ing of prostatic carcinoma: definition of grading patterns and proposal
for a new grading system. Am J Surg Pathol 40:244–252

30. Alberts AR, Roobol MJ, Verbeek JFM et al (2019) Prediction of high-grade
prostate cancer following multiparametric magnetic resonance imaging:
improving the Rotterdam European randomized study of screening for
prostate cancer risk calculators. Eur Urol 75:310–318

31. Mehralivand S, Shih JH, Rais-Bahrami S et al (2018) A magnetic resonance
imaging-based prediction model for prostate biopsy risk stratification.
JAMA Oncol 4:678–685

32. Radtke JP, Wiesenfarth M, Kesch C et al (2017) Combined clinical para-
meters and multiparametric magnetic resonance imaging for advanced
risk modeling of prostate cancer-patient-tailored risk stratification can
reduce unnecessary biopsies. Eur Urol 72:888–896

33. van Leeuwen PJ, Hayen A, Thompson JE et al (2017) A multiparametric
magnetic resonance imaging-based risk model to determine the risk of
significant prostate cancer prior to biopsy. BJU Int 120:774–781

34. Norris JM, Carmona LM, Bott-Simon RJ et al (2020) What Type of Prostate
Cancer Is Systematically Overlooked by Multiparametric Magnetic Resonance
Imaging? An Analysis from the PROMIS Cohort European Urology 78:163–170

35. Panebianco V, Barchetti F, Barentsz J et al (2015) Pitfalls in Interpreting
mp-MRI of the Prostate: A Pictorial Review with Pathologic Correlation.
Insights Imaging 6:611–630

36. van Houdt PJ, Ghobadi G, Schoots IG et al (2020) Histopathological
Features of MRI‐Invisible Regions of Prostate Cancer Lesions. J Magn
Reson Imaging 51:1235–1246

Nakai et al. Insights into Imaging          (2024) 15:271 Page 12 of 13

https://doi.org/10.1016/j.jacr.2023.07.031
https://doi.org/10.1016/j.jacr.2023.07.031
https://doi.org/10.1016/j.jacr.2023.07.030
https://doi.org/10.1007/s00330-024-10812-6
https://doi.org/10.1148/radiol.232635


37. Giganti F, Allen C, Emberton M et al (2020) Prostate imaging quality (PI-QUAL): a
new quality control scoring system for multiparametric magnetic resonance
imaging of the prostate from the PRECISION trial. Eur Urol Oncol 3:615–619

38. De Rooij M, Barentsz JO (2022) PI-QUAL v.1: the first step towards good-
quality prostate MRI. Eur Radiol 32:876–878

39. Giganti F, Kirkham A, Kasivisvanathan V et al (2021) Understanding PI-
QUAL for prostate MRI quality: a practical primer for radiologists. Insights
Imaging 12:59

40. Panebianco V, Barchetti F, Barentsz J et al (2015) Pitfalls in interpreting
mp-MRI of the prostate: a pictorial review with pathologic correlation.
Insights Imaging 6:611–630

41. Naeger DM, Kohi MP, Webb EM et al (2013) Correctly using sensitivity,
specificity, and predictive values in clinical practice: how to avoid three
common pitfalls. AJR Am J Roentgenol 200:W566–W570

42. American College of Radiology. ACR prostate cancer MRI center designa-
tion. Available via https://www.acraccreditation.org/centers-of-excellence/
prostate-cancer-mri-center. Accessed 3 Sep 2024

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Nakai et al. Insights into Imaging          (2024) 15:271 Page 13 of 13

https://www.acraccreditation.org/centers-of-excellence/prostate-cancer-mri-center
https://www.acraccreditation.org/centers-of-excellence/prostate-cancer-mri-center

	Estimated diagnostic performance of prostate MRI performed with clinical suspicion of prostate cancer
	Introduction
	Materials and methods
	Study population
	MRI
	Prostate biopsy
	Estimation of csPCa proportion
	Data collection
	Data preprocessing and feature selection
	Bootstrap aggregation

	Analyses

	Results
	Study exam cohort
	Primary analysis
	Secondary analysis

	Discussion
	Supplementary information
	Acknowledgements
	Acknowledgements




