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ABSTRACT

Objective: To determine how best to use MRI and targeted MR/ultrasound fusion biopsy for early
detection ofiprostate cancer in men with elevated PSA and whether it can be cost-effective.

Methods: A Markov model of prostate cancer onset and progression was developed to estimate health
and economic consequences of prostate cancer screening with MRI. Men were screened with prostate-
specific antigeny(RSA) from ages 55 to 69. Men with elevated PSA (>4 ng/mL) received an MRI, followed
by targetedsfusion or combined (standard + targeted fusion) biopsy on positive MRI, and standard or no
biopsy on negative MRI. Prostate imaging reporting and data system (PI-RADS) score on MRI
determinedibiopsy decisions. Deaths averted, quality-adjusted life years (QALYs), cost, and incremental
cost-effectiveness ratio (ICER) were estimated for each strategy.

Results: With,a.negative MRI, standard biopsy was more expensive and had lower QALYs than
performing ne'biopsy. The optimal screening strategy (ICER: $23,483/QALY) recommended combined
biopsy forsmenswith PI-RADS score 23 and no biopsy for men with PI-RADS score <3, and reduced the
number ofiscreening biopsies by 15%. Threshold analysis suggests MRI continues to be cost-effective
when sensitivity"and specificity of MRI and combined biopsy are simultaneously reduced by 19.0.

Conclusions: Our,analysis suggests MRI followed by targeted MR/ultrasound fusion biopsy can be a
cost-effective approach for early detection of prostate cancer.

1. Introduction

Concerns about the poor sensitivity and specificity of the prostate-specific antigen (PSA) test have led to
recommendations to discontinue prostate cancer (PCa) screening in the United States.' A key factor
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leading to this recommendation is that PSA does not distinguish between likely indolent and potentially
lethal PCa.? As a result, many men who undergo PSA screening receive biopsies with negative results,
which are associated with pain, anxiety, and the potential for infection.? Eliminating screening spares men
from unnecessary biopsies; however, it also results in late detection of intermediate- and high-grade

cancers, potentially leading to poor outcomes for these patients.4

Magnetic resonance imaging (MRI) recently has been proposed as a way to achieve early detection of
high-grade cancerina minimally invasive way. This would potentially reduce overtreatment by
preferentially detecting intermediate- and high-grade cancers.>®”® However, MRl is costly and there is
limited evidence for its effectiveness as an intermediate test in patients being screened for PCa.
Moreover, there are multiple ways to use MRI in a screening setting, and it is not clear which is best. For
example, if an MRI does not detect lesions suspicious for prostate cancer, either no biopsy or a standard
biopsy (which randomly samples cores of tissue from the entire prostate gland) can be performed. If an
MRI detects suspicious lesions, a targeted MR/ultrasound fusion biopsy (i.e. targeted fusion biopsy) can
be performed in which the MR images are used with real-time ultrasound to sample cores of tissue
directly from_suspicious lesions; alternatively, a combined approach can be used in which both standard
and targeted,fusion biopsies are performed during a single biopsy session. Since there are multiples

ways to implementsMRI in a screening setting, the optimal clinical pathway is unknown.

We used a Markov model to evaluate the cost-effectiveness of MRl in a screening setting. We used the
model to'predict outcomes based on simulation for five screening strategies and report the results on the
basis of 1,000.men. The frequency of screening for each strategy was based on the American Urological
Association (AUA) guideline for PSA screening. The first strategy employed standard biopsy for men with
elevated PSA (>4 ng/mL).10 The other four strategies performed MRI on men with elevated PSA, and the
results were:used:to decide whether the men should be referred for no biopsy, standard biopsy, targeted
fusion biopsy; or combined (standard + targeted fusion) biopsy. We estimated the number of deaths
averted, quality-adjusted life years (QALY's) gained, and the total cost for each strategy. Additionally, we
estimated the“increémental cost-effectiveness ratios (ICERSs).

2. Methods

We extended a recently validated partially observable Markov model to estimate outcomes for MRI-based
screening strategies.® The extended Markov model included five pretreatment states that are not directly
observable,.including no prostate cancer, organ-confined prostate cancers based on Gleason score
(GS<7, GS=7;GS>7), and extraprostatic or lymph-node positive cancer (EPLN). This established model
simulates the onset and progression of prostate cancer from age 40 until end-of-life, and has been
validated in Barnett et al. ° We incorporated the five biopsy strategies and updated the annual metastasis
rate to calibrate our model based on estimates from the literature."' Our revised model estimates for
expected life-years gained and QALYs gained from PSA screening have external validity relative to

This article is protected by copyright. All rights reserved



another recent cost-effectiveness study of PSA screening.'® For each strategy, we used 30,000,000
samples of biopsy-naive men who were screened every two years from age 55 to 69 according to the
AUA guideline. In strategy 1, a standard biopsy was recommended for elevated PSA (>4 ng/mL). The
decision rule diagram for strategies 2 through 5 is shown in Figure 1. Each strategy from 2-5
recommended MRI for elevated PSA, while actions based on the MRI results depended on the strategy
as defined insFable 1. Our model focuses on initial biopsy decisions; thus, the screening strategy
terminates after the patient receives an initial biopsy or two negative MRIs. However, the patient
continues;to.make.state transitions in the absence of screening until all-other-cause mortality or clinical

detection and subsequent mortality of PCa.

The model was comprised of discrete health states based on Gleason score, which are not directly
observable but can be inferred from PSA and MRI subject to published estimates of sensitivity and
specificity. In our model, we considered clinically significant disease to be any Gleason score =7. For
standard biopsy,.the results were randomly sampled as either positive or negative for any prostate
cancer, assuming a sensitivity of 80.0."° If the biopsy result was positive, the probability that the biopsy

provides an incorrect grading at diagnosis was based on data reported by Epstein et al."

For targeted
fusion and combined biopsy, we used the values of sensitivity and specificity to high-grade cancer (high
volume Gleason 3+4 or = Gleason 4+3) reported in Siddiqui et al: 77.0 and 68.0, respectively, for targeted
fusion biopsy, and 85.0 and 49.0, respectively, for combined biopsy.5 Based on Medicare infection rates

reported in Loeb et al, 1.1% of biopsies performed led to hospitalization for post-biopsy infection.®'®

In addition to detection of PCa through routine screening, the model incorporated the clinical detection of
symptomatic PCa. For each patient, we randomly sampled a lead time from an elevated PSA
measurement of >3 ng/mL to clinical diagnosis of PCa from a distribution developed by Savage et al.'® If
a patient had'PGa-and a PSA score 23 ng/mL for their lead time'® and had not yet been diagnosed with
PCa in the modelit was assumed the patient was clinically detected due to symptoms.

2.1 Treatment

Patients with'PSA=-20 ng/mL or a Gleason score =8 received a bone scan and a computed tomography
scan for staging:*'® Patients with a biopsy result of Gleason score >7 received radical prostatectomy.
Based on practice patterns reported in Liu et al.'®, we assumed that 48.5% of patients diagnosed with
Gleason scorer6:PCa received active surveillance, while the rest received radical prostatectomy. If a
patient was_clinically detected to have PCa after age 80, we assumed they received watchful waiting.

Men on active surveillance received an annual PSA test and a biopsy every two years and continued to
progress through the natural history of the disease. If any biopsy indicated progression in Gleason score,
the patient received radical prostatectomy. For men with no indication of progression within 10 years,

survival was consistent with survival for men with untreated PCa.? Men treated via radical prostatectomy
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had survival consistent with a treated population, % with the potential for progression to metastatic PCa

and PCa mortality. Other-cause mortality was based on estimates from CDC life tables.?'
2.2 PSA and MRI sensitivity and specificity

A published statistical model from the PCa prevention trial was used to sample age-dependent and
cancer onsetsdépendent PSA scores.?” The outcome of MRI was based on prostate imaging reporting
and data system(PI-BADS) scores, between 1 and 5, with an increasing score indicating an increasing
likelihoodrofithespresence of clinically significant cancer.?* We considered two PI-RADS thresholds to
trigger biopsy:3.and 4. A PI-RADS threshold of 23 had a sensitivity and specificity to clinically significant
PCa (i.e., cancer¢ore involvement of 26 mm or the presence of any Gleason pattern 4) of 96.5 (95% Cl:
86.8-99.4) and:59.7 (95% Cl: 51.2-67.7), respectively, and a PI-RADS threshold of 24 had sensitivity and
specificity values of 78.9 (95% Cl: 65.8—-88.2) and 78.9 (95% Cl: 69.9-84.1), respectively.**

2.3 Costs and-quality of life

We estimated the difference in costs and QALYs for each combination of the five screening strategies
and the two PI-RADS score thresholds. Cost and QALY estimates with their sources are shown in Table 2
and our assumptions were similar to those of previous studies.?**”?° The post-recovery period for radical
prostatectomy was\assumed to last 9 years.29 Li et al. reported the disutility for hospitalization due to
post-biopsy infection to be 0.28,%" which we assumed lasted for three weeks.? Grann et al.*® reported the

disutility forMRI as 0.04, which we assumed lasted for one week.?
2.4 Cost-effectiveness

Future costs,and QALYs were discounted to net present value using an annual discount rate of 3%.% Net
costs per QALY gained were calculated for strategies 1 through 5 relative to no screening as the
incremental’costs of the screening strategy divided by the incremental QALYs of the screening strategy.

We identifieditherefficient strategies by removing dominated strategies (i.e., strategies that are more
expensive.and.less effective than another strategy) as well as strategies ruled out by extended
dominance.(i-e.;stfategies that have higher ICERs than a more effective strategy).** The ICERs of the
efficient policiesswere calculated as the incremental costs divided by the incremental health gains
compared to.the next most effective strategy. If the ICER is under $100,000/QALY, the screening strategy
is considered costéeffective.*®

2.5 Sensitivity analysis

To evaluate the robustness of our results, we performed one-way sensitivity analysis on the net costs per
QALY gained relative to no screening for the optimal screening strategy. Ranges of the QALY disutilities
appear in Table 2. Cost estimates and other-cause mortality rates were varied by +20%.%' The sensitivity
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and specificity of PI-RADS threshold 3 were varied using the 95% confidence intervals reported in Grey et
al.?* The annual metastasis rate for patients with undiagnosed PCa was varied within the 95% confidence
interval reported in Johansson et al."" Finally, we varied the annual PCa incidence rate within the 95%
confidence interval reported in Haas et al.” Threshold analysis was also performed on the sensitivity and
specificity oft MRl and combined biopsy under the optimal strategy. Base case values of the sensitivity
and specificity=ofsMRI were 96.5 and 59.7, respectively, and base case values of the sensitivity and
specificity of.combined biopsy were 85.0 and 49.0, respectively. During threshold analysis, we
simultaneously.reduced the sensitivity and specificity of MRl and combined biopsy until it was no longer
cost-effective to use MRI for screening.

2.6 Role of the Funding Source and Conflicts of Interest

This materialis/based upon work supported in part by the National Science Foundation through Grant
Number CMMI'0844511, and by the National Science Foundation Graduate Research Fellowship under
Grant Number DGE 1256260. Any opinion, findings, and conclusions or recommendations expressed in
this material'are those of the authors and do not necessarily reflect the views of the National Science

Foundation! The authors have no conflicts of interest to report.
3. Results
3.1 Base case analysis

Table 3 presents.the deaths averted, life years and QALYs gained, number of screening biopsies, costs,
and costteffectiveness estimates for each screening strategy. The largest 95% confidence interval for
QALY and cost per patient reflecting Monte Carlo statistical error was less than 1% of the corresponding
sample mean point estimate. The net discounted costs per QALY gained compared with no screening for
each screeningsstrategy was below $100,000/QALY. Strategy 5 with a PI-RADS threshold of 3 maximized
expected QALYs and number of PCa death averted, and had the lowest net cost per QALY gained at
$33,953/QALY. For every strategy, a PI-RADS threshold of 3 gained more QALYs than a PI-RADS
threshold of'4. This difference was statistically significant for Strategies 3 — 5. Additionally, performing a
combined biopsy after positive MRI (strategies 4 and 5) resulted in additional QALY gains compared to
performing a.targeted fusion biopsy alone (strategies 2 and 3), and these differences were statistically
significant.

Figure 2 shows the discounted incremental effectiveness in QALYs versus the discounted incremental
cost for each'strategy relative to no screening. Dominated strategies were simultaneously more
expensive and less effective than at least one other strategy. Interestingly, all four schemas that
performed a standard biopsy after a negative MRI (strategies 2 and 4, with PI-RADS thresholds of 3 or 4)
were dominated by strategies that performed no biopsy after negative MRI (strategies 3 and 5). The

efficient strategies were strategy 1, strategy 5 with PI-RADS threshold of 4 with an ICER of
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$14,031/QALY, and strategy 5 with PI-RADS threshold of 3 with an ICER of $23,483/QALY. Thus, we
found strategy 5 (i.e., MRI if PSA >4 ng/mL, combined biopsy if MRI positive, no biopsy if MRI negative)
with PI-RADS threshold of 3 to be optimal under a willingness-to-pay threshold of $100,000/QALY. This
strategy performed 15% fewer screening biopsies than the strategy that uses PSA alone (strategy 1).

3.2 Sensitivity analysis

Figure 3 shows the one-way sensitivity analysis on the net costs per QALY gained relative to no
screeningrforstrategy 5 with a PI-RADS threshold of 3. We performed one-way sensitivity analysis on all
model parameters; Figure 3 shows the parameters that varied the net costs per QALY gained by at least
$5,000/QALY when using the low and high values. The three model parameters that had the greatest
impact were:(i)s;the metastasis rate for undiagnosed PCa; (2) the annual QALY disutility for the 9-year
post-radical{prostatectomy recovery period; and (3) the annual QALY disutility for living with metastasis.
In the sensitivity analysis, the only scenario that has a cost per QALY gained relative to no screening over
$100,000/QALY isithe case with a substantially lower risk of developing metastases compared to the
base case, suggesting that our results are robust for most patients and cost-effective under a willingness-
to-pay threshold of $100,000/QALY. Threshold analysis shows that strategy 5 with a PI-RADS threshold
of 3 remains cost-effective under a willingness-to-pay threshold of $100,000/QALY when sensitivity and
specificity of MRI'and combined biopsy to high-grade cancer are all simultaneously reduced by 19.0. In
particular, it is stilFcost-effective when sensitivity and specificity of MRI are 277.5 and 240.7, respectively,
and sensitivity and specificity of combined biopsy are 266.0 and =30.0, respectively.

4. Conclusions

Based on our study, MRI as an intermediate test in the screening of men for PCa is cost-effective
assuming a'willinghess-to-pay threshold of $100,000/QALY threshold. The most efficient strategy was the
use of MRI if PSA'>4 ng/mL, followed by combined biopsy if MRI was positive and no biopsy if MRl was
negative, using:a’PI-RADS threshold of 3 to indicate a positive MRI. These results were robust over a
range of sensitivity analyses and were maintained even if the sensitivity and specificity of MRI and
combinedrbiopsy*were reduced by 19 percentage points. Additionally, this MRI strategy reduced the
number of'screening biopsies by 15% compared to using PSA alone to trigger standard biopsy.

Although MRI has recently been proposed as an effective way to achieve early detection of PCa,
evidence in suppert of the use of MRI for early detection of PCa in biopsy-naive men is sparse. Ahmed et
al. showed.that MRI could be effective from a clinical perspective by reducing primary biopsy and
clinically insignificant cancer diagnoses, but did not consider the cost-effectiveness.®* Willis et al.
performed clinical decision analysis and De Rooij et al. performed cost-effectiveness analysis;***
however, both studies assumed a fixed sensitivity and specificity of MRI and assumed that positive MRI is
automatically followed by a targeted fusion biopsy, while negative MRI automatically results in no biopsy.

Thus, they evaluated one clinical pathway compared to the standard of care. Our study evaluated
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strategies that performed targeted fusion biopsy or combined biopsy on positive MRI, as well as the
option to perform a standard biopsy or no biopsy on negative MRI. Thus, our study evaluated eight MRI-
based clinical pathways (two PI-RADS thresholds for each of the four MRI-based strategies) compared to
screening with PSA alone, allowing us to estimate the effects of varying PI-RADS thresholds and biopsy
techniques_on the cost-effectiveness of using MRI for PCa screening. More recently, Pahwa et al.
performed cost=effectiveness of using MRI in biopsy-naive men; however, this study is a decision tree that
did not consider various PI-RADS scores and did not account for sequential PSA testing or progression of
cancer over,time.>, Additionally, their study does not incorporate other-cause mortality, which is an
important consideration when studying a disease like prostate cancer, which can be slow-growing.

Finally, to oursknowledge, our study is the first to focus on the use of MRI in a screening setting in
combination.with PSA and incorporates lifetime costs and health outcomes, rather than assessing short-
term outcomes fIncluding long-term costs and health impacts enabled us to assess the potentially
negative impact of detecting low-risk cancers related to harm from biopsy(-ies) and overtreatment. Prior
studies did not account for the costs and harms associated with biopsy complications, resulting in an

overestimationmofithe benefit from screening and an underestimation of the costs.

Heijnsdijk etial."

evaluated the cost-effectiveness of several PSA screening policies in the absence of
MRI, and our models produced similar expected outcomes for PSA screening. The net cost per QALY
gained we present for PSA screening is lower than the results reported in Heijnsdijk et al."* because we
include more costs.in our model, including the significant cost of a PCa-related death. Faria et al. recently
published a cost-effectiveness study based on the Prostate MR Imaging Study (PROMIS) based in the
UK and found that performing an mpMRI followed by up to two targeted transrectal ultrasound-guided
biopsies is a cost-effective approach to early detection of prostate cancer [CITATION], reaching a similar

conclusion to our study.**

Using MRI for PCa screening resulted in health benefits for the patient compared to both no screening
and screening using PSA alone. For example, the screening strategy where men with a PI-RADS score
>3 were recommended for combined biopsy (i.e., strategy 5) resulted in 5.9 PCa deaths averted, 60.7
QALYs gained, and 72.6 life-years gained per 1,000 men compared to no screening. For every screening
strategy, a PI-RADS threshold of 3 outperformed a threshold of 4 in terms of QALYSs, while also resulting
in lower costs. Our.results also suggest that performing a combined biopsy after a positive MRI
outperforms performing a targeted fusion biopsy in terms of QALYs. However, there does not appear to
be a benefit to performing standard biopsy on negative MRI, because it results in additional costs and
disutility to the patient without added health benefits. This conclusion has been supported in the literature.

For example, Hansen et al.*®

concluded that biopsies may not be necessary for men with elevated PSA
and nonsuspicious MRI because the negative predictive value for excluding Gleason score =7 disease on

MRI was very high. Our study adds additional evidence in support of this conjecture.
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The results are sensitive to the choice of disutility estimates used to compute QALYs. Since we assumed
patients undergoing definitive treatment will have surgery, the results do not necessarily apply to those
patients that may receive radiation treatment. This is due to the fact that disutility estimates for radiation
treatment are not readily available. However, other authors have noted the similarity in the disutility for

these alternative treatment options.*

It is important to note that the cost figures used in this study are from the United States and the cost and
ICER threshold used to define willingness to pay will vary depending on the specific healthcare setting.
For example, in the United Kingdom the threshold is typically £20,000—£30,000 per QALY gained.*®

Given the wide variability in the quality of radiology reporting and interpretation of MRI results, we
performed threshold analysis on the sensitivity and specificity of MRI and combined biopsy. These
analyses found/this approach to be a cost-effective method of early detection even if the sensitivity and
specificity were substantially lower than estimates reported in the literature, suggesting that our results
may be relevant inha community setting where sensitivity and specificity may be lower than specialized
medical centers where most previous MRI studies have been conducted. Despite these encouraging

0.4 The minimum

findings, minimizing variation in radiologist reporting remains a critical unmet need.
thresholds we found for sensitivity and specificity of MRI in our sensitivity analysis are within the range of
clinical possibility. Prospective tracking of outcomes data stratified by indication and PI-RADS v2 scoring

is necessary to ensure performance within the range of values we studied can be achieved.

Our model is based on available evidence but there are a number of noteworthy limitations. One potential
limitationgis'that there is the potential for bias in the data we used to estimate MRI results because the
population used includes patients with previous negative biopsies in addition to biopsy-naive patients;
however, bylusing the estimates based on the larger patient population we were able to obtain better
estimates of sensitivity and specificity. Our sensitivity analysis further confirms our conclusions are not
sensitive tolthis assumption. Another possible limitation is the inconsistent definition of clinically
significant PCa in the literature. For example, Siddiqui et al.® defined clinically significant disease as high-
volume Gleason 3+4, or Gleason 24+3, while Grey et al.?* defined clinically significant disease to be
cancer corezinvolvement 26 mm or the presence of any Gleason pattern 4. In our model, we considered
clinically significant disease to be any Gleason score 7. Additionally, the only curative treatment included
in our model was radical prostatectomy, because it is the most common curative treatment, and patients
undergoing radiation therapy have similar health outcomes.** Our model uses many different sources of
data; however, given the long-term evaluation period needed for PCa screening, randomized trials are
unlikely to be ableito assess long-term QALYs and costs. We considered multiple ways of using MRI for
early detection, but MRl may also play an important role in active surveillance. We have not attempted to
incorporate this aspect of MRI into the model because of the complexity of decisions and evidence

related to the use of MRI for active surveillance. These limitations notwithstanding, we believe this study
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provides important evidence in support of the use of MRI for early detection of PCa in biopsy-naive men,

both from a health benefit and cost perspective.

Our results show that incorporating MRI into PCa screening in biopsy-naive men is cost-effective under a
willingness-to-pay threshold of $100,000/QALY. The strategies that performed a standard biopsy on
negative MRI were more expensive and less effective than strategies that perform no biopsy on negative
MRI. The screening strategy where men with PI-RADS score =3 were recommended for combined
biopsy, while'men with PI-RADS score <3 were recommended for no biopsy was optimal and cost-
effective with an ICER of $23,483/QALY. Our results were also robust with respect to sensitivity analysis.
Therefore, MRI"appears to be a viable approach for early detection of prostate cancer from a cost-

effectiveness perspective.

References
1. Moyer VA."Screening for prostate cancer: US Preventive Services Task Force recommendation
statement. Annsintern Med. 2012;157(2):120.

2. Welch HG, Albertsen PC. Prostate cancer diagnosis and treatment after the introduction of prostate-
specific antigen screening: 1986-2005. J Natl Cancer Inst. 2009;101(19):1325-1329.

3. Gonzalez C, Averch T, Boyd L. AUA/SUNA white paper on the incidence, prevention and treatment of
complications related to prostate needle biopsy. AUA White Paper. 2012.

4. Schréder FH, Hugosson J, Roobol MJ, et al. Screening and prostate cancer mortality: results of the
European Randomised Study of Screening for Prostate Cancer (ERSPC) at 13 years of follow-up. Lancet.
2014;384(9959):2027-2035.

5. Siddiqui MM, Rais-Bahrami S, Turkbey B, et al. Comparison of MR/ultrasound fusion—guided biopsy
with ultrasound=guided biopsy for the diagnosis of prostate cancer. JAMA. 2015;313(4):390.

6. Meng X, Rosenkrantz A, Mendhiratta N, et al. Relationship between prebiopsy multiparametric
magnetic resonance imaging (MRI), biopsy indication, and MRI-ultrasound fusion—targeted prostate
biopsy outcomes..Eur Urol. 2016;69(3):512-517.

7. Oberlin D,"Casalino D, Miller F, et al. Diagnostic value of guided biopsies: fusion and cognitive-
registration.magnetic resonance imaging versus conventional ultrasound biopsy of the prostate. Urology.
2016;92:75-79.

8. Siddiqui M, George A, Rubin R, et al. Efficiency of prostate cancer diagnosis by MR/ultrasound fusion-
guided biopsy vs standard extended-sextant biopsy for MR-visible lesions. J Natl Cancer Inst.
2016;108(9):djw039.

This article is protected by copyright. All rights reserved



9. Barnett CL, Tomlins SA, Underwood DJ, et al. Two-Stage Biomarker Protocols for Early Detection of

Prostate Cancer. Med Decis Making. 2017, in press.

10. Carter HB, Albertsen PC, Barry MJ, et al. Early detection of prostate cancer: AUA guideline. J Urol.
2013;190(2):419-426.

11. Johansson JE; Andren O, Andersson SO, et al. Natural history of early, localized prostate cancer.
JAMA. 2004;291(22):2713—-2719.

12. Heijnsdijk EAM, de Carvalho TM, Auvinen A, et al. Cost-effectiveness of prostate cancer screening: a
simulation study based on ERSPC data. J Natl Cancer Inst. 2015;107(1): dju366.

13. Haas GP,"Delongchamps NB, Jones RF, et al. Needle biopsies on autopsy prostates: sensitivity of
cancer detection based on true prevalence. J Natl Cancer Inst. 2007;99(19):1484—14809.

14. Epstein J1"Feng Z, Trock BJ, Pierorazio PM. Upgrading and downgrading of prostate cancer from
biopsy to radicalprostatectomy: incidence and predictive factors using the modified Gleason grading
system andfactoring in tertiary grades. Eur Urol. 2012;61(5):1019—1024.

15. Loeb S, Carter,HB, Berndt Sl, Ricker W, Schaeffer EM. Complications after prostate biopsy: data from
SEER-Medicare. J Urol. 2011;186(5):1830-1834.

16. Savage.CJ, Lilja H, Cronin AM, Ulmert D, Vickers AJ. Empirical estimates of the lead time distribution
for prostate caneer based on two independent representative cohorts of men not subject to prostate-

specific antigen'screening. Cancer Epidemiol Biomarkers Prev. 2010;19(5):1201-1207.

17. MerdantS, Womble PR, Miller DC, et al. Toward better use of bone scans among men with early-
stage prostate cancer. Urology. 2014;84(4):793-798.

18. Risko R,"Merdan S, Womble PR, et al. Clinical predictors and recommendations for staging computed

tomographyfscan among men with prostate cancer. Urology. 2014;84(6):1329—-1334.

19. Liu J, Wemble PR, Merdan S, Miller DC, Montie JE, Denton BT. Factors influencing selection of active
surveillance_for localized prostate cancer. Urology. 2015;86(5):901-905.

20. Roehl KK;*Han M, Ramos CG, Antenor JAV, Catalona WJ. Cancer progression and survival rates
following anatomical radical retropubic prostatectomy in 3,478 consecutive patients: long-term results. J
Urol. 2004;172(3):910-914.

21. Arias E. United States Life Tables, 2006. J Natl Cancer Inst. 2007;99(19):1484—-1489.

This article is protected by copyright. All rights reserved



22. Gulati R, Inoue L, Katcher J, Hazelton W, Etzioni R. Calibrating disease progression models using
population data: a critical precursor to policy development in cancer control. Biostatistics.
2010;11(4):707-719.

23. Barentsz JO, Richenberg J, Clements R, et al. ESUR prostate MR guidelines 2012. Eur Radiol.
2012;22(4):746-757.

24. Grey AD, Chana MS, Popert R, Wolfe K, Liyanage SH, Acher PL. Diagnostic accuracy of magnetic
resonance imaging (MRI) prostate imaging reporting and data system (PI-RADS) scoring in a
transperinealprostate biopsy setting. BJU Int. 2015;115(5):728-735.

25. Adibi M; Pearle MS, Lotan Y. Cost-effectiveness of standard vs intensive antibiotic regimens for
transrectal ultrasenography (TRUS)-guided prostate biopsy prophylaxis. BJU Int. 2012;110(2b): E86-E91.

26. Aizer AA, Gu'X, Chen MH, et al. Cost implications and complications of overtreatment of low-risk
prostate cancer in‘the United States. J Natl Compr Canc Netw. 2015;13(1):61-68.

27. Roth J, Gulati'R, Gore J, Cooperberg M, Etzioni R. Economic analysis of prostate-specific antigen
screening andsselective treatment strategies. JAMA Oncol. 2016;2(7):890-898.

28. Mariotto A, Yabroff K, Shao Y, Feuer E, Brown M. Projections of the cost of cancer care in the United
States: 2010-2020. J Natl Cancer Inst. 2011;103(2):1-12.

29. Heijnsdijk EAM, Wever EM, Auvinen A, et al. Quality-of-life effects of prostate-specific antigen
screening."N'Engl'd Med. 2012;367(7):595-605.

30. Grann VR, Patel PR, Jacobson JS, et al. Comparative effectiveness of screening and prevention
strategies among BRCA1/2-affected mutation carriers. Breast Cancer Res Treat. 2011;125(3):837-847.

31. Li CK, Tong:BC, You JH. Cost-effectiveness of culture-guided antimicrobial prophylaxis for the
prevention of infections after prostate biopsy. Int J Infect Dis. 2016;43:7-12.

32. Shepard,DS. Gost-Effectiveness in Health and Medicine. Edited by Martha R. Gold, Joanna E. Siegel,
Louise B. Russell, Milton C. Weinstein. New York, NY: Oxford University Press; 1996.

33. Neumann"PJ;"Cohen JT, Weinstein MC. Updating cost-effectiveness — the curious resilience of the
$50,000-per-@QALY threshold. N Engl J Med. 2014;371(9):796-797.

34. Ahmed H, Bosaily A, Brown L, et al. Diagnostic accuracy of multi-parametric MRl and TRUS biopsy in
prostate cancer (PROMIS): a paired validating confirmatory study. Lancet. 2017

35. Willis SR, Ahmed HU, Moore CM, et al. Multiparametric MRI followed by targeted prostate biopsy for
men with suspected prostate cancer: a clinical decision analysis. BMJ Open. 2014;4(6):e004895.

This article is protected by copyright. All rights reserved



36. de Rooij M, Crienen S, Witjes JA, Barentsz JO, Rovers MM, Grutters JP. Cost-effectiveness of
magnetic resonance (MR) imaging and MR-guided targeted biopsy versus systematic transrectal
ultrasound—guided biopsy in diagnosing prostate cancer: a modelling study from a health care
perspective. Eur Urol. 2014;66(3):430—436.

37. Pahwa S, Schiltz NK, Ponsky LE, Ziang L, Griswold MA, Gulani V. Cost-effectiveness of MR imaging-
guided strategies for detection of prostate cancer in biopsy-naive men. Radiology. 2017, in press. 38.
Hansen N, Patruno G, Wadhwa K, et al. Magnetic resonance and ultrasound image fusion supported
transperineal prostate biopsy using the Ginsburg protocol: technique, learning points, and biopsy results.
Eur Urol. 2016;70(2):332-340.

39. Hamdy FubBenovan J, Lane J, et al. 10-year outcomes after monitoring, surgery, or radiotherapy for
localized prostate cancer. N Engl J Med. 2016;375(15):1415-1424.

40. RosenkrantzsAB, Ginocchio LA, Cornfeld D, Froemming AT, Gupta RT, Turkbey B, Westphalen AC,
Babb JS, Margolis' DJ. Radiology. 2016;280(3):793-804.

41. Sonn, Geoffrey A., Richard E. Fan, Pejman Ghanouni, Nancy N. Wang, James D. Brooks, Andreas M.
Loening, Bruee'L./Daniel, Katherine J. To’o, Alan E. Thong, and John T. Leppert. "Prostate Magnetic
Resonance’lmaging Interpretation Varies Substantially Across Radiologists." European Urology Focus
2017; DOI: http://dx.doi.org/10.1016/j.euf.2017.11.010

42. Alibhai SM, Naglie G, Nam R, Trachtenberg J, Krahn MD. Do older men benefit from curative therapy

of localized prostate cancer?. Journal of clinical oncology. 2003;21(17):3318-27.

43. National dnstitute for Health and Care Excellence (NICE). Guide to the Methods for Technology
Appraisal, 2013. Available at: https://www.nice.org.uk/process/pmg9/resources/guide-to-the-methods-of-
technology-appraisal-2013-pdf-2007975843781. Accessed October 26, 2017.

44. Faria R, Soares MO, Spackman E, Ahmed HU, Brown LC, Kaplan R, Emberton M, Sculpher MJ.
Optimising the diagnosis of prostate cancer in the era of multiparametric magnetic resonance imaging: a
cost-effectiveness analysis based on the Prostate MR Imaging Study (PROMIS). European urology.
2017; doi: 10.1016/j.eururo.2017.08.018.

This article is protected by copyright. All rights reserved


http://dx.doi.org/10.1016/j.euf.2017.11.010

Figure Legends
Figure 1: Decision rule diagram for screening strategies 2—-5. All of the decision rules were compared to

no screening and the case of standard biopsy for PSA greater than 4 ng/mL.

Figure 2: Incremental health benefits and costs associated with alternative screening strategies relative
to no screening. Costs and QALYs are discounted at a rate of 3%. Each point is labeled with the
screening,strategy.and PI-RADS threshold. Screening strategies are defined in Table 1. Lines connecting
points representing two efficient screening strategies indicate the incremental cost-effectiveness ratio
(ICER). QALY = quality-adjusted life years; PI-RADS = prostate imaging reporting and data system.

Figure 3: Tornado diagram of one-way sensitivity analysis on the net costs per QALY gained of strategy
5 with a PI-RADS threshold of 3 relative to no screening. Costs and QALYs are discounted at a rate of
3%. QALY = quality-adjusted life years; PCa = prostate cancer; RP = radical prostatectomy; GS<7 =
Gleason score <7,
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Table 1: Definitions of five screening strategies.

Screening

PSA > 4 ng/mL Positive MRI Negative MRI
strategy
1 Standard Biopsy - -
2 MRI Targeted Fusion Biopsy  Standard Biopsy
3 MRI Targeted Fusion Biopsy No Biopsy
4 MRI Combined Biopsy Standard Biopsy
5 MRI Combined Biopsy No Biopsy
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Table 2: Costs considered in our cost-effectiveness analysis and annual disutilities for health
states. Costs from the literature have been updated to 2016 US dollars based on inflation.

I ntervention Unit costsin $ Source
PSA screening 33.86 Medicare data
MRI 964.21 Medicare data
Standard prostate biopsy * 2,953.67  Medicaredata
Targeted fusion prostate biopsy 3,018.35 Medicare data
Combined prostate'biopsy t 3,018.35 Medicare data
Adibi et a (25)

Post-biopsy infection-related hospitalization 6,361.31

Gonzalez et a (3)
Staging 1,059.28 Medicare data
Active surveillanee~ standard biopsy (per year) 1,642.58 Medicare data
Active surveillance — targeted biopsy (per year) 1,674.92 Medicare data
Active surveillance — combined biopsy (per year) 1,674.92 Medicare data
Radical prostatectomy 15,752.37  Aizer et a (26)
Distant-stageinitialtreatment 17,831.29 Roth et al (27)
Distant-stage management (per year) 2,500.65 Roth et a (27)
Other cause of ‘death 5975.15 Mariotto et a (28)
Prostate cancer death (age <65) 103,884.24 Mariotto et a (28)
Prostate cancer death (age >65) 69,256.16 Mariotto et a (28)
Health State Annual disutility (range) Source
PSA screening 0.00019 (0.0-0.00019) Heijnsdijk et a (29)

MRI
Biopsy
Post-biopsy infection

Diagnosis
Radical prostatectomy
Post-radical prostatectomy recovery

0.00077 (0.00038-0.0012)
0.00577 (0.00346-0.0075)
0.0161 (0.00969-0.0291)

0.0167 (0.0125-0.0208)
0.247 (0.0917-0.323)
0.05 (0.0-0.07)

Grann et a (30)
Heijnsdijk et a (29)
Heijnsdijk et a (29)

Lietd (31)
Heijnsdijk et a (29)
Heijnsdijk et a (29)
Heijnsdijk et a (29)
Heijnsdijk et a (29)
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Active surveillance 0.03(0.0-0.15) Heijnsdijk et al (29)
Palliative therapy 0.4 (0.14-0.76) Heijnsdijk et a (29)
Terminal illness 0.3(0.3-0.38) Heijnsdijk et al (29)

" Includes professional, technical, and facility fees, pathology costs, and office visit
1 Includes proefessional, technical, and facility fees, pathology costs, office visit, and 3D
reconstruction

1 Assumedtoinclude an annual office visit, annual PSA test, and a biopsy every two years
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Table 3: Predicted effects, costs, and cost-effectiveness for various screening strategies per 1000 men. Screening strategies are defined
in Table 1. Effects and costs are shown without discount. The cost-effectivenessis calculated at 3% discount rate for costs and
QALYs. In2016 US dallars.

. ' Number of
_ PCadeaths Lifeyears QALYsganed* _

Screening strategy _ Screening
averted * gained * (95% CI) o

Biopsies

No screening - - - -

Strategy 1 4.7 58.7 47.8 (47.2—-48.3) 151
Strategy 2, PI-RADS >3 52 64.1 53.0(52.4-53.5) 151
Strategy 2, PI-RADS >4 51 63.0 51.9 (51.3-52.5) 151
Strategy 3, PI-RADS >3 52 64.3 53.9(53.3-54.5) 128
Strategy 3, PI-RADS >4 4.9 60.3 50.9 (50.3-51.4) 107
Strategy 4, PI-RADS >3 5.8 714 59.2 (58.6 — 59.8) 151
Strategy 4, PI-RADS >4 55 68.7 56.8 (56.2 — 57.5) 151
Strategy 5, PI-RADS >3 59 72.6 60.7 (60.1 - 61.3) 128
Strategy 5, PI-RADS >4 55 67.8 57.2 (56.6 — 57.8) 107

PCa = prostate cancer; QALY = quality-adjusted life year; Cl = confidence interval; PI-RADS = prostate imaging reporting and data
system.

* Compared'with no screening
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