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THESIS OVERVIEW 

The prostate gland is a walnut shaped organ that is situated in the true pelvis, and inferior to the 

bladder. It typically weighs 20-40 grams and is one of few unique organs that only exist in 

males. Most men will suffer from prostate problems at one point in their lives. The most 

common problem is benign prostatic hyperplasia (BPH), the more worrisome is prostate cancer. 

In our two projects, we utilized magnetic resonance imaging (MRI) to evaluate novel questions 

related to both conditions.  

In the first paper, we used MRI scans to explore the effect of using tumor necrosis factor- α 

(TNF-α) inhibitors on the size and growth of the prostate gland. While TNF-α inhibitors are not 

prescribed as a treatment for BPH, TNF-α has a recognized role in the prostate and BPH 

microenvironment. Very few studies have looked at the effect of TNF-α inhibitors on the 

prostate gland in a clinical setting. 

In the second paper we explored the cost effectiveness of implementing biparametric MRI 

(bpMRI) scans as a front-line modality for screening of prostate cancer. Screening for prostate 

cancer is an area of active research and changing of practices as our understanding of the disease 

evolves. Unlike breast and lung cancers, imaging-based prostate cancer screening is still not well 

established.  
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Paper 1: The Effect of TNF-α Inhibitors Therapy on the Growth of the Prostate Gland 

 

ABSTRACT 

Introduction: Benign prostatic hyperplasia (BPH) affects more than 80% of men over the age of 

80 and is a major cause of lower urinary tract symptoms (LUTS). Previous studies demonstrated 

that inflammation in the prostate is associated with BPH development. Furthermore, we found 

that inflammatory mediator tumor necrosis factor alpha (TNF-α) regulates the epigenetic 

expression of steroid 5-α reductase 2 (SRD5A2) and leads to downregulation of SRD5A2 gene 

expression. Little is known whether chronic use of TNF-α inhibitors for inflammatory conditions 

affects prostate growth. Here we aim to evaluate the effect of TNF-α inhibitor therapy on 

prostate growth by analyzing pelvic MRI data at sequential time points. 

 

Methods: In this retrospective cohort study, male patients at the age of 18 and older who 

received TNF-α inhibitor therapy and had serial pelvic MRI scans were included utilizing the 

Clinical Query-2 tool within Beth Israel Deaconess Medical Center (BIDMC) electronic medical 

records. 89 men were included in the treatment cohort after applying exclusion criteria (pelvic 

surgery/radiation, prostate surgery, use of 5ARIs, advanced prostate cancer, androgen 

deprivation therapy, inadequate MRI). Utilizing the same clinical data repository, a matched 

cohort that concords with the inclusion/exclusion criteria but without receiving TNF-α inhibitor 

therapy was built (n=80). The total prostate volume was measured and calculated based on the 

MRI data.  
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Results:  Overall, the subjects included 74% White, 10% African American, 4% Asian, 4% 

Hispanic, and 6% unknown for the race. All the men were aged 18-76 at the time of the first 

recorded MRI. In total, 81 men (86%) had MRI intervals of more than one year with an average 

MRI follow-up duration of 3.47 years. 68 men (72%) received TNF-α inhibitor therapy for 

longer than one year. The mean initial prostate volume was 25.27±8.9cc for the treatment cohort 

and 27.3±15.6cc for the non-TNF-α inhibitor group cohort. The mean growth rate was -0.08 

cc/year for the treatment cohort and 0.16 cc/year for the non-TNF-α inhibitor group cohort 

(p=0.82).  

 

Conclusion: Our study demonstrates a negative correlation between TNF-α inhibitor therapy and 

prostate growth rate, although the limited sample size restrained the power of the study. We are 

expanding the cohort to include subjects who received pelvic CT scans to increase the power of 

the study. 
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INTRODUCTION 

The prostate gland is the only solid organ that grows throughout adulthood.(1) The growth rate at 

which the gland grows is significantly variable. Prostate enlargement commonly leads to benign 

prostatic hyperplasia (BPH) and is a major cause of lower urinary tract symptoms (LUTS) in 

elderly men.(2) With a prevalence that increases with age, BPH affects up to 80% of men above 

70.(3) In addition to the significant burden on these men, BPH is associated with $4 billion in 

healthcare expenditures in the US and over $40 billion worldwide.(4) 

The factors that regulate this differential growth pattern are unknown. However, risk factors 

associated with the progression of LUTS include obesity, inflammation, and total prostate 

volume (TPV).(5)  

Currently, the management of BPH with LUTS consists of watchful waiting, medical therapy, 

and surgical therapy.(6, 7) The mainstays of medical treatment are monotherapy with alpha-

adrenergic-receptor blockers (a-blockers), 5-alpha reductase inhibitors (5ARIs), or combination 

therapy of the two classes of drugs(8-10). The Medical Therapy of Prostatic Symptoms 

(MTOPS) study demonstrated that combination therapy with 5ARI significantly reduced the risk 

of overall incidence of BPH-related invasive therapy.(11) 

The steroid-5α reductase type 2 (SRD5A2) gene and protein play a major role in the 

development and growth of the prostate gland.(12-16) As a result, 5ARIs have been extensively 

used for BPH treatment. However, only 34% of men had improvement in their LUTS when 

treated with 5-ARI therapy.(6, 7, 17) 
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Previously, we have demonstrated that 30% of adult human prostatic tissues do not express 

SRD5A2.(18) Methylation of SRD5A2 is regulated by DNA methyltransferase 1, and 

inflammatory mediators such as TNF- α, NF-κB, and IL-6 regulate DNA methyltransferase 1 

expression and thereby affect gene expression.(19) These epigenetic changes and variable 

expression of SRD5A2 in benign prostatic tissue suggest a possible molecular mechanism of 

variable prostatic growth.(19, 20) 

In addition, we also found that TNF-α suppresses SRD5A2 mRNA and protein expression and 

simultaneously promotes the expression of aromatase, the enzyme responsible for the conversion 

of testosterone to estradiol. Concomitant suppression of SRD5A2 and treatment with TNF-α 

synergistically upregulate the aromatase levels. The data suggest that, in the absence of prostatic 

SRD5A2, there is an androgenic to estrogenic switch.(21) 

TNF-α inhibitors are an important treatment regimen used for many inflammatory conditions, 

including rheumatoid arthritis (RA), (22) ankylosing spondylitis (AS), and inflammatory bowel 

disease (IBD).(23) Five FDA-approved TNF-α inhibitors are used in the United States; Infliximab, 

Adalimumab, Etanercept, Certolizumab pegol, and Golimumab. All five drugs are injectable and 

administered in a range of weekly to every six weeks.  

In this project, we aimed to examine the effect TNF-α inhibitors exert on the growth rate of the 

prostate gland by utilizing serial pelvic MRIs. We postulate that TNF-α inhibitors can affect 

prostate growth rates. We hypothesize that chronic use of TNF-α inhibitors will reduce 

prostate size since it would reduce inflammatory mediators systemically and within the 

prostate gland. 
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MATERIALS AND METHODS 

We conducted this retrospective cohort study using BIDMC medical records after obtaining 

Institutional Review Board (IRB# 2021P000317).  

Study Population 

We identified the eligible patients from medical records at BIDMC (between 1997-2021) 

utilizing Clinical Query-2 (CQ-2), the data capture tool. Male patients who have received TNF-α 

inhibitors and had more than one pelvic MRI scan were included. The initial search yielded 345 

patients. Patients who have had androgen deprivation therapy (ADT), prostate procedures (other 

than biopsy), pelvic radiation (including brachytherapy), pelvic surgery (sigmoidectomy, low 

anterior resection, proctocolectomy), 5ARI use, high-grade prostate cancer (Gleason Score >3), 

and testosterone therapy were excluded because these are factors that can affect the prostate 

growth rate and we wanted to isolate the potential effect of TNF-α inhibitors. Patients who had 

poor-quality MRI (not covering the entire prostate gland, containing artifacts) were also 

excluded. 

We collected demographic data (age, race, social history, smoking, alcohol use, substance use) 

and past medical histories (hypertension, diabetes, cardiovascular disease, chronic kidney 

disease, and chronic liver disease, prostate cancer, pelvic surgery, prostate surgery) using manual 

chart reviews and filtering with International Classification of Diseases (ICD-9) codes.  

In total, 89 men were involved in the treatment cohort. With the same clinical data repository, 80 

matched control subjects were involved that were consistent with the inclusion/exclusion criteria 

but without receiving TNF-α therapy (n=80). (Figure 1) 
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Prostate Volume Measurements 

Total prostate volume (TPV) was measured on coronal and axial T2 weighted MRI images using 

the prolate ellipsoid formula (volume = 0.52 × length × width × height). A detailed example of 

prostate volume measurement is provided in Figure 2. Measurements were done by two 

independent investigators who were trained and supervised by an MRI-trained subspecialist 

radiologist. At the time of measurement, the investigators were blinded to the treatment status 

and the order of the MRI scans. Most of the MR images were magnetic resonance enterography, 

captured on 1.5 Tesla magnets. 

The Growth Rate of Prostate Volume Measurements 

For the overall growth rate of each patient (cc/year), we calculated the growth rate of prostate 

volume between the first and last MRI: (MRI2 – MRI1)/ (Date2 – Date1). In total, we obtained 

and calculated the prostate growth rate for 169 subjects. 

STATISTICAL ANALYSIS 

Categorical variables were described as number and percentage (%) and were compared by Chi-

square and Fisher’s exact test. Continuous variables were described with mean ± standard 

deviation or median with interquartile range (25th – 75th percentiles) and were compared with 

two-sample t-test or Wilcoxon rank-sum. To analyze the correlation between TNF- α inhibitor 

treatment and growth rate, we used linear regression in two models; unadjusted and adjusted. 

The unadjusted model compared the compared the growth rate between patients that are on TNF-

α to patients that are not. The adjusted linear regression analysis was used in a multivariate 

model to assess predictive factors for prostate growth rate. We adjusted for factors known from 

previous literature to affect the prostate growth rate (prostate size, age, BMI, and race). All the 
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statistical tests were 2-sided, with a p-value <0.05 indicating the statistical significance. The data 

were analyzed using STATA 16 software. 

RESULTS 

Baseline demographics and clinical characteristics are presented in Table 1. There were no 

significant differences in age at first recorded MRI, BMI, hypertension, diabetes, peripheral 

vascular disease, kidney disease, liver disease, HIV/aids, or psychological disorders. The mean 

age of men at the first time of capturing MRI was 36.56±13.01. 89 men received TNF-α 

inhibitors, and 80 men did not. The cohort included 75% White, 10% African American, 4% 

Asian, 4% Hispanic, and 7% unknown.  

Table 2 demonstrates further information about the treatment and non-TNF-α inhibitor group 

groups. The median age at the first MRI was 31.00 (26.00-43.00) years in the treatment group 

and 35.50 (26.00-48.00) in the non-TNF-α inhibitor group. The median age at the second MRI 

was 38.00 (30.00-51.00) years in the treatment group and 40.50 (29.50-51.50) years in the non-

TNF-α inhibitor group. The average MRI interval was 3.44 (1.50-7.05) years in the treatment 

group and 2.84 (1.43-5.25) years in the non-TNF-α inhibitor group. The mean duration of TNF-α 

inhibitor treatment is 3.52±2.95 years. For these parameters, Wilcoxon rank-sum testing yielded 

no significant difference between the cohorts 

For the treatment cohort, the mean initial prostate volume was 25.3±8.9cc, and the mean final 

prostate volume was 27.5±12.6cc. For the non-TNF-α inhibitor cohort, the mean initial prostate 

volume was 27.3±15.6cc, and the mean final prostate volume was 29.7±18cc. 
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81 out of 89 men (86%) had MRI intervals of more than one year with an average treatment 

duration of 3.47±2.99 years. 68 out of 89 men (72%) had TNF-α therapy for longer than one 

year.  

 TNF-α inhibitors use is associated with lower prostate growth rate 

The mean prostate growth rate of the treatment group was -0.082 cc/year (95% CI -1.815 - 

1.650) compared to 0.164 cc/year (95% CI -1.072343 - 1.400) in the non-TNF-α inhibitor group 

(Figure 3). Table 3 displayed a two-sample t-test that showed the trend of prostate growth, 

although no statistical significance was found (p-value: 0.82).  

 

Modifiers for predicting the growth rate of the prostate 

We initially performed an unadjusted linear regression model to correlate the relationship of 

taking TNF-α inhibitors and the prostate growth rate (Table 5). In that model, the growth rate 

associated with being on TNF-α inhibitors was -0.082 cc/year (standard error: 0.75). We then 

performed a linear regression model adjusting for initial prostate volume, BMI, age at first MRI, 

and race (Table 4). Although no statistical significance was achieved, being on TNF-α inhibitors, 

having a higher BMI, and having higher initial prostate volumes were all associated with lower 

prostate growth rates. The adjusted growth rate was -0.225 cc/year (95% CI: -1.840 - 1.390) for 

the treatment group compared to 0.666 cc/year (95% CI: -1.168 - 2.501) in the non-TNF-α 

inhibitor group. 

DISCUSSION 

Previous studies demonstrated that prostate growth rates and patterns are highly variable. The 

Baltimore Longitudinal Study of Aging identified a median prostate growth rate of 2.9% per year 
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for men with an initial prostate size less than 40cc, but only 0.3% annual change in men with an 

initial prostate size greater than 40cc.(1)  Different factors such as Race, family history of BPH, 

hormonal levels, obesity and alcohol consumption have been found to affect prostate growth 

rates and development of BPH(24-29). Despite the multiple studies performed, the factors affecting 

the prostate growth rate are still not fully understood.  

Chronic inflammatory conditions affecting the prostate have been linked to prostatic hyperplastic 

growth and fibrosis.(30) The role of TNF-α in the prostate microenvironment has been studied. 

We demonstrated an androgenic to estrogenic switch that occurs in the prostate gland in the 

absence of SRD5A2.(21)  This switch is postulated to modulate prostate growth in the absence of 

testosterone and dihydrotestosterone (DHT). In addition, TNF-α may play an important role in 

this process by modifying SRD5A2 promoter methylation and the expression of SRD5A2. TNF-

α also promotes the level of aromatase which converts testosterone to estrogen. This androgenic 

to estrogenic switch may explain the mechanism for resistance to 5ARI therapy.(31)  

Whether TNF-α inhibitors affect prostate growth is still not clear. Previous studies showed that 

BPH is less prevalent in men treated with TNF-α inhibitors than in those not treated. In addition, 

prostate glands from patients treated with TNF-α inhibitors have been found to exhibit 

significantly lower inflammation; documented by lower CD68+ macrophage infiltration, 

epithelial proliferation, and epithelial NFκB activation.(32)  

In this study, we aimed to evaluate the effect of taking TNF-α inhibitors on the growth rate of the 

prostate gland in a clinical setting. We identified lower growth rates for subjects who were on the 

medications compared to controls in our data analysis. In our linear regression model to study 

predictive factors for the growth rate of the prostate gland, we identified that a lower growth rate 

for men is associated with TNF-α inhibitors, Hispanic race, higher initial prostate volume, and 
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higher BMI. However, due to the limited sample size that we had the results did not achieve 

statistical significance. Moreover, the interval between serial MRI’s may not have been long 

enough to assess for a meaningful difference in prostate size. 

As the literature on TNF-α effect on the prostate is scarce, despite that it shows an effect on the 

prostate growth it is largely unknown whether the effect is better observed in chronic prostate 

inflammation setting or acute or long-term duration therapy or not.  

LIMITATIONS 

This is a retrospective cohort study based on electronic records at BIDMC. Based on our critical 

inclusion and exclusion criteria, we had limited number of patients in the cohorts. Only 345 

patients had serial MRIs and received TNF-α inhibitor therapy. Meanwhile, 176 patients were 

excluded because of pelvic/colorectal surgery or poor MRI quality (not covering the entire prostate 

gland or containing artifacts). This could be a potential source of selection bias. 

In addition, due to nature of the patient population taking TNF-α inhibitors, most of our cohort 

consisted of Caucasian patients with autoimmune diseases and that can affect the generalizability 

of our study. Moreover, most of the available MRI scans were magnetic resonance enterography 

(MRE) but not prostate-specific images. While MREs provide an acceptable method for prostate 

size evaluations, these scans did not always cover the entire prostate area, which caused the 

subjects to be excluded from the study. Finally, the interval between serial MRIs may not have 

been long enough to assess for a meaningful difference in prostate size. The quality of some of the 

images was not optimal for accurate prostate measurement, which increased the possibility of 

measurement errors.  

Another limitation to our study is the lack of documentation on LUTS for most of the patients. 

That limited our ability to clinically evaluate the effect of TNF-α inhibitors on urinary symptoms. 
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We are currently expanding our cohort to include more men. As there are no more men with pelvic 

MRIs in our clinical data repository, we are including men with pelvic CT scans. Previous 

literature suggests the interchangeability of prostate volume measurement between MRI and CT 

scans.(33) 

 

CONCLUSION 

Our study supplies a clinical insight into the role of TNF-α inhibitor therapy in prostate growth. 

We identify a slower prostate growth rate in the TNF-α inhibitor treatment group, although the 

statistical significance is not achieved due to the limited sample size. 

 

 

 

 

 

 

 

 

 

 

 

  



16 
 

FIGURES AND TABLES 

Figure 1. Flow diagram of cohort selection 
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Figure 2. The example of prostate MRI measurement. a: a coronal section of the prostate gland with 
measurements of craniocaudal dimension for the total prostate and transition zone. b: an axial section of 
the prostate gland with measurements of anterior-posterior and transverse dimensions for the total 
prostate and transition zone. 

 
 

 

 

Figure 3.  Mean growth rate in the non-TNF-α inhibitor vs. treatment groups with 95% confidence 
intervals. 
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Table 1. Basic demographic and clinical characteristics 

 Non-TNF-α Inhibitor 
Group (n=80) 

TNF-α Treatment Group 
(n=89) 

p-value 

Race:   0.96 
White 61 (76%) 66 (74%)  
Black/African American 7 (9%) 10 (11%)  
Hispanic 4 (5%) 3 (3%)  
Asian 3 (4%) 4 (4%)  
Other   5 (6%) 6 (7%)  

Body Mass Index (BMI) 27.38 (4.09) 26.79 (5.53) 0.48 
Alcohol Use:   0.18 

Never 15 (19%) 23 (27%)  
Quit 6 (8%) 2 (2%)  
Yes 40 (51%) 48 (56%)  
Unknown 18 (23%) 13 (15%)  

Marital Status:   0.14 
Divorced 1 (1%) 3 (3%)  
Married 44 (55%) 45 (51%)  
Separated 0 (0%) 2 (2%)  
Single 31 (39%) 38 (43%)  
Unknown 4 (5%) 0 (0%)  
Widowed 0 (0%) 1 (1%)  

Hypertension:   0.35 
No 57 (71%) 69 (78%)  
Yes 23 (29%) 20 (22%)  

Peripheral Vascular 
Disease: 

  0.47 

No 64 (80%) 75 (84%)  
Yes 16 (20%) 14 (16%)  

Kidney Disease:   0.21 
No 76 (95%) 80 (90%)  
Yes 4 (5%) 9 (10%)  

Liver Disease:   0.74 
No 78 (98%) 86 (97%)  
Yes 2 (3%) 3 (3%)  

HIV/AIDS:   0.31 
No 78 (98%) 84 (94%)  
Yes 2 (3%) 5 (6%)  

Psychological Disorders:   0.79 
No 72 (90%) 79 (89%)  
Yes 8 (10%) 10 (11%)  

Erectile Dysfunction:   0.86 
No 76 (95%) 84 (94%)  
Yes 4 (5%) 5 (6%)  

Diabetes:   0.37 
No 79 (99%) 86 (97%)  
Yes 1 (1%) 3 (3%)  
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Table 2. Median values of findings in the entire cohort (25th – 75th percentiles).  

 Non-TNF-α inhibitor 
Group 

TNF-α treatment Group p-value 

Initial Total Prostate Volume cc  25.17 (18.47-30.81) 24.24 (19.41-28.08) 0.71 
Final Total Prostate Volume cc 24.68 (21.02-32.18) 25.26 (20.20-31.90)  0.95 
Age at first MRI 35.50 (26.00-48.00) 31.00 (26.00-43.00) 0.31 
Age at second MRI 40.50 (29.50-51.50) 38.00 (30.00-51.00) 0.62 
MRI interval in years  2.84 (1.43-5.25) 3.44 (1.50-7.05) 0.16 
TNF-a treatment duration in years  3.08 (1.00-5.20)  

 

 

 

Table 3. Two-sample t-test comparing mean growth rates in the non-TNF-α inhibitor and treatment 
groups. 

Group Observation Mean Standard Error Standard Deviation 95% Confidence Interval 
Non-TNF-
α inhibitor  

80 0.16 0.62   5.56   -1.07 1.40 

TNF-α 
treatment 

89 -0.82 0.87 8.223 -1.82 1.65 

Combined 169 0.03 0.54 7.067 -1.04 1.11 
Difference  0.25 1.07  -1.87 2.36 
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Table 4. Linear regression model results showing associations between treatment status, initial total 
prostate volume (TPV), body mass index (BMI), age at first MRI and the growth rate. 

Growth Rate difference in 
growth rate 

cc/yr 
 

Standard Error t P>|t| 95% Confidence Interval 

Non-TNF-α inhibitor 
TNF-α treatment 

reference 
-0.97 

 
1.22 

 
-0.80 

 
0.44 

 
-3.38          1.43 

Initial TPV (cc) -0.09 0.54 -1.71 0.09 -0.20          0.01 
Body Mass Index (BMI) -0.23 0.13 -1.77 0.08 -0.48          0.03 
Age at first MRI (years) 0.06 0.05 1.28 0.20 -0.04          0.16 
Race:      

White reference     
Black/African American 2.14 1.99 1.08 0.28 -1.79             6.07 
Hispanic 0.63 2.91 0.22 0.83 -5.14             6.40 
Asian 0.69 3.08 0.23 0.82 -5.40            6.79 
Other 2.52 2.67 0.94 0.35 -2.76             7.79 

      
Constant 6.51 3.85 1.69 0.09 -1.10             14.13 

 

 

 

Table 5. Linear regression models showing crude and adjusted growth rates 

Growth Rate  Non-TNF-α 
Inhibitor 

Group 

TNF-α Treatment 
Group 

 

 

  Mean ± (SE) Mean ± (SE) p-Value 
Unadjusted Model 
 
Adjusted Model (BMI, 
race, age, initial prostate 
vol.) 

 0.164(0.792) 
 

0.666 (0.927) 

-0.082(0.751) 
 

-0.225(0.816) 

0.822     
 

0.475 
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Paper 2: Cost-effectiveness of biparametric magnetic resonance imaging as a front-line test 

for Prostate cancer screening 

ABSTRACT 

Introduction: Prostate cancer (PCa) is the most common cancer diagnosed in men with a 

lifetime risk of diagnosis at 12%. Historically, men with elevated PSA or suspicious digital rectal 

exams were offered a 12-core trans-rectal ultrasound guided biopsy (TRUSGB). That approach 

is associated with underdetection of higher-grade PCas and overdetection of low-grade cancers. 

Recently, multi-parametric MRI (mpMRI) is being utilized more in the diagnosis and active 

surveillance of PCa. mpMRI has increased detection of clinically significant cancers and 

decreased detection of clinically insignificant cancers. However, the cost of mpMRI remains to 

be a significant barrier to its implementation as a screening modality. Biparametric MRI 

(bpMRI) consists of T2W and DWI sequences only. It requires less time (15–30 min less per 

case), costs less, and is done without using IV contrast. Recent literature points towards bpMRI 

and mpMRI having comparable performance in detection of high grade PCa. 

 

Methods: We conducted a decision analysis of PCa screening strategies extending an existing 

microsimulation model of disease natural history, diagnosis, treatment, and survival. We 

simulated contemporary US men starting at age 55 years with no prior screening or PCa 

diagnosis followed until age 100 years. Interventions included screening up to age 69 years using 

one of 8 strategies involving front-line PSA with/without reflex mpMRI and threshold PI-RADS 

3-5 or 4-5 or front-line bpMRI followed by MRGB or MRGB+TRUS. Initial treatments were 

based on SEER with possible delayed curative treatment at the point of symptomatic progression 

for low-risk screen-detected cases who do not receive immediate curative treatment. Outcomes 
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assessed included screening tests, reflex tests, biopsies, diagnoses, overdiagnoses, initial 

treatments, PCa deaths, lives saved, and years of life saved. 

 

Results: Front-line bpMRI incurs substantially higher numbers of biopsies and diagnoses. Many 

of the additional cancers are overdiagnosed, and lives saved or years of life saved are not 

projected to have commensurate increases. However, most front-line bpMRI strategies lead to 

fewer PCa deaths compared to PSA testing followed by reflex bpMRI with moderate variation 

projected when using PI-RADS 3-5 instead of PI-RADS 4-5 for biopsy referral or when using 

MRGB instead of MRGB+TRUS. None of the strategies using frontline bpMRI were cost-

effective compared to a reference strategy of frontline PSA with reflex mpMRI. Employing PSA 

as the front-line test followed by bpMRI (PI-RADS 3-5) as a reflex test and MRGB as biopsy 

scheme was also not cost-effective. The strategies of PSA+bpMRI(PI-RADS 4-5)+MRGB and 

PSA+bpMRI(PI-RADS 3-5)+MRGB/TRUS were cost-effective. At the willingness to pay 

(WTP) thresholds of $100,000 and $150,000 per Quality adjusted life year (QALY) gained, 

PSA+bpMRI(PI-RADS 3-5)+MRGB/TRUS produced the greatest net monetary benefit (NMB). 

 

Conclusions: Compared to strategies that implement PSA followed by bpMRI, strategies that 

start with bpMRI are less effective and less cost effective for screening of PCa. We found that 

the greatest net monetary benefit (NMB) and thereby the most cost-effective strategy was 

performing a bpMRI following a positive PSA (4ng/mL) with MRGB/TRUS for (PI-RADS 3-5) 

lesions. 
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INTRODUCTION 

Prostate cancer (PCa) is the most common cancer diagnosed in men in the US and globally, (34, 

35) with a lifetime risk of diagnosis of 12%,(36)  and estimated costs of more than $12 billion 

annually.(37) Accordingly, PCa screening has reflected a long-standing effort to reduce the public 

health burden of this disease.(38)  Despite early enthusiasm for prostate specific antigen (PSA) 

based screening programs, two seminal randomized trials demonstrated mixed results due to a 

number of factors, including overdiagnosis and overtreatment of low-risk disease. (39, 40)  

Historically, Men with elevated PSA or suspicious digital rectal exams (DRE) were offered a 12-

core trans-rectal ultrasound guided biopsy (TRUSGB). However, that approach is associated 

with under detection of higher-grade PCas and over detection of low-grade cancers. (41) 

To address risks of overdiagnosis, multiparametric MRI (mpMRI) of the prostate and MRI-

targeted prostate biopsy have emerged in recent years as the preferred diagnostic paradigm to 

evaluate men for PCa.(41) Moreover, two randomized clinical trials have demonstrated the 

superiority of a screening pathway that incorporates mpMRI/MRI-targeted biopsy for biopsy-

naïve men with elevated PSA or abnormal digital rectal examination compared to traditional 

PSA-based screening with conventional ultrasound-guided prostate biopsy, with reduced 

overdiagnosis of clinically insignificant disease, increased detection of clinically significant 

disease, and reduction in the number of biopsies performed.(42, 43) 

Despite the superiority of a mpMRI/mpMRI-targeted biopsy-based screening paradigms, 

widespread utilization remains limited by the cost and time associated with obtaining an mpMRI. 

To this end, biparametric MRI (bpMRI) has been proposed as a quicker, less costly alternative to 

mpMRI. (44) bpMRI has similar cancer detection rates with lower cost and shorter exam 

duration.(44, 45) 
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PCa remains one of the few disease states where screening is performed via biomarker testing 

rather than front-line imaging, unlike breast or lung cancer screening. In this regard, bpMRI 

represents a potential front-line diagnostic test that may obviate the need for front-line PSA 

screening before imaging evaluation. Indeed, this concept has been evaluated in a recent 

prospective trial, IP1-PROSTAGRAM, which suggested that front-line PCa screening with bp-

MRI (with PIRADS 4-5 biopsy criterion) was associated with greater diagnosis of clinically 

significant cancer, without an increase in the number of men over diagnosed with clinically 

insignificant cancer, compared to PSA or prostate ultrasound alone.(43)  

Still, uncertainty remains regarding the cost-effectiveness of front-line bpMRI screening for PCa. 

Given the potential advantages of a front-line, bpMRI-based screening strategy, we therefore 

evaluated the cost-effectiveness of front-line bpMRI-based PCa screening in the general 

population compared to a variety of alternative strategies consisting of PSA and mpMRI. 
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MATERIALS AND METHODS 

Overview  

In this study, we used the Fred Hutchinson Cancer Research Center (FHCRC) PCa 

microsimulation model(46-48) to evaluate the effectiveness and cost effectiveness of PCa screening 

strategies based on front-line bpMRI imaging compared to PSA testing. The model simulated a 

cohort of 55-year-old men in the United States and predicted health and economic outcomes over 

their lifetime. The health outcome measure was quality-adjusted life years (QALYs), where one 

QALY represents 1 year of life in perfect health. To compare different strategies for cost-

effectiveness outcomes, we used the incremental cost-effectiveness ratio (ICER), defined as the 

difference in costs divided by the difference in QALYs, and net monetary benefits (NBM), 

defined as the monetary value of QALYs (QALYs multiplied by a predefined willingness-to-pay 

(WTP) threshold) net of the costs. The analysis adhered to the Consolidated Health Economic 

Evaluation Reporting Standards.(49) 

 

Microsimulation Model  

The FHCRC is a microsimulation model that was built utilizing population data to model the 

individual natural history and progression of PCa.(46-48) This model links PSA growth over a 

man's life with his risks of subclinical onset and progression of PCa. PSA growth was based on 

data form the PCa Prevention Trial (PCPT).(48, 50)  The Surveillance, Epidemiology, and End 

Results (SEER) Program population data was used to model rates of PSA-based PCa onset and 

progression to clinical diagnosis.(47)  
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The model was previously used to study the cost-effectiveness of coordinated PSA screening and 

initial treatment strategies(51) and comparative(52) or cost-effectiveness(53) of urinary reflex tests 

or mpMRI among men with PSA between 4 and 10 ng/mL. 

 

Model Extensions and Screening Strategies 

As the original FHCRC model only projects screening outcomes based on PSA, it had to be 

extended to accommodate studying front-line testing, reflex testing, and biopsy using different 

modalities.  The 8 combinations of front-line screening test, reflex test, and biopsy scheme are 

summarized in Table 1. Test and biopsy characteristics are based on Tables 6 (diagnostic 

accuracy of index tests) and 8 (MRI-positivity threshold effect) in Drost et al. (54) In the base case 

analysis, we assume bpMRI has test sensitivity similar to mpMRI and specificity is assumed to 

be intermediate between estimates reported for PI-RADS 3-5 and 4-5.  

 

Health States and Events  

All healthy men enter the model population at age 55 and remain in the healthy state until PCa is 

diagnosed or non-PCa death occurs. The model tracks the following states over the individual 

lifetime: healthy, active surveillance, localized PCa managed with short-term treatment (first 

year), localized PCa managed with long-term treatment (after first year), localized PCa cases 

who do not receive curative treatment (long-term management), de novo distant stage, and 

progressive distant stage (up to 2 years) and end of life for men who die of PCa (6 months); see 

Figure 1. the use of front-line tests, reflex tests, biopsies, and treatments, and the complications 

due to treatments were accounted for. 
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Based on data from population studies, primary treatment assignment was based on age and 

grade of PCa. Our study has the following assumptions: Among men with localized PCa 

diagnosed at age 55 years, 62% of low-grade cases were placed on active surveillance(55); 26% 

received surgery and 12% received radiation. In comparison, 8% of high-grade cases were 

placed on active surveillance, 71% had surgery, and 21% received radiation. High-grade cases 

who received radiation also received adjuvant androgen deprivation therapy. Based on analysis 

of data from insurance claims, 72% of metastatic cases received abiraterone acetate plus 

prednisone or enzalutamide, 13% received docetaxel, and 15% received Sipuleucel-T.(56) 

 

Health Utilities and Costs 

Health utility and cost parameters for different health states were distilled from previous 

literature and are summarized in Table 2. In consistency with previous US-based economic 

evaluations of PCa screening, the utility for men in full health was assumed to be 1.(51, 57, 58) The 

health utility decrement associated with all different health states and biopsies were derived from 

previously published studies.(59-63) The cost parameters were included from a US healthcare 

system’s perspective. They were adjusted to 2020 US dollars using the consumer price index.(64) 

The costs of PSA, bpMRI, and office visits were collected from the Medicare fee schedule.(65, 66) 

We obtained the costs of diagnosis and treatments for localized PCa from previous cost-

effectiveness studies.(67-69) We assumed that active surveillance consists of an annual PSA test 

and office visit, and a biennial biopsy. Consistent with previous studies, we assigned a low health 

utility to the last 6 months of life for men dying from PCa and assigned a cost estimate from an 

analysis in which only symptom-reducing drugs were used.(59, 61, 70)  
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Cost-Effectiveness Analysis  

Based on health costs data, mean lifetime cost associated with each strategy was calculated. 

Next, QALYs were calculated based on health utilities (Table 2). 

After excluding the strategies that were less effective and more costly or less cost-effective we 

calculated ICER for each remaining strategy by reference to the next most effective strategy. 

NMB of each strategy was also calculated at WTP thresholds of $100,000 and $150,000 per 

QALY gained. A discount rate of 3% was applied to both costs and health outcomes. Statistical 

analysis was performed using R Studio. 

 

Sensitivity Analyses 

The FHCRC model was built based on data prior to and after the introduction of PSA screening. 

As a result, the model represents historical grading practices. In an effort to test the outcomes 

under more contemporary grading practices, we performed a sensitivity analysis in which we did 

not allow low-grade (Gleason < 7) cancers to progress to distant stage or cause death.  

 

RESULTS 

Figure 2 shows the clinical outcomes for the eight screening approaches.  

Performance of Frontline bpMRI Against Frontline PSA Based Strategies 

In general, when compared to PSA based screening, the four front-line bpMRI strategies 

incurred lower average number of screening tests, lower average number of false negative tests, 

an order of magnitude more false positive tests, higher number of biopsies, higher probability of 

cancer diagnosis and overdiagnosis. In addition, the probability of cancer death was lower, the 

probability of life saved was higher, and the average years of life saved was higher. 
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Performance of Frontline bpMRI Tests 

Selecting a biopsy referral criterion of PIRADS 3-5 instead of PIRADS 4-5 doubled the average 

number of false positive tests, yielded one fourth the average number of false negative results, 

doubled the average number of biopsies obtained, slightly increased the probability of cancer 

diagnosis, increased the probability of overdiagnosis, lowered the probability of cancer death, 

increased the probability of life saved, and doubled the average years of life saved. 

It is worth noting that while more cancers were diagnosed using front-line bpMRI strategies 

compared to front-line PSA strategies, the probability of overdiagnosis increased as well. That is 

consistent with the findings of lower probability of cancer death, higher probability of life saved, 

and higher average years of life saved in front-line bp-MRI approaches. 

Figure 3 shows 20-year cumulative incidence of PCa death starting at age 55 years for the eight 

screening tests, reflex tests, and biopsy strategies. Front-line bp-MRI screening with a biopsy 

referral criterion of PIRADS 3-5 and biopsy scheme of MRGB + TRUS yielded the lowest 

cumulative incidence of PCa mortality (0.4%). Of note, this screening strategy yielded the 

highest average years of life saved, highest probability of life saved, and the highest probability 

of cancer diagnosis and overdiagnosis. 

Table 3 presents the base-case cost-effectiveness results for the 8 strategies. The screening 

strategies are ordered on the basis of lifetime cost for an individual. All strategies using PSA as a 

front-line with bpMRI as a reflex test had a lower lifetime cost per individual ($11,800- 12,393). 

All strategies with frontline bpMRI had remarkably higher costs. Screening with bpMRIs with a 

defined positivity criterion of PIRADS 3-5 ($24,358-24,367) compared to PIRADS 4-5 

($17,853-17,922).  
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The reference strategy was defined to be PSA as a front-line test, bmMRI as a reflex test (reflex 

positivity criterion: PIRADS 4-5), and MRGB+TRUS as a biopsy scheme. The only screening 

strategy that had a lower cost was PSA as a front test, mpMRI as a reflex test (reflex positivity 

criterion: PIRADS 3-5), and MRGB+TRUS as a biopsy scheme. That strategy led to an ICER of 

$92,298/QALY gained compared to the reference strategy. Additionally, the former strategy 

produced the greatest NMB at the WTP thresholds of $100,000 and $150,000 per QALY gained. 

All other screening strategies were dominated and thus were excluded from the ICER 

calculation. 

The strategies using front-line bpMRI provided more QALYs than strategies using front-line 

PSA testing, although the difference is marginal.  

The sensitivity analysis performed to study the performance of the model while disallowing low 

grade cancers (Gleason score <7) from progressing to distant stage or causing death projected the 

same pattern of screening strategies performance when compared to the base-case analysis 

(Table 4).  the strategy with PI-RADS 3-5 as the bpMRI reflex positivity criterion led to the 

greatest NMB. Its ICER versus the one using PI-RADS 4-5 as criterion was reduced to $40,071 

per QALY gained.   
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DISCUSSION 

The overall goal for screening is to identify diseases at an early stage, thus lowering resulting 

mortality, morbidity and cost of treatment. After the wide implementation of prostate-specific 

antigen (PSA) screening for men 50 and older in the early 1990’s per the American Urological 

Association (AUA) and American Cancer Society (ACS), the incidence of PCa has increased, 

but mortality rate and risk of metastatic disease have been steadily decreasing.(39, 71-73) To date, 

there is no universal consensus on the optimal screening approach for PCa. 

Based on the FHCRC model, we compared screening strategies implementing front-line bpMRI 

versus those comprising PSA+mpMRI based strategies. The advantages of frontline bpMRI were 

reduction of the average number of screening tests, a smaller number of false negative tests, 

lower probability of cancer death, higher probability of life saved, higher average years of life 

saved, and lower 20-year cumulative incidence of PCa mortality. On the other hand, they had 

substantially higher number of false positive tests, resulted in a greater number of biopsies 

performed, and more cancer diagnoses (including overdiagnosis).  

In our statistical model, overdiagnosis refers to the case when a man is diagnosed of any grade of 

PCa but dies of something else other than the cancer. This explains the overdiagnosis in the 

upfront bpMRI approaches as many of the additional cancers are overdiagnosed. Although more 

cases of PCa would be found, the effect of that on life years and QALY were minimal, and the 

20-year mortality was lower. 

While the FHCRC model provides a useful tool to model PCa and test hypothetical screening 

approaches, is not without limitations. It was built relying on historical SEER data and was 

structured around historical grading practices and approaches. That could be a limitation to the 
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generalizability of the results to contemporary cohorts. Modern grading practices may also 

impose differences.  

Our analyses showed that all screening strategies using bpMRI tests in front line were not cost-

effective. At the WTP thresholds of $100,000 and $150,000 per QALY gained, PSA+bpMRI(PI-

RADS 3-5)+MRGB/TRUS produced the greatest NMB and thereby was the most cost-effective 

strategy. This could be attributed to the fact that the cost of bpMRI remains high. 

The PRECISION and STHLM3-MRI trials are two randomized clinical trials that were 

performed to answer the question whether performing mpMRI-MRGB were non-inferior to the 

standard TRUSGB for the diagnosis of PCa. They both established the non-inferiority of mpMRI 

to standard biopsy in detecting clinically significant PCas. Moreover, clinically insignificant 

PCas and total number of biopsies performed were lower as well. 

bpMRI has never been used as a frontline screening modality for PCa, except in one small, 

prospective trial. However, with the improvement of MRI image quality over the years, such 

short scans are able to provide more information than what they used to.  Two randomized 

clinical trials(74, 75) done in Europe (IP1-PROSTAGRAM and BIDOC studies) demonstrated the 

superior performance of bpMRI compared to TRUSGB in detection of clinically significant 

prostate lesions while detecting less clinically insignificant lesions and requiring a smaller 

number of biopsies. The IP1-PROSTAGRAM Study(74), compared the performance of front-line 

bpMRI to PSA and prostate TRUS. All patients had the 3 modalities of screening. Any positive 

finding was followed by a transperineal systematic 12-core biopsy. In addition, image fusion–

targeted biopsies were performed for lesions visible on bpMRI of TRUS. The study concluded 

that compared to PSA or TRUS, bpMRI (at a biopsy referral criterion of PIRADS 4-5) had better 
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performance in detecting clinically significant PCa, without an increase in the number of 

biopsies performed or overdiagnosis of clinically insignificant cancer.   

The Biparametric MRI for Detection of PCa (BIDOC) study(75) was performed in Denmark to 

evaluate the performance of bpMRI as a reflex test compared to standard biopsy in men with 

suspicion for PCa (PSA>=4 or suspicious DRE). All men had bpMRI followed by 10-core 

extended sextant biopsy scheme. For men who had suspicious MRI lesions, a targeted biopsy 

was also obtained.  The NPV of bpMRI findings in ruling out significant cancer was 97%. 

Significant PCa diagnoses were improved by 11% and insignificant PCa diagnoses were reduced 

by 40% using fewer biopsy cores compared with standard biopsies alone. 

A number of studies have suggested at bpMRI has similar performance to mpMRI, though none 

in the front-line setting. For example, a clinical trial by Zawaideh et al demonstrated that bpMRI 

has similar cancer detection rates to the full mpMRI protocol at a positive MRI threshold of 

Likert 3. mpMRI had fewer intermediate category 3 calls than bpMRI and fewer false positives 

than bpMRI, conferring higher specificity but similar sensitivity. (76) Four recent meta-analysess 

(Bass et al, Alabousi et al, Kang et al, and Woo et al) concluded that bpMRI offers comparable 

test accuracies (sensitivity and specificity) to mpMRI in detecting PCa.(77-80) 

An emerging body of studies has highlighted the cost reduction, without sacrifice of cancer 

detection, provided by implementing bpMRI instead of mpMRI. (45, 81, 82) All this growing 

evidence of the effectiveness and safety of bpMRI justify the need of a cost-effectiveness 

analysis for this modality. 

In a recent Cochrane review, from 43 studies, Drost et al(54) evaluated the use of MRI and MRI 

guided biopsy compared to TRUS and TRUS GB. They found that the use of MRI (with or 
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without MRGB) detected more clinically significant PCa cases and less clinically insignificant 

cases, compared to systematic biopsy.  

Multiple clinical trials and meta-analyses have established the role of mpMRI as an important 

modality for the screening of PCa. Getaneh et al investigated the use of a mpMRI after a positive 

PSA followed by magnetic resonance imaging-guided biopsy (MRIGB) and found it may reduce 

harms associated with classical screening.(83) 

A meta-analysis by de Rooij et al showed high specificity, negative predictive values, and 

sensitivities for the use of  mpMRI for detecting PCa, highlighting an important potential and 

implementations.(84) Another meta-analysis performed by Elwenspoek  concluded that, compared 

to TRUSGB, performing a prebiopsy MRI combined with MRGB improved the detection of 

clinically significant PCa, reduced number of individual biopsy cores taken per procedure, and 

potentially prevented unnecessary biopsies in some individuals. (85) 

With all the aforementioned advances, mpMRI is currently considered to be the standard of care.  

bpMRI has not been studied in the clinical setting to the same degree mpMRI has been. Despite 

the encouraging findings of the meta-analyses by Alabousi and Bass et al, their studies were 

limited by heterogeneity in the studies they included, rendering definitive recommendations hard 

to establish. Microsimulation models offer a great insight into the natural progression of the 

disease and performance of different screening modalities; however, they are not without 

limitations.  

Multiple cost effectiveness analyses have been performed to evaluate different modalities for 

screening of PCa. Despite that, there is no consensus on the matter. The cost effectiveness of 

PSA screening in PCa has been investigated. Although it is proven to increase added life years, it 
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also added cost compared to no screening. Cost effectiveness is only established if PSA was 

limited to specific age categories (55-69 years), performed every 3-4 years, or performed while 

allowing for the choice of active surveillance. (51, 57, 86) 

Multiple studies have evaluated the cost effectiveness of screening modalities using mpMRI as a 

reflex test to front-line PSA. In a study examining the cost-effectiveness of mpMRI and MRGB 

compared with TRUSGB, de Rooij et al demonstrated that the implementation of mpMRI was 

cost effective. (87) Venderink et al found that Fusion-guided biopsy seems to be cost-effective 

compared with systematic transrectal ultrasound-guided biopsy.(88) Pahwa et al studied the cost-

effectiveness of mpMRI followed by MRGB strategies in the detection of PCa in biopsy-naive 

men compared to TRUSGB and found non-contrast MRI followed by targeted TRUSGB (no 

standard biopsy if MR imaging findings were negative) was the most cost-effective approach.(82) 

Hao et al showed that mpMRI + MRGB and MRI+ MRGB/TRUSGB showed strong dominance 

over TRUSGB and mpMRI + TRUSGB or MRGB(89) 

In a microsimulation model study, Cerantola et al found that implementing mpMRI and MRGB 

dominated TRUSGB in PCa diagnosis and management 5, 10, 15, and 20 years after initial 

diagnosis. (90) Getaneh et al, using microsimulation models for European population, 

demonstrated that incorporation of mpMRI as a reflex test after a positive PSA test result with a 

subsequent MRIGB has a high probability to be more cost-effective as compared with the 

classical PCa screening pathway.(91) 
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LIMITATIONS 

A major limitation to answering our question is the paucity of clinical data on the performance of 

front-line bpMRI compared to other PCa screening modalities.  Only one small prospective 

clinical trial tried address this. That led us to approach our question using a modeling study.  

While microsimulation model studies provide novel means of predicting test performance and 

hypothesis testing, they are not without limitations and shortcomings. The results they provide 

should always be taken in the context of the data used to build the model, the assumptions built 

in the model, and the analysis performed. The FHCRC model was built based on historical SEER 

data that incorporated historical grading practices and approaches. The fact that definitions of 

classifications of prostate cancer, biopsy guidelines and screening options have evolved overtime 

in the period covered in this data contribute significantly to heterogeneity of the data. The 

changes in grading practices and approaches are to be considered for results generalizability.  

Another limitation to the utility of bpMRI as a screening modality could be the challenge of 

availability in different places in the world, in addition to the high cost. Moreover, global 

differences in the cost might result in bpMRI being cost effective in places where MRI is more 

readily available and less expensive compared to places where it is not, contributing to the 

greater picture of healthcare disparities. 

 

CONCLUSION 

In a microsimulation model, bpMRI was not more effective nor more cost effective as a frontline 

test for the screening of PCa than a reference strategy of PSA followed by reflex mpMRI. As 

much as a frontline imaging strategy is attractive, and despite the reduction of overall cancer 
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mortality, bpMRI is associated with higher rates of overdiagnosis and reduction in QALYs. 

Additional work to improve the performance characteristics of existing imaging modalities is 

required to produce a superior front-line imaging-based screening test compared to current 

standard of care. 
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FIGURES AND TABLES 
 
Figure 1. Diagram of model states for healthy men and men with a screen-detected or clinically 
diagnosed localized PCa. 
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Figure 2. Clinical outcomes for 8 screening test, reflex test, and biopsy strategies. 
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Figure 3. 20-year cumulative incidence of PCa mortality for the 8 screening test, reflex test, and biopsy 
strategies. 
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Table 1. PCa screening and biopsy strategies and assumed characteristics. 
 

Front-line 
test 

Front-line test 
positivity 
criteria 

Reflex 
test 

Reflex  
test positivity 
criteria 

Biopsy 
scheme 

MRI 
sensitivity
GG 1 

MRI 
sensitivity
GG ≥2 

MRI 
specif
icity 

Biopsy 
sensitivity 
GG 1 

Biopsy 
sensitivity 
GG ≥2 

bpMRI PI-RADS 3-5 ― ― MRGB 0.68 0.89 0.34 0.51 0.80 

bpMRI PI-RADS 3-5 ― ― 
MRGB+ 
TRUS 0.68 0.89 0.34 0.69 0.92 

bpMRI PI-RADS 4-5 ― ― MRGB 0.26 0.72 0.68 0.51 0.80 

bpMRI PI-RADS 4-5 ― ― 
MRGB+ 
TRUS 0.26 0.72 0.68 0.69 0.92 

PSA 4 ng/mL mpMRI PI-RADS 3-5 MRGB 0.68 0.89 0.34 0.51 0.80 

PSA 4 ng/mL mpMRI PI-RADS 3-5 
MRGB+ 
TRUS 0.68 0.89 0.34 0.69 0.92 

PSA 4 ng/mL mpMRI PI-RADS 4-5 MRGB 0.26 0.72 0.68 0.51 0.80 

PSA 4 ng/mL mpMRI PI-RADS 4-5 
MRGB+ 
TRUS 0.26 0.72 0.68 0.69 0.92 

bpMRI = biparametric magnetic resonance imaging; mpMRI = multiparametric magnetic resonance imaging; PI-RADS = Prostate Imaging Reporting and Data 
System; MRGB = MR-guided biopsy; TRUS = transrectal ultrasound-guided biopsy; GG = grade group 
 

  



42 
 

 
Table 2. Health utility and cost parameters. 
 

Parameter Value Source 

Utility, decrement 
  

Healthy state (per year) 0.00 Assumed 

Surveillance state (per year) 0.03 Heijnsdijk et al., 2012 

Symptomatic state (per year) 0.11 Stewart et al., 2005 

Short-term treatment state, localized PCa (per year) 0.31 Stewart et al., 2005 

Long-term treatment state, localized PCa (per year) 0.05 Lange et al., 2019 

Distant stage state (per year)* 0.35 Penson et al., 2005 

End-of-life state (last six months) 0.63 Bremner et al., 2007 

Biopsy (per three weeks) 0.10 Heijnsdijk et al., 2012 

Cost, 2020 US dollars 
  

PSA (per test) 19 CMS, 2020 

bpMRI (per test) 283 CMS, 2020 

MRGB (per procedure) 3,255 Barnett et al., 2018 

Staging (per procedure) 1,170 Barnett et al., 2019 

Radiotherapy (per procedure) 26,936 Sharma et al., 2019 

Radical prostatectomy (per procedure) 12,601 Sharma et al., 2019 

ADT (per year) 2,577 Sharma et al., 2019 

Active surveillance state (per year) 1,745 CMS, 2020; Barnett et al., 2018 

Long-term management state (per year) 1,745 CMS, 2020; Barnett et al., 2018 

Distant state (per year)* 163,332 Wu et al., 2018 

End-of-life state (last six months) 30,647 Dinan et al., 2016 

Complications, radiotherapy (per event) 314 Cooperberg et al., 2013 

Complications, radical prostatectomy (per event) 967 Cooperberg et al., 2013 

* De novo or progressive. 
PCa = PCa; CMS = Centers for Medicare and Medicaid Services; PSA = prostate-specific antigen; bpMRI = biparametric magnetic resonance 
imaging; MRGB = MRI-guided biopsy; ADT = androgen deprivation therapy 
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Table 3. Base-case cost-effectiveness of 8 screening test, reflex test, and biopsy strategies. 
 

Front-line 
test 

Front-line 
test positivity 
criteria 

Reflex 
test 

Reflex 
positivity 
criteria 

Biopsy 
scheme Costs ($) QALY 

ICER 
($/QALY 
gained) 

NMB ($) 
(WTP = $100,000 
per QALY gained) 

NMB ($) 
(WTP threhold = 
$150,000 per 
QALY gained 

PSA 4 ng/mL mpMRI PI-RADS 4-5 MRGB+
TRUS 11,800 16.812 reference 1,669,440 2,510,059 

PSA 4 ng/mL mpMRI PI-RADS 4-5 MRGB 11,880 16.81 dominated 1,669,118 2,509,616 

PSA 4 ng/mL mpMRI PI-RADS 3-5 MRGB+
TRUS 12,293 16.818 92,298 1,669,481 2,510,368 

PSA 4 ng/mL mpMRI PI-RADS 3-5 MRGB 12,393 16.816 dominated 1,669,167 2,509,948 

bpMRI PI-RADS 4-5 ― ― MRGB 17,853 16.78 dominated 1,660,124 2,499,112 

bpMRI PI-RADS 4-5 ― ― MRGB+
TRUS 17,922 16.778 dominated 1,659,869 2,498,765 

bpMRI PI-RADS 3-5 ― ― MRGB 24,358 16.762 dominated 1,651,808 2,489,891 

bpMRI PI-RADS 3-5 ― ― MRGB+
TRUS 24,367 16.76 dominated 1,651,667 2,489,685 

QALY = quality-justed life year; ICER = incremental cost-effectiveness ratio; NMB = net monetary benefit; WTP = willingness-to-pay; bpMRI = biparametric 
magnetic resonance imaging; PI-RADS = Prostate Imaging Reporting and Data System; MRGB = MR-guided biopsy; TRUS = transrectal ultrasound-guided biopsy; 
GG = grade group 
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Table 4. Sensitivity analysis cost-effectiveness of 8 screening test, reflex test, and biopsy strategies. 
 

Front-line 
test 

Front-line 
test positivity 
criteria 

Reflex 
test 

Reflex 
positivity 
criteria 

Biopsy 
scheme Costs ($) QALY 

ICER 
($/QALY 
gained) 

NMB ($)  
(WTP = $100,000 
per QALY gained) 

NMB ($)  
(WTP threhold = 
$150,000 per 
QALY gained 

PSA 4 ng/mL mpMRI PI-RADS 4-5 MRGB+
TRUS 8,846 16.822 reference 1,673,388 2,514,504 

PSA 4 ng/mL mpMRI PI-RADS 4-5 MRGB 8,997 16.819 dominated 1,672,875 2,513,811 

PSA 4 ng/mL mpMRI PI-RADS 3-5 MRGB+
TRUS 9,173 16.831 40,071 1,673,877 2,515,402 

PSA 4 ng/mL mpMRI PI-RADS 3-5 MRGB 9,301 16.827 dominated 1,673,406 2,514,760 

bpMRI PI-RADS 4-5 ― ― MRGB 14,825 16.79 dominated 1,664,217 2,503,737 

bpMRI PI-RADS 4-5 ― ― MRGB+
TRUS 14,825 16.789 dominated 1,664,081 2,503,535 

bpMRI PI-RADS 3-5 ― ― MRGB+
TRUS 21,123 16.772 dominated 1,656,040 2,494,622 

bpMRI PI-RADS 3-5 ― ― MRGB 21,165 16.774 dominated 1,656,234 2,494,934 

QALY = quality-justed life year; ICER = incremental cost-effectiveness ratio; NMB = net monetary benefit; WTP = willingness-to-pay; bpMRI = biparametric 
magnetic resonance imaging; PI-RADS = Prostate Imaging Reporting and Data System; MRGB = MR-guided biopsy; TRUS = transrectal ultrasound-guided biopsy; 
GG = grade group 
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Supplemental Figure 1. Clinical outcomes for 8 screening test, reflex test, and biopsy strategies when 
low-grade cancers cannot progress to distant stage or cause death. 
 

 
 
Supplemental Figure 2. 20-year cumulative incidence of PCa mortality for the 8 screening test, reflex 
test, and biopsy strategies when low-grade cancers cannot progress to distant stage or cause death. 
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Supplemental Table 1. Overdiagnoses, PCa deaths, and other-cause deaths projected for the 8 screening 
test, reflex test, and biopsy strategies. 

 
 

 

Assumption Front-
line 
test 

Front-line 
test 
positivity 
criteria 

Reflex 
test 

Reflex test 
positivity 
criteria 

Biopsy Over-
diagnoses 

PCa 
deaths 

OC 
deaths 

Lives 
saved 

Over-
diagnoses 
/Lives 
saved 

Base case mpMRI PI-RADS 3-5 
  

MRGB 94.7 14.7 985.3 15.6 6.1 

Base case mpMRI PI-RADS 3-5 
  

MRGB+ 
TRUS 

101.6 13.8 986.2 16.6 6.1 

Base case mpMRI PI-RADS 4-5 
  

MRGB 66.2 17.7 982.3 12.7 5.2 

Base case mpMRI PI-RADS 4-5 
  

MRGB+ 
TRUS 

75.7 16.4 983.6 13.8 5.5 

Base case PSA 4 ng/mL mpMRI PI-RADS 3-5 MRGB 20.1 19.7 980.3 10.5 1.9 

Base case PSA 4 ng/mL mpMRI PI-RADS 3-5 MRGB+ 
TRUS 

22.9 18.8 981.2 11.3 2.0 

Base case PSA 4 ng/mL mpMRI PI-RADS 4-5 MRGB 13.5 21.8 978.2 8.2 1.6 

Base case PSA 4 ng/mL mpMRI PI-RADS 4-5 MRGB+ 
TRUS 

15.5 21.0 979.0 8.9 1.7 

Sensitivity 
analysis 

mpMRI PI-RADS 3-5 
  

MRGB 94.7 14.7 985.3 15.7 6.1 

Sensitivity 
analysis 

mpMRI PI-RADS 3-5 
  

MRGB+ 
TRUS 

101.6 13.8 986.2 16.6 6.1 

Sensitivity 
analysis 

mpMRI PI-RADS 4-5 
  

MRGB 66.2 17.7 982.3 12.7 5.2 

Sensitivity 
analysis 

mpMRI PI-RADS 4-5 
  

MRGB+ 
TRUS 

75.8 16.4 983.6 13.8 5.5 

Sensitivity 
analysis 

PSA 4 ng/mL mpMRI PI-RADS 3-5 MRGB 20.1 19.8 980.2 10.5 1.9 

Sensitivity 
analysis 

PSA 4 ng/mL mpMRI PI-RADS 3-5 MRGB+ 
TRUS 

22.9 18.8 981.2 11.3 2.0 

Sensitivity 
analysis 

PSA 4 ng/mL mpMRI PI-RADS 4-5 MRGB 13.5 21.8 978.2 8.2 1.7 

Sensitivity 
analysis 

PSA 4 ng/mL mpMRI PI-RADS 4-5 MRGB+ 
TRUS 

15.5 21.1 978.9 8.9 1.7 
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THESIS SUMMARY, CONCLUSIONS, AND FUTURE DIRECTIONS 

In the first paper, we aimed to investigate the effect of using TNF-α inhibitors on the growth rate 

and size of the prostate gland. In our retrospective study, we identified a slower growth rate of 

the prostate gland for men taking TNF-α inhibitors. Due to the limitations of the study, our 

results could not achieve statistical significance. Despite the lack of statistical significance, our 

results are consistent from what we know on the biological level. While the role of TNF-α in 

prostate molecular pathways has been studied before, the effect of TNF-α inhibitors on the 

prostate gland has never been a focus in clinical studies. As the indications of TNF-α inhibitors 

are increasing, future prospective studies might provide higher quality evidence. 

 

In the second paper, we aimed to evaluate the cost effectiveness of using front-line bpMRI as a 

screening tool for prostate cancer. By implementing a microsimulation model, we tested the 

performance of front-line bpMRI based approaches in comparison with prostate-specific antigen 

approaches. Our analyses concluded that implementing bpMRI as a front-line screening tool is 

still not effective nor cost effective. Due to higher false positive rates, more biopsies were 

performed, and more cancer diagnoses were made. However, screening with front-line bpMRI 

still saved more lives and projected lower 20-year prostate cancer mortality. Our current 

knowledge states that prostate cancer screening with a combination of imaging and biomarker is 

still superior to any modality alone. As our understanding of the disease evolves, and as our 

imaging techniques get more sophisticated, perhaps we will be able to tailor more nuanced 

screening approaches. 
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