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Abstract

OBJECTIVE—Despite a substantial increase in the use of MRI for pretreatment evaluation of 

prostate cancer, its prognostic value in patients undergoing radiation therapy (RT) is not well 

known. Therefore, the purpose of this study was to systematically review the literature and 

perform a meta-analysis on the prognostic value of pretreatment MRI in patients with prostate 

cancer who underwent external beam radiation therapy (EBRT) or brachytherapy.

MATERIALS AND METHODS—PubMed and Embase databases were searched for studies 

published on or before March 13, 2019. We included studies that evaluated pretreatment MRI as a 

prognostic factor in prostate cancer regarding biochemical recurrence (BCR), metastatic failure, 

and overall or cancer-specific mortality. Effect sizes were measured in terms of the hazard ratio 

(HR) and were meta-analytically pooled using the random-effects model. The quality of the 

studies was independently evaluated using the Quality in Prognostic Studies tool.
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RESULTS—Twelve studies (2205 patients) were included. All studies assessed BCR; metastasis 

was evaluated in three studies, and mortality was evaluated in one study. Extraprostatic extension 

(EPE), seminal vesicle invasion (SVI), large tumor size or volume, number of sextants involved, 

and tumor involvement of prostatic apex were significant prognostic factors of BCR (pooled HRs 

= 1.50–4.47). EPE, larger tumor size, greater tumor volume, presence of metastatic pelvic lymph 

nodes (LNs), and presence of SVI were significant risk factors for metastasis (pooled HRs = 1.12–

11.96). Pelvic LN metastasis was significantly predictive of cancer-specific mortality (HR = 4.45 

[95% CI, 1.30–15.23]).

CONCLUSION—Several pretreatment MRI findings were significant prognostic factors in 

patients with prostate cancer who underwent RT.
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Prostate cancer is highly prevalent in men across the world, particularly in the Western 

hemisphere. Outcomes are widely variable and are dependent on multiple factors, including 

patient and tumor characteristics. Management strategies are increasingly tailored to 

individual risk, the likelihood of adverse oncologic outcomes, and impact on quality of life. 

Commonly used risk stratification systems are based on clinical variables such as prostate-

specific antigen (PSA) level, biopsy Gleason scores, and clinical stage from digital rectal 

examination, but there is significant variability in these assessments [1–3]. For instance, 

interobserver agreement for clinical staging is strikingly low, and Gleason scores are 

upgraded from biopsy to radical prostatectomy specimens in approximately one-third of 

patients [4, 5]. Therefore, there is a clinically unmet need to improve risk stratification of 

prostate cancer.

During recent years, there has been a substantial increase in the use of MRI in the 

pretreatment evaluation of prostate cancer. Advances in MRI technology and the resultant 

detailed anatomic and functional information obtained from multiparametric MRI protocols 

have led to more sensitive detection of clinically significant prostate cancer, more accurate 

staging, and potential for improved prognostic assessment [6–8]. However, most of the 

studies in the literature have been based on surgicopathologic specimens as the reference 

standard. This reference standard induces significant selection bias for patients who undergo 

radical prostatectomy and lacks generalizability to the population receiving radiation therapy 

(RT) [9, 10]. In fact, although risk stratification is important for all patients, it is even more 

crucial for those for whom there will be no whole-organ specimen for detailed pathologic 

analyses (i.e., pathologic extraprostatic extension [EPE], lymph node [LN] metastasis), such 

as patients triaged for active surveillance or those who undergo RT. MRI, because of its 

ability to depict and localize the dominant tumor, is being increasingly used in the 

pretreatment evaluation and planning of treatment in patients with prostate cancer in recent 

years; however, few investigators have evaluated the prognostic value of pretreatment MRI 

before RT, and there is no clear consensus regarding the utility of MRI for patients 

undergoing RT for prostate cancer.
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Therefore, the purpose of this study was to systematically review the literature and perform a 

meta-analysis on the prognostic value of pretreatment MRI in patients with prostate cancer 

who underwent external beam radiation therapy (EBRT) or brachytherapy.

Materials and Methods

This systematic review and meta-analysis was performed according to Preferred Reporting 

Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [11].

Literature Search

PubMed and Embase databases were systematically searched for studies published on or 

before March 13, 2019. The following search query was formulated using keywords and 

related descriptors: ((prostate OR prostatic) AND (radiotherapy OR “radiation therapy” OR 

“radiation treatment” OR RT OR brachytherapy OR “seed implant” OR “seed 

implantation”)) AND (“MR” OR MRI OR MR) AND (biochemical OR outcome OR failure 

OR recur* OR survival OR mortality OR death OR metastas*) AND (“hazard ratio” OR HR 

OR Cox OR Kaplan OR KM). The reference lists of the identified studies were also checked 

to find additional articles relevant to our research question.

Study Selection

Studies were included if they satisfied the following patient, index test, comparator, 

outcome, and study design criteria [11]: patients, patients with newly diagnosed prostate 

cancer; index test, pretreatment MRI; comparator, no comparator relevant to this meta-

analysis; outcome, biochemical recurrence (BCR), metastatic failure, and overall or cancer-

specific mortality; and study design, original research articles. Exclusion criteria were a 

study population of fewer than 10 patients, other publication types (e.g., conference abstracts 

and review articles), studies dealing with a different topic (e.g., salvage RT for postradical 

prostatectomy recurrence or MRI for detection of recurrent prostate cancer after primary 

RT), studies with insufficient survival data for meta-analysis pooling, and overlap in patient 

population with patient population of another study. When population overlap was present, 

the study providing more comprehensive information (e.g., evaluated more MRI findings) 

was included. Two reviewers (reviewers 1 and 2) performed the study selection process. 

When disagreement was present, a consensus was reached after discussion with a third 

reviewer (reviewer 3).

Data Extraction and Quality Assessment

Data were extracted from the included studies. The following patient and tumor 

characteristics were extracted: number of tumors, patient age, PSA levels, clinical stage of 

prostate cancer, biopsy Gleason scores of prostate cancer, and risk stratification. RT 

characteristics were extracted: the type of RT (EBRT or brachytherapy), radiation dose, and 

whether androgen deprivation treatment (ADT) was given. The following characteristics of 

the study were extracted: origin of study (authors, institution, and patient enrollment period), 

year of article publication, study design (prospective vs retrospective, multi- vs single-

center), definition used for outcomes (i.e., Phoenix criteria or American Society for 

Radiation Oncology [ASTRO] definition for biochemical recurrence). MRI characteristics 
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were also extracted: vendor and model of scanner, magnetic field strength, use of endorectal 

coils, MRI sequences used, and number of readers and their level of experience.

The quality of the studies was independently evaluated by two reviewers (reviewers 1 and 4) 

with the Quality in Prognostic Studies tool [12]. A third reviewer (reviewer 2) was consulted 

in case of discrepancy to reach a consensus.

Data Synthesis and Analysis

The outcomes were BCR, metastatic failure, and overall or cancer-specific mortality. The 

effect sizes of the prognostic value of each MRI finding were measured in terms of hazard 

ratios (HRs), where an HR of greater than 1 indicated a higher risk of having one of the 

outcomes when the MRI findings were present [13]. We obtained the HRs and 

corresponding standard errors for each predictor directly from the published data when it 

was feasible to do so. If that was not possible, we extracted survival data from Kaplan-Meier 

curves using Engauge Digitizer (version 3.0, Mark Mitchell, Baurzhan Muftakhidinov, 

Tobias Winchen, et al.) and indirectly calculated the HRs and standard errors using the 

method described by Tierney et al. [14]. We planned to use funnel plots and the Egger test to 

evaluate publication bias if more than 10 studies were included [15].

HRs were pooled using the random-effects model (DerSimonian and Laird) with the Meta 

package in R software (version 3.5.1, R Foundation for Statistical Computing) [16]. Higgins 

I2 was used to assess heterogeneity between studies [17]; p values of < 0.05 were considered 

to indicate statistical significance.

Results

Literature Search

Three hundred forty-two studies were initially retrieved from the systematic search of 

PubMed and Embase. After 89 duplicate studies were excluded, 253 were screened using 

titles and abstracts. The full texts of the 18 potentially eligible studies were evaluated. Six 

studies were excluded for the following reasons: all or most patients underwent radical 

prostatectomy (n = 2) [18, 19], significant overlap in patient population (n = 2) [20, 21], 

various imaging modalities were used for pretreatment assessment [22], and the study 

assessed dose distribution of RT (n = 1) [23]. Ultimately, 12 studies assessing the prognostic 

value of pretreatment MRI in 2205 patients with prostate cancer before RT were included in 

this meta-analysis [24–35]. Figure 1 shows the flowchart for the study selection process 

based on PRISMA guidelines.

Characteristics of Included Studies

The characteristics of the included studies are shown in Tables I and 2. In brief, the number 

of patients with prostate cancer in the studies ranged from 37 to 390. The population was 

based on only high-risk prostate cancer in two studies [28, 29], either intermediate or high 

risk in four [26, 27, 32, 34], a mixed population of low to high risk in four [30, 31, 33, 35], 

and unknown risk in two [24, 25]. Patients received EBRT in seven studies [25, 26, 28, 30, 

31, 33, 35]; EBRT and brachytherapy in three [27, 29, 34]; either brachytherapy or both 
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EBRT and brachytherapy in one [24]; and EBRT, brachytherapy, or both in one [32]. All or 

some of the men received ADT in all studies except one [33]. Only one study was 

prospective [27], and two were performed at multiple institutions [28, 33]. All 12 studies 

reported BCR, eight using the Phoenix criteria [25–29, 32, 34, 35] and four using ASTRO 

definition [24, 30, 31, 33]. Three studies assessed metastatic failure [27, 28, 31], and one 

study evaluated overall and cancer-specific mortality [28]. Three- or 1.5-T MRI scanners 

were used in all studies except one in which this information was not provided [24]. 

Endorectal coils were used in six studies [24, 25, 29, 31, 33, 34].

Quality Assessment Using Quality in Prognostic Studies Tool

For the study participation domain, six studies showed a moderate risk because they used 

pretreatment MRI in RT planning, which may have introduced selection bias [24, 27–29, 32, 

35]. Low risk of bias was assigned in all studies for the study attrition domain. In the 

prognostic factor measurement domain, one study was considered to be at high risk for bias 

because it analyzed outcome not by the performance of MRI findings but by the 

performance of MRI staging [24]. Moderate risk was assigned to three studies with unclear 

explanations of whether MRI analyses were performed in a blinded manner [26–28]. In the 

outcome measurement domain, one study showed a moderate risk of bias because it did not 

specify how the presence of metastasis was established [28]. In terms of study confounding, 

two studies that did not perform multivariate analysis showed a high risk of bias [24, 29]. 

For statistical analysis and reporting domain, all studies showed a low risk of bias.

Biochemical Recurrence

Forest plots for the predictive value of each MRI finding for BCR are shown in Figure 2. 

The use of pretreatment MRI was associated with a lower risk of BCR (n = 1 study; HR = 

0.17 [95% CI, 0.06–0.47]; p = 0.0008) [24]. Both EPE (n = 8 studies; HR = 2.66 [95% CI, 

1.83–3.86]) and SVI (n = 7 studies; HR = 4.47 [95% CI, 2.69–7.42]) on MRI were 

significant prognostic factors of BCR. Larger tumor size was a significant risk factor for 

BCR (n = 6 studies; HR = 1.69 [95% CI, 1.11–2.58]), both as a continuous variable (n = 5 

studies; HR = 1.56 [95% CI, 1.03–2.36]) and when using a size cutoff of larger than 15 mm 

(n = 1 study; HR = 4.00 [95% CI, 1.18–13.54]). Both tumor volume on MRI (n = 4 studies; 

HR = 1.50 [95% CI, 1.16–1.94]) and number of sextants involved on MRI (n = 2 studies; 

HR = 1.52 [95% CI, 1.29–1.79]) were significant risk factors of BCR. Lesions involving the 

prostatic apex on MRI were associated with a higher risk of BCR (n = 2 studies; HR = 1.86 

[95% CI, 1.04–3.35); however, lesions involving the midgland (n = 1 study; HR = 1.96 [95% 

CI, 0.69–5.52]) or lesions involving the base (n = 1 study; HR = 1.60 [95% CI, 0.84–3.04) 

were not associated with a higher risk of BCR. Apparent diffusion coefficient (ADC) values 

were not significant factors associated with BCR (n = 3; HR = 0.49 [95% CI, 0.18–1.34]), 

either measuring ADC as a continuous variable (n = 2 studies) or using an ADC ratio of 

greater than 0.59 (n = 1 study). In the latter study [35], ADC ratio was defined as the ADC 

of the tumor divided by that of biopsy-proven benign tissue. The presence of pelvic LN 

metastasis also showed a borderline trend for a higher risk of BCR (n = 3 studies; HR = 3.03 

[95% CI, 0.89–10.33]). Heterogeneity of HRs among the included studies was considered 

low for the number of sextants involved, apical sextant involved, EPE, and SVI (I2 = 0–

39%), whereas it was considered substantial for the other MRI findings (I2 = 79–80%). 

Woo et al. Page 5

AJR Am J Roentgenol. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Publication bias was not assessed because there were fewer than 10 studies for all MRI 

findings.

Metastatic Failure, Overall Survival, and Cancer-Specific Mortality

Three studies evaluated metastasis [27, 28, 31], and one study reported overall and cancer-

specific survival [28]. SVI was a significant risk factor for developing metastasis in two 

studies (HR = 11.96 [95% CI, 3.87–36.98]) with no substantial heterogeneity (I2 = 0%), as 

shown in Figure 3. EPE, larger tumor size, greater tumor volume, presence of metastatic 

pelvic LNs, and three or more metastatic pelvic LNs were observed to be risk factors for 

metastasis in one study each (HR = 11.51 [95% CI, 1.36–97.29], 1.12 [95% CI, 1.02–1.20], 

1.53 [95% CI, 1.08–2.16], 4.70 [95% CI, 1.95–11.36], and 8.20 [95% CI, 3.68–18.26], 

respectively). Pelvic LN metastasis was significantly predictive of cancer-specific mortality 

(HR = 4.45 [95% CI, 1.30–15.23]) but not overall mortality (p = 0.39). However, three or 

more metastatic pelvic LNs were significantly predictive of both cancer-specific mortality 

(HR = 7.60 [95% CI, 2.22–26.03]) and overall mortality (HR = 2.78 [95% CI, 1.06–7.29]).

Discussion

We performed a meta-analysis on the prognostic value of prostate MRI before primary RT in 

patients with newly diagnosed prostate cancer and found that several MRI findings (EPE, 

SVI, tumor diameter, tumor volume, number of involved sextants, presence of apical 

disease) were significant risk factors for BCR and that SVI was associated with a higher risk 

of metastatic failure. RT is an important treatment modality for patients with prostate cancer, 

yielding oncologic outcomes comparable to surgery, especially in those with localized 

prostate cancer [36]. However, conventional risk stratification based on clinical variables is 

imperfect, and locally recurrent or metastatic disease after primary RT is not rare. Most 

recurrent tumors arise at the site of the primary tumor, and therefore accurate identification 

of the primary tumor before RT planning is crucial [37]. Several recent trials explored 

simultaneous integrated boost (SIB) to the dominant lesion visualized on MRI and have 

reported promising results of feasibility and improved genitourinary or rectal toxicity 

profiles [38, 39]. Treatment planning and tailoring (i.e., SIB) with consideration of the 

dominant lesion require identification and evaluation of the characteristics and extent of the 

dominant lesion, which can be provided by pretreatment multiparametric MRI [40]. In 

addition, incorporation of MRI findings into clinical nomograms has been shown to 

significantly improve prediction of biochemical failure after EBRT [21]. On the basis of the 

results of our study, MRI appears to provide incremental value in the pretreatment evaluation 

of prostate cancer before RT.

EPE and SVI were the two MRI findings that were most frequently evaluated as potential 

prognostic factors of BCR in these studies and also showed consistent results across studies. 

EPE and SVI yielded pooled HRs of 2.66 (95% CI, 1.83–3.86) and 4.47 (95% CI, 2.69–

7.42) in eight and seven studies, respectively, with no substantial heterogeneity (I2 = 39% 

and 37%, respectively). These results can be intuitively understood because pathologically 

confirmed EPE and SVI are well-recognized risk factors of poorer oncologic outcomes, and 

both of these features are included in the TNM staging system [41–43]. Despite overlap in 
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the 95% CIs, it was noteworthy that SVI showed a higher degree of risk of BCR than EPE 

(HR = 4.47 vs 2.66, respectively). These results are in line with the higher assigned stage of 

T3b for SVI compared with T3a for EPE and with the fact that SVI indicates a higher risk 

for occult LN metastasis than EPE [44]. Furthermore, the seminal vesicles are not always 

included in the RT field because of balancing between optimal tumor coverage, possibility 

of SVI, and rectal toxicity [45]. MRI has incremental value to conventional risk stratification 

systems in terms of assessment of EPE and SVI and therefore could potentially aid in RT 

treatment planning and estimation of prognosis.

MRI findings reflective of tumor burden—including tumor diameter, tumor volume, and 

number of sextants involved—were significantly predictive of BCR (HR = 1.50–1.69). It is 

well known that greater tumor volume on radical prostatectomy specimens leads to elevated 

risk for BCR, LN involvement, distant metastasis, and cancer-specific or overall mortality 

[46, 47]. Therefore, it is intuitive that greater tumor burden would lead to worse oncologic 

outcomes in patients undergoing RT. Although tumor volume measurement on MRI has 

shown promising results as a surrogate of pathologic tumor volume, with relatively high 

correlation and low interobserver variability in some studies, other studies have reported 

poor correlation, especially when using T2-weighted imaging alone [48–50]. Although 

further refinement of measuring tumor volume on MRI such as adding functional sequences 

(e.g., DWI) to T2-weighted imaging is needed, MRI is the best modality at the moment 

(compared with CT) to visualize the tumor and its burden; therefore, MRI findings reflective 

of tumor burden. should be obtained and used during RT planning [50].

With regard to the location of suspicious prostate cancer lesions on MRI, apical involvement 

was a risk factor for BCR, with an HR of 1.86 (95% CI, 1.04–3.35), but involvement of the 

prostatic base or midgland was not a risk factor for BCR. These results may be attributed to 

the fact that the prostatic apex is more difficult to localize on RT planning CT, with high 

variability between observers regarding delineation [51, 52]. Furthermore, there is evidence 

that the apex is one of the most common locations where tumors recur after primary RT, 

possibly because of undertreatment to avoid potential urethral strictures [53–55]. MRI has 

better soft-tissue resolution than CT and can better define the prostate apex and possible 

involvement of tumor, potentially improving RT planning outcomes.

LN metastasis suspicious on MRI and lower ADC were not significantly predictive of BCR. 

However, a borderline trend for elevated risk of BCR was recognized for LN metastasis (HR 

= 3.03 [95% CI, 0.89–10.33]; p = 0.08). Furthermore, pelvic LN metastasis was associated 

with a higher risk of metastasis, overall mortality, and cancer-specific mortality in one study 

[28]. However, strong conclusions cannot be drawn because few studies investigated these 

MRI findings (n = 3 studies for both). This paucity of studies could be related to the fact that 

patients with more extensive LN metastasis are more likely to have undergone further 

imaging workup and then systemic treatment after identification of distant metastasis. On 

the other hand, there is clinical background supporting the potential prognostic value of 

these two imaging findings. First, the presence of metastatic LNs at pathology after radical 

prostatectomy is known to be a risk factor for cancer-specific mortality [56], and it can be 

speculated that similar prognostic value may be extended to the population undergoing RT. 

Trials have shown that RT coverage of sentinel nodes is feasible [57, 58]. In addition, MRI 
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has high specificity for detecting metastatic LNs and in turn may aid in selection and 

planning of RT coverage to suspicious LNs [59]. Nevertheless, the sensitivity of MRI, 

especially using size criteria (i.e., > 8 mm), is still low, and further improvement is needed 

using promising techniques such as DWI and ultrasmall paramagnetic iron oxide contrast 

agents [40]. ADC has been consistently observed as a functional MRI parameter associated 

with prostate cancer aggressiveness such as greater tumor volume, EPE, and higher Gleason 

scores [60–62]. Finally, the use of pretreatment MRI was a factor that was protective against 

BCR, possibly because of better RT planning with consideration of MRI findings.

There are limitations in this study. First, only 12 studies were included because most studies 

in the literature included patients who underwent radical prostatectomy, supporting the need 

to identify the prognostic value of pretreatment MRI before primary RT. Second, several 

older publications were included. Specifically, one-third of the studies included patients 

treated before the year 2000 [24, 30, 31, 33]. Because there have been technologic advances 

in MRI and RT, there may be concern for the application of the results derived from this 

meta-analysis; however, all but one study used 1.5- or 3-T scanners and the main MRI 

sequence used in the studies was T2-weighted imaging, which has seen relatively minor 

changes over the years compared with other functional sequences such as DWI. 

Nevertheless, we speculate that recent advances could actually potentiate the prognostic 

value of pretreatment MRI. For instance, multiparametric protocols including DWI and 

dynamic contrast-enhanced MRI could be used to enhance detection of the index lesion and 

improve assessment of local extent and estimation of tumor volume [40, 48, 50]. In addition, 

cutting-edge technology enables delivery of higher RT doses to areas of interest while 

avoiding unnecessary irradiation of surrounding structures [63]. Third, most of the included 

studies focused on BCR as the outcome, and there were only three studies that investigated 

metastatic failure, overall mortality, or cancer-specific mortality as the outcome. BCR does 

not necessarily lead to metastasis or mortality; therefore, future studies evaluating these 

outcomes are needed. Fourth, substantial heterogeneity was seen in tumor diameter, tumor 

volume, ADC, and presence of LN metastasis. Although neither meta-regression nor 

subgroup analyses were feasible because of the small number of included studies, this 

heterogeneity may be because of differences in the patient, tumor, MRI, and RT 

characteristics among the included studies [64]. Still, several MRI findings (EPE, SVI, 

apical disease, and number of sextants involved) did not show significant heterogeneity, 

strengthening their generalizability and applicability. Fifth, characteristics of studies 

assessing ADC limit drawing conclusions for several reasons: Only one study calculated 

ADC ratio [35], one study obtained ADCs from MRI reports [29], and another study did not 

use a uniform b value combination for performing DWI [26]. Further studies are warranted 

evaluating the prognostic value of ADC.

Conclusion

Several pretreatment MRI findings were significant prognostic factors with regard to BCR in 

patients with prostate cancer who underwent RT. Because of the paucity of studies assessing 

metastasis and overall or cancer-specific mortality, future studies are needed.
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Fig. 1—. 
Flowchart shows study selection process based on Preferred Reporting Items for Systematic 

Reviews and Meta-Analyses guidelines.
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Fig. 2—. 
Forest plots for predictive value of pretreatment MRI findings for biochemical recurrence 

(BCR) in patients with prostate cancer undergoing radiation therapy. Solid vertical lines 

show hazard ratio (HR) of 1, dotted vertical lines show pooled means, and diamonds show 

pooled indexes. TE = treatment estimate; SE = standard error. A–H, Forest plots show 

results for pretreatment MRI findings: extraprostatic extension (EPE) (A), seminal vesical 

invasion (SVI) (B), tumor diameter (C), tumor volume (D), number of involved sextants (E), 

apical disease (F), apparent diffusion coefficient (ADC) (G), and lymph node (LN) 
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metastasis (H). HR of greater than 1 indicates higher risk of BCR when MRI findings were 

present. In G, ADC ratio was defined as ADC of tumor divided by that of biopsy-proven 

benign tissue.

Woo et al. Page 15

AJR Am J Roentgenol. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3—. 
Forest plot shows predictive value of pretreatment MRI finding of seminal vesical invasion 

(SVI) for metastatic failure. Solid vertical line shows hazard ratio (HR) of 1, dotted vertical 

line shows pooled means, and diamond shows pooled indexes. TE = treatment estimate, SE 

= standard error.
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