
 1 

Multiparametric ultrasound versus multiparametric MRI to diagnose prostate cancer 1 

(CADMUS): a prospective, multicentre, paired-cohort, confirmatory study. 2 

 3 

Alistair DR Grey, Rebecca Scott, Bina Shah, Peter Acher, Sidath Liyanage, Menelaos Pavlou, 4 

Rumana Omar, Frank Chinegwundoh, Prasad Patki, Taimur Shah, Sami Hamid, Maneesh Ghei, 5 

Kayleigh Gilbert, Diane Campbell, Chris Brew-Graves, Nimalan Arumainayagam, Alex Chapman, 6 

Laura McLeavy, Angeliki Karatziou, Zayneb Alsaadi, Tom Collins, Alex Freeman, David Eldred-7 

Evans, Mariana Bertoncelli-Tanaka, Henry Tam, Navin Ramachandran, Sanjeev Madaan, Mathias 8 

Winkler, Manit Arya, Mark Emberton, Hashim U. Ahmed 9 

 10 

A.D.R. Grey [1,2,7,8] [FRCS(Urol)], R Scott [1] [RN], B Shah [3] BSc, P Acher [4] [FRCS(Urol)], S 11 

Liyanage [5] [FRCR], M Pavlou [6] [PhD], R Omar [6] [PhD] (Full Professor), F Chinegwundoh [7] 12 

[FRCS(Urol)] (Full Professor), P Patki [7] FRCS(Urol), T Shah [8] [FRCS(Urol)], S Hamid [9] [MRCS], 13 

M Ghei [9] [FRCS(Urol)], K Gilbert [9] BSc, D Campbell [7] RN, C Brew-Graves [3] MSc, N 14 

Arumainayagam [10] [FRCS(Urol)], A Chapman [11] [FRCR], L McLeavy  [13] MSc, A Karatziou [13] 15 

MSc, Z Alsaadi [13] BSc, T Collins [2] MBBCh, A Freeman [12] [FRCPath], D Eldred-Evans [8] [PhD], 16 

M Bertoncelli-Tanaka [13] [FRCS(Urol)], H Tam [14] [FRCR], N Ramachandran [15] [FRCR], S 17 

Madaan [16] [FRCS(Urol)] (Full Professor), M Winkler [8,13] [FRCS(Urol)], M Arya [2,8,13] 18 

[FRCS(Urol)], M Emberton [1,2] [FRCS(Urol)] (Full Professor), H.U. Ahmed [8,13] [FRCS(Urol)] (Full 19 

Professor) 20 

 21 

Affiliations: 22 

1. Division of Surgical and Interventional Sciences, Faculty of Medical Sciences, University 23 

College London, London, UK 24 

2. Department of Urology, University College London Hospitals NHS Foundation Trust, 25 

London, UK 26 

3. Surgical and Interventional Trials Unit, Division of Surgical and Interventional Sciences, 27 

Faculty of Medical Sciences, University College London, UK 28 

4. Department of Urology, Southend University Hospital, Southend, UK 29 



 2 

5. Department of Radiology, Southend University Hospital, Southend, UK 30 

6. Department of Statistical Science, University College London, UK 31 

7. Department of Urology, Barts and the Royal London Hospitals, London, UK 32 

8. Imperial Prostate, Division of Surgery, Department of Surgery and Cancer, Faculty of 33 

Medicine, Imperial College London, London, UK 34 

9. Department of Urology, The Whittington Hospital NHS Trust, London UK 35 

10. Department of Urology, Ashford and St Peters Hospitals NHS Trust, UK 36 

11. Department of Radiology, Ashford and St Peters Hospitals NHS Trust, UK 37 

12. Department of Histopathology, University College London Hospitals, London, UK 38 

13. Imperial Urology, Charing Cross Hospital, Imperial College Healthcare NHS Trust, London, 39 

UK 40 

14. Department of Radiology, Charing Cross Hospital, Imperial College Healthcare NHS Trust, 41 

London, UK 42 

15. Department of Radiology, UCLH NHS Foundation Trust, London, UK 43 

16. Department of Urology, Darent Valley Hospital, Dartford 44 

 45 

Address for correspondence 46 

Professor Hashim U. Ahmed 47 

Imperial Prostate, Division of Surgery, Department of Surgery and Cancer, Faculty of Medicine, 48 

Charing Cross Campus, Imperial College London, Fulham Palace Road, London, W6 8RF, UK 49 

Email: hashim.ahmed@imperial.ac.uk 50 

 51 

 52 

 53 

 54 

 55 

 56 

 57 

 58 

mailto:hashim.ahmed@imperial.ac.uk


 3 

 59 

 60 

Abstract 61 

 62 

Background 63 

Multiparametric MRI (mpMRI) of the prostate followed by targeted biopsy is recommended in 64 

patients at risk of prostate cancer. Multiparametric ultrasound (mpUSS) is more readily available. 65 

mpMRI and mpUSS visualise tissue anatomy, density and vascularity. Whilst there has been a 66 

large body of evidence supporting mpMRI incorporating paired cohort validation and randomised 67 

controlled trials, the evidence for ultrasound modalities on their own and mpUSS includes case 68 

series.  69 

 70 

Methods 71 

We conducted a prospective multicentre, paired-cohort, confirmatory study to compare mpUSS 72 

and mpMRI in diagnosing clinically-important prostate cancer. Patients at risk of prostate cancer 73 

underwent both tests at 7 UK hospitals, with conduct and reporting blinded to the results of the 74 

other. Patients with a positive mpUSS or mpMRI underwent targeted biopsies but were blinded 75 

to exact test results. If both tests were positive, the order of their targeting at biopsy was 76 

randomised. Co-primary outcomes were, a) proportion of positive mpMRI and mpUSS and b) 77 

detection of clinically-important cancer (Gleason>/=4+3 of any length or maximum cancer core 78 

length of >/=6mm of any grade). The study was registered on ISRCTN:38541912. 79 

 80 

Findings 81 

Between 15th/March/2016 and 7th/November/2019, 370 patients were enrolled, 306 completed 82 

both tests and 257 underwent a prostate biopsy. mpUSS and mpMRI were positive in 278/306 83 

(88.9%; 95%CI=(84.8%, 92.2%)) and 238/306 (77.8%; 95%CI=(72.7%, 82.3%)) (difference +11.1% 84 

(95%CI=5.1,17.1%). Positive test agreement was 73.2% (95% CI=(67.9%, 78.1%), kappa=0.06). 85 

Cancer was detected in 133/257 (51.8%, 95%CI=(45.5%, 58.0%)) with 83/257 (32.3%; 86 

95%CI=(26.6%, 38.4%)) clinically-important. Each test alone would result in mpUSS detecting 87 
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66/257 (25.7%; 95%CI=(20.5%, 31.5%)) clinically-important cancers and mpMRI detecting 77/257 88 

(30.0%; 95%CI=(24.4%, 36.0%)) (difference -4.3%, 95%CI=(-8.3%, -0.3%). Combining both tests 89 

detected 83 clinically-important cancers (32.3%; 95%CI=(26.6%, 38.4%)); of these, mpUSS 90 

detected 6 (7.2%; 95%CI=(2.7%, 15.0%)) missed by mpMRI and mpMRI detected 17 (20.5%; 95% 91 

CI=(12.4%, 30.8%)) missed by mpUSS (agreement 91.1%; 95%CI=(86.9%, 94.2%); kappa=0.78 ). 92 

mpUSS and mpMRI detected 36/257 (14%; 95%CI=(10.0%-18.9%)) and 44/257 (17%; 93 

95%CI=(12.7%, 22.3%)) clinically-unimportant cancers (by definition 1), respectively. 94 

 95 

Interpretation 96 

mpUSS detected 4.3% fewer clinically-important prostate cancers compared to mpMRI although 97 

would lead to 11.1% more patients being biopsied. Both modalities missed clinically-important 98 

cancers detected by the other so using both tests increased detection of clinically-important 99 

prostate cancers compared to each test alone. 100 

 101 

 102 

 103 

 104 
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 109 

 110 

 111 

 112 

 113 

 114 

 115 

 116 
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 118 

Research in Context 119 

The prostate cancer diagnostic pathway was previously reliant on transrectal ultrasound-guided 120 

biopsies without targeting of suspicious areas. This is because b-mode ultrasound alone was 121 

unable to accurately localise clinically-important cancers. Many healthcare settings now use 122 

multi-parametric MRI scans before biopsy because these have higher sensitivity for clinically-123 

important prostate cancers. However, some healthcare settings are unable to access high quality 124 

MRI due to availability or cost, and some patients cannot have or tolerate MRI scans. This limits 125 

the dissemination of multi-parametric MRI globally.  126 

 127 

Evidence before this study 128 

We did not conduct a formal systematic review before this study given the paucity of published 129 

work at that point, in particular on multiparametric ultrasound. Evidence on the individual 130 

ultrasound modalities was garnered by medical database search including Medline, EMBASE, the 131 

Cochrane collection and PubMed as far back as 1990, using search terms ‘multi-parametric 132 

ultrasound’ ‘elastography’ ‘contrast enhanced ultrasound’ in combination with ‘prostate cancer’ 133 

or ‘prostate adenocarcinoma’ or ‘prostate biopsy’ or ‘prostate diagnosis’. Only one study 134 

reporting on multi-parametric ultrasound, a combination of different types of ultrasound imaging 135 

that can visualise prostate anatomy, cell density and vascularity, was identified. It has been 136 

reported to be more accurate than b-mode ultrasound alone and could be as accurate as multi-137 

parametric MRI. The test is done on a device that is less expensive and mobile.  138 

 139 

Added value of this study 140 

The CADMUS trial compared multi-parametric ultrasound to multi-parametric MRI. It showed 141 

that patients at risk of prostate cancer had a similar chance of being diagnosed with clinically-142 

important and unimportant prostate cancer with multi-parametric ultrasound or multi-143 

parametric MRI. Ultrasound would lead to more men being biopsied if used on its own. However, 144 

some cancers were missed by both imaging types with more missed by ultrasound than MRI. 145 
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Using both tests together detected more clinically-important cancers although the chance of 146 

being biopsied was higher. 147 

 148 

Implications of all the available evidence 149 

Multi-parametric ultrasound should be used in patients at risk of prostate cancer in those 150 

healthcare settings which do not have ready access to high quality MRI and for those patients 151 

who have a contraindication or intolerance to MRI. 152 

 153 

 154 

 155 

 156 

 157 

 158 

 159 

 160 

 161 

 162 

 163 

 164 

 165 

 166 

 167 

 168 

 169 

 170 

 171 

 172 

 173 

 174 
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 175 

 176 

Introduction 177 

 178 

Patients at risk of prostate cancer present with an elevated serum prostate specific antigen (PSA) 179 

level or a palpable abnormality on digital rectal examination (DRE). In many healthcare settings 180 

the strategy used to diagnose prostate cancer in such patients has changed from one using 181 

systematic biopsy to one using multiparametric MRI (mpMRI) in the first instance. In those 182 

patients advised to undergo biopsy the needle is targeted at areas of suspicion which improves 183 

detection [1,2,3,4].  184 

 185 

For all the reported advantages of an mpMRI based pathway, there are limitations including 186 

availability and access in many healthcare systems. Data from the United States shows mpMRI 187 

pre-biopsy has risen slowly although remains very low overall [5,6,7] with reports of availability 188 

issues in Canada as well [8].  In Western Europe the picture has improved though with a focus on 189 

MRI in the re-biopsy or surveillance setting. Survey data shows pre-biopsy MRI in the biopsy naïve 190 

setting reported at 16% in Spain [9], 53% in France [10] and in Germany 41% [11] with cost cited as 191 

the concern when MRI was not employed for 78% of respondents.  In the UK the situation is 192 

better with only 14% of centres not offering either multi or biparametric MRI to biopsy-naïve 193 

patients in 2018 [12]. Other factors include variability in scan quality or reporting [13] and 194 

contraindications to conducting mpMRI such as metal pelvic implants which degrade image 195 

quality or metallic fragments that might move in the magnetic field [14]. Cardiac implants require 196 

specialised facilities [15], and claustrophobia can lead to intolerance of the scan or movement 197 

causing artefact [16]. mpMRI also has a low specificity (overcome with a subsequent biopsy) and 198 

has moderate inter-reader variability as well as imaged conduct standardisation [4]. mpUSS itself 199 

may be unsuitable for some men however, for example in case of large or heavily calcified 200 

prostates, or where endorectal imaging is declined. Equally, whilst the initial capital outlay will 201 

be much lower, many centres may not have the correct equipment or expertise to carry out the 202 

full number of sequences.  203 
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 204 

Using a similar approach to mpMRI in which different types of MRI scans are combined, multi-205 

parametric ultrasound (mpUSS) has been reported to have good accuracy in diagnosing prostate 206 

cancer. Similar to mpMRI, in which T2-weighted, diffusion-weighted, and dynamic contrast 207 

enhancement are used to visualise tissue structure, density and vascularity [17], mpUSS uses b-208 

mode, elastography, Doppler, and contrast enhancement. We compared mpUSS and mpMRI in 209 

diagnosing clinically-important prostate cancer. 210 

 211 

Methods 212 

 213 

Trial Oversight: The confirmatory CAncer Diagnosis by Multiparametric UltraSound of the 214 

prostate (CADMUS) trial was a prospective paired cohort validation study set up to provide level 215 

one evidence on the diagnostic accuracy of mpUSS compared to mpMRI. It was conducted at 7 216 

UK centres after approval by research ethics committee on 8th/October/2015 (London - Brent 217 

Research Ethics Committee ref: 15/LO/1331). The trial protocol has been published [18] and 218 

includes a detailed description of mpUSS and mpMRI scan acquisition and reporting, as well as 219 

the biopsy procedure. A protocol amendment, approved on 28th/March/2018, allowed either 220 

transperineal or transrectal biopsy. The trial was designed and is reported in line with the 221 

Standards in Reporting of Diagnostic studies (STARD) [19]. 222 

 223 

Following written informed consent, all eligible patients underwent both scans, mpUSS and 224 

mpMRI, at separate visits with each scan conducted and reported blind to the results of the other. 225 

Each scan was scored on a Likert scale from 1 to 5 with patients having lesions scoring >/=3 226 

advised to undergo targeted prostate biopsy. Up to two suspicious lesions from each imaging 227 

modality were biopsied. Areas of the prostate that were not suspicious on either scan type were 228 

not biopsied. The trial was conducted and managed through the UCL Surgical and Intervention 229 

Trials Unit. Oversight was provided by an independent Trial Steering Committee and 230 

prospectively collected data entered into the regulator approved InferMed Macro secure 231 

electronic database. 232 
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 233 

Patients: Eligible patients were those presenting for the first time with a suspicion of prostate 234 

cancer based on an elevated serum PSA or abnormal DRE, a prior negative prostate biopsy or 235 

those with a prior positive biopsy requiring further risk stratification of cancer before entering 236 

active surveillance. Exclusion criteria included PSA >20ng/ml, prostate volume >/=60mls, 237 

contraindication to trial scans or biopsy and previous prostate cancer treatment or recent 238 

prostate surgery. No upper age limit was set, rather patients with fitness to undergo invasive 239 

testing or active prostate cancer treatment were considered.  240 

 241 

Trial Procedures: mpUSS consisted of b-mode, real-time elastography, Doppler, and intravenous 242 

microbubble contrast enhanced ultrasound (CEUS) scans (Sonovue, Bracco). These were 243 

performed in sequence using end-fire transrectal probes on the 4 ultrasound models employed 244 

in the study; Hi Vision Preirus, Hitachi Medical-Tokyo, Japan, Logic E9 – GE Healthcare, Boston US 245 

Mylab Twice – Esaote, Genoa, Italy or Bk3000- BK Ultrasound, Boston US) with frequencies 246 

between 7 and 12 MHz across the machines. All mpUSS images were produced by one probe and 247 

machine at each centre. Videos were recorded of the prostate scanned along anatomical axes for 248 

each ultrasound modality. These images were reviewed separate from acquisition to provide the 249 

mpUSS report. Dynamic enhancement was recorded after the IV administration of a vial (45µg in 250 

5ml saline) of sulphur hexafluoride, concentrating on the most suspicious area of the prostate 251 

for the first wash-in and the remainder using the ‘bubble burst’ function of the scanner. The 252 

reporting process was set in a Standard Operating Procedure using published guidance [20,21]. 253 

Scans were arranged in a 2x2 grid for review to allow cross referencing between ultrasound 254 

modalities in a similar manner to mpMRI reporting. Reporting generated a Likert score in an 255 

analogous manner to MRI and guidance for the scoring of the different ultrasound modalities can 256 

be found in Table 1.  The overall lesion score was at the discretion of the reporter though 257 

determined by the number of positive ultrasound modalities and their degree of positivity, 258 

allowing equipoise with mpMRI reporting by the Likert scale. Reporting of mpUSS was by either 259 

expert uroradiologist or urologist dependent on site.  260 

 261 
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All operators had at least 7 years or transrectal ultrasound experience and image interpretation 262 

was carried out by the same person who acquired the images, though post hoc.  A full description 263 

of the mpUSS scanning technique may be found in the previously published protocol paper [14]. 264 

 265 

mpMRI was acquired on either 1.5 or 3 Tesla machines and comprised high resolution T2-266 

weighted, multiple b-value diffusion-weighting for generation of apparent diffusion coefficient 267 

maps (ADC), and dedicated high b of 1400 or 2000, as well as dynamic gadolinium contrast 268 

enhanced scans. Acquisition and reporting were compliant with contemporaneous standards 269 

[22,23]. MRI reporters were expert uroradiologists who had between 7 and 15 years of MRI 270 

reporting experience with each uroradiologist normally reporting between 100-300 prostate 271 

MRIs per year. The Likert system was used as this is common in the UK, was used in previous 272 

studies [1] we have conducted, has been shown to perform in a similar fashion to the PIRADS 273 

scoring system [24] and is the current recommended scoring system by the UK’s National 274 

Institute of Clinical and Healthcare Excellence (NICE).  275 

 276 

Conduct and reporting of each test were blinded to the results of the other. Patients with a 277 

positive mpUSS or mpMRI underwent targeted biopsies but were blinded to exact test results. 278 

Prostate biopsy was performed using either the transperineal (95%) or transrectal (5%) route and 279 

under local anaesthetic, sedation or general anaesthetic dependent on physician and patient 280 

preference at each site. Needle guidance was provided by b-mode ultrasound only with visual-281 

estimation targeted biopsy employed, a technique of which all biopsy operators had between 2 282 

and 9 years’ experience conducting between 200-300 biopsies per year using visual-estimation. 283 

The use of visual estimation rather than MRI fusion ensured there was no bias in favour of mpMRI 284 

derived and mpUSS derived lesions, especially as the b-mode echo characteristics of the prostate 285 

during the biopsy did not form part of the targeting technique.  Three biopsy cores were taken 286 

from the two most suspicious identified lesions on each scan type in a single procedure and 287 

formed the analysis for this report. If a lesion detected by mpMRI was determined to match one 288 

detected by mpUSS a single set of 3 biopsy cores were targeted. In cases where a lesion from 289 

either scan overlapped but did not match, separate biopsies were taken. Lesion matching was 290 
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determined by the biopsy operator carrying out the prostate biopsy after each scan report was 291 

finalised. Any subsequent random or sampling biopsies performed as standard of care by some  292 

sites did not contribute to the CADMUS dataset. Histology reporting was by pathology specialists 293 

in urological cancer at each site with no centralised pathology review.  294 

 295 

Randomisation: When both tests were positive, the order in which the targeted biopsies were 296 

taken from each scan type was randomised to avoid bias as targeting accuracy might decline due 297 

to bleeding or swelling resulting from the first set of biopsies. Prior computerised block 298 

randomisation was employed with randomisation order determined and communicated via the 299 

Kings Trials Unit Online Randomisation Service 11.4.1 to the biopsy operator on or prior to the 300 

day of biopsy, but not to the patient.  301 

 302 

Outcomes: Co-primary outcomes were specified to reflect the two stages of the prostate cancer 303 

diagnostic pathway. The first was proportion of positive tests and agreement between mpMRI 304 

and mpUSS. The second was the detection of clinically-important prostate cancer at biopsy. For 305 

the primary outcome, clinically-important prostate cancer was defined as in the PROMIS trial [1], 306 

namely any amount of Gleason >/=4+3 (WHO grade group 3 or higher) or maximum cancer core 307 

length >/=6mm of any grade.  Although there is broad agreement on the existence of clinically-308 

important and unimportant prostate cancer, no threshold has gained widespread acceptance. As 309 

such, three other thresholds for cancer importance were used. The first was the PROMIS 310 

definition 2, namely any amount of Gleason score >/=3+4 (WHO grade group 2 or higher) or 311 

maximum cancer core length >/=4mm of any grade. The second was the presence of any Gleason 312 

>/=3+4. For completion, we also evaluated the detection of any prostate cancer. The core lengths 313 

of 6mm and 4mm specified in the 2 PROMIS definitions have been shown to relate to 0.5ml and 314 

0.2ml tumours [25], volumes which themselves relate to likelihood of prostate cancer 315 

progression [26]. 316 

 317 

The primary analysis of the CADMUS trial reports at the per patient rather than per lesion level 318 

as this has the greatest clinical relevance. Per lesion analysis will form part of secondary 319 
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reporting. Adverse events were reported continuously until the last patient last visit. Patients’ 320 

participation in the study ended once the biopsy had been conducted. Only patients who 321 

complete mpUSS, mpMRI and biopsy data were regarded as assessable. 322 

 323 

Sample size 324 

Sample size was based on a precision of agreement (95%CI = +/-6%) in the detection of clinically-325 

important cancer, by definition 1, at biopsy and also precision of agreement on lesion detection 326 

by each imaging modality. This required a key target of at least 245 to undergo biopsy and based 327 

on assumptions of agreement and estimates on the prevalence of positive tests, approximately 328 

360 to have both mpUSS and mpMRI scans. The assumptions used were that i) mp-MRI identifies 329 

80% of patients with a lesion to biopsy [27], ii) mp-USS identifies 75% of patients with a lesion to 330 

biopsy and iii) the same patients are identified using both methods as having the same lesion in 331 

90% of the mp-USS cases (i.e. 68% of total). 332 

 333 

An interim analysis was conducted at the request of the Independent Trial Steering Committee 334 

and funder to ensure that the original assumptions were correct. This was conducted by an 335 

independent statistician with the report issued on 14th/March/2018 when 196 patients were 336 

recruited and 143 had both tests; this confirmed recruitment targets. A statistical analysis plan 337 

was completed prior to final database lock on 1st/July/2019. 338 

 339 

Statistical analysis 340 

 341 

This trial is registered as ISRCTN: 38541912 and ClinicalTrials.gov Identifier: NCT02712684. Co-342 

primary outcome 1 recorded proportions of positive mpMRI and mpUSS to calculate agreement 343 

between the imaging tests on the presence or absence of a lesion requiring a biopsy. The total 344 

number of patients undergoing each imaging test with the number and proportion of positive 345 

and negative scans (presence or absence of a lesion requiring biopsy) is reported, with 346 

differences in proportions of positive results accompanied by a 95%CI. The number and 347 

proportion of results on which the two techniques agree or disagree for the combinations of 348 
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positive (P) and negative (N) results (PP, PN, NP, NN) were reported within a contingency table. 349 

Further, a statistical measure of agreement, the Cohen’s kappa-statistic [28] was calculated (with 350 

95%CI) to provide greater insight regarding the agreement between the two diagnostic tests. 351 

Cohen suggested the kappa result be interpreted as follows: values </=0 indicating no agreement 352 

and 0.01–0.20 none to slight, 0.21–0.40 fair, 0.41–0.60 moderate, 0.61–0.80 substantial, and 353 

0.81–1.00 almost perfect agreement. Co-primary outcome 2 was agreement between mpUSS 354 

and mpMRI in the detection of PROMIS definition 1 clinically important prostate cancer from a 355 

targeted biopsy. Analysis was carried out using the Stata software (version 15, StataCorp LLC, 356 

Texas, USA).  357 

 358 

Role of the Funders 359 

Neither the funders nor any commercial entity had any role in the protocol development, data 360 

analysis and interpretation or manuscript preparation. AG, HUA, BS, MP and RO had access to 361 

the raw data. 362 

 363 

Results 364 

 365 

Between 15th/March/2016 and 7th/November/2019, 370 were enrolled, (Table 2; Appendix-366 

Page3). In total, 306 completed both mpMRI (67% at 1.5T and 33% at 3T) and mpUSS and 257 367 

underwent a prostate biopsy, exceeding our key target of 245 (Figure-1; Appendix-Page1). 368 

Median (IQR) age, PSA, and prostate volume were 65.5 (59-70) years, 6.7 (5.2-9.45) ng/ml and 369 

33 (25-43) ml, respectively. Thirty-two (10.5%) had previously undergone biopsy at least one year 370 

before enrolment. 15/257 (5.8%) had transrectal biopsy. 371 

 372 

mpUSS was more likely to identify a suspicious lesion of score >/=3 ,272/306 [88.9%; 373 

95%CI=(84.8%, 92.2%)] for mpUSS vs. 238/306 for mpMRI [77.8%; 95%CI=(72.7%, 82.3%)] (Table-374 

3 and figure 2]  a difference of 11.1% (95%CI=(5.1, 17.1%)) (Table-3 and figure 2). In 121/306 375 

(39.5%; 95%CI=(34.0%, 45.3%)), the lesions on mpUSS and mpMRI requiring biopsy matched and 376 

in 185/306 (60.5%; 95%CI=(54.7%, 66.0%)) they did not match (Appendix-Page1). 377 
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 378 

A median (IQR) of 4 (3-4) targeted cores were taken overall, with median 3 (3-4) for mpUSS 379 

lesions and 4 (3-5) for mpMRI. mpUSS and mpMRI detected PROMIS definition 1 cancer in 66/257 380 

(25.7%; 95%CI=(20.5%, 31.5%)) and 77/257 (30.0%; 95%CI=(24.4%, 36.0%)), respectively (-381 

4.3%;95%CI=(-8.3%, -0.3%)) (Table 4). The combination of mpUSS and mpMRI used to target 382 

biopsies would have led to a detection of 83 PROMIS definition 1 clinically-important cancers 383 

(32.3%; 95%CI=(26.6%, 38.4%)); of these, mpUSS detected 6 (7.2%;95%CI=(2.7%, 15.1%)) missed 384 

by mpMRI and mpMRI detected 17 (20.5%; 95%CI=(12.4%, 30.8%)) that mpUSS missed (Table 4; 385 

Appendix-Page3). mpUSS and mpMRI detected 36/257 (14%;95%CI=(10.0%, 18.9%)) and 44/257 386 

(17.1%; 95%CI=(12.7%, 22.3%))clinically-unimportant cancers (by this definition), respectively. 387 

 388 

mpUSS and mpMRI detected 86/257 (33.5%; 95%CI=(27.7%, 39.6%)) and 102/257 (39.7% 389 

95%CI=(33.7%, 46.0%)) PROMIS definition 2 cancers, respectively (-6.2%;95%CI=(-11%, -1.5%)). 390 

The combination of mpUSS and mpMRI would have led to detection of 111 (43.2%; 391 

95%CI=(37.0%, 49.5%)) definition 2 cancers; of these, mpUSS detected 9 (8.1%; 95%CI=(3.8%, 392 

14.8%)) missed by mpMRI and mpMRI detected 25 (22.5%; 95%CI=(15.1%, 31.4%)) that mpUSS 393 

missed.  mpUSS and mpMRI detected 16/257 (6%; 95%CI=(3.6%, 9.9%)) and 19/257 (7%; 394 

95%CI=(4.5%, 11.3%)) clinically-unimportant cancers (by this definition), respectively. (Table 4; 395 

Appendix-Page2; Appendix-Page3). 396 

 397 

mpUSS and mpMRI detected 78 (30.4%; 95%CI=(24.8%, 36.4%)) and 92 (35.8%; 398 

95%CI=(29.9%,42.0%)) Gleason >/=3+4 cancers, respectively. The combination of mpUSS and 399 

mpMRI would have led to a detection of 99 (38.5%; 95%CI=(32.5%, 44.8%,)) Gleason >/=3+4 400 

cancers. mpUSS detected 7 (7%; 95%CI=(2.9%, 14.0%)) missed by mpMRI and mpMRI detected 401 

21 (21%; 95%CI=(13.6%, 30.6%)) that mpUSS missed. mpUSS and mpMRI detected 24/257 (9%; 402 

95%CI=(6%, 13.6%)) and 29/257 (11%; 95%CI=(8%, 15.8%)) clinically-unimportant cancers (any 403 

Gleason 3+3, ISUP 1), respectively (Supp. Table-4). 404 

 405 
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There were no serious adverse events related to CADMUS trial activity. One patient was admitted 406 

to hospital with acute kidney injury related to his pre-existing antihypertensive medication. He 407 

recovered fully but was withdrawn from the trial prior to biopsy (Appendix-Page2).  408 

 409 

Discussion 410 

 411 

In summary, the CADMUS trial has shown that mpUSS can detect most clinically-important 412 

prostate cancers in comparison to mpMRI, although a higher proportion of patients required a 413 

biopsy. Given that mpUSS might be more readily available and accessible in some healthcare 414 

settings, or used in patients who cannot undergo MRI scans, mpUSS should be considered in 415 

patients at risk of prostate cancer.  It might also be used in combination with mpMRI to maximise 416 

cancer detection. The strengths of our study were the validating paired cohort design, blinding 417 

of the conduct and reporting of each test to the other, blinding of patients to the indication for 418 

biopsy and randomisation in the order of biopsy targeting. 419 

 420 

Ultrasound has been employed for some years to examine the architecture of the prostate gland 421 

and new ultrasound techniques evaluated as potential diagnostic tests. Greyscale or b-mode 422 

ultrasound is used for biopsy targeting. Halpern and Strup [29] demonstrated a detection rate of 423 

50% and a recent review [30] commented that the number of any cancers detected on greyscale 424 

ultrasound ranged from 11-35%, with cancer present in 17-57% of lesions [31]. 425 

 426 

The angiogenesis and microvascular proliferation associated with prostate cancer can be seen as 427 

a disturbed perfusion pattern on Doppler ultrasound [32].  A recent prospective series of 111 428 

patients undergoing transrectal systematic biopsy reported a sensitivity of 81% and specificity of 429 

68% [33] for power Doppler.  Colour Doppler ultrasound was examined by Cheng and colleagues 430 

in 500 patients with 11.7% of detected cancers identified by colour Doppler alone [34].  431 

 432 

Contrast-enhanced ultrasound (CEUS) is a more recent approach to investigating organ 433 

perfusion. Intravenous injection of agents containing microbubbles (1µm- 1mm) of a gas, usually 434 
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a perfluorocarbon, increase the echogenicity of circulating blood and detection of abnormal 435 

tissue perfusion. In a randomized trial of 272 patients, Halpern and colleagues quantified prostate 436 

cancer detection with CEUS showing area under the receiver operating characteristic curve of 437 

0.80 for CEUS compared to 0.74 for b-mode ultrasound in the detection of Gleason >/=3+4 438 

prostate cancer. When high cancer volume (>50% biopsy core) as well as Gleason >/=3+4 was 439 

considered, in a similar manner to our use of PROMIS definition 2, this rose to 0.90 for CEUS and 440 

0.83 for b-mode [35]. 441 

 442 

Elastography assesses the stiffness of tissues by its deformation in response to an applied force 443 

[36], with cancer being less elastic than normal tissue due to increased cell density or differing 444 

collagen distribution [37,38]. Pozzie et al reported a sensitivity of 61% for real time elastography 445 

(RTE) alone in a retrospective cohort of 460 patients. Interestingly, the results for the combined 446 

approach of b-mode and RTE was improved with sensitivity 80% [39]. 447 

 448 

Most recent efforts have turned towards combining ultrasound modalities to optimize diagnostic 449 

accuracy [8,40,41]. Brock et al reported on 86 patients who underwent both RTE and CEUS before 450 

whole-mount analysis of their radical prostatectomy specimens. They showed an increase in the 451 

positive predictive value from 65.1% using b-mode with RTE to 89.7% using b-mode, CEUS and 452 

RTE in combination. False positives were reduced from 34.9% to 10.3% [16]. Recently, Mannaerts 453 

et al evaluated the sensitivity of mpUSS (Likert >/=3) in comparison to radical whole-mount 454 

prostatectomy. For clinically important prostate cancer (any Gleason >/=3+4, cancer volume 455 

>/=0.5ml, extraprostatic extension or nodal involvement) sensitivity was 74% (95%CI 67-80) 456 

compared to 55% (95%CI 47-63), 55% (95%CI 47-63) and 59% (95%CI 51-67) when b-mode, shear 457 

wave elastography and CEUS were used, respectively [42]. Novel image processing software 458 

approaches show promise, but more data is awaited [43]. 459 

 460 

Ultrasound devices capable of mpUSS are approximately one-twentieth to one-tenth the 461 

purchase  cost of a modern MRI body scanner, though at the upper end of the price range for 462 

ultrasound scanners The cost differential and availability issues could be particularly impactful in 463 
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healthcare systems where MRI is not readily available, with the innate mobility of ultrasound 464 

machines adding to this advantage, potentially allowing for transfer between institutions. The 465 

democratisation of accurate imaging for diagnosing prostate cancer in all healthcare settings is 466 

of considerable importance given the increased risks of prostate cancer in the Black or ethnic 467 

minority populations. Given the similar, though slightly lower cancer detection rates 468 

demonstrated for mpUSS, we consider the most likely first role for mpUSS to be situations where 469 

MRI is not available, likely still the majority of instances of prostate cancer diagnosis 470 

internationally at present [9,10,11]. We believe these results are very encouraging and could 471 

allow for wider access of a high quality diagnostic pathway for many patients whether in 472 

developed or developing nations, given that accessibility to mpMRI is actually still poor. 473 

 474 

We were unable to evaluate high resolution or micro-ultrasound technology which has recently 475 

shown encouraging results although this does not yet offer the multiparametric modalities used 476 

in CADMUS. [44,45]. Cancer detection for mpUSS targeted biopsies was not compared to an 477 

independent set of systematic samples, although a number of studies have done this robustly for 478 

mpMRI. The exclusion of patients with large prostates (>60cc) prevents the application of our 479 

results in this cohort and it is likely that ultrasound performs less well in large prostates. Further, 480 

due to the use of a Likert reporting scheme, in the absence of a something similar to the PIRADS 481 

for mpUSS, there are likely to be limitations in terms of inter-reader variability and quality 482 

reporting during dissemination. Seventy-five per cent of our study population was from academic 483 

centres so CADMUS is limited in that respect. Our study findings are limited to those patients 484 

with a PSA of up to 20ng/ml. Further, the visual estimation targeting technique used in CADMUS 485 

and in our wider practice is dependent on anatomical landmarks to determine the position of 486 

lesions identified on prebiopsy imaging, and not echo characteristics of the prostate as b-mode 487 

ultrasound alone has been shown to lack both sensitivity or specificity in prostate cancer 488 

detection [21]. It is still possible that some operators may have used hypoechoic lesions visible 489 

at time of biopsy for targeting. CADMUS was a study of diagnostic performance in a single round 490 

of testing. Consent was taken however for linkage to national data records to allow for longer 491 

term follow up in future work. 492 
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 493 

The agreement between mpUSS and mpMRI was substantial at all three thresholds of cancer 494 

important as well as for any cancer, with over 91% agreement at definition 1. At this definition, 495 

mpUSS detected 4.3% fewer clinically-important cancers compared to what may be regarded as 496 

best practice in current clinical care, mpMRI. This difference increased when using less stringent 497 

definitions of clinically-important cancer pointing to a quality of mpUSS akin to that of mpMRI, 498 

with higher grade and large lesions better visualised and smaller, lower grade cancers, which are 499 

more likely to be clinically indolent, avoiding detection. In fact, the strategy of mpMRI and biopsy 500 

also lead to a very small increase in over-diagnosis of clinically-unimportant cancers compared to 501 

mpUSS. Interestingly, at all levels of clinical importance on biopsy, mpUSS detected cancer not 502 

found by mpMRI meaning a diagnostic strategy employing both scans over mpMRI alone will 503 

increase clinically-important cancer detection. However, this will lead to a greater number of 504 

patients undergoing a prostate biopsy. Further work will be needed on the acceptability to 505 

patients and physicians of a combined test approach, the use of additional risk factors and cost-506 

effectiveness. 507 

 508 

In conclusion, mpUSS detected 4.3% fewer clinically-important prostate cancers compared to 509 

mpMRI although would lead to 11.1% more patients being biopsied. Both modalities missed 510 

clinically-important cancers detected by the other so using both tests increased detection of 511 

clinically-important prostate cancers compared to each test alone. 512 
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