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Abstract

Chemical exchange saturation transfer (CEST) has been explored for differentiation

between tumour and benign tissue in prostate cancer (PCa) patients. With ultrahigh

field strengths such as 7-T, the increase of spectral resolution and sensitivity could

allow for selective detection of amide proton transfer (APT) at 3.5 ppm and a group

of compounds that resonate at 2 ppm (i.e., [poly]amines and/or creatine). The poten-

tial of 7-T multipool CEST analysis of the prostate and the detection of PCa was

studied in patients with proven localised PCa who were scheduled to undergo robot-

assisted radical prostatectomy (RARP). Twelve patients were prospectively included

(mean age 68.0 years, mean serum prostate-specific antigen 7.8ng/mL). A total of

24 lesions larger than 2 mm were analysed. Used were 7-T T2-weighted (T2W) imag-

ing and 48 spectral CEST points. Patients received 1.5-T/3-T prostate magnetic reso-

nance imaging and galium-68-prostate-specific membrane antigen-positron emission

tomography/computerised tomography to determine the location of the single-slice

CEST. Based on the histopathological results after RARP, three regions of interest

were drawn on the T2W images from a known malignant zone and benign zone in

the central and peripheral zones. These areas were transposed to the CEST data,

from which the APT and 2-ppm CEST were calculated. The statistical significance of

the CEST between the central zone, the peripheral zone, and tumour was calculated

using a Kruskal–Wallis test. The z-spectra showed that APT and even a distinct pool

that resonated at 2 ppm were detectable. This study showed a difference trend in

the APT levels, but no difference in the 2-ppm levels when tested between the cen-

tral zone, the peripheral zone, and tumour (H(2) = 4.8, p = 0.093 and H(2) = 0.86,

p = 0.651, respectively). Thus, to conclude, we could most likely detect APT and

amines and/or creatine levels noninvasively in prostate using the CEST effect. At
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group level, CEST showed a higher level of APT in the peripheral versus the central

zone; however, no differences of APT and 2-ppm levels were observed in tumours.

K E YWORD S

7 T, diagnostic accuracy, high field, MRI, prostate cancer

1 | INTRODUCTION

Prostate cancer (PCa) is the second most commonly diagnosed cancer in men, with an estimated 1.3 million new cases worldwide in 2018 (13.5%

of all cancers diagnosed in men). PCa is the sixth leading cause of death from cancer in men worldwide, with approximately 360,000 deaths

yearly.1

In general, current diagnostic tools for PCa are digital rectal examination and serum prostate-specific antigen (PSA).2 If patients are suspected

of PCa, transrectal ultrasound (TRUS)-guided prostate biopsies are performed. However, as TRUS is considered suboptimal to detect PCa, the

standard of care changed to random 10–14 core template biopsies.3

Magnetic resonance imaging (MRI) is a noninvasive method that can have a high tissue contrast to observe anatomy. Studied in the 1980s, it

lacked adequate sensitivity and specificity for routine use in PCa detection.4 Since then, technical improvements in anatomical contrast imaging

(T1-weighted imaging, T2-weighted [T2W] imaging), and the addition of functional diffusion-weighted imaging (DWI), dynamic contrast-enhanced

imaging, and metabolic imaging, such as MR spectroscopic imaging (MRSI), and chemical exchange by saturation transfer (CEST), have improved

its accuracy.3,5–9 As a result, prostate multiparametric MRI is now recommended prior to prostate biopsy in biopsy-naïve men.2

Current MRI scanners used for prostate MRI have a magnetic field strength of 1.5-T and preferably 3-T. A study comparing 1.5- and 3-T MRI

within the same patients showed comparable objective image quality in T2W imaging, but the 3-T scanner was superior in DWI and subjective

imaging quality, because of increased signal-to-noise ratio (SNR) and contrast-to-noise ratio.10 Assessment of lesions resulted in similar ‘Prostate
Imaging Reporting and Data System standard’ (PI-RADS) scores at both field strengths.11

Ultrahigh field strengths such as 7-T are also used to study humans, but these are not without challenges.9,12,13 In particular, the uniformity in

flip angle distribution is severely compromised because of the short wavelength of the RF pulses that coincide with 7-T MRI. Fortunately, the use

of multiple transmit channels facilitates radiofrequency (RF) interference that can be controlled to provide constructive interference in the pros-

tate.14,15 Just as importantly, RF power deposition can be distributed via the multiple transmit channels, which can minimise local specific absorp-

tion rates (SAR), particularly when using dipole antennas.16 As a consequence, the higher intrinsic increase of the SNR could lead to a benefit of

increased spatial and/or temporal resolution.10 However, increased SNR on DWI comes at the expense of geometric distortion or can lead to

artefacts.17

Another advantage at 7-T compared with 3-T is its higher spectral resolution, which can be used to explore metabolic MRI by means of MRSI

or CEST. Indeed, MRSI at 7-T has revealed better spectral discrimination between choline, creatine, and citrate, which may benefit the cancer bio-

marker of (choline + creatine)/citrate.18 Moreover, substantial improvement in the detection of polyamines19 in PCa was observed, which (as this

metabolite has protons that rapidly exchange with water) may be a good candidate for CEST imaging.

To date, very few studies have performed CEST in PCa.5,20,21 These studies were all obtained at 3 T, which, because of limited spectral

resolution and the low number of z-spectral points, provided insufficient spectral resolution to pick up the signals exchanged from (poly)amines

and/or creatine protons.

The current study was performed to prospectively evaluate the feasibility of 7-T multipool CEST of the prostate and the detection of PCa,

in patients with proven PCa who were scheduled to undergo robot-assisted radical prostatectomy (RARP). To assess and compare

diagnostic accuracy, patients also received galium-68-prostate-specific membrane antigen-positron emission tomography/computerised

tomography (68Ga-PSMA-PET/CT) imaging. All imaging modalities were postoperatively validated by whole-mount histopathology after radical

prostatectomy.

2 | MATERIALS AND METHODS

2.1 | Patients

Twenty patients with biopsy-proven, localised PCa, who were planned for RARP, were included in this study. Exclusion criteria to undergo the

MRI examination were claustrophobia, cardiac pacemaker, metal material anywhere in the body, previous treatment for PCa, a history of radio-

therapy to the pelvis, or a history of transurethral resection of the prostate or stenting of the prostate.
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Patients were included from the University Medical Center Utrecht (UMCU) and Tergooi Hospital Hilversum/Blaricum. All subjects gave writ-

ten informed consent prior to inclusion in the study. The study was approved by the UMCU institutional review board (Protocol No. 18/338,

CCMO: NL63273.041.18), and it was conducted in accordance with Good Clinical Practice Guidelines and the Declaration of Helsinki.

2.2 | Imaging

Before inclusion, as per standard protocol, all patients received 1.5 - or 3-T prostate MRI. Images were scored according to the Prostate Imaging

Reporting and Data System standard (PI-RADS, v. 2).11 Data from the initial radiologist’s (R1) report were collected in a case-report form (CRF),

including prostate volume, PI-RADS score, laterality of suspected malignant lesions, apparent diffusion coefficient value, and T-stage (according

to the TNM-classification22). The location of the lesion was extrapolated using a 27 regions of interest (27-ROI) prostate reporting scheme,

according to Dickinson et al.23 A second radiologist (R2) re-evaluated the 1.5-T/3-T MRI and completed the same CRF.

To minimise the risk of missing tumour tissue in the prostate, and deeming tumour as healthy tissue during analyses, patients underwent
68Ga-PSMA-PET-CT. If there was a suspicion of metastatic disease, incurable by RARP and pelvic lymph node dissection, the patient did not

undergo surgery.

2.3 | 68Ga-PSMA-PET-CT acquisition and image reconstruction

Images were obtained from skull to thighs, using a Biopgraph mCT40 scanner (Siemens Healthcare) or a Gemini TF 64 slice scanner (Philips).

Patients received an intravenous injection of 1.5 MBq/kg 68Ga-PSMA-11 (ANMI, Telix Pharmaceuticals), and after 60 min, PET images were

acquired. Subsequently, low-dose CT was performed directly afterwards. Images were acquired according to the European Association of Nuclear

Medicine (EANM) Research Ltd. (EARL) criteria.24

Two nuclear medicine physicians (NMP1 and NMP2), each with more than 7 years of experience, separately examined the 68Ga-PSMA-PET/

CT images. All the scans were reviewed using syngo.via software (Siemens Healthcare). Every lesion suspected of malignancy was collected in the

CRF, using the same 27-ROI reporting scheme. For quantitative analysis, the maximum standardised uptake value (SUVmax) for each lesion was

measured by drawing an ROI around it on axial images.

2.4 | 7-T MR imaging

Imaging was performed on a whole-body 7-T MR scanner (Philips) with an array of eight transmit-receive fractionated dipole antennas merged

with an array of 16 receiver loops,25 positioned symmetrically around the pelvis.26 A multitransmit system was used for B1+ shimming, incorpo-

rating a conservative average RF power level of 3.1 W per channel to stay within SAR guidelines, independent of applied RF phase shims.27 To

maximise the B1+ and homogeneity in the prostate, phase shimming was performed using the Compass tool (TeslaDC, Zaltbommel, The

Netherlands). After second-order B0 shimming of the prostate, a B1+ map28 and high-resolution T2W images (scan duration 140 s, 18 slices

[multislice], 3-mm thickness, 0.3-mm gap, 476 � 399 scan resolution, field of view [FOV] 250 � 59.1 � 381.4, water-fat shift 5.26 pixels,

TE = 140 ms)25 were acquired prior to the CEST.

To obtain sufficient datapoints in the z-spectrum of the CEST acquisition, the CEST pulse was composed of a train of 80 � 25-ms single lobe

sinc-Gauss pulses with a 10-ms delay between the pulses, operated at an RMS B1+ of 1.62 uT over the 2.8-s prepulse. The somewhat low B1+

was selected to reduce direct saturation effects of nearby resonances close to water, albeit its consequence to the potential Z-spectrum was not

simulated. The readout was a single shot 2D turbo field echo with TE/TR/flip angle = 2.56 ms/15 ms/8 degrees, 300 � 4 � 393 mm FOV,

4 � 4 � 4 mm voxel size, using centre out k-space ordering and including startup excitations that took 1.5 s followed by a 3-s T1 recovery delay.

With 48 different offset pulses, the total CEST scanning took 344 s. The frequency offsets were as follows (ppm from water):

�33.557 �33.557 �5.033 �4.698 �4.362 �4.027 �3.859 �3.691 �3.523 �3.3557 �3.020 �2.685

�2.349 �2.013 �1.846 �1.678 �1.5108 �1.3428 �1.1748 �1.0068 �0.839 �0.6719 �0.5039 �0.336

0 0.336 0.5036 0.6716 0.839 1.007 1.174 1.342 1.510 1.6779 1.846 2.013

2.349 2.685 3.020 3.356 3.5231 3.691 3.859 4.027 4.3627 4.698 5.033 33.557

The location of the single slice was guided by using outcomes of 1.5- or 3-T MR and 68Ga-PSMA-PET/CT images.
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2.5 | Pathological evaluation

Prostatectomy specimens were processed by a standard whole-mount protocol according to International Society of Urological Pathology proto-

cols.29 The apex, bladder neck, and six to nine slides (depending on the size of the prostate) were sampled. Haematoxylin and eosin stained slides

were scanned using a Hamamatsu RS Nanozoomer 2.0. An experienced pathologist evaluated every slide, outlined every lesion, and calculated

the size of the lesion. Every lesion was evaluated for capsular contact and extraprostatic extension. Subsequently, a tumour (T)-stage was deter-

mined. Afterwards, every lesion was translated to the 27-ROI template.

2.6 | Image assessment

The following conditions were verified before including the CEST data for further analyses: (1) the slice should include at least one tumour based

on the pathological evaluation; (2) the B1 maps over the prostate confirm a successful B1 shim; (3) the carrier frequency after B0 shimming was

set to water, so the z-spectrum was obtained correctly; and (4) the z-spectrum itself does not show sudden jumps in data that could be caused by

motion during the scan.

The outlined lesions on histopathological examination were translated to the CEST images, including outlines for the central/transition and

peripheral zone as follows: (1) the orientation of the pathology slices was matched to the clinical MRI and PET data, using the identified lesions to

fine tune the registration; (2) the high-resolution T2W imaging slice of 7-T was matched to the best matching clinical MRI slice; (3) the tumour

areas as identified on the corresponding pathology slice, as well as areas excluding the tumour on the central zone as well as on the peripheral

zone, were drawn onto the high-resolution T2WI slice of the 7-T; and (4) because the resolution and orientation of the CEST and the T2W imag-

ing scans are known, the three ROIs were copied from the T2W images to the CEST data.

The CEST images were analysed using self-designed MATLAB (R2014b; MathWorks, Inc.) scripts that included Lorentzian fitting of water,

amides, amines, magnetisation transfer (MT), and nuclear Overhauser effects (NOEs).30 We used the search range of 3.3 to 3.7 ppm for amide,

1.7 to 2.2 ppm for the 2-ppm pool (i.e., amines and/or creatine), �4.0 to 2.0 ppm for MT, and �4 to �3.2 for NOEs. For frequency alignment, we

used the water saturation shift referencing—WASSR—method31 embedded in the fully sampled Z-spectra and no motion correction was applied.

2.7 | Statistical analyses

Statistical analyses were performed using SPSS (v. 24.0 for Windows, IBM). To characterise the clinical imaging performance of the included

patients, the sensitivity, specificity, positive-predictive value, and negative-predictive value were calculated for 3-T MRI (R1 and R2) and 68Ga-

PSMA-PET/CT (NMP1 and NMP2) for each tumour lesion, using the whole-mount histopathological specimen as the gold standard. Receiving

operating characteristic (ROC) curves for 1.5-T/3-T MRI and 68Ga-PSMA-PET/CT for the detection of PCa were plotted and the AUC was esti-

mated using a nonparametric method. The amide proton transfer (APT) and 2-ppm levels were tested using the Mann–Whitney U-test (central

vs. peripheral zone) and Kruskal–Wallis test (central zone vs. peripheral zone vs. tumour).

All reported p values were two-sided and a p value of less than 0.05 was considered statistically significant.

3 | RESULTS

Of the 20 patients, one patient had distant metastases (multiple bone and possible lung) found on 68Ga-PSMA-PET/CT, and did not undergo

RARP. Seven patients had technical issues during 7-T MRI: in one case the selected slice was not through the tumour, in one case substantial

motion was observed during the CEST scan, in two cases the B1+ shim failed to reach sufficient uniformity or B1+ strength, and in three cases

the carrier frequency was more than 100 Hz off from water. In total, 12 patients had high-quality CEST data for analysis. No adverse events

occurred. Patient characteristics can be found in Table 1.

3.1 | Visibility of PCa using anatomical imaging

Only lesions larger than 2 mm in diameter were included for analyses. In total, 24 lesions were discovered on whole-mount histopathology

(Table 2).

The diagnostic accuracy of visible lesions on 1.5-T/3-T MRI and 68Ga-PSMA-PET/CT can be found in Table 3. An ROC curve, for 1.5-T/3-T

MRI and 68Ga-PSMA-PET/CT, is provided in Figure 1 stratified for each radiologist (R1/R2) or nuclear medicine physician (NMP1/NMP2).
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An example of all the clinical imaging modalities for one patient is provided in Figure 2A–E.

3.2 | Visibility of PCa using CEST

Based on 3-T MRI and 68Ga-PSMA-PET/CT, a one-slice CEST was acquired from each patient. Subsequently, based on the histopathological

results after RARP, three ROIs were drawn on the T2W images: a malignant zone, a benign central zone, and a benign peripheral zone

(see the example for one patient in Figure 3A–E). From these zones, the 3.5-ppm (APT) and 2-ppm (i.e., amines and/or creatine) CEST

were calculated.

TABLE 1 Patient demographics and characteristics.

Total patients, no. (%) 12 (100.0)

Age, mean years (SD) 68.0 (4.0)

Serum-PSA, mean ug/mL (SD) 7.8 (2.8)

Abnormal DRE, no. (%) 3 (25.0)

Biopsy results

Laterality PCa, no. (%)

Left-sided 0 (0.0)

Right-sided 4 (33.3)

Bilateral 8 (66.7)

Gleason score, no. (%)

3 + 3 = 6 2 (16.7)

3 + 4 = 7 5 (41.7)

4 + 3 = 7 4 (33.3)

4 + 4 = 8 1 (8.3)

Initial imaging results

Prostate volume on 1.5-T/3-T MRI, mean mL (SD) 47.6 (30.4)

rT-stage according to 3-T MRI, no. (%)

rT1c 1 (8.3)

rT2a-b 5 (41.7)

rT2c 3 (25.0)

rT3a 3 (25.0)

Pathology after RARP results

Focality of tumour, no. (%)

Unifocal 2 (16.7)

Oligofocal (≤ 4 lesions) 1 (8.3)

Multifocal (> 4 lesions) 9 (75.0)

pT-stage, no. (%)

pT2a-b (unilateral PCa) 3 (25.0)

pT2c (bilateral PCa) 5 (41.7)

pT3a (EPE) 3 (25.0)

pT3b (SVI) 1 (8.3)

Gleason score, no. (%)

3 + 3 = 6 1 (8.3)

3 + 4 = 7 6 (50.0)

4 + 3 = 7 4 (33.3)

4 + 4 = 8 1 (8.3)

Abbreviations: DRE, digital rectal examination; EPE, extraprostatic extension; MRI, magnetic resonance imaging; PCa, prostate cancer; PSA, prostate-

specific antigen; RARP, robot-assisted radical prostatectomy; SD, standard deviation; SVI, seminal vesical invasion.
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Based on data of all 12 patients preselected for good CEST data quality (i.e., providing relatively uniform B1+ and B0 maps over the prostate,

as indicated in Figure 4A,B), the z-spectra for all patients could be used to calculate APT and 2-ppm pool levels, which are shown in Figure 5A–C

(for each patient shown in Figure S1). The z-spectra show that APT and even 2-ppm levels are detectable.

Subsequently, boxplots for APT-CEST and amine-CEST, in the central zone, peripheral zone, and malignant zone, were drawn by referencing

the average ROI values for each individual patient to the average values of their central and peripheral zone ROIs (Figure 5D,E).

The APT levels significantly differed between the central and the peripheral zone (p = 0.027). The 2-ppm levels did not differ (p = 0.844).

This study did not demonstrate any difference in the APT and 2-ppm levels when tested between the central zone, peripheral zone, and tumour

(H(2) = 4.8, p = 0.093 and H(2) = 0.86, p = 0.651, respectively), because of large standard deviations in the APT and 2-ppm levels from tumour

areas, which therefore completely overlap with the levels of healthy prostate tissue.

4 | DISCUSSION

For the first time ever, we can detect a pool of most likely amines and/or creatine levels noninvasively in PCa patients using the CEST effect. In

contrast to the results reported at 3-T,20 where the resonance of amine is overshadowed by the broad direct saturation of water, at 7-T the

resonance is just outside the direct saturation zone of water. To maximise the ability to pick up this resonance, we used a relatively high density

of frequency samples in the z-spectrum. This facilitated pixel-based frequency alignments in the presence of subtle magnetic field nonuniformities

without missing the 2-ppm resonance, while correcting for NOE and saturation transfer effects.31

TABLE 2 Pathology characteristics for each malignant lesion.

Total lesions on pathology after RARP, no. (%) 24 (100.0)

Laterality lesion, no. (%)

Left 10 (41.7)

Right 11 (45.8)

Bilateral (crossing the midline) 3 (12.5)

Location lesion, no. (%)

Peripheral zone 15 (62.5)

Central/transition zone 6 (25.0)

Peripheral + central/transition zone 3 (12.5)

Gleason score, no. (%)

3 + 3 = 6 1 (4.2)

3 + 4 = 7 14 (58.3)

4 + 3 = 7 6 (25.0)

4 + 4 = 8 3 (12.5)

Capsular contact, no. (%) 11 (45.8)

Extraprostatic extension (pT3), no. (%) 4 (16.7)

Abbreviation: RARP, robot-assisted radical prostatectomy.

TABLE 3 Diagnostic accuracy of lesions on 3-T MRI and 68Ga-PSMA-PET/CT to detect prostate cancer.

3-T MRI 68Ga-PSMA-PET/CT

R 1 R 2 NMP 1 NMP 2

Sensitivity (95% CI) 50% (30–70) 54% (33–74) 50% (30–70) 63% (41–80)

Specificity (95% CI) 75% (47–92) 56% (31–79) 100% (76–100) 88% (60–98)

PPV (95% CI) 75% (47–92) 65% (41–84) 100% (70–100) 88% (62–98)

NPV (95% CI) 50% (30–70) 45% (24–68) 57% (37–75) 61% (39–79)

Abbreviations: 95% CI, 95% confidence interval; 68Ga, 68Galium; CT, computerised tomography; MRI, magnetic resonance imaging; NMP, nuclear medicine

physician; NPV, negative-predictive value; PET, positron emission tomography; PPV, positive-predictive value; PSMA, prostate-specific membrane antigen;

R, radiologist.
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F IGURE 1 Receiver operating characteristic (ROC) curve of 3-T MRI (radiologist 1 [R1] [AUC 0.63 {95% CI 0.45–0.80}, p = 0.185] and
radiologist 2 [R2] [AUC 0.55 {95% CI 0.37–0.74}, p = 0.581]), 68Ga-PSMA-PET/CT (nuclear medicine physician [NMP] 1 [AUC 0.75 {95% CI
0.60–0.90}, p = 0.008] and NMP 2 [AUC 0.75 {95% CI 0.60–0.90}, p = 0.008]) to identify prostate cancer (PCa). 68Ga-PSMA-PET/CT, galium-
68-prostate-specific membrane antigen-positron emission tomography/computerised tomography; AUC, area under the curve; MRI, magnetic
resonance imaging.

F IGURE 2 Axial slices of the mid-prostate from (A) T2W imaging 3-T MRI, (B) ADC 3-T MRI, (C) 68Ga-PSMA-PET/CT, and
(D) histopathological examination of a 67-year-old patient. Serum-PSA was 5.2 ng/mL, the digital rectal examination was benign, and the prostate

volume was 37 cc (3-T MRI). A large lesion is visible in the peripheral zone on the right. On 3-T MRI, the lesion was classified as PI-RADS 5, with
capsular contact and suspicion of extraprostatic extension. On 68Ga-PSMA-PET/CT, the SUVmax was 14.3. On histopathological examination after
prostate biopsy, the patient had a unilateral right-sided Gleason score of 4 + 3 = 7 prostate cancer (PCa) in 1/6 biopsies. However, on
histopathological examination after robot-assisted radical prostatectomy (RARP), the patient had a bilateral Gleason score of 4 + 3 = 7. There
was an extraprostatic extension, and the surgical margins were positive (R1). In total, the patient had three malignant lesions on histopathological
examination after RARP (E) (green, yellow, red), of which the last two were missed on all imaging modalities. 68Ga-PSMA-PET/CT, galium-
68-prostate-specific membrane antigen-positron emission tomography/computerised tomography; ADC, apparent diffusion coefficient; MRI,
magnetic resonance imaging; PI-RADS, Prostate Imaging Reporting and Data System standard; PSA, prostate-specific antigen; SUVmax, maximum
standardised uptake value; T2W, T2-weighted.
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Alternative strategies could be used to detect amine and/or creatine levels in the prostate. For instance, MRSI at 7-T reveals a resonance at

3.0 ppm from creatine and a complex resonance at 3.1 ppm that originates from nonwater exchangeable proton of polyamines. However, to

eliminate artefacts from the orders of magnitude larger water and lipid signals surrounding the prostate, complex scans are required and, to date,

always the presence of an endorectal RF coil.32 At 3-T MRSI these amine signals are also visible, but substantially overlap with choline and

creatine resonances at 3.2 and 3.0 ppm, respectively. Consequently, the added value of amines in the detection or grading of PCa has not yet

been assessed.

The advantage of CEST over MRSI is that the SNR of CEST is much higher. Moreover, the level of detection in the pool that resonates at

2 ppm is in the range of 10% of the water signal (see Figure 4), while in MRSI this would be four orders of magnitude less (several mM vs. more

than 40 M), hence is less prone to artefacts. Moreover, in addition to the pool at 2 ppm, APT levels can be assessed in the same CEST scan, and

have shown promising benefits in detecting or grading tumours, particularly in brain.33

In the current study, we could indeed pick up these APT levels with a relatively small standard deviation in healthy prostate tissue compared

with the standard deviations reported at 3-T,5,20,21 which, next to the higher spectral dispersion at 7-T, may also be attributed to the higher SNR

that can be obtained with our setup compared with 3-T.25 In fact, in the group average, even an approximately 10% higher level of APT is

observed in healthy peripheral zone versus healthy glandular tissue, while we could not see a difference in 2-ppm levels. However, in our study

we noticed a large standard deviation in the APT and 2-ppm levels from tumour areas that therefore completely overlaps with the levels of

healthy prostate tissue. A large standard deviation was also observed at 3-T, where APT levels were assessed using z-spectrum asymmetry

F IGURE 3 Histopathological axial slice (A) of the mid-prostate, transposed to the T2W images to highlight a malignant zone (red) and benign
zones in the central (yellow) and peripheral (green) zones. These regions of interest were copied to the (C) APT and (D) 2-ppm CEST images. The
averaged Z-spectrum including standard deviation in the central zone (E) shows clear resonances of amide and amines that could be fitted to
Lorentzian lines. APT, amide proton transfer; CEST, chemical exchange saturation transfer; DS, direct water-saturation; MT, magnetisation
transfer; rNOE, relayed nuclear Overhauser effect; T2W, T2-weighted.

F IGURE 4 (A) Transversal B1+ map (expressed in percentages of the nominal flip angle) and (B) B0 map (expressed as the offset frequency of
the water resonance) obtained from a patient showing relatively uniform fields in the region of the prostate.
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assessments; and, because of their larger sample size, this could partly be explained by observing higher levels of APT with increasing Gleason

scores. However, as clearly indicated by Evans et al.,20 care must be taken in the interpretation of APT levels when assessed as an asymmetry

measurement in the z-spectrum, because these numbers can be highly dependent on MT effects.

Because 1.5-T/3-T MRI and 68Ga-PSMA-PET/CT data were available, we could assess the diagnostic accuracy of CEST MRI. However, as our

CEST data did not demonstrate a significant distinction between tumour and healthy tissue, the added value of CEST was not included in the

ROC curve. Nonetheless, we did include the data in the current study so to identify the conditions of our included patients.

To ensure perfect CEST data for analyses, we had to exclude a large number of patients from the study. In subsequent studies, the level of

exclusion could be reduced as follows: first, the patients in this trial did not receive any bowel-preparation techniques prior to prostate MRI, such

as the use of hyoscine N-butylbromide, microenema, or dietary restrictions, as proposed by Schmidt et al.34 Because the CEST scan is prone to

motion artefacts, as noticed in one patient, such bowel motion restriction may prevent these artefacts. Second, while our scan protocol was

equipped with a B1 map, we only used this to judge scan performance, while an updated transmit power could have ensured the correct B1.

Likewise, B1 correction strategies can be considered to still include the data with suboptimal B1 levels.35 Third, the f0 determination of the MRI

system seems to have caused a failure in three patients. An alternative would be to obtain a fast B0 map and locally ensure that the frequency is

set correctly. When sufficient datapoints are obtained in the z-spectra, frequency corrections can be applied over a longer range of offsets. Finally,

the pixel size of our CEST scan is larger than the inclusion criteria of minimum tumour size. Consequently, partial volume effects from healthy

tissue can reduce the observed effect size in the CEST data from tumours, which may be mitigated when CEST scans are obtained with higher

spatial resolutions.

While our study used premature technology to obtain the first CEST data from patients with PCa at 7-T, recent innovations in CEST

acquisitions are likely to improve the robustness of CEST MRI in future studies. For instance, much higher acceleration factors (i.e., 6-fold per

single direction25) could be incorporated to facilitate 3D acquisitions. Also, motion navigators and real-time corrections for motion may be

embedded, as was proposed for the head.36 Likewise, improvements in data processing may be envisioned that incorporate image alignments and

high spectral resolution CEST data interpretation with polynominal Lorentzian line-shape fitting (PLOF).37

5 | CONCLUSION

We prospectively evaluated the potential of 7-T CEST MRI of the prostate and the visibility of PCa. The current study shows that, because of the

higher spectral resolution of 7-T, we could most likely detect amide and a pool that resonates at 2-ppm (i.e., amine and/or creatine) levels

F IGURE 5 7-T CEST Z-spectra for (A) the central zone, (B) the peripheral zone, and (C) tumour, grouped over all patients and boxplots for
(D) APT and (E) 2-ppm CEST for the (blue) central zone, (orange) peripheral zone, and (grey) tumour. APT, amide proton transfer; CEST, chemical
exchange saturation transfer; DS, direct water-saturation; MT, magnetisation transfer; rNOE, relayed nuclear Overhauser effect.
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noninvasively in the prostate using the CEST effect. At group level, CEST showed a higher level of APT in the peripheral versus the central zone;

however, no differences in APT and 2-ppm levels were observed compared with the tumour zone.
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