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Abstract 
 

BACKGROUND. Prostate cancer (PCa) remains a major health concern in men of the 

Western World. However, we still lack effective diagnostic tools a) for an effective screening 

with both high sensitivity and specificity, b) to guide biopsies and avoid histology sampling 

errors and c) to predict tumor aggressiveness in order to avoid overtreatment. Therefore, a 

more reliable, highly cancer-specific and ideally in vivo approach is needed. The present study 

has been designed in order to further develop and test the method of "metabolomic imaging" 

using magnetic resonance spectroscopy (MRS) at 7T to address those challenges. 

METHODS. Thirty whole prostates with biopsy-proven PCa were in vitro analyzed with a 

7T human MR scanner. A voxel grid containing the spectral information was overlaid with 

the MR image of the middle transverse cross-sectional plane of each case. Subsequent 

histopathological evaluation of the prostate specimen followed. After the spectral output was 

processed, all voxels were compared with a metabolomic PCa profile, which had been 

established within a preliminary study, in order to create a metabolomic map indicating MRS 

cancer-suspicious regions. Those regions were compared with the histologically identified 

tumor lesions regarding location. 

RESULTS. Sixty-one percent of the histological cancer lesions were detected by 

metabolomic imaging. Among the cases with PCa on the examined slice, 75% were identified 

as cancerous. None of the tested features significantly differed between detected and 

undetected cancer lesions. A defined "Malignancy Index" (MI) significantly differentiated 

between MRS-suspicious lesions corresponding with a histological cancer lesion and benign 

lesions (p = 0.006) with an overall accuracy of 70%. The MI furthermore showed a positive 

correlation with the Gleason grade (p = 0.021). 

CONCLUSION. A new approach within PCa diagnostics was developed with spectral 

analysis including the whole measureable metabolome - referred to as "metabolomics" - 

rather than focusing on single metabolites. The MI facilitates precise tumor detection and may 

additionally serve as a marker for tumor aggressiveness. Metabolomic imaging might 

contribute to a highly cancer-specific in vivo diagnostic protocol for PCa.  
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1. Introduction  
 

1.1 Prostate cancer - a major health issue 

Prostate cancer (PCa) continues to be a major health issue, as it is the second most frequently 

diagnosed cancer in males worldwide1. The highest incidence rates are found in the developed 

countries, such as the USA, with an estimated incidence of 161,360 new cases in 20171,2. 

Here, 21% of male patients with newly diagnosed cancer suffer from PCa. Based on data 

collected between 2011 and 2013, every eighth US-American man will develop invasive PCa 

in his lifetime2.  

Furthermore, in 2017, an estimated 26,730 men died from PCa in the USA, making PCa the 

third most frequent cause of cancer death in this country2. Nevertheless, PCa is the 

malignancy with the highest number of survivors in the USA3. First, the exceptionally slow 

and prolonged natural history of localized PCa contributes to this survival rate4. Secondly, due 

to surgical treatment and radiotherapy as well as improved early detection, the 5-year relative 

survival rate for all stages combined has increased by 32% within the last 25 years and 

reaches nearly 100% today3,5. The 15-year relative survival rate is 95% in the USA3,6. 

Due to the growth and aging of the global population, the worldwide PCa burden is expected 

to grow further within the next decades7. Therefore, reliable and highly accurate diagnostic 

tools are needed to select patients for the right individual therapy, in order to improve the 

overall mortality from PCa while avoiding overtreatment. 

 

1.2 Clinically applied prostate cancer diagnostics 

1.2.1 Current state of the art 

PCa diagnostics made a great leap forward with the introduction of the prostate-specific 

antigen (PSA) test in the early 1990s8. PSA screening allowed significantly higher detection 

of the disease, especially at an early, mostly pre-symptomatic stage, and enabled timely 

therapeutic interventions with the expectation of reducing the mortality9,10. Today, 95% of 

PCa cases are revealed through PSA screening rather than due to symptoms of advanced PCa, 

such as reduced urinary stream, erectile dysfunction or pain caused by bone metastases8,11. 
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PSA is a glycoprotein primarily produced in the prostate gland. Disruptions of the prostatic 

architecture, which can be caused by inflammation, trauma, hyperplasia or cancer growth, 

lead to a release of PSA into general circulation. Consequently, the normally very low serum 

PSA concentration increases. The monitoring of serum PSA level is a) used as a screening 

tool for detecting PCa and b) as a tumor marker indicating cancer recurrence after radical 

prostatectomy12. 

In PCa screening the PSA test is combined with a digital rectal examination (DRE) since the 

combination of both reaches a higher sensitivity than each tool alone13. However, weighting 

the benefits of the screening against potential harms due to overdiagnosis and overtreatment 

of this often slow-growing and non-lethal disease, no American expert organization presently 

endorses a routine PCa screening for men at average risk6. The U.S. Preventive Services Task 

Force as well as the American Urological Association and the American Cancer Society 

advocate informed decision making of male patients in cooperation with their health care 

providers in order to decide in favor of or against a PCa screening8,12,14. 

Abnormal results in the PSA test or DRE require biopsy sampling of prostatic tissue in order 

to make a diagnosis. With transrectal ultrasound (TRUS) guidance, core needle biopsies are 

taken. Here, the number of 12 site samples was proven to achieve the highest detection rate15. 

The specimens are then histopathologically evaluated and cancerous lesions graded according 

to the Gleason scheme11,15. Based on the architectural pattern of the tumor, each lesion is 

graded with a number from 1 (very well differentiated) to 5 (very poorly differentiated), 

referred to as "Gleason grade". PCa is characterized by a high morphological heterogeneity 

with usually more than one histological pattern present within a prostate. Therefore, the most 

and the second most prevalent Gleason grades form the Gleason score, e.g. Gleason score 

3+4=7, which ranges between 2 and 1011,16. The Gleason score is proven to be a measure of 

tumor aggressiveness with high scores indicating high aggressiveness8,11.  

In patients with diagnosed PCa, computed tomography (CT) or magnetic resonance imaging 

(MRI), as well as bone scintigraphy or bone X-ray are used for further staging12. Clinical 

findings and histopathological assessment are combined to stage the carcinoma according to 

the American Joint Committee on Cancer TNM system, with the T-category describing the 

original tumor, and the N- and M-categories referring to the lymph node involvement and 

existence of distant metastases, respectively.  
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Research showed that the pretreatment PSA, Gleason score and clinical tumor stage are 

independent risk factors for tumor progression, including extra-prostatic extension, seminal 

vesicle invasion and lymph node involvement12,17,18. Therefore, several prognostic 

nomograms were developed and can be used to estimate tumor progression by applying the 

parameters mentioned above19,20. The results may give some indication about the tumor 

aggressiveness and hence alleviate therapeutic decisions. The sensitivity of those predictive 

tools reaches up to 80%21,22,23,24. 

In cases with no histological PCa at biopsy but consistent high serum PSA levels, repeat 

biopsy can be necessary within six months8. In case of negative biopsies with elevated serum 

PSA, MRI is increasingly accepted to identify and localize PCa lesions, as well as for 

guidance of biopsy25,26,27,28,29. 

Apart from the described diagnostic protocol, a new molecular imaging technique found a 

wide clinical application: the prostate-specific membrane antigen positron emission 

tomography (PSMA-PET). PSMA is a cell surface protein with highest expression in PCa 

cells30,31. Research showed promising results regarding primary PCa detection, staging and 

treatment planning using PSMA-PET32. To date, highest detection rates (80-90%) are 

achieved in metastatic recurrent PCa33,34. Furthermore, the degree of expression of PSMA was 

found to correlate with tumor aggressiveness, hence PSMA might prospectively serve as a 

prognostic marker35,36,37,38. 

 

1.2.2 Challenges in prostate cancer diagnostics 

There currently are three major challenges in screening and primary diagnosis of PCa. 

The first substantial problem is the interpretation of PSA serum levels. Though PSA screening 

has revolutionized early detection of PCa, leading to significantly higher incidence and early 

interventions as mentioned above, the PSA is prostate- but not cancer-specific. Benign 

prostate conditions, such as inflammation, trauma or hyperplasia might elevate the PSA serum 

level, leading to false positives12. A big European study (n = 182,000) showed, that over 75% 

of men undergoing biopsy subsequent to an elevated PSA value had a false positive result in 

the PSA screening39. Hence, a considerable number of patients (falsely) receive invasive 

biopsy sampling, causing severe side effects such as pain, bleeding or infection in about one 

third of the cases40. Additionally, psychological effects, including increased cancer-related 

worry and sexual dysfunction, occur after a false positive PCa screening41. Apart from this, 
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the benefit of decreasing mortality rates by PSA screening is highly controversial. While the 

multicenter European Randomized Study of Screening for Prostate Cancer (ERSPC) reported 

a reduction of the PCa-specific mortality up to 21% after eleven years of screening, but no 

significant difference in the all-cause-mortality, one of the largest US-American trials, the 

Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial (PLCO), did not find any 

effects on the mortality rate42,43. Latest reanalyses hoewever revealed a significant benefit in 

PCa-specific mortality using PSA-screening for the PLCO-population as well44,45. 

A second serious problem occurs with biopsy sampling. With histopathology currently being 

the gold standard in PCa diagnosis, a definite diagnosis can only be made by histopathological 

evaluation46. There is a lack of cancer-targeted biopsies, as the standard TRUS has limits to 

differentiate between malignant and benign prostatic lesions47,48. The mostly slow and 

heterogeneous growth of PCa lesions probably plays a major role in this issue. The 

consequence is a substantial number of false negatives in histopathological PCa detection, 

which is reported between 15 and 30% among first biopsy sampling47,49,50. In patients with 

high PSA levels but repeatedly negative biospies, MRI was proven to increase the detection 

rate by guided biopsy27,28,51. However, Sciarra et al. measured a sensitivity of only 84,6% for 

MRI-targeted biopsies52. 

Last, the prediction of tumor aggressiveness and potential progression is still challenging. 

Localized PCa often is a non life-threatening condition. Using the current diagnostic 

pathways, an overdiagnosis of those low-risk tumors has been shown, leading to a high rate of 

overtreatment53. This is of relevance since prostatectomy as the main therapeutic intervention 

causes irreversible side effects such as erectile dysfunction, urinary incontinence and bowel 

disturbances, with a great impact on the patients' life quality54,55,56. Even in patients with low-

risk PCa, watchful waiting and active surveillance are rarely applied57,58. The challenge is to 

differentiate between patients with potentially aggressive cancer that need consequent 

treatment and patients with indolent disease, who might be managed by observation57. A more 

reliable system to predict tumor aggressiveness and progression is needed. A first step was 

done with the introduction of empirical nomograms, applying PSA value, Gleason score and 

clinical tumor stage for the estimation of tumor progression as mentioned above. However, 

invasive biopsy sampling is needed for this procedure and the sensitivity and specificity still 

need to be improved. Apart from this, PSMA is a promising new marker for tumor 

aggressiveness, with further research to be performed. 
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In summary, new cancer-specific diagnostic tools are required in order to decrease the number 

of false positives in primary PCa diagnosis. Radiological techniques such as MRI that indicate 

suspicious prostatic regions for selective biopsy sampling need to be improved. Finally, 

reliable non-invasive imaging tools for the prediction of tumor aggressiveness and 

progression would contribute to a more reasonable therapy decision, avoiding highly 

aggressive procedures in patients with low-risk PCa and strengthening the patients' and 

doctors' trust in tumor observation (active surveillance). 

 

1.3 Diagnostic potential of MRS and metabolomic imaging 

1.3.1 MRS using HRMAS: the metabolic face of prostate cancer 

Many of those challenges among PCa diagnostics can potentially be addressed by magnetic 

resonance spectroscopy (MRS) in general and magnetic resonance spectroscopy imaging 

(MRSI) in particular. 

Compared to current imaging techniques such as MRI, CT or ultrasound, MRS investigates 

the biochemical background of tumorous tissue59. Using MRS, alterations of metabolites in 

cancer development can be detected, making MRS a highly cancer-specific method60. 

Furthermore, compared to mass spectrometry (MS), MRS has the significant advantage of a 

possible in vivo translation, as the histological structure of tissue samples is not altered during 

analysis61.  

Cancer cells are highly proliferative and show specific alterations in metabolic pathways that 

can be detected using MRS59,62. In PCa research, the most commonly applied metabolite 

markers are citrate and choline. PCa cells are characterized by a lower citrate and higher 

choline level compared to benign prostatic tissue63,64,65. Citrate in particular plays a central 

role in the development of prostate malignancy. Due to its function in sperm production, 

healthy prostatic tissue has the ability to produce, accumulate and secrete high amounts of 

citrate, leading to 30-50 fold higher intracellular citrate concentrations compared to other 

parts of the human body. Cancer cells lose their enzymatic capability to accumulate and 

secrete citrate due to loss of differentiation. Instead, citrate is consumed for energy 

metabolism in order to enable the increased turnover of cancer cells, resulting in low citrate 

levels. This transformation in the use of the citrate seems to be essential for the development 

of PCa66,67,68. Moreover, the increase of choline among PCa cells reflects the elevated cell 
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proliferation rate of the malignant tissue as the cell membrane synthesis is stimulated69,70,71. 

Other examples of metabolic markers for PCa are creatine, spermine, myo-inositol and amino 

acids such as alanine, lysine, sarcosine and taurine63,72,73,74. 

When the first steps in characterizing metabolic markers of PCa using MRS were made, a 

major problem was faced: classical MRS has been developed for the analysis of aqueous 

solutions such as extracts and lysed cell solutions. Among solid samples, however, molecules 

experience anisotropic effects, causing spectral line broadening and therefore low resolution, 

hindering the distinction of individual metabolites. In consequence, MRS of solid tissue was 

of limited use, whereas conventional MRS using aqueous solutions did not allow subsequent 

histopathological evaluation72,75,76. A great improvement was the introduction of high 

resolution magic angle spinning proton magnetic resonance spectroscopy (HRMAS 1H MRS) 

in 1996, which revolutionized the ex vivo research of PCa. By spinning the solid sample at a 

"magic angle" of 54.7° with respect to the magnetic field, anisotropic interactions were 

averaged to isotropic levels. Consequently, line-narrowing and a significant increase of 

resolution were achieved, allowing the identification and quantification of individual 

metabolites among solid samples without sacrificing the tissue architecture75,77,78,79,80. In 

summary, HRMAS 1H MRS enables a detailed biochemical analysis of solid specimens while 

preserving the tissue for subsequent histopathological evaluation. Therefore, this technique 

was intensively applied in cancer research, including PCa63,81,82,83,84.  

 

1.3.2 The implementation of MRSI into PCa research 

The introduction of HRMAS 1H MRS into PCa research paved the way for the 

implementation of magnetic resonance spectroscopy imaging (MRSI). MRSI combines the 

metabolic information of a sample provided by MRS with the illustration of the same sample 

obtained by conventional MRI. More precisely, a region of interest is defined among the 

anatomical image and broken into a voxel grid. Subsequently, selected spectroscopic data is 

acquired for each voxel and overlaid with the anatomical image. MRS data thus provides a 

metabolic map that can be correlated with the information obtained by MRI, such as tumor 

size and volume59,72. 

After the first successful application of the MRSI technique within brain tumor research, the 

method was implemented to PCa studies61,85. It has been shown that the combination of MRS 

and MRI significantly improved the cancer detection rate compared to each method alone86. 
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In particular the use of HRMAS 1H MRS significantly increased the sensitivity for PCa 

detection84,87.  

Initially, single metabolites or metabolite ratios were analyzed in order to reveal the molecular 

changes in cell metabolism of PCa cells59,88,89,90. In particular the ratio of 

(choline+creatine)/citrate, shortly (C+C)/C, seems to have a strong potential to improve 

accuracy in PCa detection91,92,93. Here, the classification of Kurhanewicz et al. was primarily 

applied, with ratio values of lower than 0.75 characterizing normal prostatic tissue, whereas 

values between 0.75 and 0.86 were considered as suspicious and ratios above 0.86 as 

definitively malignant94,95. With the ratio (C+C)/C and a cut-off value of 0.75, a pooled 

weighted sensitivity of 82% in detecting PCa was achieved86,95,96,97,98,99. Moreover, this ratio 

demonstrated its potential to predict tumor aggressiveness by correlating with the tumor's 

Gleason score and identifying extracapsular expansion and invasion in surrounding 

tissue99,100. However, it was proven to be poor at detecting low-grade tumors, as the 

sensitivity of the ratio improved with increasing Gleason scores. Malignant lesions with a 

Gleason score of 3+3 were detected with a sensitivity of 44%, whereas for Gleason scores of 

4+3 and higher, detection rates of over 85% were achieved100. In summary, the technique of 

MRSI in association with the (C+C)/C ratio achieved promising initial results in PCa 

detection and prediction of tumor aggressiveness. 

 

1.3.3 Metabolomic imaging - results of a preliminary study 

As described above, the majority of metabolic research on PCa has focused on a small group 

of metabolites that have long been known to correlate with prostatic malignancy. However, 

efforts at profiling the entire measured metabolome rather than focusing on individual 

metabolites have been increased101. Thus, a more complete depiction of the metabolic 

alterations among the development of cancer cells could be achieved102,103,104,105. The concept 

of investigating the whole metabolome was named "metabolomics" and is derived from the 

field of genomics and proteomics, where studies of isolated genes and proteins evolved to 

research of the whole measurable genome and proteome as well as their correlations under 

physiological and pathological conditions106.  

In an in-lab pilot study in 2005, 199 ex vivo samples of 82 PCa patients were analyzed using 

HRMAS 1H MRS at 14T, with subsequent histopathological evaluation. It was successfully 

demonstrated that metabolomic profiles obtained from those samples were stronger in 
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identifying cancer regions than individual metabolites. An overall accuracy for differentiating 

between histologically benign and malignant lesions of 98.2% was achieved. Furthermore, 

positive correlations between the metabolomic outcome with the patients' serum PSA value 

before prostatectomy, tumor pathological stage and perineural invasion were revealed84.  

This pilot study unveiled the potential of metabolomic techniques in detection of PCa and in 

prediction of tumor aggressiveness. Recognizing this diagnostic potential of metabolomic 

profiles among PCa research, another study (further referred to as "preliminary study") was 

performed to improve the capacity of locating and assessing malignancy in prostates by 

combining metabolomic profiles with the technique of MRSI (as MRSI has the perspective of 

an in vivo approach)104.  

First, a metabolomic PCa profile that included the specific alterations of prostate cancer cells 

in 36 metabolic regions was developed (for a more detailed description, see Appendix, p. 70). 

In order to compare the MR spectrum of a prostatic sample with this cancer profile, the 

intensities of the 36 metabolite regions were combined with the "overall loading factors" of 

each region. These overall loading factors measured how the metabolite regions were altered 

in PCa. The more a region contributed to the cancer profile, the higher the overall loading 

factor. The result was a metabolomic profile value that quantified to what extent the MR 

spectrum correlated with the metabolomic profile, thus reflecting the possibility for 

malignancy. 

Due to the absence of a metabolomic profile that was specific for measurements of prostatic 

tissues at magnetic field strengths of 7T, the profile was obtained from previous analyses with 

the 14T HRMAS 1H MR spectrometer, having been conducted during the pilot study 

mentioned above84. A phantom study with the intention to test the validity of this 

metabolomic PCa profile obtained at 14T successfully proved the applicability of 7T whole 

prostate spectral data104.  

The metabolomic PCa profile was then tested with 15 malignant and 27 benign prostatic 

samples of 13 patients. It showed an overall accuracy of 93% for detection of malignancy. 

Furthermore, the median (M) as well as standard deviation (SD) of the 42 samples were 

calculated. Notably the metabolomic voxel values of all histologically benign samples fell 

below the empirical threshold of median plus one standard deviation (M+SD) (  

Figure 19, appendix p. 71) with metabolomic voxel values above this level indicating PCa. 
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Following the implementation of a PCa-specific metabolomic profile, an ex vivo analysis of 

five whole prostates (each with Gleason score 7; pathological tumor stage (pT): four lesions 

of pT2, one of pT3) after prostatectomy (from patients with biopsy-proven PCa) was 

conducted. MRSI of the middle transverse cross-sectional plane was performed with a 7T 

human whole-body MR scanner. Using the metabolomic PCa profile, MRS cancer-suspicious 

regions (with metabolomic voxel values above the threshold (M+SD)) were identified and 

mapped on the MR image and subsequently histopathologically evaluated. 

Thirteen MRS-suspicious regions were detected and five of those profile-elevated regions 

corresponded with one of the five histologically verified PCa lesions. The remaining eight 

MRS-suspicious regions were considered as histologically benign (however with elevated 

profile values). To compare the MRS-suspicious regions among different cross-sectional 

planes from different prostate samples, a "Malignancy Index" (MI) was defined, which sums 

up the total elevation of the metabolomic voxel values of this region. The MI demonstrated its 

potential to significantly differentiate between malignant and benign MRS-suspicious regions 

with an overall accuracy of 93% for all five cancer lesions and 97% for the four pT2 lesions 

(Figure 20, appendix p. 71). Moreover, among the four pT2 tumors, the MI correlated with 

the histologically determined tumor size. This effect may be a result of a MI being strongly 

influenced by the high number of pT2 tumor samples. 

In addition, the "Weighted Distance" (WD) index was defined as the range between the center 

of the histological cancer lesion to the center of the corresponding MRS suspicious lesion, 

normalized by the number of voxels included. The WD was then compared with the average 

voxel intensities of the MRS-suspicious region. As expected, an inverse linear correlation was 

found among the pT2 tumor lesions, suggesting higher MRS metabolomic profile values close 

to the center of the corresponding histological cancer lesion (Figure 21, appendix p. 72).  

As the ratio (C+C)/C had been widely examined in the field of metabolic PCa research, 

prostate samples were then analyzed using this ratio rather than the metabolomic profile 

(including 36 metabolite regions). None of the (C+C)/C maps was able to detect a cancer 

lesion with statistical significance. This was probably due to the limited sample size. 

However, these findings underline the potential of metabolomic profiles in diagnosing PCa, in 

contrast to metabolic ratios considering only a few individual metabolites. 

Our preliminary study thus revealed a promising value of metabolomic profiles in PCa 

diagnostics. Especially the MI served as a solid tool to identify MRS-suspicious regions of 
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malignant origin. Nevertheless, those findings were preliminary with respect to the small 

sample size. Moreover, the whole spectral processing was carried out manually using the 

software NUTS (Acorn NMR NUTS, Version 20071214, Livermore, CA, USA, 2007). This 

process proved to be extremely time-consuming: the processing of one cross-sectional plane 

with 256 voxels demanded more than a man-month107. 

With the preliminary study, a new method with regards to MRSI was established and the PCa-

specific metabolomic profile was tested. This research was of high interest to be extended to a 

larger study with a higher number of samples. For a decent duration of the technique, a partial 

automation of the procedure was strongly required.  

 

1.4 Objectives of the present study 

This study is designed in order to further test the metabolomic PCa profile regarding cancer 

detection and prediction of tumor aggressiveness. In order to evaluate the profile's strength, 

the metabolomic imaging output will be compared with the histopathological findings, as 

histopathology is currently regarded as the gold standard in PCa assessment46.  

Compared to the preliminary study described above, the sample size will be increased to 30 

whole prostates. Furthermore, an in-house analyzing tool will be applied to automate parts of 

the spectral processing and to reduce the analysis time to a manageable level107.  

 

1.4.1 Prior investigations 

For a comparison between metabolomic maps and histological findings, two conditions need 

to be addressed. First, the prostate plane chosen for analysis - in this study the middle 

transversal slice - has to be clearly identified within the MRSI slices and histological slides. 

Second, a precise alignment of corresponding MRSI slice and histological slide is needed. 

In contrast to the MRSI data which include the scan of the center plane, the histological slides 

provide no precise visual identification of the middle slice due to specimen preparation. To 

address this issue, a prior objective of the study is to develop a technique that identifies the 

histological slide of the most central location within the prostate. It is intended to graph an 

equivalent of the prostate plane surface values against the corresponding slide numbers and 

then compare the graph with the typical prostate shape. 
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Furthermore, it has to be approved that the MRI/MRS scan is acquired precisely from the 

middle cross-sectional plane of each specimen without a relevant temporary deformation and 

compression of the prostates' base and apex during the scan due to gravity. This would cause 

an increase in surface of the bottom slices and a shifted middle slice. Thus it is planned to 

graph the surfaces of the MRSI slices against the slice numbers and to compare this graph 

with the typical prostate shape as well as the graph calculated for the surfaces of the 

histological slides, in order to rule out a relevant specimen deformation during the scan. 

A second prior objective is to develop a method for a precise alignment of MRSI and 

histological slices. The directions of the histological slides with respect to the anatomical 

position of the prostate are marked by the pathologist. In contrast, among the MRSI data there 

are small variations regarding the orientation of the prostates during the MR scanning which 

need to be compensated. Thus, a method to precisely recognize the MR slice boundaries 

right/left and anterior/posterior has to be established in order to perform a correct alignment 

of MRSI and histological middle slice. 

 

1.4.2 Objective 1: cancer detection 

The primary objective of the present study is to test the metabolomic imaging technique using 

a metabolomic PCa profile regarding detection of cancer lesions within 30 prostate samples. It 

will be investigated, whether the variables Malignancy Index (MI) and Average Voxel Value 

(Avg) might differentiate MRS-suspicious regions detecting a histological cancer lesion from 

those regions with elevated profile values but benign histology. The hypothesis is that MI and 

Avg may successfully detect MRS-suspicious regions that identify a histologically proven 

cancer lesion. 

In case that histologically proven cancer lesions are not detected by metabolomic imaging, it 

will be analyzed, whether characteristics such as tumor volume, Gleason grade, pathological 

tumor stage and distance from the tumor center to the spectrally analyzed prostate plane differ 

from the detected tumors. It is hypothesized, that undetected cancer lesions may be of lower 

volume as well as lower Gleason grade and pathological T-stage compared to detected cancer 

lesions, and that the tumor centers are located more distant from the spectrally analyzed 

prostate plane. 
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1.4.3 Objective 2: prediction of tumor aggressiveness and additional findings 

As a secondary objective it will be tested if tumor aggressiveness can be predicted by 

metabolomic imaging. MRSI outcome (MI, Avg) will be correlated with markers of tumor 

aggressiveness (Gleason grade and T-stage). A positive correlation between MI/Avg and 

Gleason grade/pathological tumor stage is expected. 

It is furthermore hypothesized that tumors of higher volume and with centers being located 

approximate to the MRS-suspicious region may induce higher metabolomic profile values and 

therefore higher MIs and Avgs.  

 

1.4.4 Objective 3: alternative analysis 

The definition of which voxels are considered as PCa-suspicious (metabolomic profile value 

above the threshold (M+SD)) is of empirical character and was developed within the 

preliminary study. It had been shown that all benign voxel values fell below the threshold of 

(M+SD) ( 

Figure 22, appendix p. 72). At the same time, values of malignant voxels were found below 

this threshold as well. Consequently, malignant regions may be missed using this threshold. 

To address this issue, the threshold for metabolomic voxel profile values to be considered as 

suspicious will be reduced to (M+0.75SD) in an alternative analysis. It is expected that more 

cancer lesions may be detected with this new threshold. However, the number of false 

positive MRS-suspicious regions (as they correspond with a benign histology) may increase, 

resulting in a lower power of MI  and Avg. 
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2. Materials and methods 
 

2.1 Study design and patient population 

The present study is designed as an ex vivo study and was approved by the Institutional 

Review Board at Massachusetts General Hospital (MGH) in Boston, USA.  

Thirty whole prostates were collected from male patients with biopsy-proven cancer who 

underwent radical prostatectomy at the Department of Urology at MGH between 2007 and 

2009. Mean patient age at the time of surgical intervention was 58.4 years, with a standard 

deviation of 5.8 years. The glands weighed 45.1g on average, with a standard deviation of 

13.0g. The Gleason score (GS) ranged from GS6 (12 samples, 40%) to GS8 (4 samples, 13%) 

and 14 of the samples (47%) had GS7.  In terms of TNM classification, most of the patients 

had a pathological tumor stage (pT) of 2 (pT2a: 6 specimens, 20%; pT2b: 5 specimens, 17%; 

pT2c: 16 specimens, 53%), whereas there were only few samples with pT1 (pT1c: 1 

specimen, 3%) or pT3 (pT3a and pT3b: 1 specimen, 3% each) and no cases of pT4. Lymph 

node spread and metastases were negative or not determined. Details for the individual cases 

are presented in Table 1. 

Case 
# 

Age at 
surgery 

Weight of 
gland [g] 

Prostate dimensions Gleason 
score 

TNM stage 

1 55 41 4.6 x 4.2 x 4.0 cm 3+4=7 pT2a N0 M0 
2 61 46 5.0 x 4.0 x 3.5 cm 3+4=7 pT2b Nx Mx 
3 62 41 4.5 x 4.0 x 3.5 cm 3+4=7 pT3b Nx Mx 
4 57 82.9 5.5 x 5.5 x 4.5 cm 3+3=6 pT2a Nx Mx 
5 60 75 6.0 x 5.5 x 5.0 cm 3+3=6 pT2a N0 Mx 
6 62 51 4.5 x 4.2 x 3.9 cm 3+4=7 pT2c N0 Mx 
7 57 40 4.5 x 4.0 x 3.5 cm 3+3=6 pT2c N0 Mx 
8 66 53 5.5 x 4.5 x 4.5 cm 4+4=8 pT2a N0 Mx 
9 61 33.9 4.5 x 4.5 x 4.5 cm 3+4=7 pT2c Nx Mx 

10 56 40 4.5 x 4.3 x 3.5 cm 3+3=6 pT2c Nx Mx 
11 60 40.3 4.8 x 4.3 x 4.0 cm 3+3=6 pT1c Nx M0 
12 47 19.1 3.8 x 3.8 x 3.2 cm 3+4=7 pT2c Nx Mx 
13 56 48 5.5 x 5.5 x 4.5 cm 3+4=7 pT2c Nx Mx 
14 64 36 5.5 x 5.1 x 4.5 cm 3+3=6 pT2a Nx Mx 
15 52 40 4.8 x 4.0 x 3.6 cm 3+4=7 pT2c Nx Mx 
16 52 53 5.8 x 4.5 x 4.2 cm 3+3=6 pT2c Nx Mx 
17 56 46.6 5.2 x 4.5 x 4.2 cm 3+3=6 pT2c Nx Mx 
18 56 31.3 4.5 x 4.2 x 4.0 cm 4+4=8 pT2b Nx Mx 
19 60 42.5 5.5 x 4.5 x 4.5 cm 3+4=7 pT2c Nx Mx 
20 60 57.8 5.5 x 5.2 x 4.5 cm 4+4=8 pT3a Nx Mx 
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21 53 38.5 4.5 x 4.0 x 3.7 cm 3+4=7 pT2b Nx Mx 
22 71 46.4 4.7 x 4.6 x 4.5 cm 4+4=8 pT2b Nx Mx 
23 64 46.3 4.7 x 4.5 x 4.0 cm 3+4=7 pT2c Nx Mx 
24 62 67.9 6.7 x 5.5 x 5.2 cm 3+4=7 pT2c Nx Mx 
25 59 42.6 4.3 x 4.2 x 3.8 cm 3+3=6 pT2c N0 Mx 
26 49 38.7 4.6 x 4.0 x 4.0 cm 3+4=7 pT2a Nx Mx 
27 48 29 3.5 x 3.0 x 3.0 cm 3+3=6 pT2c N0 M0 
28 53 37.6 5.0 x 3.5 x 1.0 cm 3+3=6 pT2c N0 Mx 
29 69 37.9 5.0 x 5.0 x 3.0 cm 3+3=6 pT2b Nx Mx 
30 63 51 5.4 x 4.5 x 3.8 cm 3+4=7 pT2c Nx Mx 

Table 1   Patient population. Age at surgery, weight, prostate size as well as Gleason score and TNM stage after 
prostatectomy. 

    

2.2 Imaging and data acquisition 

2.2.1 MR Spectroscopy and MR Imaging 

Following prostatectomy, the whole prostates were transferred to the Radio-Pathology 

Laboratory in an icebox. MRI and MRS were conducted the same day at room temperature, 

using a 7T whole-body human MR scanner (Siemens, Erlangen, Germany).  

The prostate specimens were tied into a sample holder to prevent any movement and 

embedded in phosphate buffered saline in D2O (PBS-D20), in order to compensate the 

magnetic susceptibility at the prostates' border regions. A circular 7cm diameter surface coil 

was placed axially around the middle of the prostate and served as transmitter and receiver. 

Regarding the sectional plane, transverse slices were acquired, referring to the prostates' 

physiological position in the human body. 

T2-weighted MR images were obtained (29 slices, 1mm thickness) with a turbo spin-echo 

sequence and a field of view (FOV) - depending on the gland size - of between 40mm x 

40mm and 56mm x 56mm. Two-dimensional multivoxel proton MRS was acquired for three 

different levels of prostate slices: a middle slice approximately at coil level and two more 

slices 6mm above and below. For this acquisition, echo time/repetition time of 30/1700 point-

resolved spectroscopy (PRESS) with WET (water suppression enhanced through T1 effects) 

was applied, using a spectral width of 4.0kHz and a water suppression bandwidth of 130Hz. 

Subsequently, the MRS FOV, which had the same size as the reference MRI FOV, was 

partitioned into 16 x 16 phase-encoding steps, leading to a total of 256 voxels (Figure 1). As 

the FOVs differed from sample to sample according to distinct prostate gland sizes, the voxel 
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measures of different prostate specimens also varied slightly. Each MR scan required a 

scanning time of approximately 23 minutes. 

Regarding the following processing and analysis of the MR data, only the middle cross-

sectional planes were part of the present study. 

Figure 1   Screenshot of 7T scan. Left: MR Image and MR Spectroscopy were overlaid during the scan. The MRS FOV 
was then partitioned into a 16 x 16 voxel grid. One center voxel is picked and highlighted with a blue frame. Top center: 
prostate sample, being fixed in the sample holder, bottom center: currently scanned middle transversal slice. Right: 
prostatic spectrum (MRS) of the blue framed voxel. 

 

2.2.2 Histopathological evaluation 

As the MRS technology produces highly-resolved spectra without damaging the histological 

architecture of the tissue84, a conventional histopathological evaluation of all samples was 

performed by the Department of Pathology at MGH. 

Following MRI/MRS, the whole prostates were fixed in 10% formalin, embedded in paraffin, 

sliced transversely in 5mm intervals with a thickness of 5µm and stained with hematoxylin-

eosin (H&E) according to MGH standard procedure protocols. Depending on the glands' size, 

serial block sections of four to ten slides were obtained. 

Subsequently, a pathologist identified the histological tumor regions with corresponding 

Gleason grades (GG) (according to the international consensus on Gleason grading of 200516)  

and marked those lesions by circling them on the glass slide. 
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2.3 Data processing   

2.3.1 Spectral processing with a MATLAB-based program 

For import, processing and analysis of the spectral data, an in-house MATLAB-based 

analyzing tool, developed by Yannick Berker in 2010, was used. In contrast to other data 

processing software such as AcornNMR-NUTS (which was the processing tool of the 

preliminary study104), this MATLAB program automates multiple parts of the procedure, 

thereby expediting the spectral processing107. 

During scanning, spectral data were saved as Siemens .rda files, whereas the MR images were 

pooled in DICOM files. While importing a .rda file, the MATLAB program automatically 

performed a Fourier transformation, transforming the spectral data from the time domain into 

the frequency (also called "Fourier") domain. In a next step, the program overlaid the MRS 

voxel grid and the anatomical reference MR image, including equal positioning and 

alignment. 

A region of interest (ROI) was then manually defined among the 256 voxels, in order to limit 

the processing steps to the prostatic tissue and to reduce the preprocessing and analysis of 

voxels without useful metabolomic information. The ROI boundaries were drawn at the 

borderline between prostate gland and fluid in the MR image (Figure 2). Finally, the spectra 

from voxels containing both tissue and surrounding fluid were individually evaluated and 

classified as prostatic spectra (and included into the ROI), or as spectra of the surrounding 

fluid (and subsequently removed from the ROI).  

In a next step, a centrally located voxel of the ROI was randomly chosen and a manual 

correction in phase and baseline was performed. Using the global phase of this voxel, the 

program initiated a quick preprocessing of all voxels within the ROI, in order to simplify and 

accelerate the process of by-hand corrections (Figure 3).  
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Figure 2   Definition of the MRS region of interest in MATLAB. Using the MR Image, a region of interest for the MRS 
voxel grid was manually drawn (left), in order to exclude non-prostatic voxels. Right: display of the updated MRS voxel 
grid. The colors of the voxels shown here do not have a diagnostic value at this stage. 

Figure 3   Voxel spectrum after automatic preprocessing. By applying automated preprocessing, the MATLAB program 
already provided an improved phase of the spectrum. However, manual phase correction had to be performed and the 
baseline needed to be corrected. 

The spectral region of interest spanned from 0.5ppm to 4.5ppm104. However, in the region 

between 4.0ppm and 4.5ppm, the peaks of most cases were observed to be highly distorted by 

the large and broad water peak at around 5.0ppm - even after water suppression during the 

scan. Therefore, only the region between 0.5ppm to 4.0ppm was processed and analyzed 

(Figure 4). 

Within the established spectral region of interest, the correction in phase and baseline for each 

voxel was performed manually. First and zero order phase correction, mostly using the lipid 

peak at 1.3ppm as the zero order reference point, was used to keep the peaks as narrow and 
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symmetric as possible. With the baseline correction, the correct orientation of the spectrum 

with respect to the horizontal zero line was achieved. Subsequently, a chemical shift reference 

(CSR) was set by adjusting the narrow choline peak to be located exactly at 3.2ppm. Hence, 

the whole spectrum was shifted horizontally, matching the x-axis frequency values in ppm to 

the commonly known positions of prostatic metabolites. As a control, it was ensured that the 

lipid peak was located at 1.3ppm, as well as the citrate peak between 2.5ppm and 2.7ppm 

(Figure 4). 

Figure 4   Voxel spectrum after manual correction. After phase and baseline correction, the peaks had a symmetric phase 
and were located on the baseline. The choline peak was located at 3.2ppm, the citrate peak at 2.5-2.7ppm, whereas the broad 
lipid peak was located around 1.3ppm. Note the incompletely suppressed water peak at 5ppm, which effected a high 
distortion of the curve between 4.0 and 4.5ppm. In consequence, only the region between 0.5 and 4.0ppm was included into 
spectral analyses. 

In summary, the spectral data of prostatic origin were identified at that point and the partly 

automated, partly manual processing was completed. Compared to the preliminary study, the 

time frame for the spectral processing was successfully reduced to 6-8 hours of manual 

corrections per case, depending on the size of the sample slice as well as the experience of the 

operator. 

 

2.3.2 Creation of metabolomic maps 

As the spectral data was fully processed and thus prepared for analysis, a metabolomic map 

for each prostate's center cross-sectional plane was created. In a "Profile Fitting" process, the 

metabolomic PCa profile obtained in the preliminary study was applied to the voxel grids in 

order to analyze, to what extent each voxel was cancer-suspicious. The output of the Profile 



 

19 

Fitting was a) a visual metabolomic map of each analyzed prostate slice, indicating regions 

with a cancer-suspicious metabolite spectrum; and b) the numeric export of each voxel's 

metabolomic value into an Excel file (the higher the value, the more cancer-suspicious the 

voxel). In contrast to the preliminary study, the whole Profile Fitting was an automated 

process performed by the MATLAB program. It took eight hours per case and was performed 

as an overnight task. 

The first step of the Profile Fitting was the measurement of all positive peak intensities per 

voxel. Then, the intensities of all 36 metabolite regions that were included in the metabolomic 

PCa profile were multiplied with their individual overall loading factors and then summed up. 

The result was the voxel's metabolomic value, indicating how suspicious the spectrum was to 

for malignancy. For a full list of the overall loading factors see Table 4 (Appendix, p. 74). 

In order to average out noisy influences, data smoothing was conducted as a part of the 

automated Profile Fitting. Therefore, each voxel value was replaced by a weighted sum of the 

values of the surrounding voxels and its own by using a two-dimensional convolution matrix, 

in order to obtain a smoothed voxel value. This value consisted of one quarter of its own 

normalized value, one-eighth of each direct neighbor's, and one-sixteenth of each diagonal 

neighbor's value. For edge voxels, the calculation was slightly different due to the lack of 

surrounding voxels on each side (Table 2).  

1 2 1    
 

  2 4 2  2 4 2 

1 2 1  1 2 1 

Table 2   Convolution matrix for smoothing of voxel cancer values in order to reduce noise effects. Shown are the 
weights of the values, contributing to the smoothed value of the center voxel, marked in dark gray. Directly neighbored 
voxels have a higher impact than the diagonal neighbors. Left: matrix for inner voxels, surrounded by eight adjacent voxels. 
To gain the smoothed value for this voxel, the values of the voxels are multiplied by the weights and summed up, then 
divided by 16. Right: For voxels on the edge of the prostate slice, being surrounded by less than eight other voxels, the 
calculation is the same, except from the divisor, which would be 12 in this case. Thus, the different values have a bigger 
impact on the smoothed voxel value, than they would have in the slice center. 

Finally, the voxels of the whole grid were mapped to a color scale, with cancer-suspicious 

profile values colored towards red and unsuspicious voxels towards blue (Figure 5). 

The smoothed metabolomic voxel values were then exported into an Excel workbook, ready 

for further quantitative analysis. 
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Figure 5   Metabolomic cancer map after Profile Fitting. The voxels of this prostatic middle slide are colored due to their 
smoothed voxel values, with higher values (being more cancer-suspicious) mapped in red tones and low values (being less 
suspicious) colored in greens and blues. There are two central regions with high potential for malignancy. 

 

2.3.3 Definition of MRS cancer lesions 

While the visual metabolomic map created by MATLAB for each prostate's middle transverse 

slice served as an orientation, a manual quantitative analysis of the metabolomic voxel values 

was inevitable for a reliable definition of MRS-suspicious regions. 

A threshold for consideration as cancer-suspicious had been defined in the preliminary study. 

Voxel values higher than (M+SD), with mean and standard deviation calculated for all 

smoothed voxel values of a prostate plane, proved to be a significant indication of cancer104.  

In the created Excel file, all metabolomic voxel values were listed in a grid with respect to 

voxel location among the prostate slide. A function allowed the definition of a threshold, 

which was determined as (M+SD) in this case. Consequently, voxels with a value above the 

threshold (being considered as suspicious) were listed as "1", while the rest was marked with 

a "0", (Figure 6A). Thus, a quick analysis of the voxel values was possible.  
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Figure 6   Identification of MRS-suspicious regions among the MATLAB-export of the voxel values. Both sheets show 
the voxels of the same slice as in Figure 5, with the MRS-detected cancer-suspicious region colored in yellow. A: All voxels 
with a smoothed value above the threshold (M+SD) are tagged with an "1". A minimum of two directly neighbored voxels 
with elevated values form a MRS-suspicious region. B: Those suspicious regions can then be localized in the Excel sheet 
containing the precise smoothed voxel values.   

MRS-suspicious regions indicating PCa had to be manually identified now. Only a minimum 

of two directly connected "1"-voxels (not including diagonal neighbors) were considered as 

tumor regions (Figure 6B). Since the edge voxels might have increased values due to 

magnetic susceptibility, they were only taken into consideration if at least one direct adjacent 

voxel, not being located on the slice's margin, had a higher smoothed value. In cases where 

there were only edge voxels in one suspicious lesion, their spectra were visually inspected. If 

there appeared to be substantial alteration in the spectra caused by the surrounding fluid, those 

voxels were not included. 

In order to compare the values of MRS-suspicious regions of different prostate samples, a 

"Malignancy Index" (MI) had been defined within the preliminary study104. The MI was 

defined as the sum of the products of smoothed voxel values (voxel value, VV) and voxel 

sizes (VS) of a cancer suspicious lesion consisting of n voxels:  

A 

B 
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𝑀𝐼 = � (𝑉𝑉𝑖 × 𝑉𝑆
𝑛

𝑉𝑉>𝑀+𝑆𝐷
𝑖=1

) 

The voxel size was constant within one slice and could be calculated based on the measures of 

the scanned MRS voxel grid.  

Apart from the MI, it should be examined whether MRS smoothed values alone (without 

including the cancer-suspicious lesion size) would give enough information to differentiate 

suspicious regions that are histologically malignant from those with elevated MRS values but 

histologically benign structure. The question to be answered was, whether malignant MRS-

suspicious regions had higher smoothed voxel values per square millimeter. To address this 

issue, an Average Voxel Value (Avg) was determined as the sum of the quotients of the 

smoothed voxel values (VV) divided by the voxel size (VS), and then divided by the number 

of voxels (n) per lesion: 

𝐴𝑣𝑔 = ( � (𝑉𝑉𝑖
𝑛

𝑉𝑉>𝑀+𝑆𝐷
𝑖=1

/𝑉𝑆))/𝑛 

 

2.3.4 Processing of the histological data 

In order to compare the spectral data with histopathology, the histological slides had to be 

digitized. Pictures of all slides were taken with a Nikon single reflex camera and all digital 

pictures were then scaled to the same size of 2200 x 2700 pixels. Using the image editing 

program GIMP (version 2.8.4), all photos were standardized by manually marking the 

directions (anterior, posterior, right, left) as well as the estimated middle point of each 

prostate slice according to the pathologist's tags. Furthermore, the pathologist edged all 

histologically identified cancer lesions on the glass slide with a dotted line. Those borders of 

the cancer lesions were digitized as well and their centers tagged in distinct colors (Figure 7). 
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Figure 7   Standardized picture of a histological slide. The photo has been scaled, cut and rotated. Furthermore, the 
directions were marked (anterior: red, posterior: green, right: blue, left: yellow), the histological tumor lesion was circled and 
its center point tagged in specific colors. Through standardization, the pictures could be analyzed, stacked to a 3D picture of a 
prostate and later compared with the MRS outcome. 

After digitization and standardization the pictures of the histological slices were readily 

prepared for the alignment with the corresponding voxel grids. 

However, further analysis on the histological data needed to be conducted. For planned 

investigations on histological cancer lesions that were detected by metabolomic imaging 

versus undetected tumors, two variables were of interest: a) the volumes of the 

histopathologically detected tumors and b) the distance of a histological tumor center to the 

middle slide of the prostate or another manually set point.  In order to solve this issue, a 

second MATLAB-based program for a three-dimensional stacking and measurement of the 

histological data was developed by Yannick Berker107. This software converts digitized 

histological slices into three-dimensional (3D) datasets. The mentioned direction markings, as 

well as the anatomical shapes enabled a correct alignment of the slides. Moreover, the circled 

cancer lesions were automatically added up to one 3D tumor region, in case the positions in 

neighboring slices were comparable. The volume of those cancer regions (in voxels), the 

coordinates and slice numbers of each 3D tumor region's center, as well as the coordinates of 

each manual marking were exported into an Excel file. The program additionally calculated 

the distance (in mm) between a marking and a cancer region's center, plus the distance 

between a marking and the nearest tumor lesion border. 
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2.4 Analysis: metabolomic imaging versus histopathology 

2.4.1 Prior investigation: identification of the corresponding histological middle slides 

The first step to prepare for the comparison of the MRS data with the histopathological 

outcome was the identification of the histological middle slice corresponding with the 

acquired MRS/MRI center plane. It was aimed at creating a graph showing a correlate of the 

histological slice surfaces against the slide numbers, in order to compare this graph with the 

common shape of a prostate. Thus, a detection of the histological middle slide on the graph 

was possible. 

Therefore, as a correlate for the histological slice surfaces, all the histological slices were 

traced onto paper for each case, cut out and weighed. Common printing paper with a weight 

variation of less than 2% among different sheets was used for this step. In order to obtain a 

parameter which allowed for comparisons among different prostate samples, referred to as 

"volume percentage", the “paper weights” were then divided by the associated prostate weight 

after prostatectomy. The weight was used as the divisor since a precise calculation of the 

whole prostate's volume was not possible whereas the exact prostate weights had been 

measured after prostatectomy. To verify the use of the weight, a correlation with the 

approximate volume was determined. Assuming a prostate's shape resembled an ellipsoid, the 

volume of each sample was calculated using the pathologist's measurements of each gland 

(length (a), width (b), height (c)) and the common formula of an ellipsoid's volume (V): 

𝑉 =  
4
3

 𝜋 ∗ 𝑎 ∗ 𝑏 ∗ 𝑐 

Then, correlation of the estimated prostate volumes and related prostate weights was 

performed.  

In a next step (in order to determine how to identify the histological middle slides), a graph 

showing the averaged "volume percentages" of the prostate slices from a sample of cases was 

created. All cases containing seven or eight slides - in total 17 cases (14 cases with seven, 

three cases with eight slides) - were used. The three cases with eight slides served as a scale 

for shifting the values of the seven-slide-cases, since it needed to be decided individually (for 

each case), whether the first slide corresponded with the first or second slide of the eight-

slide-cases. Then, the average volume percentage for each slide number was calculated and 

the data was graphed, with the slide number against the volume percentage. Besides this 

(average) graph, an individual "volume percentage graph" of each case was created. Using the  
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information given by the average graph, the middle slide of each prostate specimen was 

determined based on the individual "volume percentage graphs" (see Results, p. 34). 

Finally, it was examined, whether a relevant temporary deformation of the prostate specimen 

during the MRSI scan had occurred due to gravity, leading to a shift of the middle slice. To 

examine this issue, a graph showing the average slice surfaces of all 29 slices of five 

randomly chosen prostate specimens was created and compared with the average "weighted 

distances" graph of the histological slides as well as the typical prostate shape.  

For the calculation of the MRI slice surfaces, the highest and lowest orthogonal diameters for 

each MRI slice of these selected prostates were measured with the DICOM viewer software 

OsiriX 3.5 (Figure 8). Since the slices had an ellipsoid border, the diameters (d1, d2) were 

used to calculate the approximate surface with the common formula for the surface area (A) 

of an ellipse: 

A =  π ∗
d1
2
∗ 

d2
2

 

Figure 8   MRI slice surface area calculation with OsiriX. For five randomly chosen cases, the lowest and highest 
diameters of each MRI slice were measured and the surface area of an ellipse (roughly including the prostatic tissue, orange 
line) calculated. 

In summary, a technique for the identification of the histological middle slides most exactly 

corresponding with the MRS central slices was established and tested. Furthermore, an 

examination of all MRS slices of five randomly chosen cases was performed in order to 

exclude a relevant compression of the specimens during the scan, which might have effected a 

shift of the prostates center plane away from the scanner's surface coil. 
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2.4.2 Alignment of MRS and histological middle slice 

After identifying the corresponding histological and MRS middle slices, the alignment of 

histological and MRS slices in order to compare both outcomes was realized.  

While the directions of the histological slides were clearly marked by the pathologist, the 

directions right/left and anterior/posterior had to be recognized among the MRSI slides. 

Concerning orientation right/left, the sample holders for the scanning were labeled to ensure a 

setting that is conventionally applied for cross-sectional imaging. This means that the left side 

of the picture showed the right part of the sample in MR images and vice versa. 

To identify the orientation anterior/posterior, three anatomical structures were compared 

between histology and the MR image: the whole edge and structure of the prostate, the 

urethra's shape and position (Figure 9), as well as the location of the seminal vesicles, 

commonly being located posterior to the prostate's base (Figure 10).  

Figure 9   Identification of anterior/posterior: the urethra's shape. This histological slide of case 1 shows the anterior 
orientation (red marking) of the urethra's broadest part. The picture on the right side (OsiriX) presents a MR Image of the 
same prostate at approximately the same level. The shape of the urethra in MRI clearly equals the histological slide. The top 
of the MRI acquisitions of this case hence shows the anterior part of the specimen. 
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With the orientation of both MRI/MRS and histopathology being defined, the actual 

alignment of the middle slices could be performed using Microsoft PowerPoint. First, a 

MATLAB snap shot of the overlaying MR image and MRS voxel grid was opened. As the 

grid often overlapped the prostatic tissue or - in few cases - did not contain all of it, rows or 

columns were erased or the grid was extended, in order to gain a voxel grid, that would 

exactly fit the prostate slice of the MR image (Figure 11). 

B 

C 

A 

 

 

 

 

 

 
Figure 10   Identification of anterior/posterior: 
position of the seminal vesicles. A: The paired 
seminal vesicles cling to the posterior tip of the 
prostate's base. [image copyright: www.webmd.de] 
B: This fact was approved on the histological slide 
of case 3 (seminal vesicle circled in yellow). C: As 
the same structure was found within the 
corresponding MR image (circled in yellow), the 
posterior part of the prostate in this case is known to 
be orientated to the top of the MR image. 
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Figure 11   Adaption of the voxel grid. In order to create a voxel grid exactly containing the prostatic tissue, rows or 
columns were added or erased. 

This new grid was then copied and the histological picture of the slide was added. Since 

during the process of embedding and cutting the prostatic tissue samples are known to shrink 

and slightly deform, the histological slice had to be adapted in order to match the MRS grid. 

The picture was orientated like the prostate slice in the MR image and then rotated and scaled, 

until it had the same position relative to the voxel grid of the MR image (Figure 12). Finally, 

the applicable MRS-suspicious voxels were colored, which enabled a comparison of the 

histologically defined cancerous lesions with the MRS-suspicious regions in size and location. 

Whenever a MRS-suspicious region overlapped with a histological cancer lesion or was 

located less than one directly adjacent or half a diagonally adjacent voxel away from the 

histological cancer lesion, the MRS-suspicious region was considered as malignant. 

Otherwise, the MRS-suspicious region did not correspond with a histological cancer lesion 

and was therefore defined as benign or "MRS false positive" (Figure 13).  
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Figure 12   Adaption of the histological slide. The histological picture was orientated and scaled relative to the voxel grid 
on the MR image of the same slice in Figure 11. Subsequently, the spectral and histopathological data of the transversal 
middle slice could be compared. 

 

Figure 13   Comparison between MRS-suspicious lesion and histological tumor region in the same voxel grid. The 
MRS suspicious voxels are colored in blue, the histological malignant regions circled in brown. Regions overlapping or being 
less than one adjacent voxel or less than a half diagonal voxel apart, were considered as corresponding regions or histological 
cancer regions (being detected by MRS). Thus, MRS region 1 did not match with a histological lesion and was defined as 
histo-benign, whereas MRS region 2 detected two cancerous lesions. The histological malignant region on the left was not 
detected by MRS. 
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2.4.3 Detection of histological cancer lesions using metabolomic imaging 

As the alignment of MRSI data with the histological outcome was completed, two results 

were important: the number of histological proven cancer lesions detected by metabolomic 

imaging, and the amount of MRS-suspicious regions corresponding with a histological cancer 

lesion and therefore being referred to as "histologically malignant".  

After both were quantified, further investigations regarding the MRS-suspicious regions were 

conducted. It was tested for a potentially significant difference of the Malignancy Index (MI) 

or the Average Voxel Value (Avg) between the group of MRS-suspicious regions detecting a 

histological cancer lesion and the group of MRS-suspicious regions being referred to as 

"histologically benign". The same calculation was performed for the number of voxels of the 

MRS-suspicious regions. 

 

2.4.4 Comparison of detected and undetected cancer lesions 

It was furthermore intended to find characteristics that significantly differed between 

histological lesions being detected by metabolomic imaging and those not being detected. 

Therefore it was tested for a possibly significant difference of tumor volume, distance of the 

histological tumor center to the middle cross-sectional plane of the prostate, Gleason grade or 

pathological tumor stage between detected and undetected cancer lesions. 

The Gleason grade of each individual cancer lesion as well as the pathological tumor stage 

were identified within the histopathological evaluation. When a lesion had a mixture of two 

Gleason grades, the pathologist visually estimated the proportion of the different grades to the 

nearest 10% and a value for the analysis containing both parts was calculated. If a lesion for 

instance consisted of 80% GG3 cell formations and 20% GG4, the overall GG value was 

0.8*3+0.2*4=3.2. The pathological tumor stages occurring within the patient population 

(pT1c-pT3b) were converted to metric values from 1-6 for the analyses. 

The tumor volume for each histological cancer lesion was automatically calculated during the 

3D stacking process of the histological slides. The 3D stacking MATLAB-based program was 

also used to measure the distance between the center of the three-dimensional histological 

tumor and the histological middle slide (Figure 14, b). The z-coordinates (indicating the 

height among the prostate specimen) of the middle slide (z(ms)), as well as the tumor center 

(z(tc)), were automatically calculated and exported to the Excel file. As the histological slides 
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were cut in intervals of 5mm, the distance (D) could be calculated using the following 

formula: 

𝐷 =  |𝑧(𝑚𝑠) − 𝑧(𝑡𝑐)| × 5𝑚𝑚 

Figure 14   Distances of interest. a: distance from the MRS-suspicious region center point (blue dot) to the middle point of 
the corresponding, three-dimensional histological tumor lesion (yellow dot). b: gap between the three-dimensional 
histological tumor lesion's center and the (histological) middle slice. 

 

2.4.5 Prediction of tumor aggressiveness and additional investigations 

In order to test how strong the MRSI outcome was in predicting the tumor aggressiveness, 

parameters of the MRS-suspicious regions (the MI and Avg) were correlated with variables of 

tumor aggressiveness (the Gleason grades as well as pathological tumor stages of the 

histological cancer lesions). 

Additionally, further investigations on the MRS outcome were performed. It was tested, 

whether there were any correlations between the MI or Avg and the histological tumor 

volume or the distance from the MRS-suspicious region middle point to the center of the 3D 

histological tumor (Figure 14, a). To obtain this distance, the 3D stacking, MATLAB-based 

program was used. It automatically calculated the referred histological center's coordinates. 

The middle point of the corresponding MRS-suspicious region had to be manually placed on 

the digitized histological slice picture before the 3D stacking, in order to obtain the 

coordinates as well. This process was accomplished with respect to the position of this point 

in the voxel grid and the overlaying picture of the histological slide. After reloading the 
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histological pictures with the 3D stacking program, the Excel export would include the 

distance from this marking to the respective histological tumor center. For the correlation, the 

absolute distance as well as a "Weighted Distance" were used. The Weighted Distance was 

calculated as the quotient of the distance divided by the number of voxels of the MRS-

suspicious region.  

Final analyses were performed among cases where no histological cancer lesion was found on 

the prostate middle slide. Due to the small number of such cases, only tendencies were 

described. It was analyzed, whether there were cancer lesions on the adjacent slides and if 

present, whether the estimated tumor lesion sizes and tumor volumes influenced the height of 

the MI or Avg of the histologically benign MRS-suspicious regions on the middle slices. 

 

2.5 Alternative analysis 

As an alternative analysis, the established analysis protocol described above was applied with 

one new precondition. The threshold for the metabolomic voxel values referred to as elevated 

and therefore cancer-suspicious was reduced from (M+SD) to (M+0.75SD).  

 

2.6 Statistical analysis 

Statistical analysis was performed with IBM SPSS Statistics 20. For independent groups, t-

tests were used and p-values < 0.05 were considered as statistically significant. The testing for 

normal distribution was performed using the Shapiro-Wilk test (p-value > 0.05: normal 

distribution). For variance analysis, the Levene's test was applied (p-value > 0.05: variances 

equal). 

In case that at least one of the groups did not follow a Gaussian curve or the variances of both 

groups did not match, the non-parametric Mann-Whitney test replaced the t-test (p-value < 

0.05: statistically significant difference). In order to measure the strength of significant 

differences or to compare different test results, the effect size (d) was calculated, with d ≈ 0.2 

indicating a small, ≈ 0.5 indicating a medium and ≈ 0.8 indicating a large effect, respectively. 

Furthermore, correlation analyses were conducted to reveal relationships between two metric 

groups. Normal distribution had to be tested for, using the Shapiro-Wilk test. For normally 

distributed groups, Pearson's correlation was performed, and Spearman's correlation if there 



 

33 

was no normal distribution of values. In both tests, a p-value < 0.05 was indicated a 

significant correlation, whereas values between 0.05 and 0.1 were considered as a tendency. 

In case of statistical significance, the correlation coefficient revealed the type of correlation 

(positive or negative) and could be used to compare the effect sizes.  
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3. Results 
 

3.1 Prior investigation: identification of the corresponding histological middle slides 

For the identification of histological middle slides, a graph was created where a correlate of 

the histological slice surfaces was plotted against the slide numbers. Here, the "volume 

percentage", which is the quotient of the paper weight of a histological prostate slice divided 

by the weight of the whole prostate, served as the correlate of the histological slice surfaces. 

In order to approve the application of the specimen weight instead of its volume, both 

parameters were correlated. As a result, a positive correlation (p = 0.01) was found, meaning 

that the usage of the weight for the "volume percentage" was appropriate. 

To identify the middle slides, a consideration of the prostate's anatomy was inevitable. 

Prostates commonly are oval shaped with a rounded tip. The transverse slices with highest 

diameter and hence maximum surface area are located close to the center plane, but are 

slightly shifted towards the base of the prostate, as this end is wider than the apex (Figure 23, 

appendix p. 73). 

The average graph demonstrating the "volume percentages" of the prostate slides of the 17 

analyzed cases was compared to the typical prostate shape. It showed a steady increase of the 

"volume percentage", which reached its peak shortly after the middle of all slides and then 

decreased, forming an unfinished u-shape (Figure 15). As the slides had been cut from the 

apex to the base, this course of the curve supported our suggestion that the middle slice 

reached a "volume percentage" close to the peak.  

In order to identify the histological slide closest to the middle cross-sectional plane of the 

prostate, the histological slide next to the peak of the "volume percentage" had to be chosen. 

Thus, the individual "volume percentage" graph of each case was created and the middle slide 

of this case determined (Figure 16).  
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Figure 15   Graph of the average volume percentages of all seven- and eight-slide cases. The transverse slice with the 
highest diameter and surface area is located close to the middle cross-sectional plane, but shifted towards the base of the 
prostate. For the identification of each case's middle slide, the slide with the highest volume percentage right before the peak 
value has to be chosen (orange line). 

 
Figure 16   Identification of the histological middle slide - case 2. As the middle slide is proven to reach a volume 
percentage close to the peak, slide number 3 was determined as middle slide for this case. 

Furthermore, the MRSI data were examined to exclude a temporary compression of the 

prostate specimen due to gravity during the scan (probably resulting in a shift of the middle 

slice). A visual comparison of the graph showing the 29 MRSI slices of five randomly chosen 

cases against the slice numbers with the average "weighted distances" graph of the 

histological slides revealed a similar course of the curves (Figure 17). Thus, the surfaces of 

the slices and their relation did not significantly differ between the MR images and 
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histological slices. Hence, it was assumed that no relevant deformation of the tissue occurred 

during the scan, and the MRI/MRS middle slice had not been shifted. 

 

Figure 17   Comparison of MRI average slice surface areas and average histological slide volume percentages. This 
graph shows the average MRI slice surfaces per slice (red) as well as the average "volume percentage", demonstrating the 
correlate of the average surface areas for each histological slide number (blue). The figure reveals a similar course of both 
curves. Thus, no relevant deformation of the specimen during the scan had occurred due to gravity. 

 

3.2 Objective 1 

3.2.1 Cancer detection using metabolomic imaging 

For the middle slides of the 30 examined cases, MRS revealed 69 suspicious regions whereas 

the pathologist identified 46 histological cancer lesions. After aligning the corresponding 

MRS slices and histological slides, 61% of the histological regions on the middle slices (28 

out of 46) were found to be detected by MRS. Consideration of the three-dimensional 

information of the histological tumors increased the MRSI detection rate to 67% (26 out of 39 

three-dimensional tumors), as some of the lesions on a slide belonged to the same 3D tumor. 

Overall, the metabolomic maps accurately identified 18 of the prostates as being cancerous. 

Since six samples did not contain histological cancer regions on the middle slide, these 18 

cases represent 75% of the samples showing cancer lesions on the examined slice. After 

inclusion of these six cases into the analysis, 60% of all prostates were detected as cancerous 

by only evaluating the middle cross-sectional planes.  
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The detection rate of the histological cancer lesion on the middle slides varied among 

specimens with different Gleason scores - the higher the Gleason score, the more accurate the 

detection. With regards to Gleason score, rates of 45% (GS 3+3, 12 samples), 71% (GS 3+4, 

14 samples) and 75% (GS 4+4, 4 samples) were ascertained.  

Out of the 69 MRS-suspicious regions, 26 corresponded with a histological tumor lesion and 

were subsequently considered as malignant. In contrast, 43 MRS-suspicious regions occurred 

without histopathological counterpart and hence were determined to be benign, emerging as 

"MRS false positives".  

It was tested whether suspicious MRS regions that actually corresponded with malignancy 

(based on the histopathology) could be distinguished from benign regions on the basis of the 

Malignancy Index (MI). A significant difference of the MI between malignant and benign 

MRS regions was shown, with cancerous regions having significantly higher MI values (p = 

0.006, effect size: 0.61). The ROC curve of the MI indicated an overall accuracy of 70% to 

differentiate between malignant and benign MRS-suspicious regions (Figure 18). For a full 

list of the coordinates see Table 5 (Appendix, p. 76). 

Figure 18   ROC curve of the MI. An area under the curve (AUC) of 0.699 was shown for the differentiation between 
malignant and benign MRS-suspicious regions. Consequently, the MI proved to have a diagnostic accuracy of 70%. 

The same analysis was performed for the Average Voxel Value (Avg). No significant 

difference in Avg between malignant and benign MRS regions was obtained (p = 0.134). 
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Due to the fact that those results indicated an important role of the MRS-suspicious region 

size (which has a large impact in the calculation of the Malignancy Index), the number of 

voxels forming such a region became a part of the analysis. The t-test showed a significantly 

higher voxel number (and therefore larger lesion size) for MRS-suspicious regions being 

considered as malignant (p = 0.019, effect size: 0.45). 

In summary, 75% of the cases with a histological cancer lesion on the middle slide were 

identified as cancerous by metabolomic imaging. The MI as well as average voxel number 

showed to be parameters that may significantly differentiate between MRS-suspicious regions 

corresponding with a histological tumor and those occurring as false positives, whereas the 

Avg did not show a significant difference. 

 

3.2.2 Differences between detected and undetected cancer lesions 

No significant difference was found between both groups regarding tumor volume (p = 

0.280), distance from the histological 3D tumor center point to the middle slide (p = 0.332), 

pathological tumor stage (p = 0.414), and Gleason grade of the histological lesion (p = 0.180). 

 

3.3 Objective 2 

3.3.1 Estimation of tumor aggressiveness 

A positive correlation between MI and GG (p = 0.021, correlation coefficient = 0.406) was 

found, whereas the MI negatively correlated with the pT (p = 0.038, correlation coefficient =  

-0.368). The Avg neither correlated with the GG (p = 0.348) nor with the pT (p = 0.726). 

 

3.3.2 Additional findings 

There was no correlation among the tumor volume and Avg (p = 0.426). The same result was 

obtained for the volume and MI. However, the p-value of 0.060 with a correlation coefficient 

of 0.336 displayed a tendency for higher tumor volumes inducing higher MIs. 

While there was no correlation between MI and the absolute distance (p = 0.248), a negative 

correlation between MI and the Weighted Distance was obtained (p = 0.000, correlation 
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coefficient = -0.700), with lower Weighted Distances inducing higher MI values. Similar 

results were demonstrated for the Avg, which did not significantly correlate with the absolute 

distance (p = 0.069, correlation coefficient = -0.326), but showed a tendency for an inverse 

relation. Moreover, a significant negative correlation among Avg and Weighted distance was 

obtained (p = 0.012, correlation coefficient = -0.437). 

Further investigations on the cases without histological malignant lesions on the middle slide 

were conducted. Six out of the 30 cancerous samples complied with this criterion. Due to this 

relatively small number, only tendencies were described. The samples could be divided into 

two groups: four of them had at least one slide next to the middle slide with a malignant 

lesion, whereas two samples did not have this feature. Those adjacent lesions were then 

visually judged on a size scale, ranging from S (small), M (medium) to L (large). Moreover, 

the histopathological volumes of the whole tumors were compared, as well as the average MI 

and Avg of all MRS-suspicious regions of the middle slide (Table 3).  

Case # Middle 
slide 

Slides with 
histological 

tumors 

Adjacent 
slide with 
tumor? 

Average 
MI 

Average 
Avg 

Size of 
histological 

tumor lesion 

Volume of 
histological 

tumor 
4 2 1 Y 42.60 0.12 S 23052 
5 4 1, 2, 3 Y 27.59 0.05 2 x S 29736, 7053 
9 3 1, 2 Y 72.84 0.07 M - L 611231 

14 3 6 N 43.86 0.06 - - 
24 4 3, 5 Y 166.96 0.06 2 x M 68691, 39261 
28 5 2 N 31.97 0.05 - - 

Table 3   Cases without a histological tumor lesion on the middle slide. Cases without a malignant lesion on an adjacent 
slide are colored in grey. The MI and Avg values were calculated as the average of all values of the MRS suspicious lesions 
on the middle slide. The histological cancer lesion size was visually scaled. Y = yes, N = no, S = small, M = medium, L = 
large. Volume given in voxels. 

The mean of the average MIs of the cases with a malignant histological lesion on a slide next 

to the middle slide was 77.50, compared to 37.92 in the second group consisting of two 

samples. The mean of the Avg of the cases with adjacent malignant lesions was 0.08, and 

0.055 in the other group, respectively. Within the group of cases with a cancer lesion on an 

adjacent slide, cases 4 and 5 achieved the lowest average MIs and also showed the smallest 

lesion size and tumor volumes. 

In summary, the six cases without a histological tumor on the examined middle slide revealed 

smaller mean MI and Avg values for samples without a histological tumor on the slides next 

to the middle slide. 
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3.4 Objective 3: alternative analysis 

As MRS did not detect all histologically malignant lesions within the settings above, the 

threshold for the smoothed MRS voxel values (considered as being elevated and therefore 

suspicious) was lowered from (M+SD) to (M+0.75SD). Consequently, 74 MRS-suspicious 

regions were identified - five more compared to the original threshold. Out of 46 histological 

tumor lesions on the middle slide, 72% were detected by MRSI, representing 77% of the 

three-dimensional tumors. Furthermore, 83% of the cases with histological tumors on the 

examined slice were identified as cancerous - two cases more than in the original analysis. 

Finally, 31 MRS-suspicious regions (42%) indeed detected a histological tumor lesion, 

whereas 43 (58%) were benign. In the original analysis, 26 MRS-suspicious regions were 

malignant and 43 benign. This finding means that all the additional MRS-suspicious regions 

with metabolomic voxel profile values above the lower threshold successfully detected a 

histological cancer lesion. 

It was then tested whether MI, Avg or number of voxels of the MRS regions could 

differentiate between cancer and benign MRS regions. Surprisingly, neither the MI (p = 

0.066), nor the number of voxels (p = 0.157) could differentiate between MRS-suspicious 

regions detecting real tumors from benign regions. The same result was obtained for the Avg 

(p = 0.820). Therefore, no further analysis was performed. 
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4. Discussion 
 

4.1 Interpretation of the principal findings 

The present study was designed to further test the metabolomic PCa profile implemented 

within the preliminary in-lab study. Therefore, two essential changes among the study design 

were successfully integrated. First, the sample size was increased from 5 to 30 whole 

prostates. Second, a partial automation of the processing and analysis procedure was 

performed. In contrast to the former workflow, the import of the MRS and MRI data as well 

as the alignment of both, the preprocessing, Profile Fitting and the data export were now 

automated tasks107. Consequently, an impressive reduction of the time frame from more than a 

month to 14-16 hours per case was achieved. 

 

4.1.1 Original analysis 

The study followed three major objectives. As a primary objective, the metabolomic imaging 

technique was tested regarding its capability to detect cancer lesions identified by 

histopathology. 61% of the histological cancer lesions on the middle slides of the prostates 

were detected by MRSI, leaving room for further improvement. Apart from this, 18 of the 30 

prostates (60%) were identified as cancerous. This still includes the six cases without 

histological cancer lesions on the middle slide that were impossible to be identified as 

malignant by only analyzing this single plane. With those cases excluded, the percentage of 

detected cases increases to 75%. A solution to this problem would be to add more prostate 

slides to the metabolomic analysis, with the subsequent effect of raising the time frame for 

processing and analysis. 

It was furthermore examined, whether the variables Malignancy Index (MI) and Average 

Voxel Value (Avg) could significantly differentiate between the MRS cancer-suspicious 

regions corresponding with a histological PCa lesion from the MRS false positives. The MI 

already demonstrated its great potential to detect the truly malignant MRS-suspicious regions 

in the preliminary study. With the Avg, another parameter was added in order to investigate 

whether also the Average Voxel Value of a MRS-suspicious regions (without the influence of 

the voxel number) significantly differed among malignant and benign MRS-suspicious 

regions. The associated hypothesis was that MRS-suspicious regions that corresponded with a 

histological cancer lesion had significantly higher MI and Avg values than the benign regions. 
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Regarding the MI, this hypothesis can be confirmed. With a diagnostic accuracy of 70%, it 

again proved the promising potential to identify malignant MRS-suspicious regions. 

Depending on the MI cut-off value being chosen for future diagnostic tests, the sensitivity as 

well as specificity of the MI to differentiate between malignant and benign MRS-suspicious 

regions varies. According to the coordinates of the corresponding ROC curve (Table 5, 

Appendix, p. 76), the highest values for both parameters are obtained with a MI cut-off value 

of 45.87. Here, a sensitivity of 69% and a specificity of 70% are achieved. The choice of a 

lower MI cut-off value would result in higher sensitivity levels (however at an expense of a 

lower specificity), which might be required for a screening test.  

In contrast to the MI, the Avg did not significantly differ between both groups. This fact 

indicated an important role of the region size and therefore number of voxels that form a 

MRS-suspicious region in the process of eliminating false positives. Due to this finding, 

another parameter was included into the analysis: the number of voxels that generate a MRS-

suspicious region. As expected, a significant difference of this number between malignant and 

benign regions was found. However, with an effect size of 0.45, the strength of this variable 

could not reach the MI (effect size = 0.61). 

The conclusion is that with the help of the metabolomic imaging technique, histologically 

proven PCa lesions can successfully be identified. Nevertheless it needs to be discussed, how 

the detection rate may be improved. Apart from this, the MI again proved to be a solid tool to 

differentiate MRS-suspicious regions of malignant nature from false positives. Especially the 

inclusion of the region size into this variable seems to be crucial. This leads to the assumption 

that small cancer lesions are harder to detect. Finally, it was found that a notable number of 

voxels with elevated and therefore suspicious metabolomic values appear within 

histologically benign tissue regions. 

The results discussed above raise two principal questions: First, why do some of the 

histological cancer lesions remain undetected? Secondly, why do MRS-suspicious regions of 

histologically benign nature - referred to as "false positives" - appear? 

Regarding the first question, it was hypothesized that non-detected tumors were of lower 

volume and/or lower aggressiveness (resulting in lower Gleason grades and pathological 

tumor stages); furthermore, their 3D centers were located further away from the analyzed 

prostate middle slide. Surprisingly, these expectations could not be confirmed: detected and 

undetected tumor lesions did not significantly differ in any of those features. Consequently, 
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the question why some tumors were not detected cannot be answered sufficiently at this point. 

It can only be assumed that differences in volume, tumor aggressiveness and/or distance to the 

middle slide may become statistically significant if a larger sample size with more diverse 

Gleason grades and pathological tumor stages is analyzed. 

Considering the second question, with 43 of 69 MRS-suspicious regions in total, 62% were 

identified as histologically benign and thus MRS false positive. Exactly the same percentage 

has been described in the preliminary study. At present, it cannot be sufficiently explained, 

why false positives occur in such a high number. Further in-lab research (unpublished data, 

manuscript in review) suggests the existence of "metabolomic field effects" leading to cancer-

specific metabolic changes even among non-neoplastic cells in prostates with PCa. The 

occurrence of benign voxels with still elevated metabolomic profile values (referred to as 

false positives) within the current study supports this hypothesis. 

The secondary objective of the present study was the prediction of tumor aggressiveness. It 

was hypothesized, that the MRSI outcome (MI, Avg) significantly correlated with markers of 

tumor aggressiveness (Gleason grade, pathological T-stage), leading to higher MI and Avg 

values in aggressive tumors. The MI met this hypothesis: it showed a positive correlation with 

the GG of medium strength (correlation coefficient: 0.406). The correlation coefficient may 

rise with a higher sample size. In contrast, the surprisingly negative correlation with the 

pathological T-stage (correlation coefficient: -0.368) remains elusive. As there was a low 

variety of different pathological T-stages among the patient population (53% of the prostate 

specimens were of pT2c), this outcome is suspected to be coincidental. Unlike the MI, the 

Avg does not work as a predictor of tumor aggressiveness. This fact was not unexpected, after 

the inability to differentiate between malignant and benign MRS regions had been 

demonstrated before. 

In summary, the aim to predict tumor aggressiveness with the help of the MRSI outcome was 

achieved and could probably be further supported using a larger sample size. 

Further investigations on the malignant MRS-suspicious regions were performed for a better 

understanding of the MRSI technique. The associated hypothesis was that the MRSI outcome 

would be influenced by tumor features like the volume or the Weighted Distance from the 3D 

tumor center to the MRS region middle point, with higher volumes and lower distances 

inducing higher MI and Avg values. A tendency of higher tumor volumes being connected to 

elevated MI values could be shown. This can be explained by the fact that larger tumor 
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lesions come along with larger MRS-suspicious regions resulting in higher MIs. Regarding 

the distance, a lack of a significant correlation between MI or Avg and the absolute distance 

from the histological 3D tumor center to the MRS region middle point was shown. This can 

be explained by the fact that the centers of very large 3D histological tumors can be located 

quite far from the prostate middle slide including the MRS-suspicious region, although the 

histological tumor cuts this middle slide. In order to address this problem, the Weighted 

Distance, which is the absolute distance normalized by the number of voxels included, was 

introduced in the preliminary study. As hypothesized, a negative correlation between WD and 

MI (correlation coefficient: -0.700) and even between the WD and Avg (correlation 

coefficient: -0.437) was shown. Thus, tumors being located close to the middle slide induce a 

higher MRS signal. 

A challenge within this study were the six cases without a cancer lesion on the histological 

middle slide. On the one hand, they could not be detected as cancerous with this method. On 

the other hand, in all of the six cases MRS false positives occurred. There was a tendency that 

MRS false positives had higher MI and Avg values, if tumor lesions on an adjacent slide were 

present. The larger the volume of those histological tumor lesions on the adjacent slide, the 

higher the MI and Avg values. This fact did not improve the detection rate. In contrast, it even 

weakens the MI. However, the results regarding those six cases provide a better understanding 

of metabolomics among PCa and further support the theory of metabolomic field effects. 

 

4.1.2 Alternative analysis 

Within the preliminary study, it was found that the metabolomic profile values of all 

histologically benign voxels fell under the threshold of (M+SD) of a respective prostate 

plane104. Therefore, this empirical value was used in order to define the malignancy-

suspicious MRS voxels within the voxel grid. However, as shown in  

Figure 22 (see Appendix, p. 72), not all malignant voxels had a voxel value above this 

threshold within the preliminary findings. This might be the main reason for a relatively high 

number of histological PCa lesions that stayed undetected in the present study. 

Consequently, it was hypothesized that a reduction of the threshold to (M+0.75SD) would 

lead to a higher detection rate of cancer lesions. Nevertheless, this adaption of the threshold 

was also expected to result in a higher number of MRS benign regions (false positives) as 

well as a lowered strength of the MI and Avg.  
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Our hypothesis was supported in terms of the detection rate. An additional five histologically 

proven cancer lesions could be identified, increasing the detection rate from former 61% to 

72%. Moreover, two more cases were identified as cancerous, meaning that 83% - rather than 

75% within the original analysis - of the prostate specimen with a cancer lesion on the middle 

slide were found to be affected. A promising fact was that (against the expectations) no 

further false positive MRS-suspicious regions appeared.  

The essential difficulty was the MI. With the lower threshold of (M+0.75SD), the MI did not 

significantly differentiate the malignant MRS-suspicious regions that corresponded with a 

histological cancer lesion, from the benign lesions. In consequence, although more PCa 

lesions were detected, the method is not useful without a strong MI, as false positives cannot 

be eliminated.  

In summary, it is important for metabolomic imaging to find a voxel value threshold that 

keeps an acceptable balance between a slightly lowered cancer detection rate and a strong MI 

to identify the false positives. It was shown that (M+SD) serves as a more successful 

threshold. However, the lower threshold of (M+0.75SD) with a considerably higher detection 

rate may be promising in the context of a non-invasive PCa screening, since a high sensitivity 

(however low specificity) can be expected. 

 

4.2 Principal findings in the context of current literature 

As described above, compared to the preliminary study the time duration of the metabolomic 

imaging method was successfully improved through partly automating the processing and 

analysis process. However, regarding the MI, the results of the preliminary study could not be 

confirmed at such a high level. In the preliminary study, an overall accuracy of 93% (all 

tumors) to 97% (only pT2 tumors) for the MI had been shown. As only five whole prostates, 

of which four were of pT2 and one of pT3, had been included into that study, the high 

accuracy of the method was discussed to be potentially overestimated and considerably 

shifted towards pT2 tumors104. This assumption was confirmed within the present study. Here, 

the MI demonstrated an accuracy of only 70% to differentiate between malignant and benign 

MRS-suspicious regions. 

Another finding of the preliminary study was a significant positive correlation between the MI 

and histological tumor volume as well as a significant inverse correlation between the MI and 

the Weighted Distance among the pT2 specimen. These findings were reaffirmed for the 
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cancer lesions of all pathological tumor stages within the present study. Investigations on the 

prediction of tumor aggressiveness were not part of the preliminary study. 

The application of a whole metabolomic profile connected with the MRSI technique is a fully 

new approach among PCa diagnostic research. Hence, no further studies using the same 

mechanism were found in the pubmed database.  

A similar technique is the previously introduced MRSI method using the metabolite ratio 

(C+C)/C, rather than the information of the whole metabolome (see Introduction, p. 6). In a 

meta-analysis performed by Wang et al., a pooled weighted sensitivity of 82% in PCa 

detection had been assessed95. With a detection rate of 75% (including only the prostates with 

a cancer lesion on the middle slide), the metabolomic technique of the present study did not 

yet reach the same accuracy. However, the same weakness in detecting low-grade tumors was 

demonstrated. The detection rates for malignancies with different Gleason scores showed 

clear similarities with the outcome of the (C+C)/C ratio: the rate was 45% for tumors of GS 

3+3 ((C+C)/C: 44%), 71% for GS 3+4 ((C+C)/C: 77%) and 75% for GS 4+4 ((C+C)/C: 

90%)100. Apart from this, both methods demonstrated their feasibility to predict tumor 

aggressiveness, as a positive correlation between MRSI outcome and Gleason grade or 

Gleason score was shown. While Zakian et al. found a sensitivity of 81% for the (C+C)/C 

outcome to classify cancer lesions as low- or high-grade, in the present study no further 

testing regarding this issue was performed100. 

Another similar approach is the expanding research on PCa metabolomics in blood sera. As a 

notable difference, only the technique of MRS is used within those studies, as MRSI is not 

necessary108,109,110. Promising results were obtained by Kumar et al., who quantified 52 

metabolites among the filtered sera of 210 patients110. Samples of healthy patients were 

distinguished from samples of patients with PCa with a sensitivity of 99.9% and a specificity 

of 94.7%. This method seems to have a great potential to be implemented in the clinic as a 

diagnostic tool. In contrast to metabolomic imaging, it is neither possible to stage the tumor 

nor to guide biopsy using this method. 

In summary, many similarities between metabolomic imaging and other techniques such as 

the (C+C)/C ratio or the MRS analysis of blood sera were found. However, further research is 

necessary in order to increase the PCa detection rate.  
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4.3 Limitations of the study 

Having discussed the principal findings of this study in the context of current literature, 

several limitations cannot go unmentioned. Three major shortcomings of the study were 

identified: the patient population as well as the spectral processing and the alignment with the 

histopathological outcome. 

 

4.3.1 Patient population 

An essential limitation was the patient population included in our study.  

First, a higher sample size needs to be included in future studies. This would eventually lead 

to more significant results, especially regarding differences between detected and undetected 

tumor lesions.  

Secondly, a higher variation regarding pathological tumor stage and Gleason scores needs to 

be included. In the present study, 90% of the cases were of pT2, while there were only one 

pT1 and two pT3 prostate specimens. Samples of pT4 were not part of the patient population. 

Consequently, the results are possibly shifted towards pT2 tumors. The Gleason scores were 

of higher variation (40% GS 3+3, 47% GS 3+4, 13% GS 4+4). However, a bias clearly exists, 

as no samples of GS 4+3 were included. 

Thirdly, it is important to emphasize that only cancerous prostates were examined within this 

study, since it is ethically impossible to perform prostatectomy on healthy men. Therefore, no 

real control group exists, which might be important since the metabolomic values of benign 

prostatic regions of cancerous prostates might be elevated due to the formerly discussed field 

effects. It is of high interest, whether the metabolomic values in tissue of cancer-free prostates 

are lower and whether it would thus be necessary to adjust the threshold between malignant 

and benign metabolomic values.  

 

4.3.2 Spectral processing 

Further limitations of the present study were identified among the process of spectral 

correction and analysis as well as for the Profile Fitting.  
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Most importantly, a metabolomic PCa profile obtained with a 14T MRS scanner was applied 

to the 7T MRS data during the Profile Fitting. Due to the different spectral resolutions of both 

datasets, it would be of high interest to develop a metabolomic PCa profile with a 7T scanner 

and apply it to the spectra of the 30 prostate middle slides of this study. 

Furthermore, metabolomic imaging is technically challenging, time-consuming, and thus 

expensive. Even though partial automation was achieved for the process, there are still time-

intensive manual processing steps, which make the spectral processing a potentially 

subjective, user-dependent and not a one hundred percent-reproducible task. In the present 

study, a consistent standard within the spectral processing was maintained, since the whole 

process was performed by one person only. However, with a full automation the processing 

would be expected to be more reliable and faster for a clinical implementation. Additionally, 

more cross-sectional planes could be integrated into the analysis. 

Before a higher grade of automation is realized, it is recommendable to first test the accuracy 

of the automatically processed spectra by comparing the outcome with fully manually 

corrected spectra. An option would be to re-process some of the cases included in the present 

study with the manual tool NUTS (which was used for the preliminary study), and to compare 

the results. 

Additional minor limitations are difficult to prevent in further studies. During the scan of the 

prostates, different fields of view - depending on the gland size - were used. As the voxel size 

is an important variable in the calculation of the MI, different values may have an impact on 

the MI. This phenomenon is especially suspected among voxels that contain both cancerous 

and benign tissue. Moreover, voxels with a mixture of malignant and benign information 

especially occur in regions containing small cancer lesions. Only cancer lesions with a 

minimum size of two voxels can be detected. Consequently, small lesions are hard to identify 

with metabolomic imaging, as some voxels partly cover the small cancerous lesion and 

benign tissue. The tumor might be missed. At last, metabolomic imaging is weaker in 

detecting cancer lesions on the edge of the prostate because the spectra of the edge voxels are 

partly distorted by magnetic susceptibility. 

 

4.3.3 Comparison with histopathology 

The probably most important limitation of the present study was the comparison with 

histopathology. As histopathology currently is the gold standard in PCa diagnostics, this step 
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served as a tool to confirm the detection rate of the metabolomic MRSI method. Therefore, 

inaccuracies of this comparison do not affect the diagnostic technique itself, but potentially 

influence its detection rate. 

Although a method to identify the histological slide approximate to the prostate center was 

developed and proven to be applicable, one significant problem remained: the identified 

"histological middle slides" most probably did not represent the identical planes that were 

scanned as "MRSI middle slices". No labeling of those MRSI middle slices was performed 

before the prostates were cut for histopathological evaluation. Consequently, some 

histological tumor lesions may have been missed by the metabolomic maps, because they did 

not occur on the MRSI cross-sectional plane, causing a (falsely) lowered detection rate. In 

order to prevent this potential error, maximum distances between a MRS-suspicious region 

and a corresponding histological tumor lesion of one direct or half a diagonal adjacent voxel 

were tolerated. However, because no significant differences between detected and undetected 

tumors were found (which could also be due to the small sample size), an imprecise alignment 

of MRSI and histological information might have occurred. 

Furthermore, the alignment of histological slide and MRSI slice was performed manually. 

Therefore slight inaccuracies cannot be excluded. 

In summary, a substantial limitation was that not exactly the same region has been analyzed 

by MRSI and the pathologist in the present study. It is expected that a precise marking of the 

center plane in future studies would result in a higher sensitivity rate of the metabolomic 

imaging technique. 

 

4.4 Conclusion and outlook 

The present study demonstrates the potential of metabolomic imaging as a diagnostic tool for 

PCa diagnostics. The cancer detection rate was however lower than expected. The strength of 

the concept to measure a whole dataset rather than single parameters was already proven in 

the fields of genomics and proteomics, and metabolomic strategies have already shown their 

clinical utility within brain cancer diagnostics106. Therefore, a transmission into prostate 

cancer diagnostics seems realistic. The lower detection rate within the present study 

(compared to our in-lab pilot study of 2005) may not result from the inclusion of the whole 

metabolome, but rather from difficulties in applying the technique to whole prostates.  
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In contrast to current PCa diagnostics, metabolomics are extremely cancer-specific. The 

metabolomic MRSI method of the present study however lacks a high specificity. Moreover, 

the high technical effort may prevent implementation as a screening tool. Metabolomic 

research on patients' blood sera might be more promising in this field.  

Moreover, a clinical application of metabolomic imaging in PCa diagnostics is not easily 

possible at present. Assuming an adequate sensitivity, the next challenge will be the 

translation from an ex vivo to an in vivo (non-invasive) approach. The use of lower field 

strengths, such as 3T or 1.5T, needs to be considered, especially since 7T scanners currently 

are not available in many clinical facilities. However, a lower field strength would result in 

decreased spectral resolution and thus decreased sensitivity. 

Another focus of future research in this field is to explain the lowered detection rate and to 

analyze benign prostatic hyperplasia and its influence on the metabolomic voxel values. 

Furthermore, the sensitivity to predict tumor aggressiveness needs to be evaluated by 

comparing two groups with low- and high-grade cancer. At the same time, a correlation of the 

MRSI outcome with pre-treatment PSA values might be useful, as the PSA is another known 

risk factor of PCa progression. 

The technique of the present study might support a reliable prediction of tumor aggressiveness 

and thus prevent men with low-grade prostate from receiving highly invasive treatments. 

Metabolomic imaging may further be useful in surveillance of cancer growth in patients with 

asymptomatic PCa. Apart from this, it may indicate suspicious prostatic regions and guide 

biopsy, in order to avoid false negatives. 
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5. Summary 
 

With an estimated 161,360 new cases in 2017 in the USA, PCa remains an epidemiologically 

important topic. However, the current diagnostic protocol remains insufficient, leading to 

overtreatment including side effects of therapy. A more reliable and highly cancer-specific 

diagnostic system is needed - preferably with an in vivo approach - that could allow for the 

detection of PCa lesions before biopsy and decrease the number of false positives at the same 

time. Furthermore, a radiological tool to guide biopsy and thus reduce false negatives and re-

biopsies is necessary, as well as a reliable prediction of the malignant potential, before radical 

treatment is performed.  

In a preliminary study, first steps in order to develop such a diagnostic tool by creating and 

analyzing metabolomic maps using MRS at 7T were made. In contrast to other studies, the 

spectral analysis included 36 metabolic regions rather than focusing on a small group of 

metabolites. Research showed that the inclusion of the whole measurable metabolome - 

referred to as "metabolomics" - gives a more complete depiction of metabolic alterations 

among cancer cells. The present study has been designed to further test the metabolomic PCa 

profile in a larger sample size as well as a partial automation of the process. In order to test 

the reliability of this system - also known as "metabolomic imaging" - the results were 

compared with histopathological findings as gold standard. 

Thirty whole prostates with biopsy-proven PCa were analyzed with a 7T human MR scanner. 

The MR image as well as MR spectroscopy were recorded at the middle transverse cross-

sectional plane for each specimen. Then, the image and the spectroscopy voxel grid were 

overlaid. After MRSI, the prostate samples were cut and analyzed with conventional 

histopathology.  

Partial automation for spectral data processing was achieved using an in-house MATLAB-

based program. MR spectra of all voxels were compared with the metabolomic PCa profile, 

that had been established within the preliminary study with a 14T spectrometer, to identify 

"MRS-suspicious regions". For each MRS-suspicious region, a "Malignancy Index" (MI) was 

calculated. MRSI center planes were overlaid and aligned with the histopathological results in 

order to compare the locations of the MRS-suspicious regions with the histologically 

identified cancer lesions. 
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Sixty-one percent of the histological cancer lesions were detected by metabolomic imaging. 

Among prostates with cancer on the examined middle slice, 75% were identified as 

cancerous. None of the analyzed parameters significantly differed between detected and 

undetected cancer lesions and there currently is no explanation for missed lesions. The MI 

could significantly differentiate between cancerous and benign MRS-suspicious regions (p = 

0.006) with an overall accuracy of 70%. Among detected tumor lesions, a significant positive 

correlation of MI and Gleason grade was shown (p = 0.021). Thus, the MI serves as a marker 

of tumor aggressiveness. Moreover, malignant MRS-suspicious regions showed a tendency 

towards higher MI values corresponding with higher volumes of the detected tumor (p = 

0.060). Furthermore, a smaller Weighted Distance between the center of a three-dimensional 

histological tumor and the corresponding MRS-suspicious lesion resulted in higher MI values 

for this region (p = 0.000).  

In order to raise the cancer detection rate, an alternative analysis with a lower threshold for 

suspicious metabolomic voxel values was performed. This resulted in an elevated detection 

rate from 72% to 83%. However, the MI lost its power to significantly differentiate between 

malignant and benign MRS-suspicious regions. Thus, a higher sensitivity was reached, while 

the specificity decreased at the same time. 

Recognizing its limitations, metabolomic imaging using MRSI is a non-invasive, highly PCa-

specific diagnostic system that may be able to successfully address the current challenges in 

PCa diagnostics. However, further modifications need to be done, especially for an in vivo 

application. It is hoped that the present study may encourage further research in this field.   



 

53 

Glossary 
 

Average Voxel Value (Avg) 
Average metabolomic voxel value per square millimeter, 

calculated for a MRS-suspicious region. 

(C+C)/C 

The metabolic ratio of (choline+creatine) over citrate is 

widely used within PCa research and showed its strong 

potential to detect prostate cancer. Due to specific 

alterations of those metabolites within prostate cancer 

cells, a ratio above 0.75 is considered as cancer-

suspicious. 

correlation coefficient 

A statistical variable that measures the strength and 

direction of a linear relationship between two variables. It 

can be used to compare the strengths of correlations 

between different variables. 

detected and undetected 

cancer lesions 

Histologically identified cancer lesions that correspond 

with a MRS-suspicious lesions are referred to as "detected 

cancer lesions". In contrast, those histological cancer 

lesions that are missed by MRSI are called "undetected". 

effect size 

A statistical variable that measures the magnitude of a 

difference between two groups. It can be used to compare 

the strengths of different variables to distinguish two 

groups. 

Gleason grade 

Architectural pattern of a single prostate cancer lesion. 

Spans from 1 (very well differentiated) to 5 (very poorly 

differentiated) and is risk factor for tumor aggressiveness. 

Gleason score 

The sum of the most and second most prevalent Gleason 

grades within a prostate with histologically-proven PCa. 

Ranges from 2 to 10 and is a risk factor for tumor 

aggressiveness. 

histological cancer lesion 
A cancer lesions that was identified within the 

histopathological evaluation. 

histological middle slide 
The transverse histological slide that lies most closely to 

the middle slice of the prostate after cutting. In the present 
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study it could not be assured that the middle slice that was 

scanned with the MR spectrometer was identical with the 

histological middle slide.  

HRMAS 1H MRS 

High resolution magic angle spinning proton magnetic 

resonance spectroscopy - a type of MR spectroscopy that 

had revolutionized the ex vivo research of PCa, as solid 

samples could be scanned with high resolution and 

without sacrificing the tissue architecture (allowing 

subsequent histopathological analysis). 

(M+SD) 

Empirical threshold of median plus one standard deviation 

regarding the metabolomic voxel values of one prostate 

MRS slice. Within the preliminary study, all 

histologically benign voxel values fell below this 

threshold. Therefore, (M+SD) was set as a border with 

metabolomic voxel values above indicating PCa. As this 

threshold was set arbitrarily, an alternative analysis with a 

lower threshold of (M+0.75SD) was performed. 

magnetic resonance imaging 

(MRI) 

A medical imaging technique based on nuclear magnetic 

resonance, providing an anatomical image. 

magnetic resonance 

spectroscopy (MRS) 

A technique based on nuclear magnetic resonance in order 

to measure biochemical alterations. It enables the 

identification as well as quantification of metabolites. 

magnetic resonance 

spectroscopy imaging (MRSI) 

A technique which combines MRI and MRS by 

overlaying the voxel grid with the spectral information 

obtained by MRS and the anatomical picture of the same 

slice acquired by MRI. By this, regions with metabolic 

alterations can be matched to the anatomical region. 

Malignancy Index (MI) 
The MI sums up the total elevation of the metabolomic 

voxel values of a MRS-suspicious region.  

MATLAB 

A software environment commonly used by scientists and 

engineers. Within the present study, two MATLAB-based 

programs, both developed by the engineer Yannick 

Berker, were used: a) for a partly automation of the 

spectral processing and analysis; b) to build a 3D dataset 
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of the histological slides for a calculation of tumor 

volumes and distances between specific points. 

metabolomic field effect 

The metabolomic field effect means cancer-specific 

metabolic changes among non-neoplastic cells in prostates 

with PCa. This phenomenon was observed within in-lab 

research (unpublished data, manuscript in review).  

metabolomic imaging 

Creation of metabolomic maps using MRSI and including 

the spectral information of the whole metabolome, rather 

than single metabolites (referred to as "metabolic 

imaging"). 

metabolomic PCa profile 

A PCa-specific profile including the spectral changes 

within 36 metabolite regions in cancer cells, that was 

obtained by previous analyses on the intact tissue 14T 

HRMAS 1H MR spectrometer84,104. This profile can be 

compared with any other prostate spectrum in order to 

identify potentially cancerous regions. 

metabolomic voxel value 

A voxel receives a metabolomic value during the process 

of Profile Fitting, when the spectrum of the voxel is 

compared with the applied metabolomic cancer profile. A 

spectrum similar to the metabolomic profile results in a 

higher metabolomic voxel value with higher possibility 

for cancer. A "smoothed" metabolomic voxel value is 

obtained after a convolution process including the values 

of the surrounding voxels, in order to average out noise 

influences. 

MRS-suspicious region 

A region of minimum two directly adjacent voxels with 

cancer-suspicious metabolomic values (above the 

threshold (M+SD)). A MRS-suspicious region is labeled 

as "malignant", if it corresponds with (and thus detects) a 

histological cancer lesion. Otherwise, it is referred to as 

"benign" or "false positive".  

overall loading factors 

Parameters of the metabolomic PCa profile. Each factor is 

matched to a certain metabolic region. The more a certain 

metabolic region contributes to the cancer profile, the 
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higher the loading factor. 

Preliminary study 

In the present study, "preliminary study" means an in-

house study published in 2010104. Here, the prostate 

cancer profile for the metabolomic imaging was first 

tested on five whole prostates. The present study was 

designed to improve and further test this technique. 

Profile Fitting 

A (within the present study) automated process, in which 

the metabolomic PCa profile is applied to a voxel grid in 

order to obtain a metabolomic map of this slice. 

Weighted Distance 

The range between the 3D histological tumor center to the 

corresponding MRS-suspicious region's middle point, 

normalized by the number of voxels of this MRS region. 
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Appendices 
 

Construction of the metabolomic PCa profile 

The translation of the measured metabolite intensities into a PCa-specific metabolomic profile 

was a great challenge owing to the complex metabolomic data matrix. As metabolomic 

techniques generate enormous amounts of data, a statistical method was necessary in order to 

manage the data without losing crucial information. Therefore the principal components 

analysis (PCA) became a popular technique within metabolomic research72. PCA is a 

common data reduction technique to identify patterns in big data sets without losing too much 

information during the process of data compression111. It defines independent principal 

components (PCs), which represent linear combinations of the measured metabolites with 

individual loading factors. The more a certain metabolite contributes to the cancer profile, the 

higher is the loading factor. Only a few of those principal components cover the major 

information of the entire metabolomic data matrix104,111. 

In the pilot study of 2005, PCA was carried out on 36 metabolite regions containing the most 

relevant metabolites84. The previously established PCa-specific, concentration-based principal 

components had to be re-analyzed to ensure the applicability for different MR spectra of 

various prostate samples. Hence, the intensity of each of the 36 metabolite regions was 

normalized by the intensity of the total measured region (0.5-4.5 ppm). After the re-analysis, a 

new metabolomic PCa profile was calculated by selecting the most significant principal 

components. Using canonical analysis, individual coefficients for those four principal 

components were identified; thus the linear combination of the principal components could 

create a metabolomic profile which best characterized PCa cells and therefore significantly 

differentiated between malignant and benign prostatic tissue. Finally, the loading factors and 

canonical coefficients were combined to one variable, referred to as "overall loading 

factors"104.  

In order to compare a random MR spectrum of a prostatic sample with this cancer profile, the 

spectrum's intensities of the 36 metabolite regions are combined with the overall loading 

factors for each region. This results in a metabolomic profile value that quantifies the 

correlation of the spectrum with the metabolomic profile, reflecting the potential (or 

suspicion) for cancer in this spectrum. 
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Figures 

 

  
Figure 19   Differentiation of metabolomic voxel values between samples of malignant and benign pathology. Based on 
the metabolomic profile values (y-axis) of the 42 tested prostatic samples, a statistically significant differentiation between 
malignant (solid dots) and benign samples (open dots) was possible. The profile values of all benign samples fell under the 
empirical threshold of median (M) plus one standard deviation (SD). M and SD values were determined of all 42 samples.104  

 

 

Figure 20   Cancer detection using the MI. A: The Malignancy Index (MI) significantly differentiates between MRS-
suspicious lesions that truly correspond with a histologically proven cancer lesion ("Cancer", solid dots) from MRS-
suspicious lesions that are considered as histologically benign ("Histo-benign", open dots) as they show elevated 
metabolomic profile values without a histological equivalent. B: The area under the curve (AUC) values of the MI indicate a 
high diagnostic accuracy of 93% for all tumors and of 97% for the pT2 tumors.104 
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Figure 21   Comparison of the average voxel intensity and Weighted Distance. Among pT2 cancer lesions (squares), a 
significant inverse linear correlation was found between the average voxel intensities of the MRS-suspicious regions and the 
Weighted Distances (WD) to the corresponding histological cancer lesions. This indicates higher metabolomic values the 
closer the corresponding MRS region and histological cancer lesion are located. pT3 tumor lesion shown as circle.104  

 

 
Figure 22   Possible effect of a lowered threshold. In the preliminary study, the profile values of all voxels corresponding 
with a benign histology fell under the empirical threshold of median (M) plus one standard deviation (SD) (marked in blue). 
With the reduction of the threshold to median plus 0.75 SD (marked in red) as an alternative analysis, a higher detection rate 
of cancer lesions is expected. However, an elevated number of regions with benign histology might falsely be considered as 
suspicious as a consequence of the lower threshold.104 
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Figure 23   Prostate anatomy. The ovally shaped prostate has a broadened base cranial and a smaller apex caudal. The 
transverse slice with the highest diameter and therefore biggest surface (green line) lies close to the middle cross-sectional 
plane (blue line) but is shifted towards the prostate base. [image copyright: www.paradoja7.com] 
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Tables  
 

Name From [ppm] To [ppm] OverallLF 
Normalization 0 100 0 

4.14-4.1 4,095 4,145 0,205911065 
_4.05_ 4,045 4,055 -0,011865615 

3.99-3.96 3,955 3,995 0,036663702 
3.94-3.93 3,925 3,945 0,008994109 

_3.78_ 3,775 3,785 -0,0638283 
_3.75_ 3,745 3,755 0,392315522 

3.74-3.71 3,705 3,745 0,271976331 
_3.63_ 3,625 3,635 0,198159819 
_3.62_ 3,615 3,625 0,020006714 
_3.6_ 3,595 3,605 -0,113261954 

_3.34_ 3,335 3,345 0,001499755 
_3.29_ 3,285 3,295 0,01276959 
_3.27_ 3,265 3,275 0,007992613 
_3.26_ 3,255 3,265 0,100962271 
_3.24_ 3,235 3,245 -0,216015438 
_3.22_ 3,215 3,225 0,305143666 
_3.2_ 3,195 3,205 -0,010531546 

3.15-3.1 3,095 3,155 -0,13368319 
3.09-3.05 3,045 3,095 -0,100085933 

_3.03_ 3,025 3,035 -0,224970081 
_2.71_ 2,705 2,715 0,095828226 
_2.68_ 2,675 2,685 -0,02455364 
_2.55_ 2,545 2,555 0,007052172 
_2.52_ 2,515 2,525 0,085057193 

2.45-2.43 2,425 2,455 -0,020142958 
2.42-2.4 2,395 2,425 0,13530547 
_2.36_ 2,355 2,365 0,202463704 
_2.35_ 2,345 2,355 0,317678047 
_2.34_ 2,335 2,345 -0,089473156 

2.33-2.3 2,295 2,335 -0,178150419 
_1.47_ 1,465 1,475 -0,255390312 
_1.33_ 1,325 1,335 -0,13247636 
_1.28_ 1,275 1,285 0,065076259 
_1.2_ 1,195 1,205 -0,068592123 

0.96-0.93 0,925 0,965 0,00311299 
_0.9_ 0,895 0,905 0,181138016 

Table 4   List of the overall loading factors. The table shows the overall loading factors for all the 36 metabolite regions 
that were included into the process of Profile Fitting. Shown are the locations of those regions and the specific loading 
factors. The more cancer-specific elevations of a metabolite region are, the higher the overall loading factor.  
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MI cut-off values Sensitivity 1 - Specificity 
5.67 1.000 1.000 
7.00 1.000 0.977 
7.52 1.000 0.953 
8.34 1.000 0.930 
9.10 1.000 0.907 
9.63 1.000 0.884 
10.42 1.000 0.860 
11.85 1.000 0.837 
13.21 0.962 0.837 
13.57 0.962 0.814 
13.77 0.962 0.791 
13.95 0.962 0.767 
14.36 0.962 0.744 
14.87 0.923 0.744 
15.25 0.923 0.721 
15.54 0.885 0.721 
16.62 0.846 0.721 
18.10 0.846 0.698 
19.94 0.846 0.674 
21.89 0.846 0.651 
22.79 0.846 0.628 
23.75 0.808 0.628 
25.08 0.808 0.605 
26.29 0.808 0.581 
27.11 0.808 0.558 
28.01 0.808 0.535 
29.79 0.808 0.512 
31.63 0.808 0.488 
32.44 0.808 0.465 
33.11 0.769 0.465 
33.93  0.731 0.465 
35.35 0.692 0.465 
36.91 0.692 0.442 
38.66 0.692 0.419 
40.12 0.692 0.395 
41.81 0.692 0.372 
43.67 0.692 0.349 
44.27 0.692 0.326 
45.87 0.692 0.302 
47.43 0.654 0.302 
47.98 0.654 0.279 
49.35 0.615 0.279 
51.62 0.577 0.279 
52.94 0.577 0.256 
53.46 0.538 0.256 
53.97 0.538 0.233 
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54.86 0.500 0.233 
56.18 0.462 0.233 
56.86 0.462 0.209 
58.09 0.423 0.209 
60.92 0.423 0.186 
63.40 0.423 0.163 
70.60 0.385 0.163 
80.92 0.346 0.163 
89.56 0.346 0.140 
95.84 0.308 0.140 
98.48 0.269 0.140 

103.05 0.269 0.116 
107.57 0.231 0.116 
110.33 0.192 0.116 
112.00 0.192 0.093 
115.18 0.192 0.070 
119.25 0.192 0.047 
121.71 0.154 0.047 
125.17 0.115 0.047 
145.63 0.077 0.047 
165.56 0.077 0.023 
169.24 0.077 0.000 
180.23 0.038 0.000 
189.95 0.000 0,000 

Table 5   Coordinates of the Malignancy Index ROC curve. The table shows different cut-off values of the MI (with 
values above indicating malignancy) and the associated sensitivity as well as 1-specificity. The highest values for both 
parameters are obtained with a MI cut-off value of 45.87. Here, a sensitivity of 69% and a specificity of 70% are achieved. 
Lower MI cut-off values would result in higher sensitivity levels (however at an expense of a lower specificity), which might 
be of advantage for screening tests. 
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