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1 Introduction and background 

1.1 Prostate cancer, PSA and biochemical recurrence 

Prostate cancer (PCa) is the most frequently diagnosed malignancy in adult males (1). In Germa-

ny, PCa ranks third as a cause of cancer death in men, trailing only lung and colorectal cancer 

(2). For the United States of America, PCa is the second leading cause of cancer death in men, 

being outranked by lung cancer only (1). In the US, 83 men die of the disease every day (3, 4).  

Both the prevalence of and mortality from the disease have increased steadily in the last two 

decades, due partly to shifting and improving diagnostic paradigms and partly to demographic 

changes (5). Epidemiologically, age is a prime risk factor for the development of PCa. The aver-

age age at the time of diagnosis is 70 (6). 

The biological behavior of PCa is special among solid tumors in that it is characterized by a 

comparatively slow and prolonged evolution from the diagnosis of localized disease to metastat-

ic disease progression to prostate cancer specific-mortality (7, 8). After undergoing prostatecto-

my, very few patients will die from the disease or its effects, such as metastases, within the ini-

tial 15 years after the procedure (7). This may be due to either the low lethality of PCa detected 

in screenings or the effectiveness of radical prostatectomy, or both (9). 

The diagnostics of the disease has made a major leap forward with the introduction of serum 

prostate-specific antigen (PSA). Besides its prime function as a screening parameter for the de-

tection of PCa, it also serves as monitoring parameter after radical prostatectomy. PSA is rou-

tinely used to track disease recurrence after surgical removal of the prostate, based on the estab-

lished finding that an elevation of PSA typically precedes metastatic progression and prostate-

specific mortality by an average of 7 to 15 years, as metastases begin to produce the metabolite 

again (10, 11). Metastatic progression in turn antedates prostate-specific mortality by an average 

of 3 to 6 years (9, 10, 12). 

This detection of PSA after radical prostatectomy has been labeled óbiochemical recurrenceô 

(BCR). Alternative terminologies include óPSA failureô, óchemical failureô and óbiochemical 

relapseô (8). The absence of BCR is diagnostically valuable as it serves as an early endpoint of 

treatment success. The detection of BCR, on the other hand, may herald the metastatic progres-
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sion of the disease. BCR is also crucial on the therapeutic level as it may prompt clinicians to 

initiate further therapy during an otherwise largely asymptomatic phase of the disease. 

It is important to note that the progression of prostatic disease after BCR may vary significantly. 

Although BCR ultimately foreshadows distant metastasis and prostate-specific mortality, the 

speed and severity of the progression diverge considerably between different cases (13). During 

the first 15 years after the first detection of BCR, patients are, on average, as likely to die from 

prostate cancer as they are from competing causes (14). A slow or moderate PSA rise may 

change neither the patientôs expected length of life nor his expected quality of life (15). The de-

velopment of diagnostic markers to distinguish between more and less aggressive cases of BCR 

is therefore crucial. 

Although PSA is a commonly accepted screening instrument both pre and post prostatectomy, its 

exact definition has been the subject of considerable debate and definitions across different 

scientific publications vary greatly (8). This is especially dramatic as the definition of BCR may 

in turn have weighty effects on outcome reporting and may hence distort treatment evaluations. 

Estimates of disease progression rates vary by up to 35% between different definitions of BCR 

(16-18). If, for example, BCR is defined as the transgression of a 0.2 versus a 0.4 ng/ml PSA 

threshold, the likelihood of secondary therapy and the likelihood of PSA progression ranged 

from 50% to 79% (18). In another study, the 10-year progression probability varied from 63% to 

79% (8).  

Clearly, a standardized definition is essential. It facilitates comparisons between local therapies 

or combined modality treatment strategies, it facilitates the identification of patients most suited 

for entry into clinical trials and it facilitates the selection of patients for salvage therapy (19). 

Most crucially, any common definition of BCR will exhibit close correlation with the primary 

endpoints of metastatic progression and prostate-specific mortality. Stephenson et al. examined 

10 common definitions of BCR for these features. A definition of BCR as a PSA of at least 0.4 

ng/ml followed by another increase had the highest calculated R
2
 statistic with metastatic pro-

gression when controlled for secondary therapy and other prognostic parameters (8). Based on 

this definition, the 15-year likelihood of prostate-cancer specific mortality following biochemical 

recurrence is 12%, as compared to a 38% all-cause mortality (7). 
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The definition of BCR that the original sample selection in this study was based on (initial PSA 

>0.2 ng/ml, followed by another increase) exhibited a slightly lower, but also justifiably close R
2
 

correlation with the primary endpoints of metastatic progression and prostate cancer-specific 

mortality (8). Details of the PSA scores of the individual samples are listed in the methods sec-

tion. 

 

1.2 Prostate cancer diagnostics 

1.2.1 The current state of prostate cancer diagnostics 

A variety of clinical tools are available for PCa diagnostics. Transrectal ultrasound is the most 

commonly applied method in symptomatic patients. Less frequently used are magnetic resonance 

imaging and magnetic resonance spectroscopy (20). Patients are typically selected for these diag-

nostic procedures following abnormal results in routine diagnostics, such as an abnormal digital 

rectal examination or an elevated serum PSA. Less frequently, patients will be selected for fur-

ther diagnostics based on symptomatic clinical events, such as pollakisuria, dysuria, hematuria, 

difficulty starting and maintaining a steady stream of urine or erectile dysfunction (20). Follow-

ing these first stage diagnostic tools, critical cases are submitted for a transrectal, ultrasound-

guided needle biopsy. 

Biopsies are taken by a biopsy gun, with now twelve tissue cores as the standard number of site 

samples (20, 21). The tissue specimens obtained are then histopathologically evaluated. In sum, 

PSA test plus biopsy thus constitute the standard diagnostic protocol for local PCa (22, 23). 

Histopathological assessment of the specimens typically follows the Gleason Score (GS) scheme 

(24-29). Under this scheme, values between 2 and 10 are assigned to each specimen. The score 

represents the sum of two subordinate scores: one score for the dominant primary tumor growth 

pattern found in the specimen (values of 1 to 5) and one for the sub-dominant secondary growth 

pattern (values of 1 to 5).  GS ratings of 2 to 4 are labelled ówell-differentiated diseaseô, ratings 

of 5 to 7 ómoderately differentiated adenocarcinomasô and ratings of 8 to 10 ópoorly differenti-

ated cancersô (30). 

Positive PCa biopsy results are then used in a battery of nomograms to determine the likelihood 

of extracapsular extension and seminal vesicle invasion as well as lymph node metastases (31, 
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32). Higher Gleason Scores are generally associated with a higher likelihood of extracapsular 

spread, nodal involvement, and metastases (33). 

After prostatectomy, histopathological assessment can be paired with clinical findings to stage 

the carcinoma according to the American Joint Commission on Cancer (AJCC) system, which 

includes the characteristics of the original tumor, lymph node spread and metastases (TNM). 

Based on pre-prostatectomy histopathological findings only, however, 70% of cancers diagnosed 

after PSA elevation are GS 6 and 7 tumors, i.e. moderately differentiated adenocarcinomas (20, 

30, 34). For this subgroup, no reliable further differentiation in terms of tumor aggressiveness 

and probability of clinically significant progression is currently available pre-prostatectomy. 

Serum PSA tests are used as the standard follow-up instrument after prostatectomy. PSA tests 

here serve a joint purpose: Firstly, monitoring therapy response; secondly, detecting BCR (35). 

 

1.2.2 Current challenges in prostate cancer diagnostics 

One chief focus of research in the area of PCa is the search for new diagnostic markers. Another 

focus is the clarification of basic disease mechanisms, often coupled with the intention of therapy 

design (36-38). In many cases, both objectives are simultaneously tackled (39-50). 

On the diagnostic side, three specific objectives are part of the research agenda: Firstly, an im-

proved prognostic discrimination among moderately differentiated adenocarcinomas. The intro-

duction of PSA testing led to a rising incidence of early stage PCa diagnoses. While this offers 

the opportunity of timely therapeutic intervention, it is not always clear whether intervention or 

which intervention is the best clinical choice. This is especially noteworthy as the main therapeu-

tic choice, radical prostatectomy, may have serious and irreversible consequences for the indi-

vidual patient. Every day, of the on average more than 150 patients undergoing radical prostatec-

tomy in the US, more than 45 will be permanently incontinent and more than 90 permanently 

impotent (51). 

Currently, using the best available empirical nomograms, aggressive and indolent cancer types 

can be distinguished with a maximum certainty of only 80% and less (52-56). For the subgroup 

of moderately differentiated GS 6 and GS 7 types, i.e. the vast majority of PCa patients, the op-
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timal courses of treatment are difficult to determine. Clinical evidence consequently suggests 

that treatment outcomes for this subgroup vary greatly (10, 20, 34). The prevalent scientific opin-

ion suggests that differences in biological tumor aggressiveness are the root cause of this varia-

tion. Developing diagnostic tools quantifying these biological differences is therefore one of the 

main challenges in current PCa diagnostics (57, 58). 

A second objective of the PCa research agenda is a better diagnostic exploitation of rising PSA 

levels. PSA may be elevated due to a number of reasons. Two of the more frequent ones are 

prostatitis and benign prostatic hyperplasia (BPH) (59). Efforts to distinguish these benign condi-

tions from PCa have, to present an example, led to the identification of P504S, a protein involved 

in beta-oxidation of fatty acids, as a more specific supplementary marker (60). Immunohisto-

chemical staining for P504S has been shown to differentiate benign from malignant lesions, and 

an atypically proliferating early stage of PCa from benign lesions (61-64).  

A third objective of the PCa research agenda is an improved prediction of BCR and, intimately 

linked to BCR, an improved prediction of metastatic progression of the disease. At best, a first 

probabilistic judgment of recurrence would be available at the time of prostatectomy already, to 

guide follow-up regimes. At present, PSA test results, GS and clinical staging are incorporated in 

empirical nomograms to assess the likelihood of BCR preoperatively (65-68). However, the 

postoperative use of these preoperative nomograms is limited: As TNM pathological information 

becomes available after prostatectomy, this new information routinely decides on the course of 

therapy (69, 70). One challenge is thus the improved pre- and postoperative prediction of BCR. 

The present study is aimed at making a contribution to specifically this objective. 

 

1.2.3 The diagnostic potential of HRMAS 
1
H MRS 

Many of the challenges of current PCa diagnostics discussed above can potentially be addressed 

by magnetic resonance spectroscopy (MRS) in general and High Resolution Magic Angle Spin-

ning Proton Magnetic Resonance Spectroscopy (HRMAS 
1
H MRS) in particular. 

MRS is a diagnostic method with an extremely high sensitivity for differences in biochemical 

tissue profiles. It can serve as a quantification method for metabolites and as a detection method 

for abnormal cells (71, 72). Demonstrating its sensitivity, MRS has, for example, been shown to 

detect microscopic metastatic deposits in lymph nodes that had gone undetected by histopathol-
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ogy (73). As a general technical principle, MRS extracts its information by observing how nuclei 

behave in a magnetic field when a second perturbing oscillating magnetic field is added (74). 

While routine magnetic resonance imaging (MRI) scans yield anatomical information about a 

tumor, MRS is targeted at its biochemical features (75). It may be used to determine metabolite 

concentrations and to re-construct metabolomic profiles of the examined tissue. 

Studies based on
 1
H MRS have identified various potential clinical markers for PCa in vivo (76-

88). Ex vivo studies have used a variety of materials, most commonly cell lines, but also prostate 

fluid, serum and other body fluids, and solutions of tissue extracts, to advance the diagnostic use 

of PCa markers (89-98). 

Both approaches face various difficulties. Studies applying in vivo MRS methods cannot readily 

match MRS results with pathological information. Studies applying ex vivo MRS methods face a 

twofold dilemma: Firstly, they are based on the assumption that the differences between aqueous 

homogenous solutions and non-liquid tissue are negligible. Empirical studies have shown, how-

ever, that the process of extraction changes the metabolic features of the tissue significantly. 

Secondly, once extracted, the original material cannot be used for pathological examination any 

more (99). 

The technical innovation of HRMAS 
1
H MRS is the fact that it makes magnetic resonance spec-

troscopy of intact solid state tissue possible. Conventional MRS methods had previously only 

been applied to extracts and lysed cell solutions, as molecules are largely free from reciprocal 

effects in these media. When applied to solid structures, however, conventional MRS methods 

cause disintegration as molecules experience anisotropic effects. Technically, this disintegration 

causes spectral line broadening which in turn renders the distinction of individual metabolites 

impossible. Using conventional MRS methods, in consequence of the disintegration, tissue can-

not subsequently be submitted for pathological evaluation. 

HRMAS 
1
H MRS overcomes these difficulties by spinning the tissue sample around a ómagic 

angleô axis vis-à-vis the direction of the magnetic field, namely a 54.7° angle between the 1/1/1-

vector and the z-axis (100). At sufficiently high rates, the spinning averages anisotropic interac-

tion to isotropic levels. The technical effect of this averaging is a line-narrowing that sufficiently 

increases spectral resolution to identify and quantify individual metabolites. At the same time, 

tissue structures are preserved and enable subsequent pathological examination and other quan-

titative methods (101). 
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The material used in HRMAS 
1
H MRS is therefore a largely unaltered version of the original 

tissue and its biochemical state. Following its early development (102, 103), HRMAS 
1
H MRS 

has found broad investigative application, both in PCa diagnostics and, among others, in studies 

of breast cancer, melanoma, liposarcoma, glioblastoma, kidney carcinoma and malignant lymph 

nodes (104-136). Note, however, that while 
1
H MRS is in principle available both for in vivo and 

ex vivo studies, HRMAS 
1
H MRS is at present only available for ex vivo application (81, 119, 

137, 138). 

The spectroscopy data of the present study were produced using HRMAS 
1
H MRS exclusively. 

Using this method enabled us to match spectroscopy data with pathological data and data from 

quantitative methods of molecular biology. A detailed explication is given in the methods sec-

tion. 

 

1.2.4 Results from a preceding study 

Recognizing its diagnostic potential, a preceding study applied HRMAS 
1
H MRS to the task of 

predicting BCR of PCa (139). The study retrospectively matched 16 cases of known BCR with 

16 non-recurrent cases. Individual cases were paired on the basis of age, Gleason score and clini-

cal staging. Ex vivo intact 14T spectroscopy results of specimens (gained at the time of prosta-

tectomy for the individual cases) were statistically analyzed, identifying 27 principal components 

of spectral regions. The most significant contributors to the overall metabolomic profile among 

these principal components were subsequently used to construct a canonical score. This canoni-

cal score effectively differentiated between recurrent and non-recurrent cases, based solely on 

MRS information about the individual cases. Testing the coefficients from the principal compo-

nent analysis and the canonical score on a second group of non-recurrent cases (n=16, matched 

to the original BCR cases based on age, Gleason Score and pathological stage), a predictive ac-

curacy of BCR of 78% was achieved (139). Figure 1 illustrates the principal finding of the study. 
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Figure 1 Results from a preceding study. The study identified 27 spectral regions, constructing a canonical 

score from selected principal components as the metabolomic profile of prostate cancer recurrence. The canonical 

score differentiates between cases of biochemical recurrence (BCR) and cases without recurrence of PCa (match) 

with statistical significance. The left two plots use the four and the right two plots the nine statistically most influen-

tial principal components. The upper two plots compare the recurrent group with a non-recurrent group matched by 

clinical staging. The lower two plots apply the score to a second non-recurrent group matched by pathological stag-

ing (139). 

 

The present study follows up on the encouraging results of this preceding study, adding to MRS 

metabolomic profiles the enzymatic profiles established by methods of molecular biology. De-

tailed objectives of the present study and the specific hypotheses tested are discussed below. De-

tails regarding the spectroscopy methods of the preceding study are discussed in the methods 

section. 
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1.3 Prostate cancer and spermine 

1.3.1 The inhibitory function of spermine 

Among a broad variety of substances hypothesized to have an inhibiting effect on PCa, the po-

lyamine spermine plays a special and indeed intriguing part. For one, it is an endogenous meta-

bolite, and would as such be part of the human bodyôs own defense lsines against cancer. Se-

condly, it is abundantly found in the prostate ï more abundantly, in fact, than in any other organ 

of the human body (140). This would correspond to the fact discussed above that prostate cancer 

has, when compared to other solid tumors, an extremely prolonged progression of disease. 

Various studies have supported the view that spermine acts as an endogenous inhibitor of PCa. 

Initially, the relation was demonstrated via in vitro cell line studies. Aqueous extracts of human 

prostate tissue were found to block prostatic carcinoma proliferation in vitro (and subcutaneous 

tumor expansion in vivo). Purification and biochemical characterization disclosed spermine as 

the decisive inhibiting substance of the study (141). 

In the wake of this discovery, numerous studies have dealt with the potential role of spermine in 

cancer diagnostics and cancer therapy (142-158). In a study using 
1
H MRS to construct meta-

bolic profiles (from expressed prostatic secretions) for 52 subjects with PCa, spermine, alongside 

citrate and myo-inositol, was found to be highly predictive of the disease and inversely related to 

the risk of PCa when compared to 26 healthy controls. The study calculated the area under the 

curve (AUC) of the receiver operating characteristic (ROC) curve for spermine to be 0.79 (159). 

Studies combining MRS and high-pressure liquid chromatography (HPLC) also showed that 

normal and benign hyperplastic tissue exhibited a relatively high content of spermine when com-

pared to PCa tissue. Particularly low levels of spermine were found in those cases of PCa that 

were associated with clinically detected metastases. Using the typical clinical field strength of 

1.5 T, spermine in vitro signals were found to reside in the region between 3.0 and 3.3 ppm. In in 

vivo prostate MR spectra the spermine signals overlapped, however, with the resonances of crea-

tine and choline at 3.0 ppm and 3.2 ppm, respectively, distorting the spermine-specific results 

(93). 

Combining HRMAS 
1
H MRS at 9.4 T (400 MHz) with quantitative histopathology, a further 

study demonstrated a linear correlation between NMR spermine concentrations and the volume 

percentage of benign epithelial cells in human prostate. Again, the usage of non-destructive 
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HRMAS 
1
H MRS instead of conventional MRS made it possible to produce spectroscopy data 

and histopathological data from the same intact specimen (160). A typical spectrum produced by 

HRMAS 
1
H MRS is depicted in Figure 2. Figure 3 reproduces the key chart of the study demon-

strating the linear relationship between spermine concentration and percentage volume of benign 

epithelial tissue. 

 

Figure 2 Magnetic resonance spectrum of benign and malignant prostate tissue. The spermine peak in the 

metabolomic profile differs between benign (A) and cancerous tissue (B). The spectra stem from HRMAS 1H MRS 

at 9.4 T (400 MHz) (160). 

 

 

Figure 3 Correlation between spermine concentration and volume percentage of benign epithelium. The 

figure reproduces the key chart of the preceding study demonstrating that spermine concentrations as measured by 

MRS and volume percentage of benign epithelium as measured by quantitative histopathology correlate (160). 
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In sum, there is strong evidence that spermine serves as an endogenous inhibitor of PCa. Given 

this, the metabolic pathway regulating spermine levels in prostate tissue is of critical interest for 

PCa diagnostics and therapy.  

 

1.3.2 The polyamine pathway 

Together with putrescine and spermidine, spermine belongs to the polyamine molecule family. 

All members of the family are derived from ornithine via a process of decarboxylation and con-

densation. Spermine is the preliminary endpoint of this biochemical transformation, starting from 

ornithine and with putrescine and spermidine as intermediate steps in the process (161-163). The 

complete spermine pathway is illustrated in Figure 4. 

 

Figure 4 The polyamine pathway. Spermine is produced from ornithine in a sequence of steps with putrescine 

and spermidine as metabolic predecessors and a total of eight different enzymes directly catalyzing the process 

(161). Names of the enzymes 1 to 8 are given in Table 1. 5MTA: 5-methylthioadenosine; SAM: S-adenosyl-

methionine; SAMHC: S-adenosyl-S-methyl homocysteamine. 
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The pathway is under complex enzymatic control. Ornithine decarboxylase (ODC) launches 

polyamine synthesis by producing putrescine, a diamine. Spermine is then created by the con-

secutive addition of two aminopropyl groups forming first spermidine, then spermine. Both 

aminopropyl groups ultimately stem from methionine via the decarboxylation of S-adenosyl-

methionine, a step catalyzed by the S-adenosyl-methionine decarboxylase (AdoMetDC) (163). 

Backward conversion from spermine to spermidine, and from spermidine to putrescine is cata-

lyzed by the acetyl-CoA spermidine/spermine N1-acetyl-transferase (SSAT). It is the rate limit-

ing catabolic enzyme of the pathway. The rate limiting anabolic enzymes are ODC and Ado-

MetDC (163). 

ODC, as a major player of spermine synthesis, is regulated on a number of levels. One level is 

the enzymatic control by its antizyme, the ornithine decarboxylase antizyme (OAZ). Inhibition 

occurs through OAZ binding to ODC and through OAZ promoting the degradation of ODC. 

OAZ itself is auto-regulated by translational frameshifting stimulated by polyamine levels (164, 

165). All enzymes involved in the spermine pathway are listed in Table 1. 

 

Number Enzyme Short name 

1 Ornithine decarboxylase ODC 

2 Spermidine synthetase - 

3 Spermine synthetase - 

4 Acetyl-CoA spermidine/spermine N1-acetyl-transferase SSAT 

5 Polyamine oxidase PAO 

6 N-acetyl transferase - 

7 Diamine oxidase DAO 

8 S-adenosyl-methionine decarboxylase AdoMetDC 

(1) Ornithine decarboxylase antizyme OAZ 

Table 1 Enzymes of the polyamine pathway. Numbers refer to Figure 4. There are three rate-limiting en-

zymes involved in the pathway. Ornithine decarboxylase (ODC) and S-adenosyl-methionine decarboxylase 

(AdoMetDC) are the rate limiting anabolic enzymes, while acetyl-CoA spermidine/spermine N1-acetyl-transferase 

(SSAT) is the rate limiting catabolic enzyme. 
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The formal chemical makeup of spermine is 
+
H3N-(CH2)3-NH-(CH2)4-NH-(CH2)3-NH3

+
. In addi-

tion to the enzymatic regulation described above, its total intracellular concentration is also in-

fluenced by exit into and entry from the extracellular compartment (166). 

Although first detected in seminal fluid, polyamines are found in all normal human body cells 

and play a crucial role in cell growth, maintenance and function. PCa is only one of a variety of 

pathological processes where polyamine control appears to be dysfunctional. Various strategies 

of therapy and nutritional benefit are targeted at this family of molecules (161). 

Regarding the pathological processes taking place in prostatic cancerous tissue, we found in a 

previous study that the mRNA expression levels of spermine anabolic enzymes logarithmically 

decrease as PSA velocity increases. In contrast, the mRNA expression level of OAZ, i.e. the an-

tizyme of the rate limiting anabolic player, increased as PSA velocity increased. PSA velocity, in 

turn, has been extensively discussed as a marker for prostatic tumor aggressiveness. ODC and 

OAZ mRNA expression levels were found to correlate inversely (140). 

 

1.4 Hypotheses tested by the study 

The recurrence of PCa as heralded by rising PSA levels foreshadows the metastatic progression 

of the disease. And it is critically linked to PCa-specific mortality. Diagnostic tools of early de-

tection of BCR and predictive tools estimating the likelihood of BCR would significantly im-

prove therapeutic strategies and enable clinicians to personalize long-term PCa care after prosta-

tectomy. As described above, a previous study demonstrated that HRMAS 
1
H MRS can serve as 

such a tool of detection and prediction by constructing canonical scores from spectra of intact 

PCa tissue (139). At the same time, spermine has been demonstrated to be a potent endogenous 

inhibitor of PCa and tissue spermine levels may be linked to tumor aggressiveness and BCR. 

From these insights, the present study derives two major hypotheses. 
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1.4.1 Primary hypothesis 

As spermine appears to serve as an inhibitor of PCa, we would expect that this is reflected in the 

polyamine pathway enzymatic profiles of intact PCa tissue samples. The primary objective of the 

present study is to detect differences in enzymatic levels in PCa tissue that can distinguish cases 

of BCR from non-recurrent cases. The associated null hypothesis is: There is no difference in 

polyamine pathway enzyme levels between cases of BCR and non-recurrent cases of PCa. 

In addition to testing for statistical significance between the two groups (recurrent and non-

recurrent cases) for selected individual enzymes, the enzymatic data will also be used to attempt 

to construct a combined enzymatic profile. The associated null hypothesis of this subordinate 

objective is: There is no combination of spermine pathway enzyme levels able to distinguish 

between cases of BCR and non-recurrent cases of PCa. 

The enzymes selected for this purpose are the two rate limiting anabolic enzymes of the polya-

mine pathway (ODC and AdoMetDC), the rate limiting catabolic enzyme (SSAT) and the anti-

zyme of the first-step rate limiting enzyme ODC (OAZ). 

To this set of polyamine pathway enzymes, we exploratively add a protein not part of the polya-

mine pathway, yet frequently associated with malignant processes: the c-Myc protein. The proto-

oncogene c-Myc codes for a transcription factor that regulates and co-regulates the expression of 

a multitude of genes. Its mutation is associated with cell proliferation in a variety of cancer types 

(167, 168). The collective list of enzymes chosen is presented in Table 2. 

 

Protein Function Pathway Metabolic role Limiting  

ODC Enzyme Polyamine pathway Anabolic Yes 

AdoMetDC Enzyme Polyamine pathway Anabolic Yes 

SSAT Enzyme Polyamine pathway Catabolic Yes 

OAZ Enzyme Polyamine pathway Catabolic No 

c-Myc Transcription factor N/A N/A N/A 

Table 2 Proteins chosen for quantification and their physiological functions. 
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1.4.2 Secondary hypothesis 

As shown in the preceding study, metabolomic profiles based on HRMAS 
1
H MRS of intact PCa 

tissue can effectively differentiate between BCR and non-recurrent cases using specimens from 

the time of prostatectomy (139). If spermine functions as an endogenous inhibitor of PCa and 

spermine pathway enzyme levels are significantly different between PCa BCR cases and non-

recurrent cases (primary hypothesis), then we secondly hypothesize that the enzymatic profile of 

the spermine pathway may serve to explain differences in HRMAS 
1
H MRS metabolomic pro-

files. The associated null hypothesis is: There is no correlation between levels of polyamine 

pathway enzymes and NMR spectral region intensities. Again, this hypothesis is tested both for 

each individual enzyme and for combinations of various enzyme levels. 

Testing this secondary hypothesis is, in short, a direct follow-up to the previously published 

study (139). It attempts to match and explain metabolomic profiles based on HRMAS 
1
H MRS 

with enzymatic profiles based on quantitative methods of molecular biology. 
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2 Materials and methods 

2.1 Study design and patient population 

The present study is designed as a retrospective study of 32 male patients that had undergone 

radical prostatectomy at Massachusetts General Hospital, Boston, USA. The study of human 

prostate specimens was approved by the Partners Human Research Committee, the Institutional 

Review Board at Massachusetts General Hospital. 

Cases were selected ex post from a pool of 183 prostatectomy cases that had been analyzed be-

tween 2002 and 2003 using intact tissue MRS in the Radio-pathology laboratory of the Athinoula 

A. Martinos Center for Biomedical Imaging, a joint research facility of Harvard Medical School 

and the Massachusetts Institute of Technology, Cambridge, USA. Needle biopsy specimens re-

covered for histopathological assessment at time of prostatectomy served as the original speci-

mens of each case. The retrieval of the prostate tissue specimens followed current standard diag-

nostic biopsy protocols, with multiple samples per prostate and patient, distributed 

representatively across the organ. 

A first group of patients (n=16) was identified based on demonstrated BCR: a PSA serum in-

crease to >0.2 ng/ml after prostatectomy, confirmed by at least one subsequent test. To this first 

group of recurrent cases, a randomized selection of 16 non-recurrent cases was added from the 

pool of 183 prostatectomy cases. For the cases of this control group, no PSA had been detected 

in serum tests during the observation period. 

Where multiple spectroscopy results for an individual patient were found in the pool of 183 pros-

tatectomy cases, the results of the individual MRS scans were averaged for each patient. 

Recurrent and non-recurrent cases (n=32) were matched based on age, GS, clinical staging, time 

lag to BCR (recurrent group) and length of observation interval (non-recurrent group). Average 

patient age at the time of prostatectomy was 55.3, with a standard deviation of 8.7 years. Average 

serum PSA concentration at the time of first detection for the recurrent group was 0.69 ng/ml. 

First PSA detection for this group occurred, on average, 28.5 months post prostatectomy. The 

average observation period without detectable serum PSA levels for the non-recurrent cases in 

the control group was 55.6 months. Details for the individual cases including GS and clinical 

staging are presented in Table 3. 
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Group Pair Age 

Clinical 

Stage 

Gleason 

Score 

Period 

(months) 

PSA 

(ng/ml) 

Recurrent   1 50 1c 3 + 3 = 6 18.0 0.30 

   2 51 1c 3 + 3 = 6 41.0 0.21 

   3 67 1c 3 + 3 = 6 53.0 0.26 

   4 51 1c 3 + 4 = 7 19.0 0.40 

   5 54 1c 3 + 4 = 7   3.0 2.90 

   6 57 1c 3 + 4 = 7 47.0 0.30 

   7 41 1c 3 + 3 = 6 59.0 0.22 

   8 50 1c 3 + 4 = 7   2.0 0.70 

   9 57 1c 3 + 4 = 7 24.0 0.30 

 10 62 1c 4 + 3 = 7 44.0 3.70 

 11 52 1c 3 + 3 = 6 45.0 0.37 

 12 55 1c 4 + 3 = 7 63.0 0.24 

 13 62 1c 3 + 5 = 8 22.0 0.30 

 14 66 1c 4 + 3 = 7   9.0 0.30 

 15 23 2 3 + 3 = 6   0.5 0.21 

 16 60 2 3 + 5 = 8   7.0 0.30 

Non-

recurrent   1 50 1c 3 + 3 = 6 57.0 <0.20 

   2 51 1c 3 + 3 = 6 60.0  

   3 55 1c 3 + 3 = 6 59.0  

   4 51 1c 3 + 3 = 6 60.0  

   5 54 1c 3 + 3 = 6 60.0  

   6 58 1c 3 + 3 = 6 60.0  

   7 51 1c 3 + 3 = 6 59.0  

   8 60 1c 3 + 4 = 7 24.0  

   9 59 1c 3 + 3 = 6 60.0  

 10 55 1c 3 + 4 = 7 60.0  

 11 52 1c 3 + 3 = 6 60.0  

 12 62 1c 3 + 4 = 7 60.0  

 13 62 1c 3 + 4 = 7 44.0  

 14 59 1c 4 + 5 = 9 44.0  
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 15 56 2 3 + 3 = 6 57.0  

 16 75 2 3 + 4 = 7 65.0  

Table 3 Clinical characteristics of patient population. The column óageô lists the respective age at time of 

prostatectomy. The column óperiodô lists the time gap between prostatectomy and first PSA increase for the recurrent 

group, and the total observation period after prostatectomy for the non-recurrent group, during which no PSA in-

crease has been detected after prostatectomy. 

 

From this group of 32 prostatectomy cases for which radiological MRS data had been available, 

50% of the matched pairs (recurrent/non-recurrent) were randomly selected for molecular bio-

logical analysis using quantitative real time polymerase chain reaction (qPCR). These cases con-

stitute a subgroup of the original patient population with ntotal = 16, nrecurrent = 8 and nnon-recurrent = 

8. Analogous to the original study population, BCR cases in the subpopulation remain matched 

to control cases by age, GS, clinical staging, time lag to BCR (recurrent group) and length of 

observation interval (non-recurrent group). 

In the subgroup selected for qPCR, average patient age at the time of prostatectomy was 54.8, 

with a standard deviation of 6.5 years. Average serum PSA concentration at the time of first de-

tection for the recurrent group was 0.69 ng/ml. First PSA detection for the group occurred, on 

average, 19.9 months post prostatectomy. The average observation period without detectable 

serum PSA levels for the non-recurrent cases in the control group was 55.8 months. Details for 

the individual cases in the subgroup including GS and clinical staging are presented in Table 4. 

 

Group Pair Age 

Clinical 

Stage 

Gleason 

Score 

Period 

(months) 

PSA 

(ng/ml) 

Recurrent   1 50 1c 3 + 3 = 6 18.0 0.30 

   2 51 1c 3 + 3 = 6 41.0 0.21 

   4 51 1c 3 + 4 = 7 19.0 0.40 

   5 54 1c 3 + 4 = 7   3.0 2.90 

   8 50 1c 3 + 4 = 7   2.0 0.70 

   9 57 1c 3 + 4 = 7 24.0 0.30 
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 11 52 1c 3 + 3 = 6 45.0 0.37 

 16 60 2 3 + 5 = 8   7.0 0.30 

Non-

recurrent   1 50 1c 3 + 3 = 6 57.0 <0.20 

   2 51 1c 3 + 3 = 6 60.0  

   4 51 1c 3 + 3 = 6 60.0  

   5 54 1c 3 + 3 = 6 60.0  

   8 60 1c 3 + 4 = 7 24.0  

   9 59 1c 3 + 3 = 6 60.0  

 11 52 1c 3 + 3 = 6 60.0  

 16 75 2 3 + 4 = 7 65.0  

Table 4 Clinical characteristics of patient sub-population. 50% of the main population from the preceding 

MRS study were selected to supplement MRS data with enzymatic data for this sub-population. The column óageô 

lists the respective age at time of prostatectomy. The column óperiodô lists the time gap between prostatectomy and 

first PSA increase for the recurrent group, and the total observation period after prostatectomy for the non-recurrent 

group, during which no PSA increase has been detected after prostatectomy. 

 

To test the hypotheses described above, the present study is designed to combine quantitative 

methods of magnetic resonance radiology with quantitative methods of molecular biology. As 

described above, the radiological data is based on previous HRMAS 
1
H MRS scans of the spe-

cimens. The molecular biology enzymatic data, in contrast, has been collected specifically for the 

purposes of the study. 

Each sample underwent four distinct methodological steps: (1) HRMAS 
1
H MRS; (2) first histo-

pathological assessment; (3) second histopathological assessment; (4) laser capturing microdis-

section (LCM) and subsequent quantitative real time polymerase chain reaction (PCR). The first 

histopathological assessment took place after the HRMAS 
1
H MRS scans of 2002 to 2003 to 

estimate certain quantitative parameters of the specimens, such as volume percentage of epitheli-

al and stroma cells. Details are discussed below. The second histopathological assessment, in 

contrast, took place in 2008 and 2009 to prepare cell targeting and extraction via LCM for qPCR. 

Note that the order of discussion below follows the analytic logic of the study, not its chronolog-

ical order. 
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2.2 Histopathological assessment 

All samples of the study underwent histopathological evaluation by a pathologist. Frozen sam-

ples (-80 °C) were sectioned at 10 µm cuttings using a cryostat (CM 3050 Cryostat, Leica, USA) 

producing slides for subsequent staining (Gold seal slides - uncharged, Thermo Fisher Scientific, 

USA). In total, 18 cuts per sample were produced. The protocol used for hematoxylin and eosin 

staining (HE) is presented in Table 5.  

 

Step Substrate Time Number of dips 

  1 Xylene 12 min - 

  2 100% ethanol 4 min - 

  3 95% ethanol 2 min - 

  4 Double distilled water - 1 (rinse) 

  5 Hematoxylin 5 min - 

  6 Double distilled water - 1 (rinse) 

  7 Bluing reagent - 15 

  8 Double distilled water - 1 (rinse) 

  9 95% ethanol - 10 

10 Eosin 3 min - 

11 95% ethanol - 10 to 15 

12 95% ethanol - 10 to 15 

13 100% ethanol - 10 to 15 

14 100% ethanol - 10 to 15 

15 Xylene Ó 2 min - 

Table 5 Hematoxylinïeosin staining protocol. Staining protocol used for the histopathological assessment. 

 

Histopathological assessment served two purposes. Firstly, in the histopathological session fol-

lowing HRMAS 
1
H MRS, the pathologist estimated a series of quantitative parameters for each 

specimen to be used in the analysis. These were: Volume percentage of benign epithelial cells, 

volume percentage of malignant epithelial cells and volume percentage of stroma. 

Secondly, in the histopathological session preceding LCM and qPCR, the pathologist differen-

tiated epithelial from stroma tissue, and subcategorized the epithelial tissue further into predomi-
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nantly benign and predominantly malignant regions. Typical examples exhibiting different 

growth patterns are given in Figure 5. 

 

    

Figure 5 Tissue samples after HE-staining. Displayed are two samples of prostate tissue exhibiting predomi-

nantly malignant growth patterns, featuring one highly proliferative exhibit (left) and one moderately proliferative 

exhibit (right). Pictures were taken using an Olympus BX41 Microscope and Imaging System at a ten-fold magnifi-

cation. 

 

Note that óbenignô and ómalignantô here refer to the chief histological growth pattern on the spe-

cific slides cut from the specimens. All specimens as a whole stem, of course, from cancerous 

prostates. In this aggregate sense, all samples are to be considered malignant. 

The individual cuts on the individual slides typically fell into either the benign or malignant 

growth pattern group, not both. And typically, each slide contained both epithelial and stroma 

tissue areas. This allowed us to also distinguish between stroma neighboring epithelial tissue of a 

predominantly benign growth pattern from stroma neighboring epithelial tissue of a predomi-

nantly malignant growth pattern. 

Note that in so far as stroma is in the following labeled óbenignô or ómalignantô, we here refer to 

the predominant growth pattern of its neighboring epithelial tissue, not the dignity of the stroma 

tissue itself. As PCa originates from epithelial cells, all stroma tissue in this study is in the histo-

pathological sense óbenignô, and none ómalignantô. We use the biopathohistologically simplified 

terminology here to ease communication. 
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Whenever possible, we strove to identify tissue samples from each of the four sub-categories for 

each case. This means that, for each of the 16 PCa cases, we processed tissue samples from (1) 

the óbenign epitheliumô category, (2) the ómalignant epitheliumô category (3) the óbenign stromaô 

category and (4) the ómalignant stromaô category. Ideally, this would add to 4 x 16 = 64 samples 

entering qPCR. De facto, we were unable to achieve this target for some of the cases. In each 

case, this was due to one or more of the following reasons: (a) limited total specimen material; 

(b) excessively malignant growth patterns across the specimen, driving out benign epithelium; 

(c) excessive epithelial proliferation across the specimen, driving out stroma tissue. For some of 

the subgroup analyses, this drastically limited the number of samples entering statistical analysis, 

often thrusting results into statistical insignificance. 

Depending on the specific question at hand, subgroup sample values for each case were either 

averaged before statistical processing or entered split statistical procedures separately. Details are 

explicated in this chapter below (section on statistical analysis) and sufficiently denoted in the 

results section. 

Information from the second histopathological assessment, i.e. the classification of tissue types, 

was indispensable for the subsequent LCM. LCM enables one to target specific tissue, even spe-

cific cells, in each histological cut. The laser separates these individual cells or tissue sections 

from the tissue context as a whole on each slide. If the targeted cells are pooled, enzyme mRNA 

for specific cell and tissue types can be quantified by qPCR, separately from the neighboring 

tissue on the cut in the slide. The function of the second histopathological assessment, in short, 

was to mark specific targets for LCM. Technical details of LCM are discussed in the qPCR sec-

tion. 

 

2.3 Quantitative methods 

2.3.1 HRMAS 
1
H MRS 

Spectroscopy was performed using an AVANCE system (Bruker Biospin, USA) with an MAS 

speed of 600~700 Hz. The system operates at 600 MHz 
1
H frequency and 14.1 Tesla. The rotor 

used was a 4-mm rotor with Keel-F inserts creating a spherical space of 10-ml fixing the tissue to 

the center of the receiving coil. The permanently-attached external standard (silicone rubber) 

functioned as a reference both for resonance identification and quantification. 
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Recording of the spectra used a rotor synchronized DANTE Carr-Purcell-Meiboom-Gill 

(CPMG) pulse sequence experimental protocol. The 90° pulse length was adjusted for each sam-

ple. Resonance frequency was centered on the H20 resonance. The spinning frequencies used 

were 600 and 700 Hz, the repetition time 5 sec, and the average number of transients 32, ranging 

from 16 to 64, with a spectral width of 12 kHz and 16 k data points. 

Specimens were weighed before HRMAS 
1
H MRS and then transferred to the HRMAS sample 

rotor. Samples were treated with deuterium oxide (D2O, 2µl) for field locking. Measurements 

were carried out at 4°C minimizing tissue degradation during HRMAS 
1
H MRS. For each sam-

ple, total measurement time was less than 6 minutes, total testing time less than 20 minutes. 

Processing spectroscopy data included a series of steps, starting with subjecting all free induction 

decays to 1 Hz apodization. Fourier transformation, baseline correction and phase adjustment 

followed the apodization. The intensities referred to in the following are integrals of intensity 

curves. The curves were fitted using Lorentzian-Gaussian line shapes (137). The spectral region 

considered was 0.5 to 4.5 ppm. The intensity values used in subsequent statistical analyses are 

relative intensities with individual peaks normalized relative to the intensity of the entire spec-

trum between 0.5 and 4.5 ppm. All processing of spectroscopy data was done using the commer-

cially available software NUTS (AcornNMR, USA). 

 

2.3.2 QPCR 

2.3.2.1 Overview 

To quantify the enzyme levels ODC, AdoMetDC, SSAT and OAZ and the level of c-Myc, we 

chose the method of quantitative real time polymerase chain reaction (qPCR). This approach is 

based on the assumption that enzyme activity and concentration in a cell is proportional to the 

concentration of the corresponding messenger ribonucleic acid (mRNA) found in the cells. The 

mRNA concentration is in turn assumed to be proportional to the rate of expression of the genes 

coding for these proteins. In short, the assumption is that relative differences at the start of pro-

tein synthesis lead to matching relative downstream effects along the way of protein synthesis. 

Potential criticisms of qPCR as a method will be addressed in the discussion section. 

The method of qPCR from human tissue samples requires a series of technical steps of isolation, 

synthesis and quantification, namely (1) LCM, (2) mRNA extraction, (3) complementary deoxy-
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ribonucleic acid (cDNA) synthesis (ótranscriptionô) and (4) amplification using quantitative real-

time polymerase chain reaction, the step lending its name to the procedure as a whole. All steps 

will be discussed in more detail in the following section. 

To monitor and, if necessary, improve each step of the process we introduced various measures 

of quality control, which will also be discussed in more detail below. In short, we (a) verified 

primer quality and methodological accuracy based on serial dilution sequences in a pilot study, 

(b) used a scheme of positive and negative controls for the steps of mRNA extraction, cDNA 

synthesis and qPCR runs, (c) conducted pretests for each sample to optimize loading concentra-

tions, (d) and introduced a statistical analysis tool to monitor pipetting accuracy and, if neces-

sary, prompt re-runs. 

Raw data produced in qPCR has to be processed to generate quantitative results. For this 

processing of raw data, we chose to run two different quantification approaches in parallel: (a) a 

threshold/cycle-based method, and (b) an initial intensity-based method. We used two separate 

approaches to increase the reliability of our results. Both methods will be discussed in detail be-

low. 

Note that both the threshold/cycle-based method and the initial intensity-based method yield 

relative concentrations of mRNA only, allowing statements about differences in relative levels of 

gene expression between different experimental groups. The methodological alternative would 

have been a standard curve method allowing statements to be made about absolute mRNA con-

centrations in each sample and about averages of absolute concentrations for the experimental 

subgroups. Since, for the purposes of the study, we were solely interested in relative differences 

between experimental groups, the relative quantification methods were deemed sufficient. 

 

2.3.2.2 LCM  

Laser capturing microdissection (LCM) allowed us to target specific cell populations and to 

minimise mRNA from other tissue types in the subsequent quantification process. In LCM, tissue 

sections or individual cells are extracted by a laser, which melts a thermoplastic film onto the 

targeted tissue. The thermoplastic film is mounted on LCM caps (CapSure Macro LCM caps, 

Arcturus Engineering, USA), which, when withdrawn, extract the tissue. 
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For laser capturing microdissection (LCM), slides containing frozen sections of 10 µm were fix-

ated according to a HE quick staining protocol (Table 6), RNAse treated and air-dried. 

 

Step Substrate Time (min) 

1 75% ethanol 1.0 

2 Purified, distilled water 2.0 

3 Hematoxylin-eosin 2.0 

4 75% ethanol 0.5 

5 95% ethanol 2.0 

6 100% ethanol 1.0 

7 Xylene 5.0 

Table 6 HE quick staining protocol. Protocol used before laser capturing microdissection. 

 

The system used for LCM was a PixCell II Laser Capture Microdissection System (Arcturus 

Engineering, USA). No longer than 30 minutes were allowed for each session and no more than 

3 sections were processed during any one session. For each sample, 5000 pulses were applied on 

average, varying with tissue type targeted and quality of the tissue on the slide. The parameters 

used for LCM were 35 MW laser power, 4.5 msec pulse duration and 7.5 µm spot size. 

 

2.3.2.3 Extraction of mRNA 

Pooled cell and tissue material from LCM was treated with lysis buffer to free mRNA from cell 

structures and other cell substrates. The mRNA was subsequently extracted through a series of 

extraction steps, the general principle of which is to bind polar mRNA to a polar filter while 

washing off unwanted non-mRNA cell material with salt buffer. 

The individual steps of extraction were the following: Pooled cell material for each sample was 

stored in Beta-ME-Lysis Buffer and 80 µl of 70% ethanol was added. The mixture was pipetted 

onto a filter and spun for 1 min. 600 µl of low salt buffer was added and the mixture again spun 
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for 1 min. After this and each of the following spinning cycles the filtrate containing unwanted 

non-mRNA material was discarded, with the target mRNA trapped in the filter. Next, the filter 

was treated with 5 µl of DNAse and 25 µl of DNAse buffer and incubated for 15 min at 37°C. 

500 µl of high salt buffer was applied to the filer and the tube spun for 1 min. In a third cycle, 

600 µl of low salt buffer was applied and the tube spun for 1 min. In a fourth cycle, 300 µl of 

low salt buffer was pipetted onto the filter and the tube spun for 2 min. Finally, 30 µl of elution 

buffer was applied to the filter, separating the mRNA from the filter. 

 

2.3.2.4 Synthesis of cDNA 

For transcription, a murine leukemia reverse transcriptase was used, creating cDNA matching the 

extracted mRNA. All reagents were first incubated at 37°C for 1 hr, then at 95°C for 5 min. All 

reagents used in extraction and transcription, including the manufacturers chosen are listed in 

Table 7. 

 

Product Manufacturer  

Desoxynucleosid triphosphate (DNTP) Roche, Germany 

Dithiothreitol (DTT) Promega, USA 

Primers  SABiosciences, USA  

Random hexamers Roche, Germany 

Reverse transcriptase Invitrogen, USA 

RNA extraction kit Stratagene, USA 

RNAse inhibitor for cDNA Promega, USA 

Table 7 Reagents used in RNA extraction and cDNA synthesis. 

 

2.3.2.5 Amplification by qPCR  

Expression of ODC, AdoMetDC, SSAT, OAZ and c-Myc was quantified with qPCR using gene-

specific primers (SABiosciences, USA), a fluorescence reporter (SYBR Green Dye, Super Array, 
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USA) and an ABI PRISM 7000 Fast LightCycler (Applied Biosystems, USA). The cycling proto-

col used is given in Table 8. 

 

Cycles Duration  Temperature 

  1 10 min 95°C 

40 15 sec 95°C 

   1 min 60°C 

Table 8 Cycling protocol. Protocol used for qPCR amplification on an ABI PRISM 7000 Fast LightCycler. 

 

To compare expression across different samples, the level of expression of the specific gene of 

interest in the specific sample is put into relation to the expression of a reference gene in that 

sample. Typically, so-called housekeeping genes are chosen as internal references as their ex-

pression varies much less with cell states than the expression of the gene of interest. Current re-

search suggests that 18s ribosomal RNA (rRNA) may be the most appropriate reference for such 

purposes as its level of expression is largely unaffected by cell state, dignity and other distorting 

factors (169, 170). The primers used for 18s rRNA and all other enzymes are listed in Table 9. 

  

Gene Symbol Description Catalog No. Refseq Accession No. Unigene No. 

N/A 18s rRNA PPH05666E X 03205 N/A 

ODC1 ODC PPH00987B  NM 002539 Hs.467701 

AMD1 AdoMetDC PPH01302A NM 001634 Hs.159118 

SAT1 SSAT PPH01303A NM 002970 Hs.28491 

OAZ1 OAZ PPH01308E NM 004152 Hs.446427 

MYC c-Myc PPH00100A NM 002467 Hs.202453 

Table 9 Primers used in qPCR. All primers were ordered from SABiosciences (USA). 
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Amplification was monitored using a 7000 System Detection Software BioAnalysis (Version 

1.2.3, Applied Biosciences, USA).  

 

2.3.2.6 Quality control  

2.3.2.6.1 Primer verification and proof of concept 

QPCR amplifies small amounts of mRNA to detectable levels. It is based on the assumption that 

small differences in loading concentration before amplification are proportionally reflected in 

noticeable differences after amplification. To demonstrate this relation of proportionality we 

conducted a sequence of PCR runs with known loading concentrations. The concentrations were 

systematically lowered in a series of dilutions and plotted against the resulting amplification 

cycle at a given threshold. Results of the preliminary proof of concept study are presented at the 

beginning of the results section. Note that this pilot study, if successful, also elegantly demon-

strates the functionality of the individual primers and the accuracy of pipetting. 

 

2.3.2.6.2 Scheme of positive and negative controls 

Each of the steps of qPCR from mRNA extraction to amplification was supplemented by a 

scheme of positive and negative controls. Positive controls are based on commercial mRNA for 

the extraction and transcription steps and on cDNA produced from commercial RNA for the am-

plification step. They have known input concentrations and are known to contain all substrates 

necessary for successful qPCR. Negative controls, on the contrary, replace the decisive substrates 

with distilled H20 and are expected to produce no fluorescence in the amplification plot. 

If positive controls fail, it may be due to a number of reasons, including RNAse contamination, 

missing or deteriorated reagents, pipetting inaccuracy, deviation from incubation protocols or 

technical failure of the apparatuses involved. If negative controls fail, it is typically due to DNA 

contamination of samples, tubes or reagents. Using a multi-level control scheme, with newly 

entering controls at each step, allowed us to track down technical failure or technical inaccura-

cies quickly and effectively. Figure 6 summarizes the scheme of positive controls. 
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Figure 6 Scheme of positive controls. Each of the steps of qPCR, starting from the original tissue sample to 

the actual amplification process, was accompanied by a newly entering positive control. The top line portrays the 

procedural steps the samples underwent. The bottom three lines portray the steps each of the three positive controls 

underwent. Positive controls were produced either from commercially available mRNA of human prostate tissue (for 

the extraction and synthesis steps) or from a previously accumulated stock of cDNA (for the amplification step).  

 

2.3.2.6.3 Pretests to optimize loading concentrations 

The threshold/cycle-based quantification method relies on the assumption that amplification 

plots exhibit a log-linear phase during which amplification efficiency of target and reference 

gene are equal. In this log-linear stretch, the amplification efficiency is assumed to be equal to 

2.00, i.e. perfect, across primers, across samples and across input concentrations. Figure 7 plots 

the amplification efficiency against the mid-cycle of the log-linear phase. It also displays enzyme 

groupings. Figure 7 demonstrates firstly that amplification efficiency routinely differs from the 

assumed optimal value of 2.00. It secondly demonstrates that amplification efficiency varies with 

cycle number and between enzymes, a topic of heated debate in current literature (171). 
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Figure 7 Amplification efficiency versus cycle by enzyme. Ct values are for a common randomly chosen 

threshold of the log-linear phase. The amplification efficiency routinely differs from its optimal assumed value of 

2.00. The plot indicates that variation occurs both across enzymes and with entry cycle. The two variants A and B of 

18s represent data from two separate qPCR runs. 

 

In reply to these results, we performed a series of pretests before each PCR run. The pretests 

served to determine the input mRNA concentrations of each sample and allowed us to adjust 

these input concentrations by diluting or concentrating substrates. As amplification efficiency 

varies with input concentration, using comparable input concentrations for all the samples side-

stepped an important criticism to the method. Using the initial intensity-based method of quanti-

fication, as discussed below, allowed us to counter the second criticism of the method. 

 

2.3.2.6.4 Running technical multiples 

All amplifications were performed as technical multiples. This means that, for each combination 

of sample, histopathological group and primer, three identical mixes entered the amplification 

process. Quantitative differences in amplification between these technical multiples reflect expe-
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rimental error, most commonly: pipetting inaccuracies. We developed an Excel-based tool that 

automated the calculation of experimental error. The tool demanded re-runs where absolute min-

to-max span between multiples or the standard deviations of the technical set violated certain 

quality thresholds. All reference genes were quantified using technical duplicates, all genes of 

interest using technical triplicates. Figure 8 is a screenshot of the tool. 

 

Figure 8 Accuracy control tool. The tool analyses the experimental accuracy by calculating the absolute span 

between minimum and maximum values of technical multiples and their standard deviations at a given threshold. If 

certain accuracy limits are exceeded, the tool points out which samples should be re-run. 

 

2.4 Data processing 

2.4.1 HRMAS 
1
H MRS 

Details of HRMAS 
1
H MRS data processing are well documented in the original publication of 

the preceding study (139). It was not performed by the author and is listed here for the sake of 

completeness only, as the present study refers to and incorporates data from this preceding study. 

In a first step, the 27 most intense resonance peaks and regions were selected. The selection cri-

terion was for the regional peak to be of greater intensity than the mean global peak of all re-

gions analyzed. The first nine principal components were found to reflect > 85% of total variabil-

ity of all intensity peaks. The first four principal components were subjected to canonical 
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analyses. Canonical analyses served to identify that linear combination of principal components 

that could best discriminate between cases of BCR and non-recurrent cases. 

The canonical score thus established was subsequently tested on a second, pathological stage 

matched control group. Statistical tests applied included ANOVA and receiver operating charac-

teristic (ROC) curve analyses. All statistical analyses were performed using the commercially 

available software JMP 8.0 (SAS Institute, Inc., USA). Details regarding the statistical methodol-

ogy of the present study are discussed in a separate section (2.5) below. 

 

2.4.2 QPCR 

2.4.2.1 Threshold/cycle-based method 

For the threshold/cycle-based method of quantification, the fluorescence intensity picked up by 

the 7000 System Detection Software is plotted against the amplification cycle number. Figure 9 

gives an example of an amplification plot. Fluorescence intensity, denoted by Rn, is plotted on 

the y-axis. Amplification cycle number, in the following denoted by óCô, is plotted on the x-axis. 

The y-axis is log-scaled, so that exponential fluorescence intensity growth appears as a linear 

stretch. 

 

 

Figure 9 Example of a qPCR quantification plot. Fluorescence is plotted against cycle number. Each curve 

represents the amplification process of one well, i.e. of one gene in one sample. The two curves on the left are tech-

nical duplicates of the housekeeping gene (here: 18s mRNA). The three curves on the right are technical triplicates 

of the gene of interest (here: OAZ). 
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Each curve represents one sample, with congruent curves representing technical duplicates (ref-

erence gene) or technical triplicates (gene of interest) of the sample. In Figure 9, the triplet of 

curves to the right represents the gene of interest (target) and the duplet of curves on the left the 

housekeeping gene 18s (reference). Note that higher original mRNA concentrations imply that 

the exponential phase of quantification is reached in an earlier cycle. As the housekeeping gene 

concentration is several times that of the gene of interest, it kicks in on the early, left end of the 

x-axis, whereas the gene of interest appears much later, at the right end of the x-axis. 

Quantification plots exhibit three phases: the initial exponential phase, the subsequent log-linear 

phase and the concluding plateau phase. Figure 10 schematically portrays the phases. The phases 

are also clearly visible in the example plot above (Figure 9). 

 

Figure 10 Schematic qPCR quantification plot. 

 

Intensity levels in the initial phase are used for the initial intensity-based method of quantifica-

tion, while intensity levels in the linear phase are used for the threshold/cycle-based approach. 

Note that, as qPCR is an exponential process, the second phase of the plot is linear only if the 

fluorescence y-axis is log-transformed. 

In the log-linear phase of the amplification, the distance between the curves of reference and 

target gene is proportional to the mRNA input amount of reference and target. This distance be-

tween target and reference curve is defined as  

ȹCt = Ct
target

 ï Ct
reference
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where t is any given fluorescence threshold on the y-axis that is part of the log-linear stretch of 

the curves and Ct the cycle number at that threshold. ȹCt is therefore an absolute cycle difference 

measure. It is not an absolute measure of concentration (172). 

Note that ȹCt is independent of the threshold if and only if (a) t falls into the log-linear stretch 

for both curves and (b) both curves have the same amplification efficiency. On a log-scaled plot, 

equal amplification efficiencies in the log-linear phase are reflected as equal slopes of the curves. 

To compare the expression of a gene of interest between two samples, the difference between 

their respective differences to their respective reference gene has to be compared. This ódiffer-

ence of differencesô is defined as  

ȹȹCt = ȹCt (Sample 1) ï ȹCt (Sample 2) 

where 

ȹCt (Sample 1) = Ct
target, Sample 1

 ï Ct
reference, Sample 1

 

ȹCt
 
(Sample 2) = Ct

target, Sample 2
 ï Ct

reference, Sample 2
 

Note that, like ȹCt, ȹȹCt is an absolute cycle difference measure, not an absolute measure of 

difference in concentration (173). 

Since the y-axis is a logarithm 2-based transformed fluorescence signal, the following formulae 

apply to calculate differences in concentration between the original templates:  

Sample 1:  

Sample 2:  

and 

 

where [c]x is the input concentration of substrate x. 
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In short, ȹCt and ȹȹCt are absolute measures of cycle differences, 2
-ȹCt

 and 2
-ȹȹCt

 are relative 

measures of concentration differences (174-176). Note that, while higher values of ȹCt imply 

lower concentrations, higher values of 2
-ȹCt

 imply higher concentrations (174-176). This causes 

the phenomenon that, depending on which parameter is chosen for an axis in a plot, the reading 

of the plot may be reversed. 

 

2.4.2.2 Initial intensity -based method 

The initial intensity method uses sigmoidal curve fitting to extrapolate initial fluorescence inten-

sities from other fluorescence intensities of the amplification plot. While these later intensities 

are distinguishable as elements of curves, initial intensities are hidden in noise bands technically 

inaccessible to the plots of threshold/cycle-based methods. The simple exponential model of the 

log-linear phase is replaced by a sigmoidal model. Using a standard iterative process, the model 

fits a hypothesized curve to the data points in the amplification plot. 

Modeling follows a four-parametric sigmoid function: 

 

where c is the cycle number, Fc fluorescence at cycle c, Fmax maximal fluorescence, c1/2 the frac-

tional cycle at which fluorescence reaches half of Fmax, k the slope of the curve and Fb back-

ground fluorescence (177). 

Differences in concentrations are then estimated from differences in extrapolated initial intensi-

ties. One of the advantages of the initial intensity-based method over threshold/cycle-based me-

thods (if no amplification efficiency adjustments and no adjustments of input template concentra-

tions are made) is that results are independent of amplification efficiency variations. As 

discussed, such variations may occur across different loading concentrations and enzymes and 

may even change during the qPCR amplification of an individual sample (177-179). 
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2.5 Statistical analysis 

2.5.1 General note on statistical significance 

Statistical testing for significant differences between experimental groups was conducted per-

forming a variety of standard methods of statistics. If sample values were normally distributed, 

standard ANOVA analysis was used. (1-Ŭ) was set to 0.95 and p-values < 0.05 were judged sta-

tistically significant. If sample values were not normally distributed, the non-parametric Wilcox-

on Test was used. Testing for normal distribution was performed using a Shapiro-Wilk Test esti-

mating the goodness of fit with the normal distribution curve. Although all distributions were 

first plotted and Shapiro-Wilk tested, we only report the results of the appropriate Wilcoxon 

Tests if they produced different results (in terms of statistical significance) than standard 

ANOVA.  

 

2.5.2 Specific statistical parameters 

2.5.2.1 Primary hypothesis 

The primary hypothesis to be tested, to recall, is the following: Polyamine pathway enzyme le-

vels differ between cases of BCR and non-recurrent cases of PCa. The associated null hypothe-

sis: There is no difference in polyamine pathway enzyme levels between cases of BCR and non-

recurrent cases of PCa. This was formalized as statistical testing for significant differences in 

group mean values, applying the definition of statistical significance stated in the preceding sec-

tion, and using the following parameters: 

Independent variable  Clinical outcome of case 

Recurrent / Non-recurrent 

Dependent variable  Relative mRNA concentration in tissue sample  

1a:     1b: log ( ) 

2a: Initial intensity  2b: log (Initial intensity) 

Grouping    Tissue type 

Epithelium / Stroma 
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Predominant histopathological growth pattern on slide 

Malignant / Benign  

 

Individual enzymes Testing the hypothesis for each individual enzyme, the dependent varia-

ble in each run was the respective group mean for each of the four selected proteins, i.e. orni-

thine decarboxylase (ODC), S-adenosyl-methionine decarboxylase (AdoMetDC), acetyl-CoA 

spermidine/spermine N1-acetyl-transferase (SSAT), and ornithine decarboxylase antizyme 

(OAZ). 

Combinations of enzymes Testing the hypothesis for combinations of two or more of the en-

zymes, a multivariate model was applied. For this we chose a stepped least-squares linear fitting 

process. We also report the results of chi-square testing and effect likelihood ratio tests where 

appropriate. 

 

2.5.2.2 Secondary hypothesis 

To recapitulate, we secondly hypothesize that differences in the levels of polyamine pathway 

enzymes correspond to differences in HRMAS 
1
H MRS metabolomic profiles. The associated 

null hypothesis has been formulated as: There is no correlation between levels of polyamine 

pathway enzymes and HRMAS 
1
H MRS spectral region intensities. In terms of statistical metho-

dology, we formalize this as the calculation of the coefficient of correlation R
2
. We assume a 

linear relation between independent and dependent variable, again applying the definition of sta-

tistical significance stated in the preceding section, and this time using the following parameters: 

Independent variable  Relative mRNA concentration in tissue sample  

1a:     1b: log ( ) 

2a: Initial intensity  2b: log (Initial intensity) 
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Dependent variable  HRMAS 
1
H MRS intensity 

Normalized spectral region intensity: regional intensity relative to 

global intensity between 0.5 and 4.5 ppm 

Grouping    Tissue type 

Epithelium / Stroma 

Predominant histopathological growth pattern on slide 

Malignant / Benign  

 

Individual enzymes Testing the hypothesis for each individual enzyme, the respective case 

values for ODC, AdoMetDC, SSAT and OAZ served as the independent variable in each run. 

Combinations of enzymes Testing the hypothesis for combinations of two or more of the en-

zymes, again, a multivariate model was applied. Here we systematically correlated linear combi-

nations (least-squares linear fitting) of the independent variables (i.e. the relative mRNA concen-

tration) against each of the dependent variables (i.e. the respective intensity of each HRMAS 
1
H 

MRS spectral region). For each, we calculated the coefficient of correlation R
2
 and ranked the 

models according to their respective goodness of fit. 

 

2.6 Contributions by the author 

This study brings together the material, data and work of several contributors, as in fact many 

studies of reasonable complexity do. For the purposes of this dissertation, it appears both neces-

sary and appropriate to briefly demarcate the work contributed specifically by the author of the 

dissertation. 

The steps contributed specifically and individually by the author were: (1) carrying out all 

aforementioned experimental óbenchô methods of molecular biology, specifically all laboratory 

work pertaining to qPCR; (2) developing the measures of experimental quality control as de-

scribed in section 2.3.2.6; (3) developing a software tool automating the data processing de-
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scribed in section 2.4.2; (4) matching qPCR data with existing MRS data; and (5) selecting and 

applying the appropriate statistical methodology. 

Steps contributed or previously established by others and gratefully adopted for the purposes of 

this dissertation were: (1) carrying out all steps of tissue sample retrieval and processing; (2) 

carrying out all steps of histopathological assessment; and (3) carrying out the HRMAS 
1
H MRS 

scans and subsequent data processing, as elaborately documented in the original publication of 

the preceding study (139). 
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3 Results 

3.1 Preliminary m ethodological findings 

3.1.1 Proof of concept of qPCR 

The qPCR method amplifies small amounts of mRNA to detectable levels. As discussed at length 

above, it relies on the assumption that differences in substrate concentrations are proportional to 

differences in the fluorescence generated. Before presenting the results of the actual hypothesis 

testing, we therefore here first present the results of the proof of concept pilot study. The pilot 

study checks if the assumption of proportionality holds for qPCR. 

To demonstrate the relation of proportionality, concentrations were systematically lowered in a 

series of dilutions. In Figure 11, these concentrations are plotted against the resulting amplifica-

tion cycle at a randomly chosen threshold. The figure includes plots for all enzymes involved in 

the study, namely ornithine decarboxylase (ODC), S-adenosyl-methionine decarboxylase 

(AdoMetDC), acetyl-CoA spermidine/spermine N1-acetyl-transferase (SSAT), and ornithine 

decarboxylase antizyme (OAZ). Additionally, it includes the reference substrate 18s ribosomal 

RNA (18s) and the proto-oncogene c-Myc. 

 

 

 

 

Figure 11 Linear f it of Ct and concentration (log-transformed) by protein. 
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Next, a linear regression analysis was performed. R
2
 values for the individual enzymes ranged 

from 0.972 for ODC to 0.999 for the housekeeping gene 18s. Details are listed in Table 10. 

 

Enzyme R
2
 R

2
 adjusted Root mean square error Number of observations 

18s (A) 0.9942 0.9936 0.5027 12 

18s (B) 0.9995 0.9995 0.1246 10 

ODC 0.9722 0.9691 1.0557 11 

AdoMetDC 0.9905 0.9895 0.7044 12 

SSAT 0.9973 0.9970 0.3168 11 

OAZ 0.9903 0.9891 0.5737 10 

c-Myc 0.9934 0.9924 0.4635   9 

Table 10 Linear f it of Ct and concentration (log-transformed) by protein: R
2
 square values.  

 

3.1.2 Congruence of quantification methods for qPCR 

As discussed above, we chose to use two distinct methods of quantification for qPCR, namely a 

threshold/cycle-based method and an initial intensity-based method. In a preliminary exercise, 

we evaluated the congruence of the two quantification methods using linear regression analysis. 

Figure 12 displays the exemplary results for ODC and AdoMetDC. Quantification results for 

each sample based on the threshold/cycle-based method are plotted on the y-axis, while those 

based on the initial intensity-based method are plotted on the x-axis. Key parameters of linear 

correlation analysis for ODC and AdoMetDC are listed in Table 11. R
2
 Values for all enzymes 

ranged from 0.27 to 0.34. 
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Figure 12 Bivariate fit of æCt by initial intensity  (log-transformed) for ODC (left) and AdoMetDC (right) . 

 

 

 

 ODC AdoMetDC 

RSquare 0.338801 0.279541 

RSquare Adj 0.315187 0.254698 

Root Mean Square Error 0.849634 0.85295 

Mean of Response 17.41056 14.98392 

Observations 30 31 

Table 11 æCt by initial intensity (log-transformed): Bivariate fit  for ODC (left) and AdoMetDC (right) . 

 

Note that perfect congruence of methods would imply R
2
 = 1.00. The coefficients of correlation 

found deviate considerably from this optimal value. In the few cases where statistical signific-

ance depended on the quantification method chosen, this will be reported in the following. The 

general implications of the deviation will be addressed in the discussion section. 
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3.2 Primary hypothesis 

3.2.1 Individual enzymes 

3.2.1.1 ODC 

Analyzing the difference in gene expression of the ornithine decarboxylase (ODC) between cases 

of BCR and non-recurrent cases, we found that the level of ODC is generally higher in the recur-

rent group. Figure 13 shows the ODC level by group, once as measured by the threshold/cycle-

based method and once as measured by the initial intensity-based method.  for benign 

epithelium between the groups was 1.35, which means that ODC expression in epithelial cells 

with predominantly benign growth pattern in patients with no prostate cancer recurrence was, on 

average, only 74.20% of that in patients with BCR after radical prostatectomy. 

 

 

Figure 13 ODC by recurrent vs non-recurrent. Left: 2
-æCt

 (matched pairs); right: initial intensity.  

 

Formal testing revealed, however, that the differences in means were not statistically significant. 

The results of the ANOVA are given in Table 12. 

 

Source DF Sum of Squares Mean Square F Ratio Prob > F 

BCR 1 6.00E-11 6.01E-11 2.7844 0.1191 

Error 13 2.80E-10 2.16E-11   

C. Total 14 3.40E-10    

Table 12 ODC by recurrent vs non-recurrent: Analysis of variance.  
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After the Shapiro-Wilk test revealed a lack of fit with the normal distribution, non-parametric 

testing was also performed. Table 13 lists the parameters. As Prob > |Z| was 0.5244, the null hy-

pothesis could not be rejected. 

 

Level Count Score Sum Score Mean (Mean-Mean0)/Std0 

non-recurrent 8 53 6.625 -1.215 

recurrent 7 67 9.57143 1.215 

Table 13 ODC by recurrent vs non-recurrent: Wilcoxon / Kruskal -Wallis Tests (Rank Sums). 

 

3.2.1.2 AdoMetDC 

For the S-adenosyl-methionine decarboxylase (AdoMetDC), a significant difference (p = 0.0134) 

was found between recurrent and non-recurrent groups in terms of æCt of benign epithelial cells. 

2
-ææCt

, i.e. the fold difference between the groups, was calculated to be 2.26. This means that 

AdoMetDC expression in epithelial cells with predominantly benign growth pattern in patients 

with no prostate cancer recurrence was, on average, only 44.30% of that in patients with BCR 

after radical prostatectomy. Figure 14 plots gene expression by recurrent versus non-recurrent 

group. The left panel gives the results based on the threshold/cycle-based method, the right panel 

the results based on the initial intensity-based method. The left panel also demonstrates the rela-

tions between matched pairs of patients, the right panel visualises the analysis of variance. 

 

 

Figure 14 AdoMetDC by recurrent vs non-recurrent. Left: 2
-æCt

 (matched pairs); right: initial intensity.  
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3.2.1.3 SSAT 

For the acetyl-CoA spermidine/spermine N1-acetyl-transferase (SSAT), no significant differenc-

es between the two groups were found. The fold difference in relative gene expression between 

recurrent and non-recurrent groups (2
-ææCt

) was 1.47, with an expression of 67.82% in non-

recurrent patients relative to that in BCR patients. The threshold/cycle-based method delivered a 

p-value of 0.089 for stroma cells neighboring benign epithelium. Using the initial intensity-based 

method, no significant differences were detected for either epithelium or stroma. Replacing 

ANOVA by non-parametric tests based on a non-normal distribution improved p-values slightly, 

but not decisively. Figure 15 visualises the results as before. 

 

 

Figure 15 SSAT by recurrent vs non-recurrent . Left: 2
-æCt

 (matched pairs); right: initial intensity.  

 

3.2.1.4 OAZ 

A significant difference (p = 0.0252) was found between recurrent and non-recurrent groups for 

the log-transformed initial intensity of the ornithine decarboxylase antizyme (OAZ) expression 

in benign epithelial cells. For non-log-transformed initial intensity, the difference was less con-

vincing (p = 0.0490), but still significant. 2
-ææCt

, i.e. the fold difference between the groups, was 

1.77 for epithelium and 1.69 for stroma, with a relative expression of the enzyme of 56.54% and 

59.10% in non-recurrent patients when compared to BCR patients. Figure 16 plots gene expres-

sion by recurrent versus non-recurrent group. As before, the left panel gives the results based on 

the threshold/cycle-based method and displays the matched pairs, the right panel presents the 

results based on the initial intensity-based method. The left panel also demonstrates the relations 

between matched pairs of patients, the right panel visualises the analysis of variance. The figure 
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demonstrates the observation that the antizyme of the main anabolic player of spermine synthesis 

is more highly expressed in those patients that experience recurrence after prostatectomy than in 

those that do not suffer from relapse. 

 

 

Figure 16 OAZ by recurrent vs non-recurrent . Left: 2
-æCt

 (matched pairs); right: initial intensity.  

 

3.2.2 Combined model 

Following the analysis of the individual enzymes of the polyamine pathway, all enzymes were 

combined to generate a united enzymatic profile of BCR. A least squares model was fitted to the 

qPCR data, with log-transformed initial intensity. Table 14 summarize the whole model test: The 

enzymatic profile was found to differ significantly (p = 0.0004) between recurrent and non-

recurrent groups for gene expression in stroma cells. Gene expression in epithelial cells differed 

near-significantly (p = 0.0538). 

Model  -LogLikelihood DF ChiSquare Prob>ChiSq 

Difference 10.36385 4 20.7277 0.0004* 

Full 4.40E-08    

Reduced 10.36385    

Observations 15    

Table 14 Recurrent vs non-recurrent - combined enzyme model: Whole model test (using log-

transformed initial intensity).  


