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Abstract
Objectives Histopathology of prostate needle biopsies
(PNBs) is an important part in the diagnosis, prognosis and
treatment evaluation of prostate cancer. The determination
of metabolite levels in the same biopsies may have addi-
tional clinical value. Here, we demonstrate the use of non-
destructive high resolution magic angle spinning (HRMAS)
proton NMR Spectroscopy for the assessment of metabolic
profiles of prostate tissue in PNBs as commonly obtained in
standard clinical practice.
Materials and methods PNBs that were taken routinely from
48 patients suspected of having prostate cancer were subjec-
ted to HRMAS proton NMR spectroscopy. Subsequent his-
topathology of the same biopsies classified the tissue either
as cancer (n = 10) or benign (n = 30).
Results Some practical aspects of this assessment were eva-
luated, such as typical spectral contamination caused by the
PNB procedure. Significant metabolic differences were
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found between malignant and benign tissue using a small
set of ratio’s involving signals of choline compounds, citrate
and lactate. Moreover, significant correlations were obser-
ved between choline, total choline, and citrate over creatine
signal ratios and the Gleason scores of tumor in PNBs and
of tumor in the whole prostate.
Conclusion This preliminary study indicates that HRMAS
NMR of routinely obtained PNBs can provide detailed meta-
bolic information of intact prostate tissue with clinical rele-
vance.

Keywords Prostate needle biopsy · Prostate cancer ·
HRMAS NMR Spectroscopy · Gleason score

Introduction

In spite of the high incidence of prostate cancer (PCa) in
western males, the number of patients developing invasive
and metastasizing tumors is relatively low. Because advanced
disease cannot be cured, early diagnosis is important. Unfor-
tunately, established markers to detect patients with high risk
for progressive growth of prostate cancer are still lacking.
Hence, there is much interest in the development of an objec-
tive, fast and minimal-patient-aggravating diagnostic tool to
identify the nature of tumor tissue [1,2]. Histopathological
analysis of transrectal ultrasound (TRUS) guided biopsies is
commonly used to differentiate between PCa, prostatitis and
normal tissue or benign prostatic hyperplasia (BPH) and to
characterize tumor grade [3–6]. This analysis may be exten-
ded with information on pathological changes in tissue meta-
bolism, which may contribute to a more refined diagnosis or
more importantly, a better prognostic evaluation.

In order to acquire information about the metabolic content
of prostate tissue, several groups have used high-resolution
1H NMR spectroscopy [7–11]. These studies were performed
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on homogenates or on solutions obtained after extraction of
prostate tissue material obtained after surgery. To avoid the
limitations of tissue homogenization and extraction, prostate
tissue samples also can be investigated with high resolution
magic angle spinning (HRMAS) NMR [12–14]. By using
this technique, originally developed to study combinatorial
chemistry products [15], small pieces of intact tissue can be
examined with comparable spectral resolution as in solution
state NMR. This approach is now commonly applied to tissue
obtained by radical prostatectomy.

Here we demonstrate that with HRMAS NMR it is also
possible to perform a metabolic analysis of intact prostate tis-
sue obtained by prostate needle biopsy (PNB), to assess the
presence and grade of malignancy in the prostate. As these
biopsies are taken routinely on out-patient basis in urological
practice, the potential clinical impact of the method becomes
much broader: not only patients who will receive an opera-
tion of the prostate can be included, but also patients with
urological diseases who will not be operated [16]. Moreover,
as the sample remains intact, histopathology can be perfor-
med on the same tissue sample and thus HRMAS NMR with
the assessment of metabolism may have a complementary
clinical role to standard histopathology.

Materials and methods

Patients and tissues

Patients that clinically were suspected of having prostate can-
cer were included in this study. All had PSA levels >3 ng/ml.
They were subjected to ultrasound guided sextant biopsies to
assess the pathological status of prostate tissue. To exclude
potential interference with the standard diagnostic proce-
dures from each patient in whom sextant biopsies were taken,
one additional prostate needle biopsy (18 GA, ∼5 mg) was
taken for HRMAS NMR with the written consent of the
patient. The biopsies were immediately snapshot frozen and
stored in liquid nitrogen. Based on the histopathology of
the sextant biopsies, an expert pathologist divided the cases
into two cohorts: malignant (n = 42) and benign (n = 130).
Benign cases with any of the sextant biopsies identified with
inflammatory processes, atrophia or atypical hyperplasia,
were not further analyzed in this study [4–6]. Based on these
criteria, the biopsies of 30 patients (average age 66 years,
range 55–80) were included as benign. Malignant PNB cases
which did not show PCa in at least two out of three biop-
sies of either the left or right part of the sextant biopsies,
were also excluded from further analysis. Based on this cri-
terion the biopsies of 18 patients (average age at diagno-
sis 68 years, range 54–80) were included as malignant with
adenocarcinoma of the prostate. After the HRMAS NMR
investigation, histopathological examination was done on the

snapshot-frozen biopsies to classify the nature of the tissue.
The pathologist evaluated each snapshot-frozen PNB for pre-
sence of PCa and estimated tumor load, which varied from
20 to 95%. The Gleason scores, assessed for tumor tissue in
the snapshot-frozen PNBs and in the routine sextant biopsies,
ranged from 5 to 10.

HRMAS NMR spectroscopy

HRMAS NMR was performed on a Bruker DRX 500 MHz
spectrometer, equipped with a 1H optimized 1H/13C HRMAS
probe head. Prior to investigation, the PNB samples were
thawed and weighted (2.2–6.9 mg). Tissue material was res-
tricted by Teflon spacers to a 12 ml sphere with a diameter of
2.8 mm placed in a 4-mm ZrO2 MAS rotor that was sealed
with a Kel-F cap. After the PNB has been put into the rotor,
the residual space was filled with a 30/70 mixture of PBS-
buffer/ D2O to prevent damage of the tissue. A separate heal-
thy prostate biopsy was measured before and after cutting it to
small pieces and adding a 5-ml solution of DNA (500 ng/ml).
NMR spectra were acquired at constant room temperature
(20◦C) [17,33] with a magic angle spinning rate (masr) of
5 kHz, which suppresses the line broadening effects of dipo-
lar coupling and chemical shift anisotropy. The 90◦ pulse was
optimized per sample ranging from 6.2 to 9.5 ms. For 1-D 1H
NMR, the CPMG pulse sequence was employed [18]. A T2

filter of 50 ms was used to suppress contribution of macro-
molecular components. And an interval of one rotor period
(1/masr) between the 180◦ pulses enabled the suppression of
the effects of J-modulation and the minimization of the diffu-
sion component to relaxation processes. The water resonance
was suppressed by presaturation. With an excitation band-
width of 10 ppm collected in 16K points the acquisition time
was 1.64 s, and with 256 transients collected every 2 s, the
total measurement time was ∼8.5 min. The whole procedure
from the start of thawing onward lasted less than 30 min.

After the HRMAS NMR examination the biopsies were
snapshot frozen again and used to make cryostat sections
for histopathology. The NMR spectra were referenced to
the chemical shift value of the creatine methyl resonance
at 3.03 ppm [14]. Peak areas were determined by fitting the
most important metabolite signals in the frequency domain
with optimized combinations of Lorentzian and Gaussian
line shapes in Topspin (Bruker Biospin inc.). The metabolite
signals analyzed in this way were first normalized per proton:
glycero-phosphocholine and phosphoryl choline (GPC+PC
at 3.21 ppm/12), choline (Cho at 3.19 ppm/9), polyamines,
which are dominated by spermine [11] (Spm at 3.14 ppm/12),
creatine (Cr at 3.03 ppm/3) and citrate (Cit at � (2.70,
2.67 ppm/2)). Then, the calculated areas of the fitted peaks
were normalized to the creatine resonance at 3.03 ppm. The
clinically relevant ratios of total choline over citrate
(tCho/Cit) and the total choline plus creatine over citrate
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Fig. 1 a 1H HRMAS NMR
spectrum of a prostate needle
biopsy in 30/70 PBS buffer/D2O
of tissue material classified as
malignant (90 tumor load and
Gleason score 7). b 1H HRMAS
NMR spectrum of a prostate
needle biopsy in 30/70 PBS
buffer/ D2O of tissue material
classified as benign. This
spectrum is contaminated with
ethanol (triplet at 1.22 ppm and
quartet at 3.68 ppm). Annotated
resonances are for the
metabolites: creatine (Cr),
glycero-phosphocholine (GPC),
phosphorylcholine (PC),
choline (Cho), polyamines (PA),
citrate (Cit), alanine (Ala) and
lactate (Lac)

(CC/C) were evaluated. Additionally, the ratio of total choline
over citrate and the ratio of the lactate over alanine signals
(Lac doublet at 1.33 ppm/Ala doublet at 1.47 ppm) were cal-
culated. Lac/Ala ratios were only evaluated, when a lactate
doublet could be identified without lipid contamination.
Statistically significant differences between the benign and
malignant groups of biopsies were assessed with a two-tailed
unpaired t-test, corrected for unequal variances.

Histopathological examination

Four-micrometer-thick frozen sections of the prostate biop-
sies were mounted on Superfrost Plus slides (Menzel Gläzer,
Braunschweig, Germany), fixed in absolute ethanol for 1 min
and air-dried. After short rinsing in tap water the slides were
stained for 10 min in a hematoxylin solution according to
Mayer [19]. Next the slides were counterstained for 5 min
with an eosine Y (Merck) staining solution. Finally, the sec-
tions were dehydrated quickly in ethanol 95% and abso-
lute ethanol, cleared in xylene and mounted with Permount
(Fisher Scientific, Fair Lawn, USA). From each biopsy the
pathologist examined at least one section.

Results

HRMAS 1H NMR spectra of high quality could be obtained
from prostate needle biopsies showing many resolved reso-

Fig. 2 HE stained frozen tissue section of prostate needle biopsy after
approximately 15 min of spinning at 5 kHz

nances of multiple metabolites such as citrate, creatine, poly-
amines (spermine), lactate and choline (Fig. 1). A detailed
metabolic profile of prostate tissue can be obtained relatively
fast and basically without destruction of the material. Pos-
sible damage of tissue structure due to high spinning rates
did not interfere with histopathological diagnosis in our study
(Fig. 2).

The tissue samples were used directly after defrosting and
without washing, preventing a possible wash out of tissue
liquid. Proper procedures in the acquisition of PNBs are
essential to avoid disturbing contamination of spectra that
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Fig. 3 a 1H HRMAS NMR
spectrum of prostate needle
biopsy contaminated with echo
gel signals. b 1H HRMAS NMR
spectrum of echo gel

will hamper complete analysis of the available metabolic
information. For instance, contact of the PNB with echo gel
resulted in distorting signals in the HRMAS NMR spectrum
(Fig. 3). The presence of these signals can easily be reduced
by avoiding contact of the biopsy needle with echo gel used
for ultra sound guidance. Further contamination of the spec-
tra sometimes occurred for other reasons. The use of etha-
nol in handling the tissue, for example, occasionally caused
signals of this compound to appear in the spectra (Fig. 1b),
and if the PNB includes peri-prostatic fat this may give rela-
tively large lipid signals unless the fat is removed from the
biopsy. Polyamine signals are among the most variable in
HRMAS spectra of prostate tissue. As the highly positively
charged polyamines largely occur in extracellular space they
may be prone to interact with negatively charged molecules
which may become available upon cell destruction, demons-
trated by a decrease of spermine signals (Fig. 4).

From in vivo MR studies it follows that the levels of
choline compounds, citrate and polyamines (spermine) may
serve as biomarkers in the diagnosis of prostate cancer [26,
28]. Therefore we included relative signal levels of these
compounds in the metabolic assessment of malignant and
benign biopsies (Table 1). Compared to benign tissue the
ratios tCho/Cit, Cho/Cr, (GPC+PC)/Cr and Lac/Ala in PCa
are significantly increased in malignant tissue (p < 0.05),
while the Cit/Cr ratio in PCa is significantly decreased
(p < 0.05). The (tCho+Cr)/Cit signal ratio (CC/C), which
often has been used by in vivo MRS to assess the presence of
prostate cancer, is also significantly different (p < 0.05) bet-
ween benign and malignant tissues. The Spm/Cr ratio appea-
red to be decreased although not significantly. No correlation

was found between tumor load and metabolic ratios. Also an
analysis of biopsies with more and less than 50% tumor tis-
sue showed only minor differences in accuracy (Table 1).
The p values of the ratio differences indicate that a simi-
lar discrimination is possible between benign and malignant
tissues at higher tumor load.

Finally, the correlation between signal ratios of metabo-
lites and the Gleason score of tumor tissue in the PNBs
was assessed. Significant Spearman’s rank correlation coef-
ficients were found between the ratios GPC+PC/Cr, Cho/Cr,
tCho/Cr, Cit/Cr, tCho/Cit and CC/C (p <0.05) and the
Gleason scores. In an evaluation for linear regression a signi-
ficant correlation was found for the Cho/Cr, tCho/Cr and
Cit/Cr ratios with the Gleason score of tumor in the snapshot-
frozen PNBs (Fig. 5). Linear regressions for other ratios and
Gleason score were not significant, for instance, the CC/C
and Lac/Ala ratio only showed weak linear correlations with
Gleason score of the PNB’s (p values of 0.37 and 0.95, res-
pectively).

Discussion

In this report we describe that prostate needle biopsies can
be assessed with HRMAS NMR to obtain metabolic infor-
mation. The results of this study to detect malignancy in
PNB material of patients suspected to have prostate cancer
are generally in agreement with those of HRMAS on surgi-
cally obtained biopsies [13,14,20,21]. As PNBs are obtained
widely in common urological practice this opens the possi-
bility to include metabolic assessment in routine analysis
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Fig. 4 a 1H HRMAS NMR
spectrum of spermine. b 1H
HRMAS NMR spectrum of a
fresh prostate needle biopsy of
healthy tissue. c 1H HRMAS
NMR spectrum of the same
sample as B after destructing the
tissue and mixing with DNA.
Besides minor differences due
to shimming, the specific signals
of spermine are clearly reduced

Table 1 Mean metabolite ratios of prostate needle biopsies of malignant (n = 18) and benign (n = 30) tissue

Tissue Malignant Malignant (tumor load > 50%) Benign

Metabolite ratio Ratio SD p (x < 0.05) Ratio SD p (x < 0.05) Ratio SD

CC/C 5.52 8.74 0.046 6.68 9.63 0.048 1.03 1.87

tCho/Cit 2.00 3.85 0.021 2.46 4.28 0.009 0.30 0.59

(GPC + PC)/Cr 0.62 0.60 0.046 0.71 0.65 0.035 0.30 0.31

Cho/Cr 0.81 0.45 0.001 0.91 0.41 0.000 0.37 0.22

Spm/Cr 0.05 0.04 0.179 0.05 0.04 0.236 0.09 0.13

Cit/Cr 1.74 1.91 0.010 1.21 0.98 0.000 3.65 2.99

Lac/Ala 8.35 7.35 0.032 8.41 7.85 0.048 3.05 1.92

SD Standard deviation. CC/C is the total choline plus creatine over citrate ratio. For the Lac/Ala ratio of the malignant biopsies, n = 9 and for those
with tumor load >50%, n = 8 and for the benign biopsies, n = 21. Reported p values are given for malignant tissue with respect to benign tissue

Fig. 5 Linear regression plots of Cho/Cr (left) and Cit/Cr (middle) and tCho/Cr (right) metabolic ratios to Gleason score of snapshot frozen prostate
needle biopsies (n = 18) with p values of, respectively, 0.014, 0.011, 0.049
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of biopsies, which may help to refine diagnosis and might
have additional prognostic value. This approach is particu-
larly attractive as it allows for further histopathological exa-
minations after the HRMAS measurement, albeit within the
limits of frozen section morphology.

Some practical aspects of HRMAS NMR measurements
of prostate tissue have been addressed previously [21,22].
In this study we show that the biopsy procedure to obtain
PNBs may result in HRMAS NMR spectra with signals from
specific contaminations, interfering with spectral analysis,
which, however, largely can be avoided if proper precautions
are taken into account. Polyamine signals are rather variable
in prostate biopsy spectra [21], which may depend on the
preparation method. For instance, spermine may be affected
by electrostatic binding to other molecules or by enzymatic
breakdown during the biopsy harvesting and measurement
procedure.

There is some concern that the rapid spinning of the sample
may cause tissue alterations interfering with proper histopa-
thological analysis [23]. However, in our experiments with
small diameter samples this problem did not arise, but
obviously the implementation of slow spinning methods is
advisable to avoid any possible ambiguity on this matter in the
future. Alternative methods of this kind have been reported
[23,24].

To target biopsy sampling from specifically diseased pros-
tate tissue is not trivial, as diseases like prostate cancer are
known to be very heterogeneous and multi-focal, and nodules
are hard to find with TRUS. Cancer and chronic inflamed tis-
sue are not easily found with TRUS because they are often
not visible as a hypo-echogenic area. Therefore, we classified
the patient specimens only on the basis of the histopatholo-
gical findings in the PNBs that were measured by HRMAS
NMR. For a first analysis we selected a limited number of
resonances, i.e., of creatine, choline compounds (choline,
glycero-phosphocholine, phosphorylcholine), polyamines
(predominantly spermine), lactate, alanine and citrate
because the signals of these metabolites play a (potential)
role as biomarkers in the assessment of prostate cancer by
in vivo MR Spectroscopy [25–29]. Although the variance
among metabolite levels determined from HRMAS NMR
spectra is high, significant discrimination between the mali-
gnant and benign tissues could be achieved by the analysis
of a small set of different metabolite signal ratios. Among
these are the signals of citrate, a compound whose level is
known to be reduced in prostate tumor tissue [25–28]. Citrate
is produced in epithelial tissue and excreted in the lumen of
the prostate, where it appears to go together with polyamines
[30]. Changes in citrate tissue levels may be caused by alte-
red metabolism [31], but suppression of the luminal space
because of tumor growth is likely an important factor in this
decrease. Polyamines are a group of compounds of particu-
lar interest [11], for which also a decreased signal intensity

could be expected in tumor tissue because of its ductal origin.
The relative Spm signals indeed are decreased, but not signi-
ficantly, the reason for which is discussed earlier. The levels
of choline compounds are known to be elevated in tumor
tissue, which has been assigned to increased cell prolifera-
tion, associated with altered choline metabolism in tumors
[8,25–27,29].

Tissue levels of lactate and alanine may increase due to
hypoxia, which may have occurred during the biopsy pro-
cedure even though the samples were rapidly frozen. In a
previous HRMAS NMR study on prostate tissue very little
changes in lactate and alanine levels were observed over time,
which probably was due to the depletion of glucose [22].
Although the total level of lactate and alanine may differ per
sample, the ratio of these two appears to be a biomarker for
prostate cancer. In tumors specific lactate increase is associa-
ted with aerobic glycolysis [32]. The significantly increased
lactate over alanine ratio observed for malignant tissue may
be of interest in the visualization of prostate cancer by meta-
bolic imaging with hyperpolarized 13C MR [33].

The tumor load per biopsy sample may affect typical tumor
metabolite ratios and therefore hamper proper interpretation
of the data. But, no significant correlation between tumor
load and metabolite ratios was found. Specific statistical
approaches may be able to separate metabolite profiles of
subcomponents in heterogeneous prostate tissues [34].

From a clinical point of view, the significant linear regres-
sions found for Cho and Cit ratio’s with the Gleason scores
of the tumor snapshot frozen PNBs are more interesting.
This has not been reported previously for surgical prostate
material, but correlations have been observed for metabolite
ratios obtained from in vivo MR spectra and Gleason score
[35,36]. Several studies have observed that abnormal cho-
line metabolism is associated with the malignancy of cancer
cells, e.g., [37,38]. No significant linear regression was found
for the CC/C ratio with Gleason score which indicates that
separate observation of choline and creatine peaks is desi-
rable in grading of prostate cancer by MR spectroscopy. At
least part of the variation seen for metabolite ratios in the
malignant samples (Table 1) can be attributed to variable
Gleason scores. Some variation in the ratios of benign tissue
may be due to different contributions of glandular and stromal
tissue [21].

Analyzing the data of the HRMAS NMR measurements of
PNBs with a multi-variate approach [39], is expected to stron-
gly improve the clinical significance in diagnosis and prog-
nosis. A more comprehensive spectral analysis also could
be helpful in this respect. As the sample remains intact, his-
topathology can be performed on the same tissue sample
and thus complementary metabolomics and histopatholo-
gical assessment of these samples is possible. Full assess-
ment of the potential of this functionality requires studies
of a larger number of PNB samples including those with
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other prostate diseases such as prostatitis. In these studies
it will be relevant to correlate the data with specific his-
topathological findings, apart from Gleason score, or other
findings, such as PSA and genomic and proteomic
data.
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