
Lactate MRSI and DCE MRI As Surrogate Markers of Prostate
Tumor Aggressiveness

J. Yaligar#1, S. B. Thakur#1,2, L. Bokacheva#1, S. Carlin1, H. T. Thaler3, A. Rizwan1, M. E.
Lupu1, Y. Wang1, C. C. Matei2, K. L. Zakian1,2, and J. A. Koutcher1,2,4

1Department of Medical Physics, New York, NY, United States
2Department of Radiology, New York, NY, United States
3Department of Epidemiology and Biostatistics, New York, NY, United States
4Department of Medicine Memorial Sloan-Kettering Cancer Center, New York, NY, United States
# These authors contributed equally to this work.

Abstract
Longitudinal studies of lactate MR spectroscopic imaging (MRSI) and dynamic contrast-enhanced
MR imaging (DCE-MRI) were performed at 4.7 T in two prostate tumor models grown in rats, the
Dunning R3327-AT (AT) and Dunning H (H), to determine the potential of lactate and the
perfusion/permeability parameter Akep as markers of tumor aggressiveness. Subcutaneous AT (n =
12) and H (n = 6) tumors were studied at different volumes between 100 and 2900 mm3 (Groups 1
to 5). Lactate concentration was determined from Selective Multiple Quantum Coherence (Sel-
MQC) MRSI using phantom substitution method. Tumor enhancement after administration of Gd-
DTPA was analyzed using the Brix-Hoffmann model and the Akep parameter was used as a
measure of tumor perfusion/permeability. Lactate was not detected in the smallest AT tumors
(Group 1; 100–270 mm3). In larger AT tumors, lactate concentration increased from 2.8 ± 1.0 mM
(Group 2; 290–700 mm3) to 8.4 ± 2.9 mM (Group 3; 1000–1340 mm3), 8.2 ± 2.2 mM (Group 4;
1380–1750 mm3), and then decreased to 5.0 ± 1.7 mM (Group 5; 1900–2500 mm3) and was
consistently higher in the tumor core than in the rim. Lactate was not detected in any of the
Dunning H tumors. The mean tumor Akep values decreased with increasing volume in both tumor
types, but were significantly higher in H tumors. In AT tumors, the Akep values were significantly
higher in the rim than in the core. Histological hypoxic and necrotic fractions in AT tumors
increased with volume from 0% in Group 1 to about 20% and 30%, respectively, in Group 5.
Minimal amounts of hypoxia and necrosis were found in H tumors of all sizes. Thus the presence
of lactate and heterogeneous perfusion/permeability are signatures of aggressive, metabolically
deprived Dunning R3327-AT tumor, but not the slow-growing Dunning H tumor.
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INTRODUCTION
Patients with identical pathological cancer diagnoses often have different clinical courses.
This unexplained disparity is particularly true of prostate cancer, a disease which is usually
indolent, yet sometimes follows an aggressive course. The difficulty in a priori
differentiating patients with aggressive versus indolent prostate cancer is a major clinical
problem and often leads to patients being overtreated (1,2). Nomograms based on clinical
parameters, such as prostate-specific antigen (PSA) level, Gleason grade, disease stage, etc.,
are useful for predicting outcomes and selecting patients for watchful waiting (3,4), but are
imperfect, and therefore more reliable biomarkers are necessary.

In addition to tumor variations across patients, among the cells of a single tumor there are
metabolic, physiologic and genetic differences, which determine tumor aggressiveness and
can cause treatment failure and metastases (5,6). Due to inadequate blood perfusion
provided by the immature and dysfunctional tumor vasculature, some areas, especially in
fast-growing tumors, become hypoxic. Hypoxia has been implicated as a cause of the
preferential selection of cells with greater metastatic potential (7,8), tumor progression (9),
and resistance to treatment (10,11). To adapt to hypoxia, tumor cells may switch from
oxidative phosphorylation to anaerobic glycolysis, which terminates with the formation of
lactate. Lactate has been recognized as a marker of a higher risk of metastases and poor
prognosis in cervical cancer and head and neck tumors (12,13). Changes in lactate
concentrations have also been suggested to be an early marker of response to treatment
(14,15). Since tumors evolve with growth, noninvasive detection of lactate may be useful for
determining the distribution of hypoxic cells, monitoring the changes in tumor metabolism
and response to treatment.

MRI and magnetic resonance spectroscopic imaging (MRSI) provide means for probing the
tumor vasculature and metabolism noninvasively. MRSI enables detecting lactate and
estimating its concentration, and dynamic contrast-enhanced MRI (DCE-MRI) allows for
visualization and quantitation of the tumor perfusion and permeability. Since measuring
lactate in vivo remains challenging due to the relatively low lactate concentration and an
overlap between the spectra of lactate and lipids, the majority of lactate MRSI
measurements has been done in animal models. Terpstra et al. found that in C6 gliomas in
rats, lactate concentration measured by single-voxel MRS did not correlate either with the
tumor volume, glucose availability or with the tumor blood flow, assessed by deuterium
oxide washout, and was constant above a certain perfusion threshold (4.7 mL/100g/min)
(16). It was thus concluded that the lactate concentration is determined by the balance
between the hemodynamic and substrate supply factors. However, these results describe the
average values over the entire tumor and may be affected by the tumor heterogeneity.

Prostate tumor models are well suited for studying the spatial heterogeneity of tumor
perfusion and metabolism with MRI/MRSI. The established and well characterized Dunning
prostate tumor model system has been shown to be useful for development of new therapies
and molecular characterization of tumor properties (17). This tumor system enables studies
of tumor aggressiveness through the comparison of an aggressive, highly anaplastic
Dunning R3327-AT tumor (doubling time, 3.3 days) with its parental Dunning 3327-H
tumor, a well-differentiated, hormone responsive, slow-growing tumor with a doubling time
of 12–20 days. The Dunning H tumor has higher partial oxygen pressure levels, three to four
times lower histologically determined hypoxic fraction (18-20), and longer radiation-
induced growth delays (21) than the AT tumor. In both cells lines the perfusion was shown
to be heterogeneous across the tumor. In Dunning H tumors grown in rats, the blood flow
measured using the microspheres method was found to be higher in the tumor periphery than
in the center and decreased with increasing tumor weight (22). In Dunning R3327-AT
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tumors in mice, high uptake of fluorodeoxyglucose (FDG) was shown to correlate positively
with histologically measured tumor hypoxia and negatively correlate with blood flow in the
central regions of the tumor (23). However, detailed in vivo studies of perfusion and lactate
in these tumor lines have not been performed.

In this study we compared the tumor lactate concentrations measured by MRSI and tumor
contrast enhancement assessed by DCE-MRI in Dunning R3327-AT and Dunning H tumors
as a function of tumor size and location within the tumor.

METHODS
Animal Models and Cell Culture

Animal studies were conducted in compliance with protocols approved by the Institutional
Animal Care and Use Committee. Dunning R3327-AT cells were seeded in 75 cm2 flask and
grown in 20 mL Dulbecco's Modified Eagle's Medium (DMEM; Lonza, Walkersville, MD,
USA) containing 4.5 g/L of glucose and L-glutamine, without sodium pyruvate and
supplemented with fetal calf serum (FCS) (10%) and penicillin-streptomycin (1%). Cells
were cultured under sterile conditions at 37°C in a 95% humidified air and 5% carbon
dioxide atmosphere. Trypsin-EDTA solution (0.05% trypsin with 0.53 mM EDTA in Hank's
balanced salt solution (HBSS), without calcium and magnesium salts) was used to separate
the cells. Twenty two male Copenhagen rats (Charles River Laboratories, Wilmington, MA,
USA) were implanted with 5×106 Dunning R3327-AT tumor cells subcutaneously in the
thigh region. Dunning H tumor was generously provided by Dr. Susan Dalrymple and Dr.
John Isaacs (Johns Hopkins School of Medicine, Baltimore, MD, USA) and tumors were
grown by implanting cubic tissue sections 2 mm on the side subcutaneously in the thigh of
six male Fischer-Copenhagen rats (Harlan Sprague Dawley Inc., Indianapolis, IN, USA). At
the time of the tumor implantation, the rats in both groups weighed about 250 g each.

Tumor volumes were calculated using a hemiellipsoid formula: V = (π/6)×x×y×z, where x,
y and z are the length, width and height of the tumor, respectively, which were measured
with calipers and corrected for the skin thickness of 1.3 mm (21).

After the tumors reached approximately 100–200 mm3, rats bearing AT tumors (n = 12) and
H tumors (n = 6) were studied longitudinally with MRI. Each rat was imaged at two to five
time points after tumor implantation and sacrificed immediately after the last imaging
session. Histological analyses of necrosis and hypoxia were performed in four large AT
tumors (V ~ 2000 mm3) harvested at the end of the longitudinal study. Four more rats with
smaller AT tumors (V ~ 120 – 1450 mm3) were studied by MRI at a single time point,
sacrificed after imaging and analyzed histologically. The remaining six rats with AT tumors
(V ~ 600 – 1300 mm3) were sacrificed without undergoing MRI and used for measuring
tumor necrosis. The necrotic area was measured in a total of fourteen AT tumors and
hypoxia-sensitive staining was performed in eight AT tumors. Both necrotic and hypoxic
fractions were measured in all six Dunning H tumors.

For each tumor line, experimental data were grouped by tumor volumes. Dunning R3327-
AT tumors were stratified as follows: 100–270 mm3 (Group 1), 290–700 mm3 (Group 2),
1000–1340 mm3 (Group 3), 1380–1750 mm3 (Group 4) and 1900–2500 mm3 (Group 5).
Dunning H tumors were also split into five similar groups: 220–430 mm3 (Group 1), 640–
800 mm3 (Group 2), 1360–1650 mm3 (Group 3), 1800–2240 mm3 (Group 4), and 2425–
2860 mm3 (Group 5).
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MRI Experiments
For MRI experiments, rats were anesthetized with isoflurane (1.0 – 2.5%) mixed with air. A
24 gauge, ¾ inch long catheter (Terumo Medical Corporation, Elkton, MD, USA) was
inserted into the tail vein prior to placing the rat in the magnet. During imaging, respiration
was monitored by a respiration monitoring pad under the rat's abdomen. Body temperature
was monitored and maintained at 37°C by wrapping the animal in a blanket. Imaging was
performed on a Bruker BioSpin 4.7 T animal scanner (Bruker; Billerica, MA, USA) with a
40 cm wide bore and maximum gradient strength of 40 Gauss/cm. An in-house-made two-
turn solenoid (diameter, 25 mm) was used as a transmitter/receiver for all studies. The tumor
was positioned in the center of the magnet with the help of three perpendicular scout images
(repetition time, TR = 100 ms; echo time, TE = 5 ms; field of view, FOV = 150.0×150.0
mm2; slice thickness, 5.0 mm). Using the scout images as a spatial reference, a sagittal T2-
weighted image through the center of the tumor was collected using the multi-slice multi-
echo sequence (MSME) with the following parameters: TR = 3734 ms; TE = 30 ms; matrix,
128×128; FOV = 40.0×40.0 mm2; one slice; slice thickness, 5.0 mm; echo train length, ETL
= 8; number of excitations, NEX = 2.

In vivo Lactate MR Spectroscopic Imaging—Lactate MRSI was performed using the
Selective Multiple Quantum Coherence (Sel-MQC) editing sequence (24) with frequency-
selective 15 ms single-lobe sinc pulses. This sequence provides excellent lipid and water
suppression, as shown previously (24,25). The selection of lactate signal was achieved by
applying three magnetic field gradients with the same combination and duration as described
in Refs. (24,26) and the amplitude of 24 Gauss/cm. Magnitude spectra were collected with
256 data points, spectral width of 2500 Hz, TR = 2000 ms, TE = 204 ms, and NEX = 8.
Two-dimensional chemical shift imaging was performed in the location specified by the T2-
weighted image (FOV = 40.0×40.0 mm2; one slice; slice thickness, 5.0 mm) and with 16×16
phase encoding matrix, which resulted in voxel volume of 2.5×2.5×5.0 mm3 = 31.3 mm3.
The total MRSI acquisition time was 75 min. Flip angles were calibrated using a Gd-doped
water phantom studied with a one-pulse sequence. Sufficiently long TR values (8.0 s) were
used to ensure that the signal was fully relaxed. For the shaped pulses of fixed duration
described above, the transmitter power level was varied to find the maximum and minimum
intensity of the water peak corresponding to 90° and 180° flip angles, respectively. Fine
adjustments of the transmit power were then introduced for each animal.

In vivo measurements of lactate T1 were performed in R3327-AT tumors (n = 3; volume
(mean ± standard error of the mean (SEM)), 1180 ± 150 mm3) by introducing a nonselective
180° sinc pulse into the Sel-MQC sequence (26) with TR = 10 s at eleven different values of
inversion recovery times TI = 10, 50, 100, 200, 500, 1000, 1500, 2000, 4000, 6000, and
10000 ms. The T1 values were calculated by fitting the spectral peak integrals S(TI) with the
following expression:

[1]

in which T1 and the fully relaxed signal value S0 were treated as free parameters. The
nonlinear least-squares fitting implemented with Levenberg-Marquardt algorithm was
performed in Matlab (Mathworks, Natick, MA, USA). T2 values were measured using Sel-
MQC sequence with an additional CH3-selective 180° pulse and TE varying from 10 ms to
1000 ms and fitting the peak integrals S(TE) with a monoexponential decay curve (26).

For quantification of in vivo lactate concentration using the substitution method (27), a
cylindrical phantom (volume, 9.1 cm3) containing a solution of 30 mM lactate and 25 μM
Gd-DTPA in water was scanned with the same parameters as the ones used for in vivo
imaging.
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DCE MR Imaging—Following the lactate MRSI study, DCE-MRI was performed. Sagittal
multi-slice, T1-weighted images were obtained using gradient echo fast imaging (GEFI)
sequence with the following parameters: TR = 50 ms; TE = 3 ms; flip angle, FA = 30°;
matrix, 128×128; FOV = 40.0×40.0 mm2; 3 slices; slice thickness, 2.0 mm; slice gap, 0.2
mm; NEX = 2; temporal resolution, 12 s; 96 time points. After acquiring ten multi-slice
images for measurements of the baseline signal, Gd-DTPA (0.2 mmol/kg; Magnevist,
Berlex Laboratories Inc., Wayne, NJ, USA) was manually injected through the tail vein
catheter and dynamic images were acquired for about 19 min.

MR Data Analysis
Quantification of Lactate Concentration—The MRSI data were Fourier transformed
and the two-dimensional array of lactate spectra was superimposed on the T2-weighted
image using the 3DiCSI software package (courtesy of Dr. Truman Brown, Columbia
University, New York, NY, USA). Spectral filtering using Lorentzian filter (3 Hz) and
Gaussian filter (4 Hz) was applied. The free induction decay data of the tumor voxels were
exported in ASCII format and analyzed in the Java-based Magnetic Resonance User
Interface (jMRUI) software package (28). The fitting of the lactate methyl resonance was
performed in the time domain using AMARES (Advanced Method for Accurate, Robust and
Efficient Spectral fitting). The phantom MRSI data were processed similarly.

The lactate concentration, C, was calculated by referencing to a phantom voxel at the same
location as follows:

[2]

Here Cref is the concentration of lactate in the phantom; Aref and A are the areas under the
lactate peak in the spectra of the phantom and tumor, respectively; T1ref and T2ref are the
relaxation times of lactate in the phantom and T1 and T2 are the lactate relaxation times in
vivo, and fCL is the correction factor for the difference between the coil loading by the
phantom and the tumor.

To evaluate the spatial distribution of lactate, the tumor was segmented into the rim and the
core. The tumor rim was defined as a single layer of tumor voxels along the tumor
boundary; all other tumor voxels were considered to be the core. Voxels along the outer
edge of the tumor that contained air were excluded; voxels located along the boundary
between the tumor and muscle were included if they contained at least 75% tumor tissue.

Pharmacokinetic Modeling of DCE-MRI Data—DCE-MRI data were analyzed using
the simplified two-compartment pharmacokinetic model of Hoffmann et al. (29,30) based on
the model by Brix et al. (31). The signal in every tumor voxel S(t) was normalized to the
baseline signal S0 and resulting signal enhancement ΔS was fitted with the following
equation (30)

[3]

where A is the maximum value that the enhancement would reach in the absence of contrast
elimination and kep is the rate of the efflux of contrast from the extracellular, extravascular
space (EES) to plasma. The plasma concentration is assumed to decrease exponentially with
the rate of kel. The constant A is proportional to the fractional volume of the EES (ve) (30).
The product Akep, which at kept<<1 represents the initial upslope of enhancement, is
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proportional to Ktrans. In the absence of an experimentally determined arterial input
function, we used Akep as a measure of combined perfusion and permeability of the tumor
tissue. Nonlinear least-squares fitting of enhancement in every voxel was performed using
an in-house program written in IDL (ITT, Boulder, CO, USA). The voxel maps of Akep
were segmented into the rim and the core using the segmentation masks from the lactate
concentration maps of the same tumor.

Histopathological Analysis
Immunohistochemical Staining—Animals were euthanized using carbon dioxide
inhalation. Tumors were excised, snap-frozen in isopentane/dry ice, embedded in cutting
medium (OCT 4583, Sakura Finetek, Torrance, CA, USA) and sliced into 8 μm-thick
contiguous frozen sections obtained using a cryostat microtome (Microm International
GmbH, Walldorf, Germany). Sections were fixed in 4% paraformaldehyde solution for 10
min at room temperature then blocked in Superblock-PBS (Pierce Biotechnology Inc.,
Rockford, IL, USA) for 1 hr, followed by either hematoxylin/eosin (H&E) for determination
of tumor necrosis or immunofluorescence staining for pimonidazole distribution.
Pimonidazole staining was carried out as described previously (32). As a control for non-
specific antibody binding, some sections were stained with non-specific mouse
immunoglobulin G (IgG) conjugated to fluorescein isothiocyanate (FITC).

Images of pimonidazole-stained tumor sections were acquired at high magnification (×100)
using an Olympus BX40 fluorescence microscope (Olympus America Inc., Melville, NY,
USA) equipped with a motorized stage (Prior Scientific Instruments Ltd., Cambridge, UK)
and an appropriate filter. The individually captured image frames were rendered into a
montage of the entire tumor section using ImagePro software (Media Cybernetics Inc.,
Bethesda, MD, USA). Images of H&E stained sections were acquired in a similar manner
using bright field illumination.

Histological Data Analysis—The fractional area of tumor necrosis was determined from
digital images of H&E-stained whole-tumor sections using Adobe Photoshop 7.0 (Adobe
Systems Inc., San Jose, CA, USA). The whole tumor and regions of necrosis were manually
delineated and the necrotic fraction was calculated as the ratio of the necrotic area to the
whole tumor area.

For determination of the pimonidazole binding fraction (hypoxic fraction), images of
pimonidazole-stained sections were converted to binary form using a threshold determined
from the immunofluorescence intensity measured in tumor sections stained with the control
antibody. The same threshold was used to analyze all tumors. Hypoxic fraction was
calculated as the fractional area with pimonidazole staining intensity greater than the
threshold value. For each tumor, the necrotic and hypoxic fractions were determined for
sections from at least two different locations and the results were averaged.

Statistical Analysis
Lactate concentration in every voxel was recorded as a numerical value or zero, if the peak
was not detected. The lactate concentration was expressed as the mean ± SEM over the
voxels in the whole tumor, tumor rim and core.

The behavior of the lactate concentration versus volume was analyzed using a statistical
model with the following assumptions: 1) the expected value of lactate concentration
followed a quadratic function of tumor volume; 2) there was random variation among rats in
the maximum lactate concentration and the volume at which the maximum is reached; 3)
there was a proportional difference between the core and rim voxels; 4) within each region,
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the voxel lactate concentration followed a censored log-normal distribution. The lactate
versus volume data were fitted with a parabola as the simplest non-monotonic function. Data
censoring was applied to account for a large number of voxels in which lactate was not
detected. In these voxels the lactate concentration was assumed to be below the minimum
detected voxel value found in the entire dataset (2.3 mM). We applied a non-linear mixed
effects statistical model implemented in Proc NLMixed (SAS v. 9, SAS Institute Inc., Cary,
NC, USA). The analysis of Akep values did not require censoring, because there were very
few voxels with zero Akep values.

The relationships between the mean lactate concentration, Akep values and the histologically
measured necrotic and hypoxic fractions were studied using linear regression.

RESULTS
Measurements of Lactate Concentration and Akep values

Among the twelve rats with AT tumors that were studied longitudinally, two had no
detectable lactate in any session and were excluded from analysis. Among the remaining rats
with AT tumors, nine were imaged at four different time points and one at only two points
after tumor implantation. In two imaging sessions DCE-MRI data were not available
because of contrast injection failure. The four additional AT tumors each studied at a single
time point were imaged successfully. In total, forty complete DCE-MRI/MRSI datasets were
available in AT tumors and two datasets contained only MRSI data. In six Dunning H rats,
twenty four MRI/MRSI datasets were acquired, with each rat imaged at three to five time
points.

The tumor volume doubling time for the R3327-AT tumor was found to be (mean ± SEM)
3.3 ± 0.2 days, which is significantly shorter than the doubling time for the Dunning H
tumor (22.8 ± 2.0 days, p<0.001), in agreement with previous studies (21).

Figure 1 demonstrates examples of the lactate spectra and the corresponding T2-weighted
images obtained in the AT and H tumors at two different sizes (Group 2 and Group 4). In
AT tumors (Figs. 1A and 1B)), well defined lactate peaks were observed (Fig. 1C),
especially in larger tumors, while in Dunning H tumors, lactate was not detected at any
volume (Figs. 1D and 1E).

The lactate relaxation times in the phantom were found to be T1ref = 0.74 s and T2ref = 0.36
s. In vivo, the relaxation times (mean ± SEM) in R3327-AT tumors were T1 = 1.61 ± 0.03 s
and T2 = 0.20 ± 0.02 s, in agreement with previous results (26).

The profile of lactate concentration versus volume for the rats with AT tumors varied among
tumors (Fig. 2). In six tumors, the lactate concentration first increased, reached a maximum
at the tumor volume of about 1000–1500 mm3 and declined at higher volumes (Fig. 2, rats
3, 4, 6, 7, 8 and 10). In four other AT tumors, the lactate concentration increased with
volume and/or reached a plateau within the studied volume range (rats 1, 2, 5 and 9). The
presence of the maximum in lactate versus volume data was significant, as indicated by the
significantly negative quadratic term in the statistical model fit (p<0.001).

Lactate was not detected in any of the AT tumors in Group 1 (Fig. 3A). In Group 2, lactate
was detected in 64% of the tumors and in 41% of the voxels within these tumors. The
majority of tumors in Group 3 (89%) contained lactate and had the largest fraction of
lactate-containing voxels (57%). At higher volumes, in Group 4 all tumors showed
detectable lactate, but the fraction of lactate-containing voxels dropped to 48%. In the

Yaligar et al. Page 7

NMR Biomed. Author manuscript; available in PMC 2014 April 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



largest tumors from Group 5, 75% of tumors and 38% of their voxels had lactate. The
number of lactate-containing voxels was about twice higher in the core than in the rim.

For tumors grouped by volume, the mean lactate concentration in the whole tumor first
increased with volume and reached a maximum for Group 3 (8.4 ± 2.9 mM) and Group 4
(8.2 ± 2.2 mM), but declined at higher volumes (Fig. 3B, Table 1). Similar behavior was
found in the tumor rim and core, but for all volumes the lactate concentration in the core was
significantly higher than in the rim (p<0.001).

The Akep values of AT tumors in the whole tumor, rim and core decreased with increasing
tumor volume (Fig. 3C; Table 1). In the whole tumor, Akep declined from 1.6 ± 0.5 min−1 in
Group 1 to 0.3 ± 0.1 min−1 in Group 5. For all groups, the Akep values in the rim were
significantly higher than in the core (p<0.001).

In Dunning H tumors, lactate was not detected in any of the tumors, irrespective of their
volume. The mean Akep value in the whole tumor was 1.2 ± 0.1 min−1 in Group 1 and
decreased to 0.5 ± 0.1 min−1 for Group 5 (Fig. 4, Table 2). The Akep values in the rim and
the core also decreased with tumor volume (p<0.001 for both), and there was a trend for the
Akep values in the rim to be higher than in the core. The Akep values in Dunning H tumors
were significantly higher than the R3327-AT tumors, as measured in the whole tumor, the
rim and the core (all p<0.001).

Correlation of MRI/MRSI with Histology and Immunohistochemistry
In AT tumors, necrosis was found in tumors from Groups 2 to 5 (Figs. 5A and 5D). The
necrotic fraction increased significantly with increasing tumor volume (R2 = 0.81, p <
0.001) (Fig. 6). In smaller tumors (V < 1000 mm3), the necrotic fraction did not exceed 3%.
When these tumors were excluded, the correlation coefficient between the necrotic fraction
and volume increased to R2 = 0.90 (p < 0.001). The fractional tumor area positive for the
hypoxia tracer pimonidazole (Figs. 5B and 5E) also increased with tumor volume (R2 =
0.70, p = 0.01) (Fig. 6).

For tumors studied with both MRSI and histology (n = 8), the lactate concentration
correlated with necrotic fraction when all data points were included (R2 = 0.68, p = 0.012)
and when the smallest tumor without necrosis was excluded (R2 = 0.69, p = 0.020). In the
same tumors, the hypoxic fraction also showed a positive correlation with the lactate
concentration when all data points were included (R2 = 0.67, p = 0.013), although this
correlation failed to reach significance when the tumor at the smallest volume and zero
hypoxic fraction was excluded (R2 = 0.28, p = 0.220).

In contrast, the Dunning H tumors had no observable necrosis and minimal pimonidazole
positivity even at volumes approaching 2300 mm3 (Figs. 5C and 5F).

DISCUSSION
We have measured the lactate concentration and the perfusion/permeability parameter Akep
in two different prostate tumor lines, the fast-growing Dunning R3327-AT and slow-
growing Dunning H tumor. In the smallest AT tumors (Group 1, 100–270 mm3), lactate is
not detected and the Akep values are uniformly high throughout the tumors. This suggests
that at this size tumors receive adequate delivery of oxygen and nutrients to meet their
metabolic requirements. In the next volume group (Group 2, 290–650 mm3) about two
thirds of tumors contain lactate. In these tumors the contrast enhancement becomes spatially
heterogeneous and shows a highly enhancing rim and a poorly enhancing core, in which the
Akep values are two to three times lower than in the rim. The mean tumor Akep values in
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Group 2 tumors drop to about a half of their values found in Group 1. The onset of
heterogeneity of the perfusion/permeability in AT tumors and the concomitant appearance of
lactate may indicate that the tumor has evolved into a metabolically deprived state. As the
tumors continue to grow, the Akep gradually decreases, while the concentration of lactate
increases and reaches a maximum for tumors in Groups 3 and 4 (1000 – 1750 mm3) (Figs.
3B and 3C). The increase of the lactate concentration is accompanied by the growth of
hypoxic fraction from zero in the smallest tumors to about 20% in tumors reaching 1500
mm3 volume. Necrotic fraction remains small (below 3%) in tumors up to 1000 mm3 and
grows with volume above this threshold. In tumors larger than 1500 mm3, the lactate
concentration decreases, while the necrotic and hypoxic fractions continue to increase and
reach 20% and 30%, respectively, in the largest AT tumors (Fig. 6). These observations are
consistent with the hypothesis that in the state of perfusion and metabolic deficits, the tumor
increasingly relies on anaerobic glycolysis, which results in formation and accumulation of
lactate.

In contrast, in the Dunning H tumors, lactate is not detected at any tumor volume. The Akep
values decrease with increasing tumor volume, but do not show an abrupt drop, as observed
when the rim and core form in AT tumors. In contrast to the AT tumors, the largest decrease
of Akep in Dunning H tumors occurs between the largest volume groups (Groups 4 and 5).
The Akep in the core is still lower than in the rim, but only by about 20-25% of the rim
value. This indicates that in Dunning H tumors perfusion/permeability is more uniform
across the tumor than in AT tumors (Fig. 4, Table 2). Overall, the Akep values in Dunning H
tumors are higher than those in R3327-AT tumors. In agreement with previous studies (20),
the histopathological analysis and pimonidazole staining of Dunning H tumors show
minimal necrosis and hypoxia, which develop mainly in the largest tumors. The absence of
lactate, hypoxia and necrosis in the Dunning H tumors indicates that these tumors do not
develop a metabolically deprived state. Because of its lower growth rate, Dunning H tumor
has lower energy demands, and the tumor vasculature is better able to keep up with the
tumor's metabolic requirements. This is consistent with the higher and more uniform
perfusion/permeability found in H tumors compared to the AT tumors. The contrasting
behavior of the AT and H tumors suggests that the presence of lactate is a feature of an
aggressive, heterogeneously vascularized and metabolically stressed tumor, but not of the
slow-growing and relatively uniformly vascularized tumor.

One of the difficulties of comparing lactate and perfusion/permeability measurements lies in
the difference between the spatial resolutions of the two datasets. The voxel size of MRSI is
large compared to the MRI voxel. Thus when the tumor is segmented into the rim and core,
we can expect that many voxels will contain heterogeneous tissue with varied perfusion/
permeability and metabolic properties, although this partial volume effect should decrease
for larger tumors. Tumor segmentation into rim and core can be done using various criteria.
We defined the rim as a single layer of MRSI voxels along the border of the tumor and
therefore, due to the large size of MRSI voxels, some of the rim voxels contain core tissue.
It is therefore possible that the observation of a maximum of lactate concentration in the rim
at intermediate tumor volumes is a result of this partial volume effect and the true lactate
concentration in the rim remains stable across all tumor volumes.

Tumors have high lactate levels, due to increased production and/or decreased clearance of
lactate. We hypothesize that lactate is a potential marker of prostate tumor aggressiveness.
Lactate concentrations have been shown to have prognostic value in other tumors
(12,13,33,34) and have correlated with a high probability of metastasis and decreased patient
survival. Based on the heterogeneity of tumor lactate concentration, hypothetically the areas
of aggressive, hypoxic tumors could be delineated for localized therapy or biopsy.
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Previous ex vivo studies have indicated that lactate is elevated in prostate cancer (35-37),
although such studies are subject to errors, because lactate concentration increases with
tissue death after surgery. The conversion rates of pyruvate to lactate have been investigated
using hyperpolarized 13C spectroscopic imaging. Chen et al. (38) studied the transgenic
adenocarcinoma of mouse prostate (TRAMP) and found that after infusion of 13C-labeled
pyruvate, lactate synthesis could be detected in both primary and metastatic prostate tumors.
Albers et al. (39) found that after the injection of 13C pyruvate, the lactate levels were about
twice as high in high grade tumors than in low grade TRAMP tumors, where tumor grade
was assessed by a histological index introduced by the authors. Our study also indicates that
lactate is present in the tumor with a more aggressive phenotype, as measured by growth
rate, as the tumor develops hypoxia. Numerous recent studies have shown that tumor
hypoxia and altered metabolism are interconnected. Hypoxia is known to enhance glycolytic
activity and likely works via the HIF1-α pathway. Monitoring lactate concentrations in vivo
could be used to evaluate the activity and determine an appropriate dose of targeted drugs
aimed at inhibiting various metabolic pathways.

Prostate cancer is an important tumor to study because of its high incidence and difficulty
predicting its clinical course. The Dunning tumor models have been used extensively to
evaluate novel therapies, some of which have subsequently been moved to the clinic
including hormonal therapy (40-43), chemotherapy (44), radiation (21,44), gene therapy
(45), and other innovative treatments (46,47). The Dunning tumor lines have many similar
characteristics to human clinical prostate cancer (48,49), but are syngeneic to the rat. This
enables one to avoid issues associated with xenograft models, which initially have a murine
vascular system. Although the R3327-AT tumor has significant necrosis (15-20% of the
total tumor volume at volumes of 2000-2500 mm3), which is not commonly seen in human
tumors, reports of prostate tumor necrosis in patients, particularly in aggressive tumors, have
been published (50,51). While all tumor models are imperfect, the choice of these tumor
models for investigating contrasting tumor properties is reasonable. Further studies with an
orthotopic model are feasible and will require further optimization of lactate detection
methods (25).

CONCLUSION
Lactate is detected in a heterogeneous pattern in the fast-growing R3327-AT tumor, but is
not detected in the slowly growing Dunning H, which suggests that the presence of lactate
may be a feature of aggressive tumors. The core of the AT tumor is prone to accumulate
more lactate than the rim of the tumor, probably because the core has a poorer oxygen and
blood supply. This observation is supported by the perfusion/permeability measures derived
from DCE-MRI data, which are significantly lower in the core than in the rim.
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AT Dunning R3327-AT tumor

H Dunning R3327-H tumor

MSME multi-slice multi-echo [MR sequence]

GEFI gradient echo fast imaging [MR sequence]

Sel-MQC Selective Multiple Quantum Coherence [sequence]

SEM standard error of the mean

EES extracellular extravascular space

AMARES Advanced Method for Accurate, Robust and Efficient Spectral fitting

FDG fluorodeoxyglucose

DMEM Dulbecco's modified Eagle's medium

HBSS Hank's balanced salt solution

H&E hematoxylin and eosin

FCS fetal calf serum

IgG immunoglobulin

FITC fluorescein isothiocyanate
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Figure 1.
Lactate spectra superimposed on T2-weighted images in R3327-AT and Dunning H tumors.
The lactate spectra in the AT tumor imaged at V = 296 mm3 (A) and V = 1455 mm3 (B)
show well-defined lactate peaks. The spectrum of the voxel in panel (B) marked with an
asterisk is shown in panel (C). In contrast, the Dunning H tumor imaged at V = 227 mm3

(D) and V = 1364 mm3 (E) shows no lactate.
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Figure 2.
Lactate concentration versus volume dependence in R3327-AT tumors. In rats 3, 4, 6, 7, 8
and 10 (open symbols) the lactate concentration reached a maximum at the tumor volume of
1000–1500 mm3, while in rats 1, 2, 5 and 9 (filled symbols) the lactate either increased or
increased and reached a plateau in this volume interval. Shaded areas indicate ranges of
volume Groups 1–5.
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Figure 3.
Lactate concentration and Akep in R3327-AT tumors. The fraction of voxels in which lactate
was detected (A) increased from zero for the Group 1 (100–270 mm3) to 57% for Group 3
(1000–1340 mm3) and declined for Groups 4 and 5. Twice as many core voxels contained
lactate as the rim voxels. The mean lactate concentration (B) reached a maximum for tumors
in Groups 3 and 4 for the whole tumor, rim and core and decreased at lower and higher
volumes. Lactate concentration was higher in the core than in the rim. In contrast, the mean
Akep values (C) decreased with volume and were higher in the rim than in the core at all
volumes. Error bars are standard error of the mean.
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Figure 4.
The Akep values in Dunning H tumors decrease with increasing volume and are significantly
lower in the tumor core than in the tumor rim. In Group 1 (220–430 mm3) core voxels could
not be identified.
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Figure 5.
Histology and immunohistochemistry of AT and H tumors. In AT tumors, necrosis was
found even in small tumors, such as the tumor with V = 118 mm3 (A) for, and increased
with tumor volume (V = 2207 mm3) (B). Pimonidazole-positive area also increased with
tumor volume of AT tumors (D, E). In contrast, in Dunning H tumors no necrosis was
observed even in large tumors (V = 1949 mm3) (C) and only minimal pimonidazole activity
was found (F).
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Figure 6.
Necrotic and hypoxic (pimonidazole-positive) fractional areas in AT tumors. Necrotic
fraction was measured in tumors that were studied by MRSI and histology (n = 8, black
triangles) and by histology alone (n = 6, gray triangles). Hypoxic fraction was determined
for imaged tumors (n = 8, light gray circles). Both necrotic and hypoxic fractions increase
with increasing volume. Lactate (crosses) is detected in tumors across the entire volume
range, including tumors smaller than 1000 mm3, where necrotic fraction is low (below 3%).
This indicates that lactate is partly produced by the non-necrotic tumor tissue.
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Table 1

Dunning R3327-AT tumor parameters derived from lactate MRSI and DCE-MRI.

Group
Volume range, mm3

Parameter 1
100–270

2
290–700

3
1000–1340

4
1380–1750

5
1900–2500

Lactate, mM

    Whole tumor 0 2.8 ± 1.0 8.4 ± 2.9 8.2 ± 2.2 5.0 ± 1.7

    Rim 0 2.7 ± 1.0 5.7 ± 2.4 5.3 ± 1.7 3.0 ± 1.1

    Core 0 2.8 ± 1.5 12.0 ± 3.7 12.0 ± 2. 9 7.4 ± 2.7

Akep, min−1

    Whole tumor 1.6 ± 0.5 0.6 ± 0.1 0.5 ± 0.1 0.3 ± 0.1 0.3 ± 0.1

    Rim 1.7 ± 0.5 0.7 ± 0.1 0.6 ± 0.1 0.4 ± 0.1 0.4 ± 0.1

    Core 0.7 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.2 ± 0.0 0.1 ± 0.0

Data are mean ± standard error of the mean.

Zero entries indicate non-detectable lactate levels.
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Table 2

Dunning H tumor parameters derived from DCE-MRI. Lactate was not detected.

Group
Volume range, mm3

Parameter 1
220–430

2
640–800

3
1360–1650

4
1800–2240

5
2425–2900

Akep, min−1

    Whole tumor 1.2 ± 0.1 1.1 ± 0.2 0.8 ± 0.2 0.9 ± 0.1 0.5 ± 0.1

    Rim 1.2 ± 0.1 1.1 ± 0.2 0.9 ± 0.2 0.9 ± 0.0 0.5 ± 0.1

    Core
0
* 1.2 ± 0.2 0.8 ± 0.2 0.8 ± 0.2 0.4 ± 0.1

Akep values are mean ± standard error of the mean.

*
Core voxels could not be identified in Group 1 tumors
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