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Micro-MRI and Metabolism Studies of  
Benign and Malignant Living Human Prostate Tissue 

 
Jeremy Bancroft Brown 

 

Abstract 

Prostate cancer is among the most prevalent and deadly of malignancies in both 

the United States and worldwide. Ongoing diagnostic challenges in prostate cancer 

include differentiating low-risk and high-risk tumors, and monitoring responses to 

therapy in patients with aggressive disease. Prostate cancer metabolism is 

characterized by a shift to aerobic glycolysis with lactate production and efflux, as well 

as increased tricarboxylic acid cycle activity, which has led to the investigation and 

development of metabolic imaging strategies such as hyperpolarized 13C MRI. However, 

it is nontrivial to study human prostate cancer metabolism in vivo, and the capability to 

better characterize tumor metabolism from a variety of disease states would be valuable 

for metabolic imaging biomarker development. This dissertation focuses on developing 

ex vivo strategies to measure metabolism in benign and malignant living human 

prostate tissue. First, because prostate tissue heterogeneity can impact metabolic 

measurements, we present the engineering of a 600 MHz radiofrequency (RF) microcoil 

to assess the heterogeneity of freshly acquired human prostate biopsies using 

microscale diffusion-weighted imaging (DWI). Next, we demonstrate the capability of 

micro-DWI to determine the biopsy percentage of glandular tissue, setting the stage for 

establishing the percentage and grade of cancer using this approach. After this, we 

develop a protocol for nuclear magnetic resonance (NMR) quantification of lactate 
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production and efflux and glutamate fractional enrichment in freshly acquired living 

human prostate biopsies cultured with [1,6-13C2]glucose. In this study we demonstrate a 

significantly higher lactate efflux rate coming from low-grade prostate cancer versus 

benign biopsies in an early-stage patient population. This sets the stage for studies of 

metabolic fluxes and steady-state metabolite levels in biopsies from patients with 

aggressive disease before and after non-surgical therapy. Finally, due to recent interest 

in the potential role of Myc amplification and glutaminolysis upregulation in treatment 

insensitive castrate-resistant prostate cancer (CRPC) and neuroendocrine prostate 

cancer (NEPC), we present metabolic labeling results from a study of primary human 

prostate tissue slice cultures (TSCs) obtained at surgery and cultured with either [1,6-

13C2]glucose or [3-13C]glutamine. Our results are consistent with prior thinking on the 

role of glucose and glutamine metabolism in treatment-naïve prostate cancer. 
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Introduction 
 

Prostate cancer is among the most prevalent and deadly of malignancies in both 

the United States and worldwide, with 164,690 new cases and 29,430 estimated deaths 

in the United States in 2018.1 Ongoing diagnostic challenges in prostate cancer include 

differentiating low-risk and high-risk tumors,2,3,4,5 and monitoring responses to therapy in 

patients with aggressive disease.6 Prostate cancer metabolism is characterized by a 

shift to aerobic glycolysis and lactate production,7,8,9,10,11 which has led to the 

investigation and development of metabolic imaging strategies such as hyperpolarized 

13C MRI.12,13,14,15,16 However, it is not trivial to study human prostate cancer metabolism 

in vivo, and the capability to better characterize tumor metabolism from a variety of 

disease states would be valuable for metabolic imaging biomarker development.17 

Hence, this dissertation focuses on developing ex vivo strategies to measure 

metabolism in benign and malignant living human prostate tissue. 

Prostate biopsies are of particular interest for this dissertation because they can 

be obtained from patients who are not candidates for radical prostatectomy, including 

patients with very high grade prostate cancer as well as patients whose tumors have 

escaped prior therapy, such as men with castrate-resistant prostate cancer (CRPC) 

and/or neuroendocrine prostate cancer (NEPC). Furthermore, prostate cancer biopsies 

can be obtained from metastatic sites such as liver and bone, which is crucial for 

understanding the pathobiology of lethal disease. However, the development of RF 

coils, optimized imaging and NMR spectroscopy protocols, optimized biopsy and  

surgical tissue acquisition, handling, and metabolic labeling protocols performed in this 

dissertation was accomplished using an early-stage population of patients at biopsy as 
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well as patients receiving surgery as their primary therapy. Extending the techniques 

described herein to aggressive primary and metastatic prostate cancer before and after 

therapy will be a key priority for future research in our laboratory. 

In Chapter 1, because prostate tissue heterogeneity (i.e. the variety and 

differential organization of cell types at a microscopic level) can impact metabolic 

measurements,18 we present the engineering of a 600 MHz radiofrequency (RF) 

microcoil to assess the heterogeneity of human prostate biopsies using microscale 

diffusion weighted imaging (DWI). We demonstrate that this RF microcoil achieves 

superior mass sensitivity compared to commercially available room temperature 5 mm 

NMR probes. 

In Chapter 2, we test the micro-DWI technique on a series of freshly acquired 

human biopsy samples and we demonstrate the capability of the 10th percentile water 

apparent diffusion coefficient (ADC) value19 to predict the biopsy percentage of 

glandular tissue determined by a board-certified genitourinary pathologist, setting the 

stage for establishing the percentage and grade of cancer using this approach. 

In Chapter 3, we develop a protocol for nuclear magnetic resonance (NMR) 

quantification of lactate production and efflux and glutamate fractional enrichment in 

freshly acquired living human prostate biopsies cultured with [1,6-13C2]glucose. In this 

study, we show for the first time that we can study metabolic fluxes as well as steady-

state metabolite levels from freshly acquired patient-derived biopsies, and we 

demonstrate a significantly higher rate of lactate efflux coming from low-grade prostate 

cancer versus benign biopsies in a early-stage patient population. 
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In Chapter 4, due to recent interest in the potential role of Myc amplification20,21 

and potentially glutaminolysis upregulation22,23 in advanced disease such as treatment 

insensitive CRPC and/or NEPC, we present metabolic labeling results from a study of 

treatment-naïve primary human prostate tissue slice cultures (TSCs) cultured with either 

[1,6-13C2]glucose or [3-13C]glutamine. Our results are consistent with prior thinking on 

the role of glucose and tricarboxylic acid (TCA) cycle metabolism in prostate cancer, 

and set the stage for future studies in CRPC and NEPC tissue slices. 
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Chapter 1. Engineering of a 600 MHz RF Microcoil for Single-Biopsy 
Micro-Diffusion Weighted Imaging 

 

Magnetic resonance imaging (MRI) and nuclear magnetic resonance (NMR) 

have an intrinsically low signal-to-noise ratio (SNR) originating from the small magnitude 

of the magnetic Hamiltonian –µ⋅B0 relative to kBT, the thermal energy.24 This has 

motivated creative strategies to increase SNR such as using higher static magnetic 

fields, cryogenic cooling of the sample and/or radiofrequency (RF) coil,25 polarization 

transfer approaches,26 and even hyperpolarization of the sample using millimeter waves 

under cryogenic temperatures and high magnetic fields.24,27 It is also possible to 

increase SNR using miniaturized RF coils that feature increased magnetic coupling to 

the sample.28 In this study, we set out to develop a device that could measure the 

cellularity of a single prostate biopsy in an ex vivo setting using diffusion-weighted 

imaging (DWI). Given the small dimensions and weight of a single 18-gauge prostate 

biopsy (0.4 mm × 5-15 mm, 3 to 6 mg), we chose to construct a 600 MHz RF microcoil 

that could provide high sensitivity for 1H imaging of small samples at 14 tesla. 

 

Theory 

Signal considerations. There are three fundamental equations that govern the 

magnetic behavior of RF coils: Ampere’s law, Faraday’s law, and the reciprocity 

principle. Ampere’s law (shown below in a simplified form for an infinite wire) states that 

the magnetic field generated by a current-carrying wire is proportional to 1/r, meaning 

that the magnetic field will be stronger if the sample is closer to the wire.  
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Ampere’s law:

B(r) = µ0I

2πr
θ̂

Faraday’s law:

E = −dΦ

dt
Reciprocity principle:

E = −
∫

∂

∂t
(B1 ·M) dV

1

 
					(1.1) 

Meanwhile, Faraday’s law states that during signal reception, the coil voltage is 

proportional to the time derivative of the magnetic flux that the sample produces within 

the RF coil. 
Ampere’s law:

B(r) = µ0I

2πr
θ̂

Faraday’s law:

E = −dΦ

dt
Reciprocity principle:

E = −
∫

∂

∂t
(B1 ·M) dV

1

 
     (1.2) 

Finally, the reciprocity principle29,30,31,32 exploits the hidden relationship between 

Ampere’s law and Faraday’s law to summarize the RF coil voltage during reception in 

terms of the transmission B1 field and the precessing sample magnetization, M. 

Ampere’s law:

B(r) = µ0I

2πr
θ̂

Faraday’s law:

E = −dΦ

dt
Reciprocity principle:

E = −
∫

∂

∂t
(B1 ·M) dV

1

 

     (1.3) 

The immediate consequence of the reciprocity principle is that if the coil is very close to 

the sample, it can deliver a higher B1 and therefore receive a much higher signal in 

response to the same sample magnetization M. (This is true even for coils operated in 

receive-only mode.) Therefore, given the goal of imaging individual biopsy samples, it 

made sense to construct a miniaturized RF coil that was geometrically optimized for 

signal reception from small samples. 

Noise considerations. The signal considerations described above may be divided 

by noise to yield an expression31,32 for the signal-to-noise-ratio (SNR). 
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Ampere’s law:

B(r) = µ0I

2πr
θ̂

Faraday’s law:

E = −dΦ

dt
Reciprocity principle:

E = −
∫

∂

∂t
(B1 ·M) dV

Signal-to-noise ratio:

SNR ∝
[
1

F

]

⎡

⎢⎢⎢⎢⎣

ω0

∫ (
B10+

i ·Mxy, max

)
dV

√

4kB

(
Ts

∫
σ(r)

∣∣∣E(r)i
∣∣∣
2

dV + TcRc

)
∆f

⎤

⎥⎥⎥⎥⎦

1

 

     (1.4) 

The net signal-to-noise ratio of an RF receive chain is typically dominated by three 

factors, namely the sample, the coil circuit, and the preamplifier. In this equation, F 

describes the degradation of the SNR by the preamplifier. (Past the preamplifier, the 

signal amplitude is so large as to be nearly impervious to thermal electronic noise.) In 

the numerator, we see the reciprocity principle with the time derivative performed, which 

makes explicit the signal dependence on the precession frequency ω0, which is 

determined by the magnetic field strength and the gyromagnetic ratio. In the 

denominator, we see a complicated expression for RF noise (Johnson-Nyquist noise). 

First, it should be noted that RF noise is proportional to sqrt(Δf), the reception 

bandwidth determined by the analog-to-digital converter (ADC) settings.24,30 Second, we 

observe that the noise expression contains two terms. The first term beginning with Ts is 

known as sample noise and is proportional to the sample temperature.32 It consists of a 

volume integral of the sample conductivity multiplied by the square of the electric field 

generated by the RF coil. In biological samples with high ionic content, the conductivity 

and therefore sample noise can be substantial. The second term beginning with Tc is 

known as coil noise and is proportional to the coil temperature.32 If the sample noise 

term is larger, the SNR is said to be sample noise dominated,30 whereas if the coil noise 

term is larger, the SNR is said to be coil noise dominated. RF microcoils are typically, 

but not always, coil-noise dominated due to the small sample size. In this situation, the 
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choice of low-loss materials for the engineering of the RF coil and its associated circuit 

becomes critical for performance.  

Quality factor. The quality factor (Q-factor) of an RF coil is defined as the ratio of 

energy that is inductively stored to energy that is resistively lost per cycle. Within a 

simple resonating circuit, it can also be described as the ratio of reactance (X) to 

resistance (R): 

Q =
X

R
=

ω0L

R

U =
1

2
Li2 =

1

2
µ0

∫
|B1|2dV

L = µ0

∫ ∣∣∣∣
B1

i

∣∣∣∣
2

dV

Q =
ω0µ0

R

∫ ∣∣∣∣
B1

i

∣∣∣∣
2

dV

SNR ∝
√

Q
√
ω0

1

 
     (1.5) 

Using equations for the energy stored within the magnetic field, it is possible to relate 

the self-inductance L and coil current i to the magnetic field B1: Q =
X

R
=

ω0L

R

U =
1

2
Li2 =

1

2
µ0

∫
|B1|2dV

L = µ0

∫ ∣∣∣∣
B1

i

∣∣∣∣
2

dV

Q =
ω0µ0

R

∫ ∣∣∣∣
B1

i

∣∣∣∣
2

dV

SNR ∝
√

Q
√
ω0

1

 
     (1.6) 

Q =
X

R
=

ω0L

R

U =
1

2
Li2 =

1

2
µ0

∫
|B1|2dV

L = µ0

∫ ∣∣∣∣
B1

i

∣∣∣∣
2

dV

Q =
ω0µ0

R

∫ ∣∣∣∣
B1

i

∣∣∣∣
2

dV

SNR ∝
√
Q
√
ω0

1

 
     (1.7) 

We can then describe the Q-factor in terms of B1 and R: 

Q =
X

R
=

ω0L

R

U =
1

2
Li2 =

1

2
µ0

∫
|B1|2dV

L = µ0

∫ ∣∣∣∣
B1

i

∣∣∣∣
2

dV

Q =
ω0µ0

R

∫ ∣∣∣∣
B1

i

∣∣∣∣
2

dV

SNR ∝
√
Q
√
ω0

1

 
     (1.8) 

By comparing Eq. (1.8) to Eq. (1.4), we can observe: 

Q =
X

R
=

ω0L

R

U =
1

2
Li2 =

1

2
µ0

∫
|B1|2dV

L = µ0

∫ ∣∣∣∣
B1

i

∣∣∣∣
2

dV

Q =
ω0µ0

R

∫ ∣∣∣∣
B1

i

∣∣∣∣
2

dV

SNR ∝
√

Q
√
ω0

1

      (1.9) 

Therefore, the Q-factor is an important property of an RF coil because its square root is 

proportional to SNR.29 Furthermore, sample noise as described in Eq. (1.4) increases 

the effective resistance of the coil circuit, denoted R in Eq. (1.8), which leads to the 

distinction between unloaded Q (when no sample is present) and loaded Q (when a 

sample is present).32 However, it should be noted that the Q-factor does not 
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characterize the magnetic coupling of the coil to the sample, as described in Eq. (1.3), 

(1.4). 

 When measuring the Q-factor, the above definition of Q, Eq. (1.5) is often 

replaced by a more convenient formulation in terms of the bandwidth of the resonator. 

The bandwidth formulation is equivalent to Eq. (1.5) for large Q but should not be 

considered strictly equivalent.33 Using the bandwidth formulation, the Q-factor of a tuned 

and matched RF coil (which includes the equivalent series resistance of any tuning and 

matching components) can be measured from a port reflection (S11) measurement on a 

calibrated network analyzer using the equation34: 

Q =
X

R
=

ω0L

R

U =
1

2
Li2 =

1

2
µ0

∫
|B1|2dV

L = µ0

∫ ∣∣∣∣
B1

i

∣∣∣∣
2

dV

Q =
ω0µ0

R

∫ ∣∣∣∣
B1

i

∣∣∣∣
2

dV

SNR ∝
√

Q
√
ω0

Q =
2f0

BWS11,−3 dB

Q =
f0

BWS21,−3 dB

1

 
     (1.10) 

Where BWS11,–3 dB  is the -3 dB bandwidth of the negative-polarity S11 peak. However, 

this approach should be used cautiously if the tuning and matching network contains 

additional non-negligible inductances. In that case, the Q-factor measured from S11 

might not equal the RF coil Q-factor that determines SNR. When in doubt, one should 

fall back upon a S21 measurement with the RF coil weakly inductively coupled to a small 

pickup coil. In that case, the following equation34 should be used. 

Q =
X

R
=

ω0L

R

U =
1

2
Li2 =

1

2
µ0

∫
|B1|2dV

L = µ0

∫ ∣∣∣∣
B1

i

∣∣∣∣
2

dV

Q =
ω0µ0

R

∫ ∣∣∣∣
B1

i

∣∣∣∣
2

dV

SNR ∝
√

Q
√
ω0

Q =
2f0

BWS11,−3 dB

Q =
f0

BWS21,−3 dB

1

 
     (1.11) 

For this study, we chose the S11 approach to avoid the challenge of designing a pickup 

coil suitable for probing a microcoil. 
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Materials and Methods 

MRI scanner. The RF microcoil was designed for use with a Varian 600 MHz 

(14.1 T) small animal MRI system. The inner diameter of the system bore with gradients 

installed was 54 mm, and the inner diameter of imaging probes designed for use with 

the system was 40 mm. The maximum gradient strength at isocenter was 1 T/m or 100 

gauss/cm. The system contained an imaging gradient set with xy-shims up to second 

order and z-shims up to third order. Consequently, higher-order shims were not 

available on the system. 

Choice of sample geometry. It is possible to scan a biopsy sample in a stretched-

out orientation or a “coiled/bunched” orientation. In high-resolution magic angle spinning 

(HR-MAS) studies of biopsy samples, the “coiled/bunched” orientation is commonly 

used because it reduces the sample to a very small volume that is comparatively 

straightforward to shim.35 However, for this study we selected the stretched-out 

orientation to yield optimal correlation between imaging and histopathology. 

Choice of coil geometry. The most commonly employed RF coil geometries 

include the circular loop, the planar solenoid, the helical solenoid, the Helmholtz coil, 

and the saddle coil. For a stretched-out biopsy sample, the helical solenoid, Helmholtz 

coil, and saddle coil offer RF magnetic field (B1) homogeneity over a long, narrow 

region. Of these options, the helical solenoid offers the highest theoretical sensitivity, 

but at the cost of the long axis of the coil being perpendicular to the z-axis of the MRI 

scanner. This has potential to create shimming difficulties. Consequently, we selected 

the saddle coil geometry.36 which is commonly used in commercial high-field NMR 

probes precisely because it allows the long axis of the coil to align with the long axes of 
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both the sample and the NMR spectrometer. In this orientation, the main magnetic field 

(B0) homogeneity of the sample can be better optimized using z-shims. 

Choice of coil materials. Solid-core copper wire offers near-optimal RF coil 

conductivity at a low price. Consequently, the most commonly-confronted issue in RF 

coil design is the choice of material to stabilize the coil. Above approximately 100 MHz, 

many popular materials, such as epoxy, are unacceptable for RF coil embedding 

because the dielectric losses are far too high. For the same reason, UV-visible cured 

stereolithography resins such as RC31 NanoCure (EnvisionTEC, Inc.) are not 

acceptable RF coil substrates. We tested several options and found that both glass and 

Kapton (polyimide) provided excellent performance. We ultimately settled upon Kapton 

due to its high durability as compared to glass. We found it was possible to procure 

Kapton tubes that are used in medical catheters (MicroLumen, Inc.). We used these 

tubes for a double purpose, as both a coil substrate and sample chamber. 

Choice of susceptibility matching material. We chose to submerge the RF coil in 

Fluorinert FC-40 (Sigma-Aldrich, Inc), a 1H MRI-invisible fluorinated hydrocarbon. This 

eliminated air in the region of the sample and made the sample much easier to shim. 

The point where the RF coil leads exited the chamber containing the FC-40 was sealed 

with dental acrylic. 

Choice of coil adhesives. Any adhesive bonded to an RF coil becomes part of the 

circuit and contributes to coil losses. After testing several adhesives, we determined that 

two-component dental acrylic (frequently used to fabricate retainers) provided the best 

RF performance.32 However, close to the sample volume, small air bubbles in the cured 

acrylic can contribute to B0 inhomogeneity, which is a significant problem in high-field 
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MRI. Therefore, our final design only made use of the 

dental acrylic far away from the sample volume, to seal 

the chamber containing the susceptibility-matching fluid. 

 Choice of tuning and matching circuit topology. 

The optimal tuning and matching circuit converts the RF 

coil impedance to 50 Ω, and also allows the coil to 

operate in balanced (differential) mode, which provides 

optimal energy transfer to and from the magnetic component 

of the RF field (B1). Given these constraints, we selected a very simple three-

component balanced tuning and matching circuit (Figure 1.1), which is capable of 

transforming inductive loads to 50 Ω real impedance while injecting a minimum of noise 

into the RF coil circuit. 

Symbolic solution to the tuning and matching network. 
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 Figure 1.1. Tuning and 
matching network. 
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Given appropriate numerical values for L, R, Qm and Qt, the simultaneous equations 

Re[Z] = 50 and Im[Z] = 0 can be numerically solved for Ct and Cm using Eq. (1.15), 

(1.16), and (1.17). This process tends to be somewhat iterative because Qm and Qt are 

a function of the capacitor chosen, which is in turn a function of Ct and Cm. 

Estimation of microcoil resistance. We decided to construct a saddle RF 

microcoil of approximately 2.2 mm inner diameter by 9 mm length using 24-gauge solid 

core copper wire (radius: 0.255 mm). For this coil geometry, the length of copper wire 

needed was 53 mm, including 3 mm for coil leads. The skin depth was estimated: 

Skin depth:

δ =

√(
2ρ

µ

)
ω

Current area:
A = πr2 − π(r − δ)2

Coil resistance:

R =
ρl

A

1

 

     (1.18) 

Where ρ = 1.68×10–8 Ω⋅m is the resistivity of copper, µ = (4π ×10–7)(1 – 0.78 ppm) N⋅ 

A–2 is the magnetic permeability of copper, and ω =  2π(600×106) s–1. Using the 

calculated skin depth value δ = 2.66 µm, it was possible to estimate the cross-sectional 

area of wire that contained flowing current, and in turn estimate the coil resistance: 

Skin depth:

δ =

√(
2ρ

µ

)
ω

Current area:
A = πr2 − π(r − δ)2

Coil resistance:

R =
ρl

A

1

 
     (1.19) 

Skin depth:

δ =

√(
2ρ

µ

)
ω

Current area:
A = πr2 − π(r − δ)2

Coil resistance:

R =
ρl

A

1

 

     (1.20) 

from these relationships, we obtained R = 428 mΩ. 
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Estimation of microcoil inductance. Given 

the very weak dependence of RF coil 

inductance upon frequency, we chose to 

neglect this effect, and we estimated the coil 

inductance using a direct current (DC) 

simulation of saddle coil geometry within the 

ANSYS Maxwell finite element magnetostatic 

simulation software (ANSYS, Inc.). We obtained 

L = 32.27 nH (Figure 1.2). 

Numerical solution of the tuning and 

matching circuit. Using R = 428 mΩ, L = 32.27 

nH, and Qt = Qm = 1250, with ω =  2π(600×106) s–1, we numerically solved the complex 

expansion of the network impedance to yield Ct = 1.95 pF and Cm = 0.45 pF. 

Choice of tuning and matching circuit capacitors. We found that Johanson 

ThinTrim half-turn non-magnetic capacitors offered high Q-factors at a low price. The 

primary limitation of these capacitors was that they were very fragile and had to be 

stabilized securely on a rigid circuit board substrate. The Johanson 9701-0SL-1 

provided an adjustable capacitance from 0.25 pF to 0.7 pF. We used the 9701-0SL-1 for 

both the tuning and matching capacitors, and we chose to use a high-Q non-magnetic 

chip capacitor close to the coil to add additional tuning capacitance. 

Choice of tuning and matching substrate. The commonly-used inexpensive FR-4 

circuit board material is unacceptable for RF coil design at higher frequencies due to its 

high dielectric loss tangent. Popular low-loss tangent substrates include Teflon (PTFE) 

Figure 1.2. Simulation of microcoil 
inductance in ANSYS Maxwell. 
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and Kapton. Consequently, we settled upon Rogers RT Duroid 

5880, a PTFE-based laminate that was bonded to rolled 1 Oz 

copper. This material had excellent higher frequency RF 

performance and could easily be milled using a two-axis CNC 

router (Othermill, Bantam Tools, Inc.). 

Choice of coaxial cable. Coaxial cable losses take place 

outside of the coil circuit and consequently are not as 

significant as losses within the coil circuit itself. However, in 

the interest of achieving optimal sensitivity we selected Micro-

Coax 0.141 (Micro-Coax, Inc.) as a high-performance rigid 

coaxial option with a solid-core inner conductor, PTFE 

dielectric and solid copper shield. At 600 MHz, this choice 

provided estimated losses of 0.29 dB/m as compared to 0.53 

dB/m for commonly-used RG-58. 

 

Results 

 Construction of RF coil. The finalized 1H saddle 

microcoil (Figure 1.3) was constructed from 24-gauge copper 

wire that was formed using a removable 3D-printed coil model 

(Perfactory 3, EnvisionTEC Inc.) and designed to tightly encircle a 2.2 mm outer 

diameter polyimide catheter (Part number 860-II, MicroLumen, Inc). The inner coil 

diameter was 2.2 mm and the length was 9 mm. The coil and the polyimide catheter 

were immersed in Fluorinert FC-40, which was contained within a polycarbonate pipette 

Figure 1.3. RF 
microcoil and housing. 
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tube. The point where the coil wires exited the tube was sealed using dental acrylic. The 

ends of the pipette tube were sealed using 3D-printed RC31 NanoCure inserts which 

were affixed using UV-cured glue. The polyimide catheter was sealed to Luer-lok fittings 

using PVC peristaltic pump tubing and UV-cured glue. The overall assembly was 

encased in a 3D-printed ABS housing suitable for insertion into a 40 mm inner diameter 

small-animal spectroscopy probe. The coil leads were soldered to a high-Q non-

magnetic chip capacitor in parallel with a tuning and matching network consisting of 

Johanson ThinTrim 9701-0SL-1 capacitors soldered to Rogers RT Duroid 5880 

substrate. The feed point of the tuning and matching network was directly soldered to 

Micro-Coax 0.141 cable, the shield of which was connected to a copper ground plane at 

the bottom of the microcoil housing. 

Q-factor measurements of RF microcoil. The unloaded RF microcoil before 

placement in its full housing was easily impedance matched to 50 Ω, and the coil had a 

Q-factor of 270 computed from Q = 2(BW)/f0, where BW was the –3 dB bandwidth of the 

S11 spectrum at 600 MHz measured using a network analyzer (Figure 1.4). 
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During the construction of the 

RF microcoil, we examined 

the Q-factor impact of the 

various structural components 

(Figure 1.5). When each coil 

component was added, the 

coil was tuned and matched, 

and the Q-factor was re-

measured. As described above, the 

RF coil attached to its tuning and 

matching network on the Rogers RT Duroid 5880 substrate had a Q-factor of 270. 

Adding the acrylic seal (used for trapping the susceptibility-matching fluid Fluorinert FC-

40) reduced the Q-factor to 238. Further adding the FC-40 to the coil chamber reduced 

Figure 1.4. Network analyzer measurements of RF microcoil. 

Figure 1.5. Impact of adding successive 
components on microcoil Q-factor. 
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the Q-factor to 205. However, adding Dulbecco’s Modified Eagle Medium (DMEM) to 

the sample chamber had the most dramatic impact, reducing the Q-factor to 99. Given 

this Q-factor reduction, we concluded that the RF microcoil was in fact sample-noise 

dominated for high ionic content samples such as cell medium.  

RF microcoil pulse width, lineshape and SNR. Using an H2O sample, we 

observed considerable radiation damping37 (Figure 1.6A). Consequently, the sample 

chamber was filled with a freshly opened D2O / 0.05% trimethylsilylpropanoic acid (TSP) 

solution (Sigma-Aldrich, Inc.), and the RF microcoil was inserted into the Varian 600 

(14.1 T) MRI scanner. Using TR = 15 seconds, the 90° RF pulse was found to equal 15 

µs at 45 dBm (Figure 1.6B). The sample was automatically gradient shimmed, and the 

TSP lineshape and SNR were measured at a receiver gain of 10 dB using one transient 

with a 90° flip angle, 59,524 complex points, and a 3-second acquisition time (Figure 

1.6C). The TSP lineshape was 2.17 / 14.94 / 17.49 Hz (50% / 0.55% / 0.11%) and the 

SNR, computed after matched apodization and using Eq. (1.21), was 608 / µmol 1H 

(SNR = 608:1 per µmol of 1H spins). The sensitive volume of the coil used for the SNR 

calculation was 38.3 µL, measured using a 2D gradient echo sequence (Figure 1.6D). 

The SNR per µmol 1H was computed using Eq. (1.21), with ρ(D2O) = 1.1044 

g/mL and Vcoil = 38.3 µL. Using MestreNova (MestreLab Research S.L) the SNR was 

computed from the ratio of the TSP peak height to the standard deviation of a large 

noise region that was upfield of 0 ppm. The SNR was computed after applying matched 

apodization (exponential line-broadening = 2.17 Hz = TSP full width at half maximum).  
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Discussion 

In this study, we constructed a 600 MHz microcoil suitable for micro-imaging of 

small samples such as individual prostate biopsies. The mass-adjusted SNR achieved 

by the present room-temperature 2.2 mm inner diameter RF microcoil was 608 / µmol 

1H. This was similar to a reported sensitivity of 651 / µmol 1H for a 5 mm inner diameter 

Figure 1.6. Performance characterization of RF microcoil. A. Observation of radiation 
damping effect with a pure H2O sample necessitated switching to a D2O sample. B. 
90° flip angle calibration was 15 µs at 45 dBm. C. TSP lineshape was 2.17 / 14.94 / 
17.49 Hz (one transient, no apodization) and SNR was 608 per µmol 1H (one 
transient, matched apodization). D. Sample volume visible to the coil was 38.3 µL, 
measured using a 2D multislice interleaved gradient echo sequence with a 20 mm × 
20 mm field of view and 128 × 128 matrix with 200 µm thick slices (TR = 300 ms, TE 
= 4 ms, 20° flip angle, and 10 averages). The image depicted was acquired from 
residual 1H within the D2O / 0.05 % TSP sample. 
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600 MHz cryoprobe38 with higher-order shims, and superior to the 220 / µmol 1H 

reported for a room-temperature 5 mm 600 MHz probe,38 suggesting that the achieved 

sensitivity was competitive with commercially available NMR probes. 

The careful choice of materials used for the RF coil fabrication were critical to the 

sensitivity performance that we achieved. However, the achievable RF coil sensitivity 

was limited by the shimming capabilities of the 14.1 T MRI scanner, which yielded a 

TSP 50% linewidth of 2.17 Hz as compared to < 1 Hz on high-resolution spectrometers. 

To achieve even higher sensitivity it would be necessary to build or install higher-order 

shims, or adapt the coil for use with a different spectrometer. However, it should be 

noticed that our 14.1 T MRI system lacked higher-order shims due to the installation of 

high-power imaging gradients up to 1 T / m (100 gauss / cm), which were ideally suited 

for the micro-imaging purpose for which we originally designed the RF microcoil. 
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Chapter 2. Micro-DWI of Single Prostate Biopsies at 14 T with 50 µm 
Resolution 

 

Introduction 

 Magnetic resonance (MR) diffusion-weighted imaging (DWI) is among the most 

useful prostate imaging techniques in current clinical practice.39,40,41,42 DWI is sensitive 

to the motion of water molecules at microscopic spatial scales within biological tissues, 

and the apparent diffusion coefficient (ADC) of water can provide unique information 

about microscopic tissue compartments, and the pathology of prostate tissues.43 In 

patients, the ADC has been shown to be lower in prostate cancer than in surrounding 

benign prostate tissues, with typical ADC values ranging from 2.0 × 10–3 mm2/s to 1.4 × 

10–3 mm2/s for benign tissues and 1.6 × 10–3 mm2/s to 0.8 × 10–3 mm2/s for cancer, 

respectively.44,45 MR diffusion has also shown promise for reflecting the pathologic 

grade of prostate cancer, with lower ADC values found in higher Gleason score 

cancers. In a 2012 study, ADC decreased from 1.135 ± 0.119 × 10–3 mm2/s in patients 

with Gleason 6(3+3), to 0.976 ± 0.103 × 10–3 mm2/s in patients with Gleason 7(3+4), to 

0.831 ± 0.087 × 10–3 mm2/s in patients with Gleason 7(4+3) prostate cancer.46  

 In ex vivo experiments of human prostate biopsies, metabolic measurements 

such as high resolution magic angle spinning (HR-MAS) and/or hyperpolarized 13C (HP 

13C) data are confounded by the large amount of tissue heterogeneity, both benign and 

malignant tissues, in a single prostate biopsy sample. Specifically, varying amounts of 

cancer and the presence of cancers of varying pathologic grade in a single biopsy core 

confuses the interpretation of cellular metabolic changes associated with prostate 

cancer presence and pathologic grade from whole biopsy metabolic measurements. 
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Micro-DWI measurements of prostate biopsies could provide a means of assessing the 

amount and pathologic grade of cancer present and thereby improve the assessment of 

the metabolic changes associated with cancer aggressiveness as well as with 

therapeutic response. Consequently, using the custom-engineered 600 MHz RF 

microcoil described in Chapter 1, we endeavored to obtain water ADC images from 

individual prostate biopsies using ex vivo micro-DWI at 14 tesla. 

There have been numerous prior studies of prostate DWI both in vivo19,39,40,41,42 

and ex vivo,47 and micro-DWI of formalin-fixed prostate tissue has been previously 

performed with 40 µm resolution.48,49 To our knowledge, micro-DWI of freshly acquired 

unfixed prostate biopsies has not been previously performed. 

 

Theory 

Brownian motion. Molecules in solution undergo Brownian motion due to thermal 

kinetic energy.50,51 The particle displacement of Brownian motion follows a Gaussian 

distribution, with mean squared displacement given by 2DΔ, with D being the diffusion 

coefficient, typically measured in mm2/s, and Δ (in s) being the measurement 

timescale.50,51  

Diffusion-weighted imaging. Conventional spin-echo diffusion-weighted imaging 

uses gradients to impose a spatially dependent phase on the magnetization, which is 

then reversed using a 180° pulse and additional gradients.52,53 The magnetization of 

static spins remains coherent during readout, whereas the apparent signal of diffusing 

spins is reduced due to phase decoherence. Assuming the so-called “mono-

exponential” model of diffusion-weighted signal decay, the expected signal amplitude for 
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spins with a given diffusion coefficient D may be computed using modified Bloch 

equations.52,53  
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In Eq. (2.1) and (2.2), D is termed the apparent diffusion coefficient (ADC). The 

diffusion-weighting parameter b in s/mm2 describes the degree of signal decay imposed 

by the amplitude G, duration δ, and spacing Δ of the diffusion gradients and is also 

sensitive to the gyromagnetic ratio γ, which determines the rate of phase accumulation 

under the influence of gradient amplitude G. The diffusion time parameter Δ is also 

important because for a given D, the majority of particles will only travel a displacement 

sqrt(2DΔ), meaning that the imaging sequence will not be sensitive to diffusion barriers 

greater than this characteristic distance. 

 Tissue cellularity. The cytosol has a high density of organelles and proteins that 

impede the diffusion of water. Consequently, the cytosolic diffusion coefficient of water 

is lower, by up to an order of magnitude, than the diffusion coefficient in the 

comparatively dilute extracellular fluid.51,54 High tissue cellularity, as seen in prostate 

tumors, is therefore visible as restricted diffusion (decreased ADC) on DWI.19,39,40,41,42  

Tissue microarchitecture. Histologically, the normal prostate consists of 

branching ducts surrounded by layers of epithelial cells, embedded within a stromal 

background.55 The diffusion coefficient of water is expected to be highest in the ductal 

lumen and lowest within cells, with an intermediate diffusion coefficient for the 

extracellular space. Clinical DWI fitted using a mono-exponential diffusion signal decay 
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model would therefore be expected to volume-average these different tissue 

compartments within a single voxel, and the reported ADC value would be related to the 

relative proportions of the different tissue compartments at a given location. Thus, 

increased cellularity and/or decreased luminal space are believed to be responsible for 

the diffusion restriction that is clinically observed in prostate tumors.48,49 

Perfusion. In vivo there is a fast perfusion component to the water ADC whereas 

in the ex vivo setting this is not the case. However at b-values above approximately 180 

s/mm2 the perfusion component is thought to be fully suppressed during in vivo imaging, 

and is therefore invisible to the ADC calculation.56 

Cellular swelling. In human tissue, physiologic water and osmotic balance across 

cellular membranes is established primarily by the action of the Na+ / K+ ATPase. Under 

hypoxia due to ischemia, within a few minutes of onset there is a decrease in ATP 

levels and homeostatic function of the Na+ / K+ ATPase. This, in turn, causes an 

osmotic shift of extracellular water into the cytosol, which decreases the ADC.54 

Therefore, fresh ex vivo tissue with intact cellular membranes would be expected to 

display reduced ADC as compared to the in vivo setting. This effect would be 

unavoidable due to the rapid onset of cellular swelling following ischemia. However, it is 

unclear whether the effect might further increase over time. 

Ischemia and apoptosis. There is evidence of an ischemic gene expression 

signature within one hour of harvesting prostate tissue from patients.57 However, it is 

unclear how quickly the cellular membranes will bleb and rupture from apoptosis and/or 

necrosis, which will eventually increase the ADC as compared to the in vivo setting (in 

contrast to early cellular swelling, which decreases the ADC). In this study, the biopsy 



 24 

tissues experienced less than 1.5 hours of cold ischemia after acquisition, followed by 

2.5 hours of warm ischemia during shimming and imaging. The formalin-fixed biopsy 

sections obtained from this protocol demonstrated intact tissue morphology. 

Temperature. The ADC is proportional to absolute temperature,50 meaning that 

ex vivo DWI acquired at room temperature would be expected to have a lower ADC 

compared to the in vivo scenario. However, this effect is small, given that the ratio of ex 

vivo to in vivo absolute temperature is 293.15 K / 310.15 K = 0.945. 

Tissue fixation. There are many published reports of ex vivo DWI of fixed 

tissues,48,49 which were treated with an agent such as 10% neutral buffered formalin 

which is believed to crosslink proteins and cell membranes without causing cellular 

swelling. There is evidence to suggest that the fixation process reduces the ADC 

compared to in vivo, potentially due to crosslinking creating additional barriers to water 

diffusion.58 

 

Materials and Methods 

Biopsy acquisition. Transrectal 18-gauge prostate biopsies from patients 

undergoing active surveillance for prostate cancer were acquired with Institutional 

Review Board approval. Biopsies were acquired using an ultrasound-MRI fusion system 

that provided registration of transrectal ultrasound images to prior prostate MRI 

(UroNav, InVivo, Inc.). Up to two research biopsies per patient were acquired from any 

visible MRI or ultrasound lesions once the clinical biopsy acquisition had been 

completed. Biopsies were stored in phosphate-buffered saline on ice for up to 1.5 hours 

prior to imaging. The median storage time was 0.5 hours. 
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Sample preparation. Biopsies were removed from phosphate-buffered saline and 

loaded into a hemisected 2.2 mm diameter Kapton catheter (MicroLumen, Inc.). Biopsy 

cores greater than 9 mm in length were folded over to fit within the sensitive region of 

the 2.2 mm diameter × 9 mm length RF microcoil. A small drop of cyanoacrylate 

adhesive was used to attach the biopsy sample to the catheter at either end of the 

sensitive region. The hemisected catheter was loaded into the RF microcoil sample 

chamber, which was then filled with Fluorinert FC-40 (Sigma-Aldrich, Inc.) susceptibility 

matching fluid. We found that this 1H MRI-invisible fluid mostly eliminated air bubbles 

from the sample chamber due to its extremely low polarity and surface tension.  

MRI preparation. The micro-DWI data was acquired within a Varian 600 MHz 

(14.1 tesla) small animal MRI system. Due to the high sensitivity of the RF microcoil to 

dielectric sample loading, the microcoil was tuned and matched for each sample using a 

benchtop network analyzer, with fine adjustments made inside of the MRI scanner. The 

90° RF pulse was calibrated for each sample. Each biopsy sample was positioned at 

isocenter of the MRI scanner using scout sequences and was 3D gradient-shimmed. 

Micro-DWI pulse sequence. 3D spin-echo micro-DWI images were acquired 

using TR = 700 ms, TE = 38.97 ms, 12.8 mm × 3.2 mm × 1.2 mm field of view, 256 × 64 

× 24 matrix, and readout bandwidth = 12.5 kHz, yielding 50 µm isotropic resolution. The 

diffusion gradients had duration δ = 2 ms with spacing Δ = 12 ms. There were six 

diffusion directions acquired at b = 600 s/mm2 in addition to the b = 0 s/mm2 acquisition, 

yielding a total imaging time of 2 hours and 6 minutes. 

Trace ADC calculation. We used the mono-exponential signal decay model of 

diffusion-weighted imaging data. In this model, 
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Where s is a vector of logarithms of signal values, B is a matrix of diffusion-weighting b-

values, and d is a vector of diffusion coefficients. Eq. (2.3) becomes clearer when 

written out in component-wise form: s = −Bd
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In this equation, the indices 1 … 7 correspond to b-value directions (six directions plus 

one non-diffusion weighted acquisition), while the subscripts ss, sp, etc. describe 

components in imaging coordinates (“s” corresponds to “slice-select”, “p” corresponds to 

“phase-encode,” and “r” corresponds to “readout”). The matrix B was computed by the 

3D spin echo with diffusion pulse sequence program in VNMRJ 4. The analysis problem 

was to invert this B matrix to obtain the diffusion coefficient vector d in terms of the 

logarithm-of-signal vector s. The matrix B was inverted numerically using QR 

decomposition in MatLab (The MathWorks, Inc.). The first six components of the 

resulting diffusion coefficient vector d were formulated as the diffusion tensor D: 

s = −Bd
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The eigenvalues λ1, λ2, and λ3 of D were computed, and were used to compute the 

trace apparent diffusion coefficient (ADC) value for each voxel within the image, yielding 

a trace ADC image: 
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Further, a synthetic diffusion-weighted image was computed using the maximum b-

value that was applied (i.e., the largest element of matrix B) and the trace ADC value at 

each voxel. It should be noted that because true “b=0 s/mm2” images are not achievable 

in a real imaging system, the parameter S0 is in fact a synthetic value obtained from 

inversion of B in Eq. (2.4). 
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Micro-DWI data analysis. We found that although the biopsy samples were 

submerged in Fluorinert FC-40, it was nevertheless necessary to segment the biopsy 

samples from surrounding phosphate-buffered saline. A signal threshold on “b=0” 

s/mm2 images was used to generate an initial binary mask that excluded regions 

containing Fluorinert FC-40 and/or noise. Next, voxels with trace ADC > 2.0 × 10–3 

mm2/s were excluded under the assumption that these voxels corresponded to 

phosphate-buffered saline. Finally, the mask was blurred using a 3 × 3 × 3 kernel and 

was re-binarized, which we found was sufficient to fill any mask holes attributable to 

imaging noise, while preserving holes that were attributable to an absence of tissue at a 

given location. This segmentation procedure was implemented as an automated 

algorithm in MatLab. Finally, the trace ADC histograms for each biopsy sample were 

plotted, and the mean and 10th percentile ADC values were computed. 

Comparison to in vivo DWI. The clinical DWI sequence at our institution used an 

oblique axial slice plan with a 24 cm field of view, 256 × 128 matrix, 4 mm thick slices, 

and TE = 52.9 ms. The sequence used parallel imaging with an acceleration factor of 2 
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and an echoplanar acquisition scheme.59 The diffusion parameters were b = 0 and 600 

s/mm2, Δ = 22.1 ms, and δ = 7.3 ms with six diffusion gradient directions acquired. The 

mean trace ADC values corresponding to the MRI lesion were extracted from the 

clinical radiology reports within the picture archiving and communications system 

(PACS) at our institution. We computed the percentage change of the ADC between ex 

vivo and in vivo samples, 100*(ADCex vivo – ADCin vivo) / ADCin vivo. 

Biopsy histopathology. Following imaging, the biopsy samples were fixed in 10% 

neutral-buffered formalin, embedded in paraffin, sectioned, and stained with 

hematoxylin and eosin (H&E) and high-molecular weight cytokeratin for interpretation by 

a board-certified genitourinary pathologist. For each sample the pathologist determined 

the primary Gleason pattern, secondary Gleason pattern, Gleason score, percentage of 

cancer, percentage of glandular tissue, and percentage of stromal tissue. 

 

Results 

 Biopsy dataset. We collected n=5 fresh biopsy samples from five different 

patients, which included three PI-RADS (Prostate Imaging Reporting and Data System) 

3 samples and two PI-RADS 4 samples. Of these samples, all five were benign, with the 

percentage of glandular tissue ranging from 10% to 50%. Two of the research samples 

originated from MRI lesions that produced at least one clinical cancer biopsy, most likely 

due to sampling differences during repeat biopsies of the same lesion. 

 Example case. In Figure 2.1A, clinical T2-weighted, DWI and trace ADC images 

demonstrate a PI-RADS 4 lesion in the right lateral peripheral zone at the level of the 

midgland (trace ADC = 1.08 × 10–3 mm2/s). In Figure 2.1B, we see ex vivo DWI of the 
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biopsy sample acquired from the MRI lesion. Images have been masked to display only 

biopsy voxels. In Figure 2.1C, we see the ex vivo trace ADC image of the biopsy 

sample acquired from the MRI lesion. In Figure 2.1D, we see the H&E stain. The biopsy 

sample consisted of 40% glandular tissue as determined by a board-certified 

genitourinary pathologist. 
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D H&E (40% Glandular Tissue) 0.5 mm

C Ex Vivo Trace ADC 0.5 mm

B Ex Vivo DWI 0.5 mm

A In Vivo T
2
-Weighted In Vivo DWI In Vivo Trace ADC

 

 Biopsy ADC histograms. We observed approximately Gaussian biopsy ADC 

histograms with modal ADC values close to 1.0 × 10–3 mm2/s (Figure 2.2). One of the 

10% glandular biopsy samples had a positively skewed ADC histogram, whereas the 

40% and 50% glandular biopsy samples had negatively skewed ADC histograms. We 

Figure 2.1. Example ex vivo micro-DWI case. 
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observed a negative Spearman rank correlation (p < 0.05) between the biopsy 

glandularity and the 10th percentile ADC value, highlighted in red in Figure 2.2A. In 

Figure 2.2B, we see the corresponding micro-DWI images from each sample, taken as 

representative sections from the 256 × 64 × 24 matrix size 3D images. All DWI images 

are displayed with the same window/level settings to facilitate visual comparisons. In 

Figure 2.2C, we see the percentage of benign glandular tissue assigned by a board-

certified genitourinary pathologist viewing H&E stained specimens. 
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 Figure 2.2. Results from ex vivo micro-DWI of prostate biopsy samples. 
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Comparison to in vivo ADC 

values. The mean trace 

ADC values of the biopsies 

at micro-DWI were typically 

lower than the mean in vivo 

ADC values of the MRI 

lesions by 17% to 27% 

(Figure 2.3). In one case, 

the ex vivo ADC value was 

46% higher; however, the 

clinical biopsy from that lesion 

was Gleason 3+4 cancer 

whereas the research biopsy 

sample was benign, most likely reflecting differences in sampling of the lesion.  

 

Discussion 

In this study, we acquired micro-DWI of freshly acquired unfixed prostate 

biopsies using a custom-engineered 600 MHz RF microcoil. Furthermore, we observed 

lower 10th percentile ADC values in benign samples of higher cellularity, which gave 

qualitative agreement with the report of Bourne et al. in which a higher b-value of 1200 

s/mm2 was used.48 We observed generally lower ex vivo ADC values in comparison to 

in vivo values, an observation compatible with cellular swelling due to biopsy ischemia 

as well as lower temperatures in the ex vivo setting. 
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 Figure 2.3. Comparison of ex vivo and in vivo 
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is enumerated. 
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This study had a number of limitations. The ex vivo diffusion time of Δ = 12 ms 

limited the mean squared displacement for a single particle to under 5 µm for a particle 

experiencing an apparent diffusion coefficient of 1.0 × 10–3 mm2/s. This might have 

limited the range of ADC values that could be sampled, as compared to the clinically 

employed diffusion time of Δ = 22.1 ms at our institution. In our view, the decision to 

scan fresh unfixed prostate biopsies was more biologically realistic than scanning 

formalin-fixed samples, but we were not able to directly assess the impact that cellular 

swelling due to ischemia might have had upon our results. Finally, the biggest limitation 

of the study was the fact that all of the biopsy samples studied to date were benign.  

Future studies involving the acquisition of a significant number of cancer biopsies 

of varying pathologic grade, and quantitative correlation of ADC images with 

histopathology, will be necessary to validate the micro-DWI technique in providing an 

accurate means of assessing the percentage and pathologic grade of prostate cancer in 

individual biopsy samples. 
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Chapter 3. NMR Quantification of Lactate Production and Efflux and 
Glutamate Fractional Enrichment in Living Human Prostate Biopsies 

Cultured with [1,6-13C2]Glucose 
 

Introduction 

Prostate cancer metabolism is characterized by a shift to aerobic glycolysis and 

lactate production, known as the Warburg effect.7,8,9,10,11 Yet, it is not currently known 

how tumor metabolism changes in the setting of human castration-resistant and/or 

neuroendocrine prostate cancer (CRPC/NEPC). Recent studies have identified genetic 

alterations with significant putative metabolic effects in human CRPC.20,21 To investigate 

these effects, it is essential to measure metabolism in living human prostate tissue. Our 

laboratory has previously employed an optimized rotary tissue culture system to perform 

13C NMR metabolic labeling studies in slices of human prostate tissue acquired from 

radical prostatectomy (RP).17,60,61 Yet, RP is not standard of care for CRPC or NEPC, so 

the tissue slice technique cannot be applied in this clinically significant cohort of patients 

to yield a better insight into their respective metabolic adaptations. While it is clinically 

feasible to obtain biopsy samples from patients with CRPC and/or NEPC, a novel 

metabolic profiling protocol that is optimized for living human biopsies is needed to 

study these specimens. 

In the current work, we demonstrate that the combination of rotary biopsy culture, 

13C metabolic labeling, and NMR can quantify metabolism in freshly acquired living 

human prostate biopsies. The current research focuses on the development of the 

techniques necessary to acquire and measure the Warburg effect in living patient-

derived biopsies, acquired from patients prior to treatment for the determination of 

cancer presence, Gleason grade and extent for personalized therapeutic selection. By 



 36 

definition this was an early stage cancer patient population, resulting in the acquisition 

of mainly benign and low grade (primary Gleason pattern 3) prostate cancer biopsies in 

this study. However, the ultimate goal is to utilize the optimized techniques developed in 

this study to assess the Warburg effect and other changes in metabolism in patients 

with advanced disease who would not normally receive surgical therapy. 

 A particular motivation for studying the metabolism of prostate cancer comes 

from the preclinical and clinical development of hyperpolarized 13C MRI 

techniques,13,14,15,16 with clinical trials of hyperpolarized [1-13C]pyruvate in prostate 

cancer now underway at multiple sites.62 In prostate cancer, there is considerable 

heterogeneity of prognosis for prostate cancer patients, particularly for patients with a ≤ 

Gleason 7 histopathological score.4 Therefore, there is significant potential for 

hyperpolarized 13C metabolic imaging of primary prostate cancer to provide additional 

information to the clinician, in combination with Gleason scoring and clinical risk scores 

such as the Cancer of the Prostate Risk Assessment (CAPRA) score.5 In the metastatic 

setting, it is widely recognized that metabolic responses to therapy can significantly 

precede anatomical responses,63 which means that hyperpolarized 13C metabolic 

imaging may be able to better inform in real-time spatially resolved treatment monitoring 

for the clinician and patient in conjunction with serum tumor markers such as the 

prostate-specific antigen (PSA).6 

 In hyperpolarized 13C MRI, the measured signal is proportional to the product of 

(a) probe polarization, (b) the fractional enrichment of the precursor being converted to 

the produced metabolite, and (c) the pool size of the produced metabolite.64 In the ex 

vivo setting it becomes possible to disentangle these factors, ideally leading to a better 
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interpretation and understanding of the hyperpolarized 13C signal,17 and enabling the 

development of new hyperpolarized probes and potential therapeutic targets. 

 A significant challenge in the metabolic profiling of specific biochemical pathways 

using stable isotopes in individual living prostate biopsies by NMR is the small tissue 

mass ranging from 1 mg to 6 mg, which limits the achievable signal-to-noise ratio 

(SNR). Therefore, in the present work we have focused on optimizing the experimental 

parameters such as the duration of time in rotary biopsy culture and the parameters of 

the NMR acquisition so as to achieve sufficient metabolite signals from a small mass of 

tissue incubated with 13C labeled metabolic substrates.  

 

Methods 

 Biopsy acquisition. Transrectal 18-gauge prostate biopsies from 22 previously 

untreated patients (34 total biopsies, 27 normal prostate biopsies, five Gleason 6(3+3) 

cancer biopsies, and two Gleason 7(3+4) cancer biopsies) were acquired with 

Institutional Review Board approval. Biopsies were acquired using an ultrasound-MRI 

fusion system that provided registration of transrectal ultrasound images to prior 

prostate MRI (UroNav, InVivo, Inc.). Up to two research biopsies per patient were 

acquired from any visible multiparametric 1H MRI or ultrasound lesions once the clinical 

biopsy acquisition had been completed. In cases with fewer than two visible lesions, a 

biopsy was sometimes taken from a normal-appearing area of the peripheral zone. 

Immediately following acquisition, biopsies were stored in vials on ice and were 

transferred to rotary culture within 15 minutes. 
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 Biopsy culture medium. A formulation of PFMR-4A medium with  supplements 

optimized for prostate tissue culture was previously described.60,61 For this study, it was 

found that HEPES and threonine in this medium posed a potential challenge for the 

quantification of NMR spectra. Consequently, we developed a formulation of 

bicarbonate-buffered, HEPES-free, threonine-free, pyruvate-free F-12 medium 

containing all of the previously described supplements.60,61 (The complete medium 

recipe is provided in Supporting Information.) For labeling studies, the medium 

contained exclusively [1,6-13C2]glucose at 1.0 g/L.  

 Biopsy rotary tissue culture. Techniques previously described for the culture of 

thin, precision-cut prostate tissue slices60 were adapted for culture of biopsies.  Each 

biopsy was loaded onto a titanium mesh inside of one well of a 6-well plate containing 

2.5 mL per well of pre-warmed F-12 prostate medium with [1,6-13C2]glucose. The plates 

were loaded onto a rotary tissue culture system (Alabama R&D, Inc., Figure 3.1B) within 

a 37 °C, 5% CO2 incubator, and the biopsies were cultured for either 24 or 26 hours. 

For a subset of samples, the biopsy culture medium was collected and replaced with 

fresh pre-warmed medium at the 2 hour timepoint in order to quantify the initial rate of 

lactate efflux, in addition to the lactate efflux after 24 hours of culture. Each 6-well plate 

also contained a control well containing medium but without any biopsy tissue. At the 

end of the culture period, the medium was collected and stored at –80 °C. 

Biopsy rinsing. After culture the biopsies were placed in ice-cold phosphate-

buffered saline for less than one minute, blotted with a delicate task wipe and stored at 

–80 °C. This procedure was intended to remove medium that could otherwise 
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contaminate the post-culture biopsy High Resolution-Magic Angle Spinning (HR-MAS) 

NMR spectra as we have shown previously.65 

Biopsy tissue NMR measurements. Frozen biopsies were loaded without thawing 

into a sealed zirconium HR-MAS rotor65,66 on a tared digital balance to measure the wet 

weight of the biopsy tissue. Six µL of D2O/0.05% trimethylsilylpropanoic acid (TSP) 

solution was further added to the rotor and weighed to enable deuterium locking as well 

as a chemical shift reference via TSP. The HR-MAS rotor was sealed and loaded into a 

500 MHz Varian gHX Nano (proton-carbon double resonance) 4 mm indirect detection 

HR-MAS probe maintained at 1 °C. Acquisition was performed at a spin rate of 2.25 kHz 

using a Varian Inova console with VNMRJ 4 after locking on the D2O signal. The probe 

tuning, 90° pulse width and water saturation frequency were calibrated for each sample. 

Each sample was shimmed using an automated FID shimming routine for 20 minutes 

(see Supporting Information). 1H Carr-Purcell-Meiboom-Gill (CPMG) spectra were 

acquired with 60,000 complex points, 3 second acquisition time, 2 second water 

suppression pulse, 6 second overall repetition time, and 1,024 scans. It was previously 

established that this repetition time yielded fully relaxed spectra in human prostate 

tissue.35 The CPMG echo time was set to 288 ms. The spacings of 180° pulses within 

the CPMG sequence were synchronized to the spinning period of the rotor.35 To 

quantify metabolite total pools in addition to 13C labeled fractions, CPMG datasets were 

acquired both with and without heteronuclear 13C decoupling using a GARP pulse65,67 

for a total CPMG scan time of 3 hours, 25 minutes. 

Biopsy histopathology. Following the HR-MAS data acquisition, the biopsies were 

fixed in 10% neutral-buffered formalin, embedded in paraffin, sectioned, and stained 
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with hematoxylin and eosin (H&E) and high-molecular weight cytokeratin for 

interpretation by a board-certified genitourinary pathologist. For each sample the 

pathologist determined the primary Gleason pattern, secondary Gleason pattern, 

Gleason score, percentage of cancer, percentage of glandular tissue, and percentage of 

stromal tissue.  

Biopsy media NMR measurements. The samples of biopsy medium were thawed 

from storage at –80 °C. NMR samples were prepared by adding 65 mg of D2O/0.05% 

TSP to 540 mg of conditioned medium and placed in 5 mm NMR tubes. The sample 

data were acquired at 600 MHz using a Bruker Avance III console equipped with a 5 

mm Bruker BBFO (broadband double resonance) direct detection probe. The 90° pulse 

was calibrated, and automated z-axis shimming was performed up to 8th order in 

addition to tuning of all first-order shims (see Supporting Information). Water-

suppressed data were acquired using a fully relaxed ZGCPPR pulse sequence with a 

12 s acquisition time (114,942 points) and 3 s relaxation delay and 32 scans (8 minutes 

per sample). 

NMR data processing. All NMR datasets were processed in MestreNova 12 

(Mestrelab Research S.L.). The datasets were zero-padded by a factor of 2, apodized 

with a 0.25 Hz exponential filter and automatically phased and baselined using a 

Whittaker smoother algorithm68 and manually adjusted as needed. Peaks of interest 

were automatically picked and fitted using a Lorentzian-Gaussian shape function with a 

simulated annealing algorithm (500 coarse iterations, 100 fine iterations, and a local 

minima filter of 25 were used). All automated peak fits were tweaked after visual 

assessment for fit quality based on the residual signal and adjusted when necessary. 
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NMR quantification. In the biopsy HR-MAS CPMG data, peak areas were 

quantified relative to the calibrated amplitude of the Electronic REference To access In 

vivo Concentrations (ERETIC) signal, corrected for the number of metabolite protons.66 

Appropriate T2 corrections were applied based upon HR-MAS measurements in human 

prostate tissue at 1 °C and 500 MHz (lactate C3 T2 = 251 ms, glutamate C4 T2 = 275 

ms).10,17 Metabolite amounts were further standardized by the wet tissue weight of the 

sample, to yield a biopsy metabolite concentration in (nmol/mg). Fractional enrichments 

were computed as follows. 

(1) FELac, C3 =

[
3-13C Lac

]∣∣∣
cpmg

[Total C3 Lac]|hetnuc decoupled cpmg

(2) FEGlu, C4 =
[Total C4 Glu]|hetnuc decoupled cpmg −

[
4-12C Glu

]∣∣∣
cpmg

[Total C4 Glu]|hetnuc decoupled cpmg

 
     (3.1) 

(1) FELac, C3 =

[
3-13C Lac

]∣∣∣
cpmg

[Total C3 Lac]|hetnuc decoupled cpmg

(2) FEGlu, C4 =
[Total C4 Glu]|hetnuc decoupled cpmg −

[
4-12C Glu

]∣∣∣
cpmg

[Total C4 Glu]|hetnuc decoupled cpmg  
     (3.2) 

The glutamate fractional enrichment at the 4-position was computed by differencing the 

quantification of the 2.34 ppm C4 multiplet in the 13C decoupled vs. non-decoupled 

CPMG spectrum. This obviated the need to quantify the [4-13C]glutamate satellite 

peaks, which are known to underlie other peaks such as the [4-12C]glutamine peak and 

additionally could be further split by the presence of [3-13C]glutamate labeling on the 

same molecule (Figure 3.1D, Figure 3.5). 

In the fully relaxed media data, the lactate peak area was quantified relative to 

the known peak area and measured mass of TSP, and corrected for the relative number 

of protons. The lactate amount was further standardized by the wet tissue weight of the 

biopsy, as well as the duration of the biopsy tissue culture, to yield a lactate efflux rate 

in (nmol/min)/(mg tissue).  
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LIVE/DEAD assays and imaging. At the end of the culture experiment, a limited 

number of biopsies were transferred to a new well containing medium with ethidium 

homodimer-1 at 0.5 µmol/L and calcein-AM at 2.5 µmol/L.69 The biopsies were 

maintained in culture for a further two hours and then rinsed for 10 minutes in 

phosphate-buffered saline under dark conditions before blotting with a delicate task 

wipe and imaging on a laser scanning confocal microscope (Zeiss 780). A two-photon 

excitation was used at a 759 nm wavelength with a 25× water immersion objective, a 

1024 by 1024 image size, and 2 averages. The detection windows were set as 493 to 

556 nm for green and 615 to 741 nm for red. Z-stack images were acquired using 

overlapping optical sectioning with thickness determined by 1 Airy unit, with the 

maximum possible Z-stack height in order to assess tissue viability throughout the 

sample. We found that our extended staining protocol allowed the stain to diffuse 

throughout the biopsy, which made it possible to acquire a Z-stack covering the entire 

biopsy thickness (approximately 400 µm). Due to the time spent at room temperature on 

the microscope, the samples analyzed in this manner were not used for any HR-MAS 

data acquisition after imaging. 
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Figure 3.1. Biopsy labeling study protocol. A. MRI fusion biopsy was followed by B. 
rotary tissue culture with [1,6-13C2]glucose. C. Tissue lactate and D. glutamate 
concentration and fractional enrichment was quantified using HR-MAS of biopsy 
samples, whereas E. lactate efflux in media was quantified using NMR. F. The biopsy 
histopathology was obtained after culture. 
 



 44 

Results 

Overview of study protocol. The MRI fusion biopsy procedure provided 

registration of ultrasound to multiparametric prostate MRI, with the MRI lesion 

highlighted for biopsy targeting (Figure 3.1A). The freshly acquired biopsies were 

cultured with [1,6-13C2]glucose which was converted into [3-13C]pyruvate via glycolysis 

(Figure 3.1B). The pyruvate interconverted with the intracellular lactate pool, which was 

quantified after culture using HR-MAS. Figure 3.1C: 500 MHz HR-MAS spectrum shows 

doublets of [3-12C]alanine, [3-13C]lactate, and [3-12C]lactate going from left to right. Total 

scan time for this spectrum: 1 hour, 42 minutes. The pyruvate also entered the TCA 

cycle via pyruvate dehydrogenase, which led to labeling at the 4-position of alpha-

ketoglutarate following one turn of the cycle. This interconverted with glutamate to 

produce labeling at the 4-position of glutamate. Figure 3.1D shows the higher amplitude 

of the multiplets corresponding to the C4 protons of glutamate when decoupling is 

turned on. Total scan time for this spectrum, with decoupling both off and on: 3 hours, 

25 minutes. Figure 3.1E shows a representative spectrum of the media signifying the 

efflux of lactate and alanine from the biopsy tissue as evidenced by the 13C satellite 

peaks of the respective methyl protons. The biopsy histopathology after culture 

demonstrated well-defined glands with preserved tissue microarchitecture. (Figure 3.1F: 

hematoxylin and eosin staining, 20× magnification.) The representative biopsy was 

benign with 30% glandular tissue and 70% stromal tissue (a detail of a glandular region 

is shown). 

Study dataset. We obtained a total of 34 biopsies from 22 previously untreated 

patients. Of these biopsies, 16 were targeted to a radiologist-identified MRI lesion using 
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the MRI-ultrasound fusion biopsy device. Seven cancer biopsies and 27 benign biopsies 

were acquired. Among the benign biopsies, the average percentage of benign glandular 

tissue was 17% as determined by a board-certified genitourinary pathologist. Of the 

seven cancer biopsies, five had a Gleason score of 6(3+3) and two had a Gleason 

score of 7(3+4). The average percentage of cancer within the cancer biopsies was 12%, 

and the average percentage of benign glandular tissue was 9%.  
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Figure 3.2. Biopsy lactate efflux and concentration. A. Representative NMR spectra 
from benign (blue) and cancer (yellow) media. The broad peak that is superimposed 
with the 3-12C lactate doublet at 1.33 ppm is a medium additive that was deconvolved 
during the quantification process. B. Quantification of [3-13C]lactate efflux and total 
lactate efflux in media. There was significantly greater [3-13C]lactate and total lactate 
efflux in cancer biopsies compared to benign biopsies (p<0.05). 
  

 Biopsy media NMR measurements. We observed considerable efflux of [3-

13C]lactate into the medium during culture. In the representative NMR spectra 

normalized to tissue mass shown in Figure 3.2A, the cancer (yellow) medium after 24 

hours of culture demonstrated a higher level of [3-13C]lactate efflux compared to the 

benign (blue) medium. 
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  As shown in Figure 3.2B, benign biopsies had a [3-13C]lactate efflux rate of 0.29 

± 0.04 nmol/min/mg (mean ± standard error), whereas cancer biopsies had a [3-

13C]lactate efflux rate of 0.52 ± 0.14 nmol/min/mg measured over 24 hours in culture. 

Benign biopsies had a total lactate efflux rate of 0.31 ± 0.04 nmol/min/mg (mean ± 

standard error), whereas cancer biopsies had a total lactate efflux rate of 0.55 ± 0.14 

nmol/min/mg measured over 24 hours in culture. Both the 3-13C and total lactate efflux 

rates were significantly higher for the cancer biopsies (p < 0.05, two-tailed Student’s t-

test for independent samples). The fractional enrichment of the effluxed lactate was 95 

± 1 percent for benign biopsies and 94 ± 1 percent for cancer biopsies, with no 

significant fractional enrichment differences observed between benign and cancer 

biopsies.  
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Figure 3.3. Biopsy lactate efflux over time. The biopsy lactate efflux rate per minute was 
measured from conditioned medium samples collected after two hours in culture (“0-2 
hrs”) and again from the same biopsies collected after a further 24 hours in culture (“2-
26 hrs”). 
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  In an effort to assess the stability of lactate efflux over time in culture, for the 

majority of biopsies the lactate efflux rate per minute was measured from media 

collected after two hours of biopsy culture (“0-2 hrs”) and again from media collected 

after a further 24 hours of biopsy culture (“2-26 hrs”). We did not observe significant 

differences between the lactate efflux rates measured over these two timepoints (Figure 

3.3A: benign 0-2 hrs: 0.33 ± 0.05 nmol/min/mg, benign 2-26 hrs: 0.28 ± 0.03 

nmol/min/mg. Figure 3.3B: cancer 0-2 hrs: 0.49 ± 0.10 nmol/min/mg, cancer 2-26 hrs: 

0.53 ± 0.23 nmol/min/mg.) 
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Figure 3.4. Biopsy tissue HR-MAS spectra. A. Example CPMG spectra from benign 
(blue) and cancer (yellow) samples after culture. The [2-12C]lactate peak is visible at left, 
as a quartet split by the long-range coupling (~4 Hz) to [3-13C]lactate. Ala: alanine, Glu: 
glutamate, Gln: glutamine, GSH: glutathione, Cre: creatine, Cho: choline, PC: 
phosphocholine, GPC: glycerophosphocholine, mI: myo-inositol, sI: scyllo-inositol. B. 
Quantified CPMG data: [3-13C]lactate concentration, total lactate concentration, and 
fractional enrichment of lactate at the 3-position. 

 

Biopsy tissue NMR measurements. Of the 34 biopsies cultured during this study, 

7 were used for non-HR-MAS experiments after culture and 6 were not measured by 

HR-MAS due to technical issues. We obtained high-quality HR-MAS data from 21 
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biopsies suitable for metabolite quantification. Of these HR-MAS samples, 16 were 

benign, four were Gleason score 6(3+3) and one was Gleason score 7(3+4). It was 

possible to observe a number of metabolites in the HR-MAS CPMG spectra from biopsy 

tissues after culture, including metabolites that we have previously quantified in prostate 

tissue such as phospholipids70 (Figure 3.4A). However, the focus of the present study 

was lactate production and efflux in culture. Despite a trend towards higher lactate 

levels in the cancer biopsies, we did not observe significant differences between benign 

and cancer biopsies after culture (Figure 3.4B). The [3-13C]lactate concentration after 

culture was 0.56 ± 0.12 nmol/mg (mean ± standard error) in benign biopsies and 0.73 ± 

0.49 nmol/mg in cancer biopsies. The total lactate concentration after culture was 0.74 ± 

0.15 nmol/mg (mean ± standard error) in benign biopsies and 1.15 ± 0.78 nmol/mg in 

cancer biopsies. The fractional enrichment was 72 ± 6 % in benign biopsies and 71 ± 6 

% in cancer biopsies. 
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Figure 3.5. Labeling of glutamate from glucose. A. There is an increase of the glutamate 
C4 multiplet amplitude at 2.34 ppm with 13C decoupling turned on, indicating fractional 
enrichment. B. Quantified CPMG data: 4-13C glutamate concentration, total glutamate 
concentration, and fractional enrichment of glutamate at the 4-position. 

 

Labeling of glutamate from [1,6-13C2]glucose. We were able to detect an increase 

of the glutamate C4 multiplet amplitude at 2.34 ppm with 13C decoupling turned on, 

indicating fractional enrichment (representative spectrum, Figure 3.5A). However, no 

significant differences were observed between the benign and cancer (primary pattern 

3) biopsies in terms of the glutamate concentration and/or fractional enrichment (Figure 

3.5B). As shown in Figure 3.5B, the [4-13C]glutamate concentration after culture was 

0.32 ± 0.10 nmol/mg (mean ± standard error) in benign biopsies and 0.27 ± 0.15 

nmol/mg in cancer biopsies. The total glutamate concentration after culture was 1.18 ± 
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0.23 nmol/mg in benign biopsies and 0.92 ± 0.47 nmol/mg in cancer biopsies. The 

fractional enrichment of C4 glutamate after culture was 24 ± 3 percent in benign 

biopsies and 24 ± 7 percent in cancer biopsies.  
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Figure 3.6. Biopsy LIVE/DEAD staining. A. Confocal two-photon microscopy from 
biopsy samples stained with calcein-AM and ethidium homodimer-1 following 26 hours 
in culture. B. Biopsy histopathology obtained after confocal microscopy. Each 
hematoxylin and eosin (H&E) stained image originates from the same sample as the 
confocal image directly above, but not from the exact same location in the tissue. 

 

Biopsy LIVE/DEAD staining. We assessed the biopsy viability after 26 hours in 

rotary culture using a fluorescent vital stain that is trapped in living cells (Calcein-AM) 

combined with a nuclear stain that enters the nuclei of dead cells (ethidium homodimer-

1). Scattered stromal cells demonstrated staining with ethidium homodimer-1, but the 

biopsies were primarily stained by the calcein-AM (Figure 3.6A), indicating that the 

majority of cells remained viable in biopsies after culture. The corresponding 
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histopathology slides further demonstrated intact glandular architecture after culture 

(Figure 3.6B). 

 

Discussion 

 In this study, we found that it was possible to perform NMR measurements of 

metabolism in individual living human prostate biopsies. Furthermore, the 13C-labeled 

and overall rates of lactate efflux in culture were significantly higher for low-grade 

(primary Gleason pattern 3) cancer biopsies as compared to benign biopsies (Figure 

3.2). In the HR-MAS data (Figure 3.4), for benign biopsies we observed a tissue lactate 

concentration of 0.74 ± 0.15 nmol/mg, in good agreement with a prior published 

measurement of 0.61 ± 0.28 nmol/mg in snap-frozen biopsy samples.10 For cancer 

biopsies, we observed a tissue lactate concentration of 1.15 ± 0.78 nmol/mg, as 

compared to a prior measurement of 1.59 ± 0.61 nmol/mg in snap-frozen cancer 

biopsies.10 This discrepancy can perhaps be explained by the fact that the present 

dataset contained only low grade prostate cancer biopsies (primary Gleason pattern 3), 

whereas the dataset from Tessem et al. contained specimens of low and high grade 

prostate cancer (primary Gleason patterns 3 and 4). These findings are consistent with 

the notion that there is a more pronounced Warburg effect in high grade prostate cancer 

such as primary Gleason pattern 4.71  

 In an earlier study of prostate tissue slices derived from surgical specimens, the 

fractional enrichment of lactate following two hours of culture with [3-13C]pyruvate was 

between 6 and 16 percent.17 In that study, the [3-13C]pyruvate label going to C3 lactate 

was most likely diluted by the presence of unlabeled glucose in the culture medium. In 
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the present work, we employed [1,6-13C2]glucose as the metabolic labeling substrate 

and we used a culture medium without pyruvate, which generated a higher fractional 

enrichment of lactate. In general, the relative contributions of media glucose and 

pyruvate to the tissue lactate pool are expected to depend upon the relative expression 

levels of membrane-located GLUT and MCT transporters, as well as the LDH isoform 

pattern, the redox state of the cell, and the relative rates of glycolysis and oxidative 

phosphorylation.17  

 Interestingly, while a significant difference in tissue lactate fractional enrichment 

coming from [1,6-13C2]glucose was not observed, the overall rate of lactate efflux in 

culture was significantly higher for primary Gleason pattern 3 cancer biopsies as 

compared to benign biopsies. This was presumably due to not only the trend toward 

higher lactate pool size, but also the propensity of the cancer tissue to export the lactate 

(Figure 3.2). This is consistent with prior data showing overexpression of the lactate 

dehydrogenase-A (LDHA) isoform (favoring lactate production from pyruvate) as well as 

overexpression of the monocarboxylate transporter MCT4, favoring lactate efflux, in 

human prostate cancer tissue compared to benign prostatic tissue.17 Moreover, prior 

studies have shown that both increasing expression of MCT4 mRNA as well as MCT4 

protein (quantified via immunohistochemistry) pathologically correlate with higher 

Gleason score, suggesting that lactate efflux from prostate biopsies would provide a 

sensitive assessment of aggressive disease.72,73,74,75  

 In this study, a longer duration of [1,6-13C2]glucose labeling was utilized in culture 

in order to yield a media [3-13C]lactate peak with higher SNR. It was therefore important 

to demonstrate that the rate of lactate efflux did not change over time, and in this study 
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the lactate efflux rate was not significantly different at late (2 to 26 hours) vs. early (0 to 

2 hours) time points (Figure 3.3). Theoretically, it would also be possible to increase the 

lactate concentration (and hence lactate SNR) effluxed into the media by decreasing the 

medium volume that is used during culture. However, we used a rotary tissue culture 

system that relies upon a 2.5 mL media volume within a 6-well plate to provide optimal 

exposure to medium and 5% CO2 / 21% O2 air. In our experience (data not shown), 

alternatives such as 24-well plates do not yield the same level of tissue viability, and 

would need to be further optimized to provide the correct ratio of medium to air 

exposure over time. It is also possible to increase the SNR of dilute NMR metabolites 

via lyophilization76; however, using the presented protocol, we achieved sufficient media 

lactate SNR without additional sample processing. 

 The fractional enrichment of C4 glutamate coming from [1,6-13C2]glucose in the 

biopsies studied is an indication of TCA cycle activity during rotary biopsy culture 

(Figure 3.1, Figure 3.5). In the current work we obtained a C4 glutamate fractional 

enrichment of 24 percent, whereas in an earlier study of prostate tissue slices obtained 

from surgical specimens, the fractional enrichment of tissue C4 glutamate following two 

hours of culture with [3-13C]pyruvate was between 10 and 14 percent.17 In that study, 

the [3-13C]pyruvate label going to C4 glutamate was most likely diluted by the presence 

of unlabeled glucose or a relatively lower uptake of pyruvate (in comparison to glucose) 

in the culture medium. The reported fractional enrichment values for C4 glutamate 

should be viewed as a balance between TCA cycle metabolism of [1,6-13C2]glucose as 

well as uptake of compounds that can contribute to the unlabeled tissue glutamate pool 
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such as glutamine and glutamate. The culture medium used for this study contained 1 

mM glutamine and 0.1 mM glutamate (Supporting Information). 

This study had a number of limitations. In particular, our goal was to develop the 

biopsy culturing and metabolic profiling protocol, so we focused on biopsies routinely 

acquired from patients undergoing active surveillance or workup for prostate-related 

symptoms who had not been previously treated. Due to the low prevalence of 

aggressive cancer in this population, we only obtained biopsies containing benign 

glands or primary Gleason pattern 3 cancer, which limited our ability to further 

characterize the metabolic phenotype of aggressive prostate cancer.  

 

Conclusion 

 In summary, a protocol was developed that allowed the quantification of lactate 

production and efflux in single living human prostate biopsies (1-6 mg of tissue), as well 

as the potential to quantify TCA metabolism through the quantification of fractional 

enrichment of glutamate. This was accomplished by optimizing experimental 

parameters such as the duration of time in rotary tissue culture (24 hours) and the 

parameters of the NMR acquisition so as to achieve sufficient SNR from small 

metabolite signals within a 3 hours and 25 minutes HR-MAS acquisition time. Validation 

studies demonstrated that this optimized protocol provided measurements of lactate 

production/fractional enrichment and efflux consistent with prior data describing lactate 

pool size, LDHA and MCT4 expression in benign human prostatic tissue vs. prostate 

cancer.10,17 Having established this protocol, similar measurements can then be 



 56 

performed on treatment-resistant and/or metastatic prostate cancer biopsies for a better 

understanding of metabolic perturbations in the setting of aggressive prostate cancer. 
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Supporting Information 
Table 3.1. Culture medium formulation. 
Compound Formula mg/L

Calcium chloride (anhydrous) CaCl2 168.2
Cupric sulfate 5H2O CuSO4 5H2O 0.00249
Ferrous sulfate 7H2O FeSO4 7H2O 1.634
Magnesium chloride 6H2O MgCI2 6H2O 228.60

Potassium chloride KCI 223.60
Sodium bicarbonate NaHCO3 1176.00
Sodium chloride NaCl 7599.00
Sodium phosphate, heptahydrate Na2H2PO4 7 H2O 268.00
Zinc sulfate 7H2O ZnSO4 7H2O 1.003

Magnesium sulfate 7H2O MgSO4 7H2O     39.4

Inorganic Salts

Hypoxanthine C5H4N4O 4.10
Linoleic acid C18H32O2 0.084
Lipoic acid C8H14O2S2 0.21

Putrescine·2HCl C4H14Cl2N2·2HCl 0.161

Thymidine C10H14N2O5 0.73

Other Components

Bovine pituitary extract
Cholera toxin
Epidermal growth factor
Gentamicin sulfate
Hydrocortisone
Insulin
Phosphoethanolamine
R1881
Retinoic acid
Selenous Acid
Vitamin E

40
0.01
0.01
100

1
4

14
0.014

0.00001
0.0024

0.99

Multiple components
Protein
Protein
C60H125N15O25S
C21H30O5

Protein
C2H8NO4P
C19H24O2

C20H28O2

H2SeO3

C29H50O2

Growth Factors

1,6 13C2 glucose 1011.01 13C2C4H12O6 

Metabolic Tracers
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Biotin C10H16N2O3S 0.0073
D-Calcium pantothenate C18H32CaN2O10 0.48
Choline chloride C5H14CINO 13.96
Folic acid C19H19N7O6 1.30
i-Inositol C6H12O6 18.00
Niacinamide C6H6N2O 0.037
Pyridoxine hydrochloride C8H11NO3·HCl 0.062

Riboflavin C17H20N4O6 0.038
Thiamine HCl C12H17CIN4OS·HCl 0.34

Vitamin B12 C63H88CoN14O14P 1.36

Vitamins

L-Alanine C3H7NO2 8.90
L-Arginine hydrochloride C6H14N4O2 HCl 211.00
L-Asparagine H2O C4H8N2O3 H2O 15.01
L-Aspartic acid C4H7NO4 13.30
L-Cysteine hydrochloride H2O C3H7NO2S H2O 35.12

L-Glutamine C5H10N2O3 146.00
Glycine C2H5NO2 7.50

L-Histidine hydrochloride·H2O C6H9N3O2·HCl·H2O 20.96

L-Isoleucine C6H13NO2 3.94
L-Leucine C6H13NO2 13.10

L-Lysine·HCl C6H14N2O2·HCl 36.50

L-Methionine C5H11NO2S 4.48
L-Phenylalanine C9H11NO2 4.96
L-Proline C5H9NO2 34.50
L-Serine C3H7NO3 10.50
L-Tryptophan C11H12N2O2 2.04
L-Tyrosine C9H11NO3 5.40
L-Valine C5H11NO2 11.70

L-Glutamic acid C5H9NO4 14.70

Amino Acids

Compound Formula mg/L

 
 

 

 



 59 

Table 3.2. Sources of culture medium ingredients. 
 
Component/Chemical Vendor Catalog Number 

L-alanine Sigma  Aldrich St. Louis, MO A7627 
L-arginine - HCI Sigma  Aldrich St. Louis, MO A5131 
l-asparagine Sigma  Aldrich St. Louis, MO A0884 
L-aspartate Sigma  Aldrich St. Louis, MO A9256 
biotin Sigma  Aldrich St. Louis, MO B5401 
bovine pituitary extract Hammond Cell Tech, Santa Rosa, CA 1078-NZ 
CaCl₂ ˙ 2H₂0 Sigma  Aldrich St. Louis, MO C3881 
 calcium panthothenate Sigma  Aldrich St. Louis, MO P2250 
cholera toxin List Biological, Campbell,  CA 101 
choline chloride Sigma  Aldrich St. Louis, MO C7017 

CuSO4 · 5H2O Sigma  Aldrich St. Louis, MO C7631 
L-cystine Sigma  Aldrich St. Louis, MO C8755 
epidermal growth factor Collaborative Research, Waltham, MA 40001 

FeSO4 · 7H2O Sigma  Aldrich St. Louis, MO F7002 
folic acid Sigma  Aldrich St. Louis, MO F7876 

gentamycin 
United States Biochemical Corp, 

Cleveland, OH 16051 
glucose Sigma  Aldrich St. Louis, MO D9434 
L-glutamate Sigma  Aldrich St. Louis, MO G1251 
L-glutamine Sigma  Aldrich St. Louis, MO G3126 
glycine Sigma  Aldrich St. Louis, MO G7126 
Hepes Sigma  Aldrich St. Louis, MO H3375 
L-histidine - HCI -H₂0 Sigma  Aldrich St. Louis, MO H8125 
hydrocortisone Sigma  Aldrich St. Louis, MO H4001 
hypoxanthine Sigma  Aldrich St. Louis, MO H9377 
Insulin Collaborative Research, Waltham, MA 40205 
L-isoleucine Sigma  Aldrich St. Louis, MO I2752 
KCI Sigma  Aldrich St. Louis, MO P4504 
L-leucine Sigma  Aldrich St. Louis, MO L8000 
L-lysine - HCI -H₂0 Sigma  Aldrich St. Louis, MO L5626 

MgCl2 · 6H2O Sigma  Aldrich St. Louis, MO M0250 

MgSO4·7H2O Sigma  Aldrich St. Louis, MO M1880 
L-methionine Sigma  Aldrich St. Louis, MO M9625 
myo - inositol Sigma  Aldrich St. Louis, MO I5125 
niacinamide Sigma  Aldrich St. Louis, MO N3376 
phenol red -Na salt Sigma  Aldrich St. Louis, MO P4758 
l-phenylalanine Sigma  Aldrich St. Louis, MO P2126 
phosphoethanolamine  Calbiochem, San Diego, CA 5248 
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Component/Chemical Vendor Catalog Number 

KH2PO4 Sigma  Aldrich St. Louis, MO P5655 
L-proline Sigma  Aldrich St. Louis, MO P0380 
putrescine-2HCI Sigma  Aldrich St. Louis, MO P5780 
pyrodoxine - HCI Sigma  Aldrich St. Louis, MO P9755 
R1881 Sigma  Aldrich St. Louis, MO R0908 
retinoic acid Sigma  Aldrich St. Louis, MO R2625 
riboflavin Sigma  Aldrich St. Louis, MO R4500 
selenium Sigma  Aldrich St. Louis, MO 211176 
L-serine Sigma  Aldrich St. Louis, MO 54500 
NaCl Sigma  Aldrich St. Louis, MO S7653 

 Na2HPO4 · 7H2O J T Baker, Phillipsburg, NJ I-3824 

NaHCO3 Sigma  Aldrich St. Louis, MO S5761 
sodium pyruvate Sigma  Aldrich St. Louis, MO P2256 
L-threonine Sigma  Aldrich St. Louis, MO T8625 
thiamine - HCI Sigma  Aldrich St. Louis, MO T4625 
6,8 - thioctic acid Sigma  Aldrich St. Louis, MO T5625 
thymidine Sigma  Aldrich St. Louis, MO T9250 
L-tryptophan Sigma  Aldrich St. Louis, MO T0254 
L-tyrosine Sigma  Aldrich St. Louis, MO T3754 
vitamin B12 Sigma  Aldrich St. Louis, MO V2876 
vitamin E Sigma  Aldrich St. Louis, MO T1539 
 L-valine Sigma  Aldrich St. Louis, MO V0500 
ZnSO4 · 7H2O Sigma  Aldrich St. Louis, MO Z4750 

 

Biopsy tissue NMR measurements: automated HR-MAS shimming routine. Each 

of the shim groups in this list was iteratively adjusted, and the shim setting 

corresponding to the maximum FID area was selected by the algorithm as the starting 

point for the adjustment of the next shim group in the list. 

1. z1 z2 x1 y1 xz yz xy x2y2 

2. xz yz xz2 yz2 

3. z1 z2 x1 y1 xz yz xy x2y2 

4. z1 z2 x1 y1 

Biopsy media NMR measurements: automated shimming routine. Initially, a shim 

milestone was acquired using the 3D Bruker Topshim routine via the TopSpin 

command: “topshim 3dfast ordmax=8,8 convcomp tunea”.  

Subsequently, the lineshape was refined for each individual media sample using the 

command: “topshim ordmax=8 convcomp tunea”.
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Chapter 4. HR-MAS CPMG and HSQC Quantification of Metabolism in 
Human Prostate Tissue Slice Cultures Labeled with [1,6-13C2]Glucose 

or [3-13C]Glutamine 
 
Introduction 
 
 In the United States, men with primary prostate cancer are treated with radical 

prostatectomy (RP), with radiation therapy (RT) reserved for high Gleason grade and/or 

locally invasive cases. After this treatment the serum prostate-specific antigen (PSA) 

level is expected to drop to zero, and a serum PSA level significantly greater than zero 

is defined as a biochemical recurrence.77 The mainstay of treatment for biochemically 

recurrent prostate cancer is androgen deprivation therapy (ADT) using centrally acting 

agents (i.e. leuprolide and flutamide).77 Recent randomized-controlled trial evidence has 

demonstrated that peripherally acting androgen receptor inhibitors (i.e. abiraterone,78 

enzalutamide,79 and apalutamide80) are highly efficacious when added to ADT early in 

the disease course, with median metastasis-free survival between 36 and 40 months 

when androgen receptor inhibitor therapy is initiated in the non-metastatic setting.79,80 

Rising PSA and/or metastasis in the setting of ADT and androgen receptor inhibition is 

compatible with a diagnosis of castration-resistant prostate cancer (CRPC). Hence, 

CRPC is a subject of considerable research interest,20,21 because it is the primary mode 

of treatment escape and lethality in prostate cancer. 

 Recently, it has been recognized that CRPC can transdifferentiate to 

neuroendocrine prostate cancer (NEPC) under the influence of androgen receptor 

inhibition.81,82,83 Unlike the comparatively rare de novo NEPC, treatment-induced NEPC 

represents a significant minority of treatment-resistant prostate cancer cases, with N-

Myc amplification as a common feature of NEPC.82 This fact is of particular interest for 
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the field of tumor metabolism, because Myc is a master regulator of glycolysis as well 

as glutaminolysis.22,23 Thus, there is potential for metabolic imaging strategies such as 

hyperpolarized 13C MRI based upon [1-13C]pyruvate, [2-13C]pyruvate and/or [5-

13C]glutamine to noninvasively detect the emergence of NEPC in patients undergoing 

androgen receptor inhibition.84 This, in turn could potentially enable personalized 

therapeutic selection targeting NEPC-specific genomic alterations. 

The capability to noninvasively assess the rates of glycolysis and glutaminolysis 

in vivo is impacted by hyperpolarized (HP) probe polarization, probe transport, and 

fractional enrichment going from precursor to product.64 Prior work has assessed the 

metabolism of glucose and glutamine in preclinical models of human neuroendocrine 

prostate cancer and in human prostate tissue using mass spectrometry-based 

metabolomics85 as well as gene set enrichment analysis (GSEA) of transcriptomic data 

from patient-derived xenografts.86 However, given the multiple layers of regulation and 

intersecting metabolic pathways that are present in the prostate cancer cell, it is not 

always possible to directly infer metabolic fluxes from metabolomic pool sizes, nor from 

gene expression information. 

In this work, employing a previously developed and validated rotary tissue culture 

system for primary living human prostate tissue,17 we set out to directly measure the 

fractional enrichment of key downstream metabolites such as glutamate, coming from 

the labeled precursors [1,6-13C2]glucose or [3-13C]glutamine. The tissue samples for this 

study came from patients with treatment-naïve prostate cancer undergoing radical 

prostatectomy. Thus, our goal was to better characterize glucose and glutamine 



 63 

metabolism in treatment-naïve human prostate cancer while developing a protocol that 

would be suitable for future work in samples of CRPC and/or NEPC. 

 

Materials and Methods 

 Tissue collection. Prostate cancer patients undergoing radical prostatectomy 

(RP) as part of their standard clinical care consented to participate in an IRB-approved 

study involving fresh tissue collection. Following RP, the whole prostate specimen was 

brought to the gross pathology lab by a trained genitourinary gross pathology 

technician. The specimen was weighed and then partially sectioned at the level of the 

midgland to expose the interior of the gland while maintaining intact margins. Tumor(s) 

were cored using a 5 mm or 8 mm coring tool depending on tumor size (Alabama R&D, 

Inc.) while maintaining intact margins. When available, a benign area of the prostate 

gland was additionally cored. The tumor cores were placed in Hank’s Buffered Saline 

Solution (HBSS) on ice. 

 Tissue core slicing. Fresh tissue cores were immersed in chilled HBSS and 

sliced on a fresh tissue slicer (Alabama R&D, Inc.) with a target slice thickness of 350 

µm verified using a thickness gauge. 

 Rotary tissue culture. Tissue slices were allowed to recover overnight for 16 to 24 

hours in 6-well plates on a rotary tissue culture system (Alabama R&D, Inc.) within a 37 

°C, 5% CO2 incubator. The medium used was PFMR-4a with prostate-specific additives 

as described previously.  
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Figure 4.1. Tissue slice labeling substrates and metabolic pathways. Each tissue slice 
was labeled with either (A) [1,6-13C2]glucose or (B) [3-13C]glutamine. 
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 Metabolic labeling. The next day, prostate tissue slices were transferred to a new 

culture medium well for either glucose or glutamine labeling. The labeling medium was 

F-12 without HEPES or pyruvate, with prostate medium additives included as described 

in Chapter 3. The glucose labeling wells contained [1,6-13C2]glucose at 1.011 g/L (5.55 

mM) with 5 mM of unlabeled glutamine. As shown in Figure 4.1A, the [1,6-13C2]glucose 

13C labels were expected to generate [3-13C]alanine and [3-13C]lactate in addition to [4-

13C]glutamate, [3-13C]glutamate, and [2-13C]glutamate after successive turns of the 

tricarboxylic acid (TCA) cycle. The glutamine labeling wells contained unlabeled glucose 

at 0.9999 g/L (5.55 mM) with 1 mM of unlabeled glutamine and 4 mM of labeled [3-

13C]glutamine. As shown in Figure 4.1B, the [3-13C]glutamine 13C label was expected to 

generate [3-13C]glutamate as well as [2-13C]glutamate after one turn of the tricarboxylic 

acid (TCA) cycle. Following 8 hours in labeling culture, the tissue slices were 

individually immersed in cold phosphate-buffered saline (PBS), blotted using a kimwipe, 

and stored at –80 °C. 

 Extended metabolic labeling. As a supplemental experiment, to assess the 

potential for increased metabolic labeling over time, limited numbers of samples were 

labeled with either [1,6-13C2]glucose or [3-13C]glutamine for 24 hours instead of 8 hours. 

Tissue NMR procedure. Tissue slices were loaded into a sealed zirconium HR-

MAS rotor on a tared digital balance to measure the wet tissue weight. Three µL of 

D2O/0.05% trimethylsilylpropanoic acid (TSP) solution was further added to the rotor 

and weighed. After this, three µL of D2O containing [2-13C]glycine at 17 mM was added 

to the rotor and weighed.65 The glycine was employed as a reference standard for 

heteronuclear single quantum coherence (HSQC) experiments. The HR-MAS rotor was 
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sealed and loaded into a 500 MHz Varian gHX Nano (proton-carbon double resonance) 

4 mm indirect detection HR-MAS probe maintained at 1 °C. Acquisition was performed 

at a spin rate of 2.25 kHz using a Varian Inova console with VNMRJ 4. The probe 

tuning, 90° pulse width and water saturation frequency were calibrated for each sample. 

Each sample was shimmed using an automated FID shimming routine for 45 minutes.  

Tissue CPMG sequence. Locked 1H Carr-Purcell-Meiboom-Gill (CPMG) spectra 

were acquired with 60,000 complex points, 3 second acquisition time, 2 second water 

suppression pulse, 6 second overall repetition time, and 256 scans. It was previously 

established that this repetition time yielded fully relaxed spectra in human prostate 

tissue.35 The CPMG echo time was set to 288 ms. The spacings of 180° pulses within 

the CPMG sequence were synchronized to the spinning period of the rotor. To quantify 

metabolite total pools in addition to 13C labeled pools, CPMG datasets were acquired 

both with and without heteronuclear 13C decoupling using a GARP pulse for a total 

CPMG scan time of 51 minutes, 12 seconds. 

 Tissue HSQC sequence. The proton-carbon tissue heteronuclear single quantum 

coherence (HSQC) sequence, used to quantify 13C-labeled metabolites, consisted of a 

standard INEPT … 180° … reverse INEPT train with a two-second presaturation lobe. 

The overall repetition time (TR) was 3 seconds. The acquisition time was 0.444 seconds 

with 4,444 complex points, corresponding to a spectral window in F2 (proton) of 10,000 

Hz or 20 ppm at 500 MHz. There were 256 increments acquired in t1. The spectral 

window in F1 (carbon) was 9,046.7 Hz or 72 ppm. The INEPT delay time was set to 

1.777 ms, synchronized to four revolutions of the HR-MAS rotor at a spin rate of 2.25 

kHz. This yielded a JCH filter value of 1/(4*1.777 ms) or 140.625 Hz. The free induction 
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decay (FID) was acquired with heteronuclear 13C decoupling using a GARP pulse. 

There were 12 averages acquired, for a total scan time of 5 hours and 10 minutes. 

Tissue histopathology. Following the HR-MAS data acquisition, the tissue 

samples were fixed in 10% neutral-buffered formalin, embedded in paraffin, sectioned, 

and stained with hematoxylin and eosin (H&E) and high-molecular weight cytokeratin for 

interpretation by a board-certified genitourinary pathologist. For each sample the 

pathologist determined the primary Gleason pattern, secondary Gleason pattern, 

Gleason score, percentage of cancer, percentage of glandular tissue, and percentage of 

stromal tissue. 

Tissue CPMG processing and quantification. All CPMG datasets were processed 

in MestreNova 12 (Mestrelab Research S.L.). The datasets were zero-padded by a 

factor of 2, apodized with a 0.25 Hz exponential filter and automatically phased and 

baselined using a Whittaker smoother algorithm. Dataset phases were manually refined, 

and automatic baselines were replaced with manual baselining in cases where the 

automatic results were not acceptable. Peaks of interest were automatically picked and 

fitted using a Lorentzian-Gaussian shape function with a simulated annealing algorithm 

(500 coarse iterations, 100 fine iterations, and a local minima filter of 25 were used). All 

automated peak fits were visually assessed for fit quality and adjusted when necessary. 

In the tissue HR-MAS CPMG data, peak areas were quantified relative to the calibrated 

amplitude of the Electronic REference To access In vivo Concentrations (ERETIC) 

signal, corrected for the number of metabolite protons.66 Appropriate T2 corrections 

were applied based upon HR-MAS measurements using a CPMG sequence in human 

prostate tissue at 1 °C and 500 MHz (Table 4.1). Metabolite amounts were further 
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standardized by the wet tissue weight of the sample, to yield a tissue metabolite 

concentration in (nmol / mg). 

Table 4.1. Metabolite 1H T1, 1H T2, and JCH values. With the exception of glycine, which 
was used in solution as a reference standard, all metabolite T1 and T2 values were 
measured in prostate tissue at 1 °C and 500 MHz. The JCH values are from solution. 
 

Metabolite Carbon nH T1 (ms) [ref] T2 (ms) [ref] JCH (Hz) [ref] 
Alanine C3 3 500 [17] 208 [10] 130 [65] 
Lactate C3 3 425 [17] 251 [10] 128 [65] 

Glutamine C2 1 – – 145.46 [87] 
Glutamine C3 2 – – 131.36 [87] 
Glutamine C4 2 – – 128.41 [87] 
Glutamate C2 1 – – 145.14 [87] 
Glutamate C3 2 – – 130.45 [87] 
Glutamate C4 2 530 [17] 275 [17] 126.79 [87] 

Glycine C2 2 1,309 [this work] 1,078 [this work] 143 [65] 
 
 Tissue HSQC processing and quantification. All HSQC datasets were processed 

in MestreNova 12 (Mestrelab Research S.L.). Datasets were zero-padded in F1 from 

256 to 2,048 points and were forward linear predicted using a Zhu-Bax algorithm with 

231 points and 16 coefficients. The F1 direction was apodized using a 10 Hz Gaussian 

filter. Datasets were zero-padded in F2 from 4,444 to 8,192 points and were apodized 

using a 1 Hz Gaussian filter. Datasets were automatically phased in both F1 and F2, with 

manual refinement as needed. Metabolites were quantified using ellipsoidal regions of 

integration. Metabolite integrals were corrected for JCH filtering, longitudinal recovery, 

and number of protons, using the following equations.88,89 
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 In Eq. (4.1) and (4.2), MHSQC is the HSQC integral of an arbitrary metabolite M at 

a specific cross-peak, whereas M’HSQC is the integral corrected for proton number and 

JCH filtering. The parameter n(M) refers to the number of protons at that same cross-

peak, referred to as nH in Table 4.1. The parameter JCH(M) refers to the single-bond 

carbon-proton coupling constant, also shown in Table 4.1. The parameter j1ch refers to 

the JCH filter value of the HSQC sequence, which was set to 140.625 Hz (INEPT delay = 

1.777 ms, described above under “Tissue HSQC Sequence”). In Eq. (4.2), the glycine 

signal was additionally corrected for incomplete longitudinal recovery of its proton 

magnetization during HSQC acquisition90 due to its comparatively long proton T1 value 

measured in solution (Table 4.1). This procedure was not performed for the prostate 

tissue metabolites, because we expected that with shorter proton T1 values in tissue 

(Table 4.1) the HSQC spectra would be fully relaxed at TR = 3 seconds. 

Fractional enrichment calculation. Metabolite fractional enrichments were 

computed by taking the ratio of the 13C-labeled metabolite pool from the HSQC dataset 

to the metabolite total pool from the 1H[13C] decoupled CPMG dataset. This ratio was 

accomplished by taking an internal ratio to the glycine area within each dataset after 

correcting for T2 relaxation, as shown in Eq. (4.3), (4.4), and (4.5) below. Within the 

1H[13C] decoupled CPMG dataset, metabolite pool size was determined using the C4 

multiplet for glutamate, and using the C3 multiplets for alanine and lactate. These 

multiplets were selected for their relative freedom from contamination by other 

metabolites. 
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Oxygen consumption data acquisition. For a subset of samples, tissue oxygen 

consumption was measured using a calibrated Clark electrode (Oxygraph, Hansatech 

Instruments). The Oxygraph system requires that a magnetic stir bar be used to create 

efficient mixing of the tissue medium in the reaction cell. This stir bar rotation was more 

than sufficient to fragment and destroy prostate tissue, so we developed a customized 

3D-printed tissue holder for the reaction cell. Tissue slices were removed from the 

incubator and weighed, and then oxygen consumption traces were acquired for 20 

minutes. Control traces were acquired both before and after tissue oxygen consumption 

measurements in order to assess the background rate of oxygen consumption caused 

by the electrochemistry of the Clark electrode. This background rate was subtracted 

from all reported oxygen consumption measurements. 

Oxygen consumption data processing. We found that small (<1 °C) periodic 

variations in water jacket temperature caused by the water heater created an oscillation 

in the Clark electrode current. A Python script was written to fit the slope of the Clark 

electrode reading over an integer number of heating cycles, so as to avoid bias in the 

resulting slope quantification. The resulting slope value was multiplied by the volume of 

tissue medium in the reaction cell and divided by the wet tissue weight to obtain a 

standardized oxygen consumption rate in terms of nmol O2 / mg tissue / minute. 
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Results 

 Study dataset. We obtained a total of 35 prostate tissue slices from five patients. 

Among the samples labeled with [1,6-13C2]glucose, there were 11 cancer slices (n=8 

Gleason 7(3+4) and n=3 Gleason 6(3+3) slices) and 6 benign slices. Among the 

samples labeled with [3-13C]glutamine, there were 11 cancer slices (n=9 Gleason 

7(3+4) and n=2 Gleason 6(3+3) slices) and 7 benign slices. 

 Labeling of alanine and lactate from [1,6-13C2]glucose. Figure 4.2A shows 

representative HSQC peaks for alanine C3 and lactate C3 from a cancer sample. As 

shown in Figure 4.2B, there was a non-significant trend towards increased alanine C3 

fractional enrichment for cancer samples as compared to benign samples (in terms of 

mean ± standard error, 14 ± 2 % vs. 8 ± 3 %, p = 0.06, independent samples t-test). 

Similarly, there was a non-significant trend towards increased lactate C3 fractional 

enrichment for cancer samples as compared to benign samples (53 ± 4 % vs. 42 ± 7 %, 

p = 0.16). We did not observe significant differences between cancer and benign 

samples in terms of alanine and lactate concentrations after culture. The alanine 

concentration of cancer samples after culture was 0.55 ± 0.13 nmol/mg whereas the 

alanine concentration of benign samples was 0.42 ± 0.07 nmol/mg. The lactate 

concentration of cancer samples after culture was 2.26 ± 0.43 nmol/mg whereas the 

lactate concentration of benign samples was 1.99 ± 0.88 nmol/mg.  
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Figure 4.2. Labeling of alanine and lactate from [1,6-13C2]glucose. (A) Representative 
HSQC spectra with 1D slices taken through the central peaks. (B) Fractional 
enrichment. 
 

Labeling of glutamate from [1,6-13C2]glucose. Figure 4.3A shows representative 

HSQC peaks for glutamate C4, C3, and C2 from a cancer sample labeled with [1,6-

13C2]glucose. As shown in Figure 4.3B, there was a modestly significant trend towards 

increased glutamate fractional enrichment for cancer samples labeled with [1,6-

13C2]glucose as compared to benign samples (glutamate C4: 14 ± 3 % vs. 8 ± 2%, p = 

0.13; glutamate C3: 9 ± 2 % vs. 4 ± 1%, p = 0.04; glutamate C2: 8 ± 1 % vs. 4 ± 1%, p = 

0.06). We did not observe significant differences between cancer and benign samples in 
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terms of glutamate concentration after culture. For the samples labeled with [1,6-

13C2]glucose, the glutamate concentration of cancer samples after culture was 2.15 ± 

0.57 nmol/mg whereas the glutamate concentration of benign samples was 1.32 ± 0.35 

nmol/mg (p > 0.05). 
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13C
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Figure 4.3. Labeling of glutamate from [1,6-13C2]glucose. (A) Representative HSQC 
spectra with 1D slices taken through the glutamate peaks. A small amount of glutamine 
is visible adjacent to glutamate. (B) Fractional enrichment. 
 

Labeling of glutamate from [3-13C]glutamine. Figure 4.4A shows representative 

HSQC peaks for glutamate C4, C3, and C2 from a cancer sample labeled with [3-

13C]glutamine. As shown in Figure 4.4B, we did not observe significantly increased 
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glutamate fractional enrichment for cancer samples labeled with [3-13C]glutamine as 

compared to benign samples (glutamate C3: 26 ± 2 % vs. 21 ± 2 %, p = 0.15; glutamate 

C2: 5 ± 1 % vs. 4 ± 1 %, p = 0.20). For the samples labeled with [3-13C]glutamine, we 

did not observe statistically significant differences between cancer and benign samples 

in terms of glutamate concentration after culture. 
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Figure 4.4.  Labeling of glutamate from [3-13C]glutamine. (A) Representative HSQC 
spectra. Glutamine C3 is visible adjacent to glutamate C3. (B) Fractional enrichment. 
 

Oxygen consumption measurements. We obtained oxygen consumption data 

from n=11 living prostate tissue slices (n=8 benign slices and n=3 cancer slices). Figure 

4.5A shows the custom-engineered 3D-printed holder that was used to protect the 
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prostate tissue slices from the magnetic stir bar during oxygen consumption 

measurements. The prostate tissue slices were allowed to rest upon a tissue strainer 

mesh that was affixed between two layers of 3D-printed RC31 NanoCure material 

(EnvisionTEC, Inc). Figure 4.5B shows the oxygen consumption data. The mean ± 

standard error oxygen consumption rate was 0.19 ± 0.02 nmol/mg/min for cancer 

samples, compared to 0.10 ± 0.03 nmol/mg/min for benign samples (p = 0.09, t-test). 

BA

 

Figure 4.5. Oxygen consumption measurements in human prostate tissue. (A) 3D-
printed tissue holder. (B) Oxygen consumption data. 
 
 Extended metabolic labeling. We obtained 24-hour metabolic labeling data from 

n=3 tissue slices (one [1,6-13C2]glucose labeling cancer slice and two [3-13C]glutamine 

labeling cancer slices). Although the limited number of samples precluded statistical 

analysis, the fractional enrichment of the [1,6-13C2]glucose labeling cancer slice was 

similar to the fractional enrichment of the 8-hour samples. For the [3-13C]glutamine 

labeling cancer slices, there was a modest trend towards higher fractional enrichment in 
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the 24-hour labeled samples, suggesting that incorporation of the [3-13C]glutamine label 

into glutamate might not be completed after 8 hours. 

 
Table 4.2. Comparison of tissue slices labeled for either 8 or 24 hours. 
 

[1,6-13C2]glucose labeling 

Metabolite Carbon FE % (Benign, 
8 hours) 

FE % (Cancer, 8 
hours) 

FE % (Cancer, 
24 hours) 

Alanine C3 8 ± 3 14 ± 2 8 
Lactate C3 42 ± 7 53 ± 4 52 

Glutamate C2 4 ± 1 8 ± 1 4 
Glutamate C3 4 ± 1 9 ± 2 3 
Glutamate C4 8 ± 2 14 ± 3 6 

[3-13C]glutamine labeling 

Metabolite Carbon FE % (Benign, 
8 hours) 

FE % (Cancer, 8 
hours) 

FE % (Cancer, 
24 hours) 

Glutamate C2 4 ± 1 5 ± 1 11 
Glutamate C3 21 ± 2 26 ± 2 36 

 

Discussion 

 To our knowledge, glutamine metabolism has not previously been directly 

measured in benign and malignant living human prostate tissue. In this study, we found 

that living human prostate tissue readily produces [3-13C]glutamate from [3-

13C]glutamine, reflecting transamination. We additionally witnessed the production of [2-

13C]glutamate, (Figure 4.4) reflecting oxidative tricarboxylic acid (TCA) cycle metabolism 

of glutamine (Figure 4.1). These results are consistent with prior studies documenting 

high levels of the neutral amino acid transporter ASCT2 in benign and malignant 

prostate tissue,91,92 which is believed to play a key role in glutamine uptake.93  

We observed a slight trend towards increased fractional enrichment of glutamate 

coming from [3-13C]glutamine in prostate cancer tissue compared to benign prostate 

tissue, but this trend did not reach statistical significance (Figure 4.4). Our cancer tissue 
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dataset comprised primarily Gleason score = 7 samples, making it impossible to draw 

conclusions regarding aggressive prostate cancer tissues such as NEPC and/or CRPC 

tumors, including tumors having Myc amplification. Thus, having established this 

baseline measurement of glutamine metabolism in normal human prostate tissue and in 

human prostate cancer, we will investigate the glutamine metabolic phenotype of 

aggressive prostate cancer in future studies. 

In this study, we further investigated the role of glucose metabolism in prostate 

cancer via labeling studies performed with [1,6-13C2]glucose. We observed modestly 

higher alanine and lactate fractional enrichment in human prostate cancer compared to 

normal human prostate tissue, but this trend did not reach statistical significance (Figure 

4.2). Looking at the TCA cycle metabolism of glucose, we observed a statistically 

significant increase of fractional enrichment at the glutamate C3 position in prostate 

cancer vs. normal samples, supported by similar (yet not statistically significant) trends 

at the glutamate C4 and C2 positions (Figure 4.3). (We did not correct the statistical 

tests of these measurements for multiple comparisons of independent samples, due to 

the expectation that fractional enrichments within the same metabolic pathway would be 

highly correlated.) These observations were supported by a trend towards higher 

oxygen consumption rates in prostate cancer tissues compared to normal prostate 

(Figure 4.5). Taken together, these results are compatible with prior thinking on the role 

of increased glucose metabolism and TCA cycle activity in prostate cancer.17,94  

In prior studies from our laboratory, the fractional enrichments of alanine, lactate, 

and glutamate were measured in human prostate tissue slices cultures17 and in primary 

cultured prostate cancer cells.65 Due to the fact that these studies employed [3-
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13C]pyruvate as the metabolic labeling substrate in conjunction with unlabeled glucose 

for a labeling time of either one65 or two17 hours, the fractional enrichment values 

reported in these studies are not directly comparable to the present work, which 

employed either [1,6-13C2]glucose or [3-13C]glutamine for a labeling time of eight hours. 

For this study, given the limited sensitivity of the NMR technique and the limited 

availability of human prostate tissue, we chose to label the prostate tissue slices with 

either [1,6-13C2]glucose or [3-13C]glutamine because these substrates produced carbon 

singlets that facilitated easy identification within the tissue HR-MAS HSQC spectra. 

However, a disadvantage of this approach was that it did not enable full specification of 

metabolic fluxes, which requires uniformly labeled substrates and isotopomer 

identification.95 Instead, we computed fractional enrichment values, which can 

potentially be confounded by effects such as the overall metabolite pool sizes and 

various intersecting pathways. 

The conclusions of this study were somewhat limited due to the cancer dataset 

comprising primarily Gleason score = 7 samples, as well as the moderate dataset size 

of 35 prostate tissue slices from five patients. Thus, in the future we plan to expand this 

work to include living tissue samples of aggressive human prostate cancer. 
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