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Abstract A former study has shown that the spin-
lattice relaxation time (T1) in cancerous prostate tissue
had enhanced contrast at an ultra-low magnetic field,
132 uT. To study the field dependence and the origin
of the contrast we measured T1 in pairs of ex-vivo
prostate tissues at the Earth’s magnetic field. A
portable and coil-based nuclear magnetic resonance
(NMR) system was adopted for T; measurements at 40
uT. The Ty contrast, 6 =1 - T (more cancer)/T1(less
cancer), was calculated from each pair. Additionally,
we performed pathological examinations such as
Gleason’s score, cell proliferation index, and micro-
vessel density (MVD), to quantify correlations
between the pathological parameters and T of the
cancerous prostate tissues.

Keywords ultra-low field NMR, portable NMR, Ti
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Introduction

Prostate cancer is one of the most frequent causes of
cancer-related death in the world. However, the 5-year
survival rate of prostate cancer patients in a local or
regional stage was almost 100% in 2017, suggestive
of the importance of early detection of prostate
cancer.! Digital rectal examination (DRE) results and
serum prostate-specific antigen (PSA) levels are

generally used for prescreening of prostate cancer, and
transrectal ultrasound (TRUS) -guided sextant biopsy
is a commonly accepted method to diagnose prostate
cancer.? However, TRUS-guided biopsy has a low
detection sensitivity (~ 48%) and the invasive
modality needs to be improved.®

Magnetic resonance imaging (MRI) of prostate,
introduced in the 1980s, has improved the cancer
detection.*® Moreover, recent multi-parametric MRI -
T1 weighted imaging, T» weighted imaging, diffusion
weighted imaging, dynamic contrast enhanced
imaging, and magnetic resonance spectroscopic
imaging - was reported to show 93% sensitivity in a
study involving 576 participants.® Additionally,
hyper-intensity or hypo-intensity in non-cancerous
tissue due to biopsy-related hemorrhage, hormone
therapy, prostatitis, and post-radiation fibrosis can be
distinguished by multi-parametric MRI.5

The role of T, weighted imaging in prostate cancer
imaging has been usually limited to locating biopsy-
related artifacts such as hemorrhage. Busch et al.
showed that increased Ti contrast in cancerous
prostate tissue could locate prostate tumors without
contrast agents at 132 uT by utilizing superconducting
quantum interference device (SQUID) -based MRI.”
The increased T1 contrast implied that T, weighted
imaging in ultra-low magnetic fields could be an
alternate technique to dynamic contrast enhanced
imaging for patients with impaired renal function. To
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obtain the best performance in ultra-low field T
weighted imaging, the T; contrast in various fields and
T1 decrease in cancerous prostate tissue need to be
understood.

Here in this paper we performed T; measurements in
prostate tissue at the Earth’s magnetic field with a
portable and coil-based NMR system and found an
increased Ti contrast in cancerous prostate tissue.
Additionally, pathological examinations such as
Gleason’s score, cell proliferation index, and micro-
vessel density (MVD) were performed to understand
the correlations between T1 and prostate cancer.

Experimental Methods

The coil-based NMR system, lower signal to noise
ratio (SNR) but cryogenics free, was installed in a
doctor’s office, where the Earth’s magnetic field was
40 uT. Terranova-MRI system (Magritek, Wellington,
New Zealand) was modified to improve the low SNR.
A new pre-polarizing coil (By) was wound to generate
a pre-polarizing magnetic field of 50 mT at 6 A. The
By, coil was a multiple-layer (13 layers) solenoid, with
a total number of turns of 1040. The inner radius, outer
radius, and length were 32, 50, and 120 mm,
respectively. The resistance and self-inductance of the
By, coil were 26 Q and 37 mH. A new
transmitter/receiver coil (B1) coil was also wound to
handle a smaller sample volume of 30 ml. The B coil
was a multiple-layer (22 layers) solenoid which total
number of turns was 7260. The inner radius, outer
radius, and length were 15, 23, and 100 mm,
respectively. The resistance was 320 Q and self-
inductance was 628 mH. The quality factor of the B,
coil at 1650 Hz was approximately 10. The Bp and B;
coils were wrapped with nylon tube and cold de-
ionized water (18 — 20 °C) was continuously circulated
through the tube to cool them down. Thus, the
temperature in the sample space was maintained at 25
+ 0.5 °C during the measurements. Additionally, the
coils were placed in a Faraday cage, made of 8 mm
thick aluminum with the dimensions of 500 x 500 x
500 mm?. The cage was not grounded and the signal
distortions due to the eddy current was negligible. The
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cage reduced ambient rf noise in the hospital by 10 dB
compared to that without the cage.

A spin-echo based pulse sequence was used for T
measurements, Fig. 1. The Bp pulse was switched on
to increase the magnetization along the axial direction
of the Bp coil (z-axis) for 2 s and ramped down
adiabatically.® During the ramp down the
magnetization aligned along the Earth’s magnetic field
(x-axis) and spins relaxed back to the equilibrium state
(T2 relaxation) during tgelay. After teey & spin echo
sequence was applied. To minimize rf phase mismatch
we set the duration of the 90° pulse to multiples of the
inverse of the Larmor frequency.® Bo = 40 uT, Bp =50
MT, tagelay = 30 — 200 ms (16 — 20 different delays), and
2t (echo time) = 18 ms were selected. The sequence
was repeated 96 time due to low SNR, approximately
10 after 96 averages, and it took 2 hours to finish a
single T1 measurement.
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Figure 1. An NMR pulse sequence for T1 measurements. A
pre-polarizing magnetic field (Bp = 50 mT) was applied for
2 s to enhance the magnetization and then ramped down
adiabatically, aligning the magnetization along the Earth’s
magnetic field (x-axis). A representative sample in a vial is
shown in the inset.

In this study, fifteen pairs of prostate tissue specimens
were investigated. Each pair consisted of a part of the
right (RT) and left (LT) side of a whole prostate gland.
After serial coronal sections of 8-mm thick
prostatectomy specimen, one of the tissues was
bisected into RT and LT for T1 measurement (Fig. 1).
The dimension of the trimmed tissues was nominally
~30 x 10 x 8 mm?, with a variation in thickness (width
or length) of around £ 1 (5) mm. Specimen RT or LT
were randomly chosen for sequential T1 measurements
and the tissue samples were kept in an air tight sample
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holder during the measurement as an inset in Fig. 1.
Additionally, we measured T at two different times
after the surgeries, within 30 minutes (“Fresh”) and
after 15 hours (“+15 Hrs”), to investigate the effect of
sample degradation. Delayed (“+15 Hrs”) samples
were kept at 4 °C for 14.5 hours before the
experiments and let them warm up to 25 °C for 30
minutes prior to the measurement. This research was
approved by the Institutional Review Board of Ajou
hospital.

Biological and geological samples are well-known for
multiple nuclear relaxation times due to the
heterogeneous nearby microstructures.’%!! Due to the
macroscopic sample size and inhomogeneities of the
tissues, conventional single exponential fit was not
adequate to identify the correct T; from the
measurements. Instead, we adopted one-dimensional
fast Laplace inversion (FLI) to determine the Ti
distribution in the sample and the distribution was then
fitted to double Gaussian function to determine T, of
cancerous prostate.’>'* We briefly introduce the
algorithm here and more details can be found in Ref.
12 and 13.

M(tae) = [ exp (= 22) F(T)AT, +6(T) ()

The experimental data (M) at the time delay (tg) can
be expressed as in Eq. (1) where F > 0 for any T, and
€ represents experimental noise. For numerical
calculations, we discretize Eqg. (1) in a matrix form, M
= K F + g, where the dimensions of M, K (kernel), and
F are Ntge x 1, Ntge x Nt1, and Nt1 x 1, respectively.
Ntqe is represents the number of different time delays
and Ntz is the number of different T1. In our study, we
used 200 different T values from 10 ms to 1 s, which
are uniformly distributed in log scale. The matrix is
inverted by minimizing,

argmin ||[M — KF||? + «a||F||? 2

, Where || - || denotes the Frobenius norm of a matrix.

The smoothness of F is controlled by o and it makes
the inversion less ill-conditioned. Minimization of the
first term is accelerated by a singular value
decomposition (SVD) of K. Exemplary T;
distributions in tissues of 47% and 24% prostate
cancer (determined by histologic examination after T,
measurements) are shown in Fig. 2 (a) and (b) and
their fits to the experiments are shown in Fig. 2 (c) and

(d).
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Figure 2. Exemplary fast Laplace inversion and double
Gaussian fits. T distributions from FLI (red solid line) in
cases of 47% (a) and 24% (b) prostate cancer are shown. The
Gaussian function (G1, dashed green line) with a smaller
peak was chosen for Ti distribution of cancerous prostate
tissue and the other Gaussian function (G2, dash-dot golden
line) represented benign prostate tissue. Their sum (G Fit,
blue dotted line) was compared to the T: distribution from
FLI. Fitting curves from FLI are compared to the
experimental data in (c) and (d) where the percentages of
prostate cancerous tissue are 47 and 24%, respectively. For
histologic examination, the prostate tissue that underwent an
NMR measurement was sectioned at every 2 mm of 4 ym
thickness; and hematoxylin and eosin staining was
performed. Percentage of cancerous parts (marked as ‘X’ in
insets of (c) and (d)) in the whole tissue in each slice was
used to calculate the average cancer percentage.

The T distribution from FLI was then fitted to a
double Gaussian function to decide T1 of cancerous



prostate tissue. We assumed that T; in cancerous
prostate tissue was shorter than that in benign prostate
tissue.” Thus, the Gaussian function with smaller first
moment (mean) was chosen to represent the cancerous
prostate tissue. The peak was chosen as Ti of
cancerous prostate tissue and the linewidth of the
selected Gaussian function was treated as an error bar
for T1 of cancerous prostate tissue. Two exemplary
cases are shown in Fig. 2(a) and (b). In the case of 47%
prostate cancer, Fig. 2(a), the double Gaussian
successfully fits the T; distribution from FLI.
However, the double Gaussian functions in the case of
24% prostate cancer, Fig. 2 (b), shows a limit of our
method where benign prostatic hyperplasia (BPH) and
prostatitis or low SNR may broaden the T1
distribution.”

After the T1 measurements the samples were fixated in
10% formalin for pathological examinations and
subsequently dehydrated and embedded into paraffin
blocks to make 4 um thick slices. Hematoxylin and
eosin (HE) staining was used for histologic
examinations (insets in Fig. 2 (c) and (d)). The
percentage of cancerous tissue (PC) was averaged
from each slide and the Gleason’s score was
determined as well. In order to examine the density
of blood vessel (MVD) in the whole prostate tissue
and the proliferation activity of normal and cancer
cells, we performed immunohistochemical stain using
formalin-fixed paraffin-embedded sections with a
Benchmark XT automated staining system (Ventana
Medical systems Inc.). The primary antibodies used
were CD34 (1:200 DAKO, Glostrup, Denmark) and
MIB-1 (1:300, DAKO). Antigens were detected using
the Ventana Optiview DAB kit (Ventana Medical
systems)

Results

The results of the T; measurements and pathological
examinations in 15 pairs of the specimens are
summarized in Table 1. Due to even lower SNR T,
could not be found in specimens 1 RT, 1 LT, and 9 RT.
The first number in Gleason’s score represents the sum
of the most common tumor grades (1 —5) and the 2nd
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most common tumor grades (1 - 5). The MVD was
manually calculated as the percentage of the stained
area over the total area in the specimens. MIB-1 was
used as a marker to determine the degree of cell
proliferation and showed a range of 1 to 9%.

The comparison between Ti and the percentage of
cancerous tissue is shown in Fig. 3. T1 from two
groups, “Fresh” and “+15 Hrs”, show almost identical
trends which confirms negligible  specimen
deterioration at 4 °C for 15 hours, Fig. 3 (a). As Busch
et al.’s report Ti decreases as the percentage of
cancerous part in the tissue increases.® Additionally,
we calculated the T contrast (6 =1 - Tig / T1a,) and
difference in percentage of prostate cancer within a
pair (PCg - PCa) as introduced by Busch et al. The
subscript A (B) represents a sample with less (more)
percentage of prostate cancer between the pair and
their relationship is plotted in Fig. 3 (b). A coefficient
of determination from a linear regression (R?) was
found to be 0.35 after a linear regression which was
constrained to pass through the origin. The R?2
becomes 0.43 when the constraint is removed. The
expected maximum & is 0.0095 for 100% difference in
percentage cancer and the increased T1 contrast
compared to Busch et al.’s result (& = 0.003 for 100%)
may be attributed to the lower magnetic field of 40
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Figure 3. T1 vs. percentage of cancerous part (PCag) in
tissues and T1 contrast (8 = 1- T1s/T1a)
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Table 1. Prostate specimens and measured results.

Specimen T 5 PC Gleason's MVD MIB- | Delay
Num. (ms) (% Cancer) Score (%) 1 (%)
1 RT NA NA 2.2 7(3+4) 8.5 1
15 Hrs
ILT NA 0.0 NA 11.5 1
2 RT 76 £11 0.58 £0.09 3.0 7(3+4) 12.2 1 Fresh
21T 32+5 47.4 7(4+3) 6.2 2
3RT 5317 0.17+0.15 23.8 8(3+5) 22.5 6 15 Hirs
3LT 64 +8 1.4 6(3+3) 19.7 1
4 RT 84+ 34 0.01+0.43 1.0 6(3+3) 12.5 1 Fresh
41T 83+ 13 73 7(3+4) 8.2 1
SRT 95 7 0.16 £0.08 0.3 6(3+3) 8.6 1 15 Hrs
5LT 79+5 0.4 6(3+3) 6.9 1
6 RT 63+9 0.00 £0.25 0.0 NA 13.1 1 15 Hrs
6 LT 63 +£13 0.0 NA 9.2 1
7RT 104 £ 21 0.35+£0.17 0.7 6(3+3) 7.8 1 Fresh
7LT 159 +£25 0.6 6(3+3) 3.6 1
8 RT 75+7 0.06 £0.22 17.0 6(3+3) 9.4 1 15 Hrs
8LT 80+ 18 12.4 7(3+4) 7 2
9 RT NA NA 0 NA 21.2 1
15 Hrs
9LT 69 £21 12.9 6(3+3) 16.5 1
10 RT 84 15 -0.07+ 0 NA 11.3 1
0.24 15 Hrs
10 LT 90 +£13 4.8 9(4+5) 8.5 1
11 RT 94 +21 0.26 +£0.28 0 NA 26.8 1 Fresh
11 LT 70 £21 24 9(4+5) 17 1
12 RT 57+11 0.13+£0.21 1.8 6(3+3) 13.7 1 Fresh
12LT 66+9 0 NA 16.3 1
-0.01 =
13 RT 70 + 14 025 0.5 6(3+3) 15 1 15 Hrs
I13LT 71+£10 8 9(4+5) 15.9 3
14 RT 67 11 0.27+0.15 5.2 9(4+5) 17.8 3 15 Hrs
14LT 49+ 6 49.9 7(4+3) 22.8 8
15 RT 70 +£23 0.22+0.44 1.3 6(3+3) 11.7 1 Fresh
I5LT 54 +25 16.7 7(3+4) 13 2




We performed pathological measurements, Gleason’s
score, cell proliferation index (MIB-1 level), and
MVD to understand the decrease in the T in cancerous
prostate tissue. The results from the measurements are
shown in Fig. 4. A representative CD34 stained image
is shown and one of the positively stained micro-
vessels is indicated by a green arrow in Fig 4 (d).
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Figure 4. Comparisons between Ti1 and results from the
pathological examinations. Pathological examinations such
as Gleason’s score (a), cell proliferation marker level (MIB-
1, (b)), and micro-vessel density (MVD, (c)), were compared
to T: and shown in Fig. 4. Representative image (d) of
immunohistochemical staining with CD34 antibody; brown
colored areas (green arrow, one such area) indicate locations
of the micro-vessels. Gleason’s score was not correlated
with Tz, but MVVD was weakly correlated with Ti.

Gleason’s score and T; showed no correlation, R? =
0.003. Structurally sensitive NMR parameters, such as
T, or diffusion coefficients, may show more
correlation with the Gleason’s score.*®

Since cell proliferation marker Ki67 and fractional T
change in human cervical tumor showed rather strong
correlation (R? = 0.7), we expected similar correlation
between MIB-1 and T1.1® However, our result of R? =
0.1 is inconclusive to determine the correlation
between the parameters in the cancerous prostate
tissue.

MVD is another potential parameter correlated with T.

In a case of mouse ovarian cancer, in-vivo Ty at 4.7 T
increased by 16% after anti-angiogenetic treatments
while MVD decreased by 59%.'7 We only measured
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MVD after the prostatectomies and compared a
percentage of MVD with T of the tissue, Fig. 4 (c). R?
after linear regression between MVD and T1 was 0.2,
which might support a weak yet meaningful
correlation. Salt resistance tests- Since the reported
concentrations

Discussion

This report shows that Ty contrast in the ultra-low
magnetic fields could be enhanced in cancerous
prostate tissues without contrast agents and the
contrast increases with decreasing field strengths
(Earth’s magnetic field of 40 uT compared to 132 uT).
However, unresolved T distributions (Fig. 2(b))
shows the limit of our method. The might be addressed
by adopting field-cycling NMR where By and B, can
be much higher than our B,.1® Once the SNR is
improved, multi-dimensional NMR such as T1-T; or
Ti-diffusion can help correlate T; to cancerous
prostate tissue. Additionally, finding the distribution
of NMR parameters may be unnecessary if the
dimension of a sample is below 1- 2 mm due to fast
exchange at room temperature %19

Contrary to T; in cancerous prostate tissue, Ty in other
tissues (brain, liver, kidney, stomach muscle, and
intestine) were reported to increase compared to that
in normal tissues.’®2:21 Increased water content,
decreased macromolecular content, hypoxia, pH, and
intracellular water lifetime are attributed to the
increased T; in the cancerous tissues.?? However,
densely packed proliferating cells, irregular tumor
vasculature were suggested to decrease Ti in
cancerous tissues where paramagnetic
deoxyhemoglobins were accumulated.?? Additionally,
increased T; after anti-angiogenic treatment over a
mouse ovarian cancer supports tumor vasculature
plays an important role in reducing T in the cancerous
tissue 5. In this section we try to explain how T; can
be decreased in presence of paramagnetic substances
such as deoxyhemoglobins in conjunction with
increased MVD.

A dipolar spin interaction model may be one of the
mechanisms for the suppressing of T in cancerous
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prostate tissue. First of all, the field dependence of
dipolar relaxation rate (1/T1p) can be expressed as in

Eq. (3).

1

Tip

T1 311
1+(ws—wp? 13

2 2
1+wi 7

2
= Z5(s+1) Chy [

(3

61Tq
1+(ws+op?2t? |’

where Cpp=(po/4m)(yiysh)/r®, 11 is a simplified
correlation time, and r is the distance between electron
spin (S) and proton spin (I), and ys and vy, are
gyromagnetic ratio of electron and proton,
respectively.? Unless t; is extremely short (low
viscosity or large diffusion coefficient), << 10-12 s,
the dipolar interaction between protons and electrons
explains Ty increase (1/T1 decrease) with increasing
magnetic field, Eqg. (3). Additionally, 1/T1ip increases
as the surface density of paramagnetic ions (os)
increases.? This explains the necessity of large
magnetic moments for higher T1 contrast in higher
magnetic fields where 1/T1p is negligible without the
moment. Gd** is one of the most popular contrast
agents due to 7 unpaired electrons in the 4f orbital.?
However, dipolar T in low magnetic fields can be
sensitive to even low magnetic moments. For example,
in case of long 11 = 3.5 ns— 1 us, such as high viscosity
or restricted diffusion, Tip@e=st / Tip@s=1mt Varies
from 5.4 — 1500, respectively.

We conjecture that T relaxation may be further
accelerated by surficial relaxation due to increased
micro-vessels in cancerous prostate tissue. Then, Ty in
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prostate tissue may be expressed by the sum of the
bulk and surface parts as T in a liquid filling porous
media.?426-2
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, Where ¢ is the thickness of the surface layer and S/V
is the surface to volume ratio.?®?° Deoxygenated
hemoglobin or other impurities near the tumor can act
as paramagnetic ions such as Fe®* in a case of
cements.16222830 Increased MVD can be the source
for an enhanced surface to volume ratio. Based on Eq.
(3) and (4) T; decreases to 45 ms from bulk T, of 80
ms at 40 uT in a case that the surface density of
paramagnetic ions is 3.0 x 10'Y/cm?, €is 0.35 nm, 1 =
3.5ns, S/V =100 mm™. To validate above theory, it is
necessary to find the surface density of paramagnetic
ions or the S/V in cancerous prostate tissue.

Conclusion

We have shown that ex-vivo T in cancerous prostate
tissue has a larger maximum T, contrast at the Earth’s
132 uT.
Paramagnetic ions and the increased surface to volume
ratio in vicinity of micro-vessels may be attributable
to the T, decrease in cancerous prostate tissue.
Additionally, the coil-based NMR technique we have
employed is robust enough to be used in a small
hospital setup but needs to be improved to achieve a
higher SNR.

magnetic field compared to that at
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