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Abstract

Chemical exchange saturation transfer (CEST) provides an indirect means to detect exchangeable
protons within tissues through their effects on the water signal. Previous studies have suggested
that amide proton transfer (APT) imaging, a specific form of CEST, detects endogenous amide
protons with a resonance frequency offset 3.5 ppm downfield from water, and thus may be
sensitive to variations of mobile proteins/peptides in tumors. However, since CEST measurements
are influenced by various confounding effects, such as spillover saturation, magnetization transfer
(MT) and MT asymmetry, the mechanism or degree of increased APT signal in tumors are not
certain. In addition to APT, nuclear Overhauser enhancement (NOE) effects upfield from water
may also provide distinct information about tissue composition. In the current study, APT, NOE
and several other magnetic resonance parameters were measured and compared comprehensively
in order to elucidate the origins of APT and NOE contrasts in tumors at 9.4T. In addition to
conventional CEST methods, a new intrinsic inverse metric was applied to correct for relaxation
and other effects. After corrections for spillover, MT and T, effects, corrected APT in tumors was
found not significantly different from normal tissues, but corrected NOE effects in tumors showed
significant decreases compared with normal tissues. Biochemical measurements verified that there
is no significant enhancement of protein contents in the tumors studied, consistent with corrected
APT measurements and previous literature while gMT data showed decreases in the fractions of
immobile macromolecules in tumors. Our results may assist better understanding the contrast
depicted by CEST imaging in tumors, and the development of improved APT and NOE
measurements for cancer imaging.
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Introduction

Chemical exchange saturation transfer (CEST) imaging provides a unique contrast
mechanism that reflects the presence of specific chemical groups through indirect
measurements of water signal changes due to chemical exchange with saturated solute
protons (1-4). Although the concentrations of these small solute pools in biological tissues
are usually only in the millimolar range, a large signal enhancement can be achieved through
the accumulated effects of the chemical exchange between water and the saturated protons
as long as experimental parameters are chosen appropriately. In CEST experiments, spectra
are usually acquired with irradiation pulses set over a range of frequency offsets around the
water resonance. Normalized by the corresponding unsaturated signal (), a Z-spectrum,
(namely, Z(Aw) = SAw) | §, where SAw) is the signal measured with saturation at offset
Aw) can be obtained in order to identify CEST effects from specific solute pools. For
example, amide proton transfer (APT), a specific form of CEST, is believed to reflect the
endogenous amide protons with a resonance frequency offset at 3.5 ppm downfield from
water, and thus may be sensitive to variations of mobile proteins/peptides (5-8).

APT measurements, like all CEST data, depend in practice on multiple other effects,
including magnetization transfer (MT) with broad macromolecular resonances, asymmetry
in the MT lineshapes, and water longitudinal relaxation (9). To quantify the APT effect, an
asymmetric analysis is often performed by subtracting the signals acquired with saturation
on the solute (the label scan) from that on the other side of water (the reference scan) (3).
However, this method is sensitive to By inhomogeneities and may also be affected by
various other confounding parameters. To avoid these effects, several alternative methods
have been proposed. The three-offset method (APT*) subtracts the label scan signal and the
average of two nearby acquisitions (10). Chemical exchange rotation transfer (CERT)
subtracts two pulsed-CEST signals at two different irradiation flip angles, but with the same
average power and frequency offset (11). The saturation with frequency alternating RF
irradiation (SAFARI) method has also been proposed to remove the MT effect and MT
asymmetry (12). However, none of these methods correct the effect of water relaxation,
which can have a major influence on the magnitudes of CEST signals. Recently, Zaiss et al.
have proposed an intrinsic inverse metric for Z-spectrum evaluation to correct for spillover
and MT dilution of CEST effects, and a further correction can remove the influence of water
longitudinal relaxation (13).

Proteins and peptides play important roles in cellular activities, so APT imaging can
potentially provide a non-invasive means to characterize abnormal tissues such as tumors
without exogenous probes and radiation. For example, APT has been found to be a
promising imaging indicator for detecting brain tumors, grading of gliomas, and
differentiation of radiation necrosis from active/recurrent tumors (6-8). In brain tumors, the
observed APT signals are usually found increased compared to normal tissues, which has
been explained as a possible over-expression of proteins/peptides in malignant tissues.
However, CEST measurements may be influenced by many confounding effects, the
mechanism of increased APT signal in tumors is not clear. To complicate matters, a recent
study indicated that APT contrast assessed using a conventional asymmetric analysis is
actually a mixture of APT and nuclear Overhauser enhancement (NOE) effects (14).
Moreover, it has been long well-known that the water content is usually higher in tumors
(15), and the macromolecular content is more dilute in rapidly growing tissues like tumors
(16-18), and these characteristics have been invoked in the past to explain the well-
established finding that T is usually significantly enhanced in tumors (19,20). It is therefore
questionable how well APT reflects the concentration of proteins/peptides in tissues.
However, potentially the origins of APT contrast in tumors may be elucidated using multiple
MR parameters and protein measurements.
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In addition to chemical exchange with downfield protons, nuclear Overhauser enhancement
(NOE) effects in the upfield NMR spectral range of aliphatic and olefinic protons, ranging
from =5 to 0 ppm relative to water in the Z-spectrum, may also affect water signals. It has
been shown that NOE-based signals measured in this spectral range can arise from mobile
macromolecular components such as mobile proteins and lipids (21-24). Via direct through-
space dipolar coupling (10,25) or mediated by other exchangeable protons (4), NOE signals
originating from the non-exchangeable protons in such mobile macromolecular components
may provide distinct information on molecular composition. Recently, Liu et al. used a four-
pool model to quantify NOE effects in human brain at 7T and found white matter shows
much stronger NOE couplings compared with gray matter (26). Mougin et al. also found
NOE signals are more sensitive to myelination than the MT signal (27). In addition, a recent
study suggests protein unfolding can lead to NOE signal drop (28). However, like APT,
NOE measurements are also sensitive to similar confounding influences, such as relaxation,
MT effects and asymmetry, and overlapping lipid resonances from subcutaneous adipose
tissue, which make quantification difficult. Jin et al. developed a three-offset method
(NOE*) which subtracts the measured NOE signal and the average of two nearby measured
signals to avoid the MT asymmetry effect (10). However, this method is still influenced by
T4, T2 and conventional MT effects. Jones et al. found a slight decrease in the NOE effect in
human brain tumors by using a fitting method at very low irradiation powers (21). This
method is less influenced by conventional MT and MT asymmetry. However, as very low
power was used, the contrast between tumor and normal tissue is also low. Overall, a more
reliable method to quantify NOE effects is needed.

In the current study, we measured APT, NOE and several other MR parameters in order to
elucidate the origins of APT and NOE contrasts in tumors at 9.4T comprehensively. In
addition to the conventional CEST quantification methods, i.e. asymmetric analysis for APT
(5) and three-offset method for APT and NOE (10), we also implemented a new intrinsic
inverse metric 1/Z of the Z-spectrum to quantify the contrast of the NOE effect in tumors.
This method is based on the equivalence of spin-lock and CEST experiments, and with
correction of spin-lattice relaxation rate Ry, it has been shown to provide a more direct
exchange-weighted contrast with much reduced influence from other confounding effects
(13). The APT and NOE values from these different methods were correlated to multiple
conventional MR parameters (R, Ry, PSR (pool size ratio of macromolecular pool obtained
in quantitative magnetization transfer (QMT) measurements), k¢ (MT exchange rate from
macromolecular pool to free water pool obtained in gMT), and ADC (apparent diffusion
coefficient)). Finally, the protein concentrations in tumors and contralateral normal brain
tissues were quantified using two biochemical methods (Bradford (29) and BCA (30)
methods), and compared with APT values. Our results may assist better understanding the
contrast depicted by CEST imaging in tumors, and assist the development of improved APT
and NOE measurements in cancer imaging.

Materials and methods

Conventional quantification of APT and NOE

APT contrast is usually characterized by measuring CEST asymmetry, which subtracts the
signals acquired with saturation at the amide frequency offset 3.5 ppm from that on the other
side of water —3.5 ppm (reference scan) (5), namely

MTRqeym(3.5ppm)=Z(—3.5ppm) — Z(3.5ppm) [1]

Note that all frequency offsets are relative to the water resonance. Hence, since water and
the MT macromolecules have different resonant frequencies, this metric also incorporates
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any asymmetry of MT. To reduce this effect, a three-offset method (10) was proposed
recently,

APT =2, (3.5ppm) — Z(3.5ppm), [2]

where Z,¢ (3.5ppm) = [Z(4.0 ppm) + Z(3.0 ppm)] / 2. Note that APT* avoids the influence
of any NOE effect at —3.5 ppm, and may also reduce the dependence on MT asymmetry.

To quantify the NOE effect, Jin et al. proposed a similar three-offset method (10), namely,

NOEx=2Zf(=3.5ppm) — Z(—3.5ppm), [3]

where Z.¢ (— 3.5ppm) = [Z(- 2.0 ppm) + Z(- 5.0 ppm)] / 2. Figure 1 illustrates an example
of how APT* and NOE* are obtained based on a representative Z-spectrum of a rat 9L
glioma tumor.

A different approach was recently proposed by Zaiss and Bachert based on the equivalence
of spinlock (SL) and CEST experiments (13). Consider two exchanging pools a (water) and
b (amide or other exchanging species with a chemical shift Aw, relative to water) that have
longitudinal relaxation rates R4 and Ryp, transvers relaxation rates Ry, and Ry, chemical
exchange rates k, (from ato b) and ky, (from b to a), and proton fractions relative to water
pool, i.e. f; =1 and fp = kg / ky. If the magnetization reaches steady-state after saturation, the
Z-spectrum is given by (13)

Rla

S(Aw) _ . ,
Ry (Aw)+Rep(Aw)’

Z(Aw)= 0s%6

where 0 is the angle between the effective field (Dgf-f = (o1, 0,Aw) and z-axis, i.e. 0 =
tan~1(yB1/Am), Resi(Am) corresponds to the relaxation rate of the water pool in the rotating
frame,

R (Aw)=R1,4c08*0+Ro,sin’0, [5]

and Re (Aw) is the exchange-dependent relaxation rate which is approximately described by
a Lorentzian function with the peak at the CEST pool resonance Awgpn, Namely

I 2
R,

R@E(A(.u):l_‘2 ;
/4 +(Aw — Awlab)

6]

where T is the full width at half maximum which can be expressed as

ky+R
I'=2 \/%“%24‘(%““%21))27 |
b

and R' is the amplitude of the Lorentzian function

2
lab w1
RS =fokv—

wi+ky (ky+Rap) (3
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Note that in the full-saturation limit, i.e. w12 > ky(kp + Rop), Eq.[8] can be simplified as

Rl ~ foky=k,. [9]

Therefore, Re,,;(Awl,,,;)):Ré‘;” ~ fykp IS an intrinsic parameter which forms the origin of the

CEST effect. Note that R2> depends on the chemical exchange rate without significant
influence from other confounding effects.

In order to obtain Rey (Amjap (t0 isolate the CEST effect), a reference Z-spectrum should be
obtained. The most common reference value is the Z-value at the opposite frequency Awye =
—A® |- The corresponding water contribution is the same, i.e. Regt (Awyef) = Rya €0S2 0 +
Roa 5in? 0 = Ry (Amjap), but Rey (Awye) decreases significantly as

RlT2 /4

Rref:Rex —Awigp)=
exr ( I b) F2/4+(2Awlab)2

[10]

For By = 1 uT, Bg = 9.4T, Awjgp = 3.5 ppm and Ryp, k < 100 Hz, R7 <0.001 - R/ and can
be neglected. Thus, at the reference frequency

Rla

Zref(Awyer)=cos?0 - ——— 2
1 /) R (Awiap) L

11]

A magnetization transfer rate (MTR) can be defined using both Z(Awap and Zyes (A® ref)-
The most common MTR is the above mentioned MTRgym, Namely

Rex(Awlab)Rla
qu(A(.dlab) : [Reﬂ(Awlab)+Rew(Awlab)]

[12]

Awjap = 3.5 ppm in the MT asymmetry analysis of conventional APT contrast. Apparently, a
more beneficial way to analyze is to use the subtraction of the inverse Z-values, i.e.

1 1 _ Rex (Awlab)

MTR, (A = - -
ch( U-)lab) Z(Au)lab) Zref(Awref) 00820 ’ Rla [13]

By multiplication by R4, a new metric which we term apparent exchange-dependent
relaxation (AREX) can be achieved without the influence the longitudinal relaxation of
water pool, namely

AREX(AWIHJ)):]\ITRHH (Awla,b) . Rla:Rex(Awlu,h)/COS20 [14]

Revised 1/Z method

The original 1/Z method mentioned above proposes to use the reference value at the
opposite frequency for APT quantification analogous to asymmetry analysis (13). In order to
further reduce MT asymmetric effect in vivo, we propose a revised 1/Z method which
combines the original 1/Z method and the three-offset method in the current study. For the
APT quantification, instead of taking the reference value at the opposite frequency, we
estimate the reference value at 3.5 ppm by the average of two values shifted by dw left and
right from the CEST peak at Awap, respectively,

NMR Biomed. Author manuscript; available in PMC 2015 April 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Xu et al.

Page 6

Z(Awl(,,b—i—(Sw)—i—Z(Awlah — 5w)

Zref(Awlab): 9 [15]
At these frequencies,
lab12
T2 /4
RIS =R.,(Awig £ 50-’):% [16]

For By = 1 uT, Bp = 9.4T, 8w = 0.5 ppm, and Ry, k < 100 Hz, R™/ <0.025 - R/ and can

still be neglected. Importantly, this new reference value R”% has no contribution from
concomitant effects at the opposite frequency that may exist in the original 1/Z method
mentioned above. Specifically,

Z(4.0ppm)+Z(3.0ppm) Riq 2
=Zof (3.5ppm) =—— o . cos?0,
5 7 (3.5ppm) Ry (Boppm) 0 07
1 2 R..(APT
MTR, (APT)= _Be(APT) -

Z(3.5ppm)  Z(4.0ppm)+Z(3.0ppm)  cos26 - Ry,
and

AREX(APT)=MTR,_(APT)-Ria=R..(APT)/c0s’0 ~ R.,(APT)=k,(APT) [19]
where £APT represents the exchange rate from water to the amide proton pool. Likewise, we
define

1 2 _ Re:(NOE)
Z(—3.5ppm)  Z(—2.0ppm)+Z(—5.0ppm)  cos20 - Ry,

MTR,, (NOE)= [20]

and

AREX(NOE)=MTR,_(NOE)-Riq=Rcs(NOE)/c0s*0 ~ R.y(NOE)=ko(NOE) [21]

where £NO¥ represents the exchange rate from water to the NOE pool. Note that for offsets
larger than 2 ppm at field strength 9.4T and By < 2 1T, the term cos20 is approximately 1 (>
0.99). Therefore, with the parameters used in the current work, AREX is approximately an
intrinsic metric that is dependent on the chemical exchange rate with minimized influence
from other confounding effects. Figure 1 illustrates how these APT and NOE quantification
methods were used with a representative Z-spectrum of a rat 9L glioma tumor.

Animal and cancer model

All animal related procedures were approved by the Institutional Animal Care and Use
Committee at Vanderbilt University. 9L glioblastoma cells were obtained from American
Type Culture Collection (ATCC 9L/lacZ, CRL-2200) and grown in Dulbecco's modified
Eagle's medium (DMEM,; Gibco, Gaithersburg, MD) with 10% fetal calf serum and 50
units/ml penicillin and 50 pg/ml streptomycin maintained in a humidified incubator at 37 °C
with 5% CO». Eight male Fischer 344 rats (250 — 300 grams) were immobilized and
anesthetized with a 296/98% isoflurane/oxygen mixture. Each rat was injected with 1x10°
9L glioblastoma cells in their right brain hemispheres to allow tumors to grow to 30-40
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mma3 after 14 — 18 days. Details of the surgical procedures have been reported previously
(18,31).

Animals were anesthetized with 3% isoflurane for induction and 2% thereafter during
imaging. The position of each rat head was secured using an MRI compatible cradle with
bite and head bars. A warm-air feedback system was used to ensure rat rectal temperature
was maintained at ~ 37 °C throughout experiments.

In vivo MR imaging

MR images were acquired on a 9.4T Varian 21-cm-bore horizontal MRI scanner. An RF
Litzcage Coil (Doty Scientific Inc., Columbia, SC) with 38 mm internal diameter was used
for both transmission and receiving. All of the multiple parametric images including CEST
were acquired using the following parameters: a 2-shot spin-echo echo-planar imaging (EPI)
sequence with a triple reference imaging method was used to reduce EPI ghost artifacts (32).
The number of excitations was 2. A single axial slice crossing the center of the tumor was
acquired with a slice thickness of 2 mm. The field-of-view was 32 x 32 mm, and the matrix
size was 96 x 96, which yields an isotropic in-plane resolution of 333 um.

CEST images were acquired with continuous wave saturation pulses (1T for 5 seconds)
with 81 frequency offsets evenly distributed from =5 ppm to 5 ppm relative to water
resonance, yielding a high spectral resolution (0.125 ppm). All Z-spectra were obtained with
normalization of corresponding unsaturated signals (Ao = 300 ppm) and corrected for By
inhomogeneities using the WASSR method (33). Longitudinal relaxation rate Ry (= 1/T¢)
was mapped using an inversion recovery and spin-echo EPI sequence with an Adiabatic
inversion pulse to reduce the B4 inhomogeneity effect. Eight inversion times were used (50
ms, 100 ms, 250 ms, 500 ms, 1sec, 1.5 sec, 2 sec and 4 sec). The transverse relaxation rate
R, (= 1/T,) was obtained using a spin-echo EPI sequence with five echo times (30, 40, 60,
80 and 100 ms). Quantitative magnetization transfer (QMT) using a selective inversion
recovery (SIR) method (34,35) was used to map the pool size ratio (PSR) and the MT
exchange rate from macromolecular pool to free water pool (Kms) assuming the conventional
two-pool model of tissue protons. Specifically, a 1-ms 180° hard pulse was used to invert
water pool spins prior to the spin-echo EPI readout. A bi-exponential recovery curve was
acquired with 16 inversion times logarithmically distributed from 3 ms to 10 sec. The
experiments were performed using a recently developed SIR-EPI sequence, which contains
a saturation pulse train to significantly accelerate the acquisition but preserves the feature of
fitting gMT parameters without bias. Details of this sequence have been reported elsewhere
(18). Apparent diffusion coefficients (ADC) were estimated using the conventional pulsed
gradient spin echo (PGSE) diffusion sequence with a diffusion gradient duration (&) of 5 ms
and a separation (A) of 12 ms, in which a mono-exponential fitting was performed with four
b values (400, 600, 800, and 1000 s/mm?).

Biochemical determination of protein concentration

Immediately after MR imaging, rats were perfused with sterile saline before sacrifice. Rats
were decollated with a guillotine and, after removal of skin, whole rat heads were rapidly
frozen by immersion in a mixture of hexane and dry ice in order to prevent protein
degradation. Frozen rat brains were then dissected at —20 °C into 2 mm thin sections with
the aid of a rat brain slicer (Zivic Instruments, Pittsburgh, PA), and 3 pieces of tissues (~ 20
mg weight for each) from the tumors and from the contralateral normal brain were cut out.
Total proteins were then extracted with 25% (w/v) of 2% of SDS by homogenization with a
25G needle/syringe and then incubated in 70 °C for 30 minutes (36). Insoluble debris was
removed using a microcentrifuge (Biorad, maximum speed for 10 minutes). The total
protein extract was then diluted 10 times to reduce SDS concentration for quantification.
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Protein concentrations were determined by both Bradford (29) (Bio-rad) and Bicinchoninic
acid assay (BCA) (30) methods by following manufacture recommended procedures. To
confirm the dissected cancerous tissues originated from the xenografted 9L tumors, tumor
and normal cell lysate were separated along with lysate extracted from cultured 9L cells by
SDS-PAGE, and then stained with Coomassie brilliant blue. The pattern of protein bands
confirmed the accuracy of the dissection of the cancerous and normal tissues.

Data analysis

Results

All data analyses were performed using programs written in Matlab (Mathworks, Natick,
MA) except the image registration which was written in C. Our experimental settings
constrained any movements along z (slice selective) direction but there might be some small
movements in the x—y plane due to respiration. Therefore, all images were coregistered to a
corresponding 2-shot spin-echo EPI image with echo time 18 ms using a rigid body
registration algorithm by maximizing the normalized mutual information (37). Following
co-registration, the brain region was manually selected for further parametric fitting. All MR
parameters, including T, Ty, PSR, ks, ADC and all CEST parameters were fitted on a
pixel-wise basis without data smoothing. The region-of-interest (ROI) of the tumor of each
rat was manually selected on the corresponding T4 map, which shows a very clear contrast
between glioma tumor and normal tissue (see Figure 3). The ROI of the contralateral normal
tissue was chosen as the mirrored tumor ROI in the left hemisphere after a slight shifting
adjustment to avoid CSF.

Sample CEST spectra

Figure 2 shows representative Z-spectra of a 9L glioma tumor and corresponding
contralateral normal tissue. There is a clear APT effect at 3.5 ppm which appears to be
larger in the tumor. MTRgsym Using conventional asymmetry analysis is also shown (solid
lines in Figure 2). MTRgsym is negative at most frequency offsets except 0 — 1.0 ppm for
both tumor and normal tissues, indicating that MTR,sym is significantly affected by the MT
asymmetry and NOE effects. Interestingly, a distinct NOE peak was also found at —=1.6 ppm
in contralateral normal tissues only, which vanished in the tumor. The origins of this NOE
peak are not clear and are still under investigation.

Multi-parametric maps and correlations

Figure 3 shows multiple MR parametric maps of a representative rat. R shows excellent
contrast for distinguishing the tumor from normal brain tissue, and hence all ROIs were
manually selected from R, maps in the current study. R,, ADC and PSR also show clear
contrasts for detecting tumor. Despite being more sensitive to noise, Ky also shows a clear
differentiation of tumor from normal tissue and is higher in the tumor. The different patterns
within the tumor reflect the heterogeneous nature of the 9L glioma. MTRsym shows high
contrast between tumor and normal tissue, and white matter (corpus callosum) can be clearly
distinguished from cortical gray matter, which is consistent with previous findings that the
MTR,sym contrast between gray matter and white matter is enhanced at higher field (38).
APT* obtained using the three-offset method, as well as the MTRRgg, Obtained using the 1/Z2
method, also show pronounced contrast between normal brain and tumor, although the
imaging contrast between gray matter and white matter decreases. Interestingly,
AREX(APT), which is believed to be more specific for detecting variations in composition
and exchange rates of mobile proteins and peptides, shows almost no imaging contrast
between tumor and normal tissue. NOE* obtained using the three-offset method is slightly
enhanced in white matter, but the overall imaging contrast is very small, which is similar to
previously reported results (10). Interestingly, though there is no significant contrast of
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NOE* to distinguish tumor and normal tissue, the image contrast becomes more clear in the
MTRRex(NOE) map obtained using the revised 1/Z method. After correction for Ry
relaxation, the imaging contrast is more pronounced for detecting tumor.

Fig. 4 shows correlations among the five conventional MRI parameters (Ry, Ry, PSR, Kimf
and ADC), respectively, of all eight rats. For the correlation of each pair of parameters in
each sub-figure, the Spearman’s r and p-value are provided. In addition, the corresponding
linear regression (solid line) is provided to indicate how these MR parameters are correlated
in a linear manner. Tumors show a significant decrease in both Ry and PSR, showing that
tumors have lower levels of macromolecules promoting longitudinal relaxation, consistent
with extensive earlier literature and conventional explanations of lower relaxation rates in
malignant and other rapidly growing tissues (19). The MT exchange rate, Ky, iS
significantly higher in tumors, consistent with previous reports (16-18). There is also a
small increase in ADC, suggesting a lower cellularity in tumors. By contrast, R, was higher
in tumors, which differs from results obtained at lower field strengths (20,39), where tumors
usually show both decreased longitudinal and transverse relaxation rates. However, this
increase is consistent with a model in which dipolar effects between macromolecules and
water, which dominate relaxation at lower fields, and which decrease with field strength,
become less important compared to chemical exchange contributions to transverse
relaxation, which increase with field strength, as demonstrated in diamagnetic protein
solutions by Zhong et al. (40). As such, R, is expected to increase less strongly with PSR
but more strongly with CEST effects. Indeed, in this model R, was found to correlate
inversely with PSR in the current study (p = 0.008), suggesting strongly that R, (and by
inference CEST effects) no longer reflects gross macromolecular composition but rather
other changes in the tumor milieu that promote exchange. This is also consistent with the
behavior of k., which correlates strongly with R,. ADC is not correlated with any other
conventional MR parameters (the last row in Figure 4), suggesting that relaxation properties
are somewhat independent of cell density.

Figure 5 summarizes the correlations between four CEST parameters (MTRgsym, APT*,
MTRRex(APT) and AREX(APT)) and five conventional MRI parameters (Ry, Ry, PSR, Kmf
and ADC), for all eight rats. MTRasym, APT* and MTRRe(APT) were all higher in tumors,
while AREX(APT) was similar in the tumor and contralateral normal tissue, resulting in
negligible imaging contrast for detecting the tumor (see Figure 3). MTRgsym, APT* and
MTRRex(APT) appear to be significantly inversely correlated with PSR (the Spearman’s
correlation gives p = 0.001, 0.017 and 0.017 respectively), but, after the correction for Ry
relaxation, AREX(APT) has no significant correlation with PSR (p = 0.617). Thus CEST
metrics corrected for relaxation effects show little connection with direct measures of total
macromolecular content, but may appear to correlate when there are corresponding
variations in Ry. This is consistent with the left column of Figure 5 in which MTRasym,
APT* and MTRRex(APT) measurements are all significantly correlated with Rq (p values
0.012, 0.001 and 0.009 respectively) but not with AREX (p = 0.856). None of the four APT
parameters are strongly correlated with R,. This is perhaps because APT detects relatively
slow chemical exchange from amide protons, whereas R, may be affected more by faster
chemical exchange from other metabolites such as amine or hydroxyl protons at high field.
Hence, APT parameters and R, vary independently even though R, contains a strong
contribution from chemical exchange at this field strength. The fact that there is no different
correlation of spillover corrected methods and uncorrected methods may be due to
negligible influence of spillover dilution - which increases with Ry, - at 9.4T due to the large
frequency difference to water. The CEST metrics showed only weak correlations with ADC,
except MTRasym.
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Figure 6 summarizes the behaviors of all four APT parameters (MTRasym, APT*,
MTRRex(APT) and AREX(APT)) for all eight rats, comparing tumors to normal tissues.
Only the conventional MTRasym(APT) show negative values in both tumor and contralateral
normal tissue, indicating that there is a significant influence of the MT asymmetric effect in
MTRzsym(APT). Both APT* and MTRRgex(APT) show significantly higher values in the
tumor (p<0.01 given by the Wilcoxon rank-sum test). However, AREX(APT), with the
correction for Rq relaxation, shows no significant difference between tumor and normal
tissue (p=0.28 by the Wilcoxon rank-sum test).

The results of biochemical protein determinations (both Bradford and BCA methods) are
provided in Table 1. Using these assays, it was found that tumors had only slightly but not
significantly (p=0.093 and 0.394 given by Wilcoxon rank-sum test for Bradford and BCA
methods, respectively) higher total protein contents compared to contralateral normal brain
tissue. The results of APT measurements are also shown in Table 1. It is clear that the small
but insignificant variations of protein content between tissues is insufficient to explain the
much larger differences in the three APT parameters, MTRasym, APT* and MTRRex(APT).
In contrast, the total protein measurements were consistent with the AREX(APT)
measurements, which also show a small but insignificant increase in tumors. This is
consistent with the proposition that AREX(APT) is less sensitive to other confounding
effects and may be a more robust indicator of protein contents in biological tissues.

Figure 7 summarizes the correlation of the three NOE parameters (NOE*, MTRRex(NOE)
and AREX(NOE)) with five conventional MRI parameters (R1, Ry, PSR, ks and ADC),
respectively, for all eight rats. Both MTRRex(NOE) and AREX(NOE) correlate strongly
with PSR (p = 0.001) and ki (p = 0.001), indicating these two parameters are directly
related to the macromolecular content and magnetization transfer between water and the
broad background proton pool. MTRRex(NOE) and AREX(NOE) are also strongly
correlated with Ry (both p < 0.001 by the Spearman’s correlation) and inversely with Ry (p
=0.035 and 0.016 respectively). NOE* correlates significantly only with Ry (p = 0.042 by
the Spearman’s correlation), and no metric is correlated strongly with ADC.

Figure 8 summarizes the behaviors of three NOE parameters from all eight rats, comparing
tumors and normal tissue. NOE™* obtained using the 3-offset method does not distinguish
tumors from contralateral normal tissues (p = 0.33 given by the Wilcoxon rank-sum test),
whereas both MTRRex(NOE) and AREX(NOE) show significantly lower values in the tumor
compared to normal brain (p < 0.01).

Discussion

The measurements of multiple MR parameters and biochemical protein assays presented
above were performed in order to better understand the origins of CEST contrast in tumors.
The results show that, at least for the tumor type and field strength used in the current study,
tumors have lower Ry and PSR, higher R, and k¢, and higher ADC than in contralateral
normal tissue. The higher R, in tumors is contradictory to the results of the same tumor type
reported at lower field strength at 4.7 T (5), but this may be due to the increased contribution
of exchange processes, that are more pronounced in tumors, to R, at higher field strengths
(40). All other results are consistent with previous results at lower field strength and are
consistent with a model of tissue water in which R reflects the influence via dipole-dipole
couplings of macromolecules in solution on water molecules within hydration layers or
otherwise associated with proteins that then undergo rapid exchange with the bulk aqueous
phase. Relaxation rates then increase in more concentrated solutions as percentage of water
by volume decreases. The differences in R and PSR between tumors and normal brain
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confirm that the total macromolecular content relevant for affecting water relaxation is
generally lower in tumors than in normal tissue. The observed variations in R, at 9.4T
suggest there is an increased contribution to transverse relaxation from exchanging protons
that more than compensates for the variation of the total protein concentration, either
because of a change in the nature of the macromolecules (e.g. decomposition into smaller
fragments) or in the exchange rate (which may be affected by pH and molecular
conformation). The observed higher values for ks also indicate the average rate of transfer
of magnetization between water and macromolecules increases in these tumors. Higher
ADCs in 9L tumors suggest that the cellularity is lower in tumors compared with normal
tissue. Our biochemical measurements confirm that the total protein content in 9L glioma
tumor is not significantly different from normal brain tissue.

There arises a potential confound in these data in that the PSR derived from gMT shows
clear decreases in tumors, whereas total protein measured biochemically is not significantly
changed. This discrepancy could reflect differences in the experimental sampling of the
tissues, but more likely reflects the fact that not all protein extracted biochemically
contributes equally to relaxation, whereas the PSR is an indirect measure of only those
immobile components that are available for magnetization transfer.

The intrinsic asymmetry of the Z-spectra associated with semi-solid macromolecules in
biological tissues can confound conventional asymmetry analysis and the quantification of
APT effects (41). In the current study MTRsym Obtained using such an asymmetry analysis
produces negative APT contrasts in both tumors and normal tissues. Values of APT*
obtained using the three-offset method, and MTRRex(APT) obtained using the revised 1/Z
method, avoid the conventional asymmetry analysis, and produce positive imaging contrasts.
In addition, these two parameters show significantly higher values in tumors, but after
correction for Ry relaxation, AREX(APT) shows no significant contrast between tumors and
contralateral normal tissues. This suggests that conventional measurements of APT,
including MTRasym and APT*, may be significantly “contaminated” by MT asymmetry and/
or Ry effects. MTRRex corrects for MT effects, but still have a difference between tumors
and normal tissues. However, after correcting for such effects, the contrast AREX(APT),
between tumor and normal brain tissue disappears, which is consistent with the insignificant
difference of the total protein concentration obtained from biochemical measurements.
Based on the theory proposed by Zaiss et al. (13), AREX(APT) yields a clean CEST
evaluation which is more sensitive to contents and the exchange rate of the APT pool
without confounding effects like spillover, MT and R; relaxation. At least for the tumor type
(9L) and the CEST measurements performed in the current work, the imaging contrast
obtained using conventional APT methods, including MTR,sym and APT*, may be
dominated by effects of R;.

The NOEs may depend on the applied RF powers. For example, it has been reported that the
NOE signal at 4.7T is more pronounced at lower saturation powers and is lower in tumor
than in contralateral normal tissue (41). While the NOE effects were reported to peak at a By
of ~1-1.4uT at 7T (26). In the current study, a relatively large saturation power (1 uT)
was used and no significant difference was found between the NOE effects in tumors and
those in the contralateral normal tissues. On the other hand, MTRRge(NOE) obtained using
the revised 1/Z method shows significant differences between tumors and normal tissues,
and these differences increase for AREX(NOE) if corrections for R, relaxation are
performed. Moreover, variations in AREX(NOE) between animals correlate strongly with
PSR.

Intrinsically, NOEs depend on the average cross-relaxation rate, which is a function of
interaction distances and correlation times (42). These parameters are directly related to the
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structure and mobility of the observed spins (43). Neglecting the exchange-relayed
mechanisms (21), and if we assume the protein concentration to be constant, decreased
NOEs indicate either less external or internal motional restrictions. For example, partially
unfolded proteins may tumble more freely, mitigating dipole-dipole interactions. A recent
study of Zaiss et al. (28) showed that unfolding of proteins lead to decreased NOE signals in
the Z-spectrum and might therefore be a possible explanation for the observed NOE drop in
tumors and necrosis. However, there is no clear evidence in our data that the principle
mechanism is protein unfolding, as its influence on APT and other MR parameters is not yet
understood, and the lowered NOE (combined with longer T4 and lower PSR) is also
consistent with diminished external structure allowing the whole protein to tumble more
freely, i.e. a more liquid environment.

The remarkable influence of R4 relaxation on both APT and NOE measurements indicates
the need for mapping and correcting for variations in relaxation rates to obtain reliable
CEST measurements, as shown in this paper and other studies (44,45). By contrast, AREX
is an exchange-rate dependent parameter which is insensitive to spillover, MT and R
relaxation and hence is suggested as an imaging biomarker with high specificity. Moreover,
with multiple saturation powers, the exchange rate can be specifically obtained from AREX
data and thus in principle pH changes in tissues can be detected without the influence of
many other confounding effects.

Both the Bradford and BCA methods detect the total protein concentration in tissues, and
because of the steps taken for protein extraction we cannot exclude the possible loss of water
or some other sources of error. However, clearly there was no major variation between
tumor and normal brain to explain the apparent large differences in CEST data with minor
differences in protein concentration. A possible explanation is that APT contrast may arise
from relatively mobile and accessible proteins and peptides only, not from total proteins.
However, this needs be verified by more sophisticated biochemical experiments specifically
targeting mobile proteins/peptides. In addition, another drawback of the biochemical
methods used in the current work was that they measured total protein contents from tissue
chunks collected from different regions in rat brains, by which the spatial information is lost.
Proteomics analyses of the large-scale characteristics of the entire protein components of
tissue can provide information about protein abundance and type (46), and 3D Matrix-
assisted Laser Desorption/lonization Imaging Mass Spectrometry (MALDI IMS) can be
used to map specific proteins. Moreover, we have recently shown how to integrate 3D
MALDI IMS of whole animal brain with high-resolution MRI (47). Therefore, additional
studies correlating APT measurements and proteomic data may further elucidate the contrast
mechanism underlying APT parameters.

While the current study promisingly examined the NOE centered at —3.5 ppm, the NOE
centered at —1.6 ppm clearly differentiates tumors from contralateral normal brain tissues
too. However, the underlying biophysical mechanism for this difference is not clear. Our
previous studies suggest that it may originate with an immobilized metabolite, such as
choline-containing compounds, that have strong magnetic coupling with water. In addition,
there may be multiple sources of resonances near —1.6 ppm which can be revealed using
different irradiation powers (48). Thus the NOE centered around —1.6 ppm might provide a
new molecular imaging contrast for detecting or characterizing cancer. The NOE centered at
-1.6 ppm is currently under further investigation.

Conclusions

High frequency resolution Z-spectra of rat gliomas were acquired in vivo at 9.4T. Different
methods for quantifying APT and NOE contrasts were compared and correlated to several
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conventional MR parameters, i.e. Ry, Ry, PSR, ks and ADC. After corrections for spillover,
MT and R; relaxation effects, APT in tumors was found not significantly different from
normal tissues but NOE effects at —=3.5 ppm in tumors showed significant decreases
compared with normal tissues. Biochemical measurements verify that there is no significant
enhancement of protein contents in tumors, consistent with corrected APT measurements
and previous literature. Our results may assist better understanding the contrast depicted by
CEST imaging in tumors, and assist the development of improved APT and NOE
measurements in cancer imaging.
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Abbreviations

CEST chemical exchange saturation transfer

APT amide proton transfer

NOE nuclear Overhauser enhancement

AREX apparent exchange-dependent relaxation

PSR pool size ratio of macromolecular pool to free water pool in gMT

Kt MT exchange rate from macromolecular pool to free water pool
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Ilustration of the three-offset method used for APT and NOE quantification. The Z-
spectrum (circles) was measured from a rat 9L glioma tumor in vivo. Z¢(3.5 ppm)=[Z (4.0
ppm) + Z (3.0 ppm)] / 2, and Z¢(—3.5 ppm)=[Z (-2.0 ppm) + Z (=5.0 ppm)] / 2.
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Figure2.

Representative Z-spectra of a 9L glioma tumor and contralateral normal brain tissue from a
rat. MTR,sym, the subtraction of downfield spectra from upfield, shows the conventional
APT contrast obtained using the asymmetry analysis. The error bars represent standard
deviations of ROIs.
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Figure 3.

Multiple MR parametric maps of a representative rat overlaid on a corresponding 2-shot
spin-echo EPI image. The lower right image shows the ROIs of tumor (red) and contralateral
normal tissue (green). Note that the 9L glioma tumor is in the right hemisphere, and
mirrored ROl in the left hemisphere is the contralateral normal tissue region.
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Figure4.

Summary of correlations of five conventional MRI parameters (R1, Ry, PSR, ks and ADC),
respectively, of all eight rats. The red squares represent the mean values of each tumor, and
blue circles are mean values of each ROI of contralateral normal tissue. The Spearman’s
rank correlation coefficient (r) and p-value of each correlation are provided. The solid lines
represent the linear regression of all data points in each correlation sub-figure.
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Figure5.

Summarized correlation of four CEST parameters (MTRasym, APT*, MTRRex(APT) and
AREX(APT)) with five conventional MRI parameters (R1, Ry, PSR, ks and ADC),
respectively, of all eight rats. The legends are the same as in Figure 4.
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Figure®6.

Summary of four APT parameters (MTRasym, APT*, MTRRex(APT) and AREX(APT)) of
all eight rats to differentiate tumors from normal tissues. The p value of the Wilcoxon rank-
sum test is shown for each comparison pair.

NMR Biomed. Author manuscript; available in PMC 2015 April 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Xu et al.

NOE* [%]

(NOE)[%]

rex

MTR

AREX(NOE)[%]

Page 22
10 r=0.518, p=0.042 | | r=-0.224, p=0.404 | | r=0.382, p=0.145 r=-0.468, p=0.070 | | r=0.247, p=0.355
5 0
EP || SFee || B || B— || &7
0
151 r=0.809, p=0.0001 | r=-0.535, p=0.035 r=0.756, p=0.001 r=-0.779, p=0.001 =-0.129, p=0.633
D
5 ] ] %
1
8 r=0.915, p=0.000 r=-0.600, p=0.016 r=0.762, p=0.001 r=-0.774, p=0.001| | r=-0.126, p=0.641
O O O
©) © O Cg O ©
5 % O %\ O
O 2 Bio
0
02 04 06 038 25 30 35 10 20 30 05 N
R, [Hz] R, [HZ] PSR [%] ks (H2] ADC [um*“/ms]
Figure7.

Summary of correlations between three NOE parameters (NOE*, MTRRex(NOE) and

AREX(NOE)) and five conventional MRI parameters (R1, Ry, PSR, ks and ADC),
respectively, of all eight rats. The legends are the same as in Figure 4.
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Figure8.

Summary of three NOE parameters (NOE*, MTRRex(NOE) and AREX(NOE)) of all eight
rats to differentiate tumor from normal tissue. The p value of the Wilcoxon rank-sum test is
provided for each comparison pair.
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