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a b s t r a c t

Chemical exchange saturation transfer (CEST) processes in aqueous systems are quantified by evaluation
of z-spectra, which are obtained by acquisition of the water proton signal after selective RF presaturation
at different frequencies. When saturation experiments are performed in vivo, three effects are contribut-
ing: CEST, direct water saturation (spillover), and magnetization transfer (MT) mediated by protons
bound to macromolecules and bulk water molecules. To analyze the combined saturation a new analyt-
ical model is introduced which is based on the weak-saturation-pulse (WSP) approximation. The model
combines three single WSP approaches to a general model function. Simulations demonstrated the ben-
efits and constraints of the model, in particular the capability of the model to reproduce the ideal proton
transfer rate (PTR) and the conventional MT rate for moderate spillover effects (up to 50% direct satura-
tion at CEST-resonant irradiation). The method offers access to PTR from z-spectra data without further
knowledge of the system, but requires precise measurements with dense saturation frequency sampling
of z-spectra. PTR is related to physical parameters such as concentration, transfer rates and thereby pH or
temperature of tissue, using either exogenous contrast agents (PARACEST, DIACEST) or endogenous
agents such as amide protons and –OH protons of small metabolites.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Magnetization transfer (MT) by chemical exchange of protons
between small metabolites and bulk water provides a new contrast
in MR imaging [1,2]. Chemical exchange saturation transfer (CEST)
experiments are commonly used to detect this mechanism through
indirect enhancement of the signal of protons in solute metabolites
by observing the water resonance, providing information about the
microenvironment such as pH and temperature [3].

To observe CEST effects, z-spectra are commonly obtained by
acquisition of the water proton signal after selective saturation at
different frequencies across the 1H spectral range. The offset fre-
quency Dx of the saturation pulse is given relative to the water
proton resonance (set to Dx = 0). Metabolites useful for CEST must
contain so-called labile protons, i.e., protons exchanging at a suffi-
cient rate with other chemical sites in the solution. Important
examples are amide protons in the backbone of proteins (APT–CEST
[4]) resonant at d = 3.5 ppm or –OH groups in glycosaminoglycans
(gagCEST [5]) with resonances in the range of d = 0.9–1.9 ppm
(water protons at 0 ppm). In saturation experiments with aqueous
solutions, at least three effects contribute to the collected z-spec-
trum: CEST, direct water proton saturation (spillover, DWS), and
ll rights reserved.
conventional MT. The challenge is to discriminate CEST effects from
the other phenomena.

The common evaluation method is asymmetry analysis of
z-spectra around the water peak. This analysis is based on the
assumption that direct water saturation and MT effects are sym-
metric. It requires accurate determination of the resonance fre-
quency of bulk water protons. This can be achieved by field
mapping [6], water saturation shift referencing (WASSR) [7], or
methods estimating the minimum of high-order-polynomial inter-
polated z-spectra [4].

For correction and quantification of the measured asymmetry,
different post-processing techniques were developed which are
based on approximate analytical solutions of the Bloch–McConnell
equations for the 2-pool system in equilibrium [6–9]. These solu-
tions yield the proton transfer rate (PTR) after corrections that
typically require values for B0, B1, as well as knowledge about
relaxation and exchange parameters of the involved proton pools.

Because these parameters are hardly accessible in vivo this inves-
tigation introduces a Lorentzian line shape model for z-spectra
which offers access to the ideal CEST proton transfer rate (PTR).
2. Theory

We consider a system (‘‘binary spin bath model’’) of two proton
pools S (solute protons/CEST pool) and W (bulk water protons)
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undergoing chemical exchange (dipolar couplings are neglected)
with equilibrium magnetizations M0

S and M0
W , respectively.

The weak-saturation-pulse (WSP) approximation [3] neglects
the water-pool RF terms in the two-site Bloch–McConnell equa-
tions [10]. Assuming steady state, the reduced water z-magnetiza-
tion is MzW

M0
zW
¼ 1� PTR where the proton transfer rate equals

PTR ¼ kWS

R1W þ kWS
� x2

1

x2
1 þ pqþ Dx2

S
q
p

¼ PTRmax � aðDxSÞ ð1Þ

with

p ¼ R2S þ kSW �
kSW kWS

R2W þ kWS
; q ¼ R1S þ kSW �

kSW kWS

R1W þ kWS
ð2Þ

given that the system of the two proton pools obeys the rate equa-
tion in steady state

kWS ¼
M0

S

M0
W

kSW ¼ fS � kSW ð3Þ

In this set of equations DxS ¼ DxRF � dxS is the irradiation fre-
quency offset, kSW, kWS are pseudo-first-order rate constants, which
determine the chemical exchange for each direction of the ex-
change process (solute protons ? bulk water protons and vice ver-
sa), fs is the relative proton fraction, and R1/2,W/S = 1/T1/2,W/S are
relaxation rates of the proton pools. In the WSP approximation, di-
rect water saturation (DWS) reduces the z-magnetization of water
protons according to:

MzW

M0
zw

ðDxÞ ¼ 1� DWS ¼ 1� x2
1

x2
1 þ PQ þ Dx2

W
Q
P

ð4Þ

with

P ¼ R2W þ kWS �
kWSkSW

R2S þ kSW
; Q ¼ R1W þ kWS �

kWSkSW

R1S þ kSW
: ð5Þ

Inspection of Eqs. (1) and (4) suggests Lorentzian line shapes for
PTR and DWS:

LðA;C;DxÞ ¼ A � C2=4
C2=4þ Dx2

ð6Þ

with maximum A and full width at half maximum (FWHM) C. DWS
is described by L0(A0, C0) with

A0 ¼
x2

1

x2
1 þ PQ

¼ DWSmax;C0 ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2

1
P
Q
þ P2

s
ð7Þ

The width C0, which increases with the amplitude B1 of the RF
field, determines the range of influence of direct water saturation.

PTR is described by L1(A1, C1) with

A1 ¼
kWS

R1W þ kWS
� x2

1

x2
1 þ pq

¼ PTRmax � aðDxS ¼ 0Þ; C1

¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2

1
p
q
þ p2

r
ð8Þ

Without mutual interference, a simple model for the z-spec-
trum is

MzW

M0
zw

ðDxÞ ¼ 1� L0ðDxÞ � L1ðDxÞ ð9Þ

In this case, analysis of the asymmetry of the magnetization
transfer ratio MTR ðDxÞ ¼ 1� MzW

M0
zw
ðDxÞ with respect to the center

of L0 which is a symmetric function would lead to L1 = PTR. How-
ever, the common assumption for the asymmetry of MTR is [11]

MTRasym ¼MTR=
asym þ PTR � r; ð10Þ
i.e., it is the sum of the inherent MTR asymmetry MTR0asym and the
PTR, which is attenuated by the spillover factor r.

In this paper, the underlying MT is modeled by an additional
pool described by a Lorentzian function L2 yielding MTR0. This
function is coupled to the CEST pool function by the multi-pool
approximation of Sun [12] to generate the combined transfer rate
(CTR):

CTR ¼ L1ðDxÞ þ L2ðDxÞ � 2 � L1ðDxÞL2ðDxÞ
1� L1ðDxÞ � L2ðDxÞ ð11Þ

The spillover factor � which is heuristically calculated with use
of the strong saturation pulse approximation [13,14] � is esti-
mated by a probabilistic coupling of the WSP solutions (see Appen-
dix A1). Therefore, CTR and DWS are treated as probabilities for
saturation of a spin ensemble:

P ¼ DWS � ð1� CTRÞ þ CTR � ð1� DWSÞ
1� CTR � DWS

ð12Þ

This yields the new model function

f ¼ 1� PðL0; L1; L2Þ ð13Þ

for Lorentzian-based z-spectra.

3. Materials and methods

All data analysis and simulations were performed in Matlab 7
(The Mathworks, Natick, MA, USA) assuming a static magnetic field
B0 = 3 T.

3.1. Numerical solutions

The time course of magnetizations of the spin pools were calcu-
lated by means of the numerical Bloch–McConnell matrix solution
introduced by Woessner et al. [9]. Simulation parameters were
chosen according to results from Stanisz et al. [16], where relaxa-
tion times and MT were examined for white matter. Accordingly,
for the water pool T1w = 1084 ms, T2w = 69 ms, fW = 1 were used,
for the MT pool T1mt = 1000 ms, T2mt = 10 ls, kmtW = 40 Hz,
fmt = 0.05, at an offset of d = �2.43 ppm.

The approximate modeling of the MT pool by a Lorentzian func-
tion instead of the expected super-Lorentzian line shape [17] is
possible within a small spectral range (�5 to 5 ppm) around the
minimum. We assume that this approximation can be handled
for a nearly about four times broader Lorentzian lineshape than
the less peaked super-Lorentzian, with respect to T2. It was taken
into account by an altered transversal relaxation time
T 02mt = 4 � T2mt = 40 ls. For the solute pool, the following parame-
ters were assumed [4]: T1S = 1000 ms, T2S = 160 ms, kSW = 50 Hz,
fS = 0.2%, at an offset d = 1.9 ppm. Some quantities were varied sep-
arately: The offset dS of the solute pool was varied from 0.5 to
4 ppm, the amplitude B1 of the RF field from 0.1 to 4 lT, the trans-
fer rate kSW from 15 to 120 Hz, and the proton fraction fS from 0.01
to 1%.

Z-spectra were simulated with a sampling increment of
0.05 ppm between �10 and 10 ppm assuming continuous-wave
(CW) saturation of tsat = 100-s duration. The simulation of one
z-spectrum took ca. 0.03 s, independent of tsat.

3.2. Least-squares fitting

For fitting of simulated z-spectra, the following starting values
and boundaries were used (notation: parameter = starting value
[lower bound; upper bound]): A0 = 1 [0.95; 1], C0 = 15 ppm [1;
Inf], dx0 = 0 ppm [�5; 5]; A1 = 0.2 [0; 0.4], C1 = 15 ppm [1; 5],
dx1 = (1.9 ± 0.1) ppm; A2 = 0.8 [0; 1], C2 = 30 ppm [5; Inf], dx2
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= (�2.43 ± 0.1) ppm. The goodness of fit was observed by SSE
(=sum of squared errors). The average fit evaluation time per
z-spectrum was ca. 1 s. The fit model functions L1 and L2 were
compared to the respective theoretical values PTR and MTR0.
The variance of the fit evaluation was tested by a Monte-Carlo
simulation.
3.3. Monte-Carlo data

To test the stability of the fits against noisy data, a Rician noise
distribution according to Ref. [18] was used (see Appendix A2). The
relaxation parameters of the simulated systems were the same as
noted before. The transfer rate was kSW = 50 Hz, the resonance off-
set was 1.9 ppm. For each RF amplitude x1, noise level r, and sam-
pling rate SR, n spectra with random Rician noise were simulated
and fitted. Again, A1 was compared to the directly calculated
PTRmax. The error bars in the Monte-Carlo plots represent the stan-
dard deviation of n noisy measurements. The simulation was per-
formed by means of custom-written code of Matlab 7 (The
Mathworks, Natick, MA, USA) on an Intel PC with 2.83-GHz CPU.
The average evaluation time per z-spectrum of n = 50 simulations
with noise including fit evaluation was ca. 60 s.
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Fig. 1. Simulation of z-spectra and fit results. (a) Lorentzian-based fits (lines) of simulate
of 0.5–4 lT; SSE < 10�5 in all cases. Figure b–e shows pool functions L0, L1, and L2 (lines) a
MT pool (MTR0 , diamonds), respectively. L1 and L2 show good reproduction of the anal
spillover, while MTR0 is reproduced well by L2. Fig. 1f shows the maximum values of mo
(circles) and MTR0 (diamonds). The spillover correction works well up to 1.5 lT where
dilution by spillover and concomitant MT effect and thereby the need for correction.
4. Results

Fig. 1a indicates validity of the model function (Eq. (13)) fitted
to simulated z-spectra with different RF saturation amplitudes B1

via SSE of the fits smaller than 10�5 even for large values of B1.
The pool functions L0 and L2 permit good reproduction of the the-
oretical opponents DWS and MTR0 with underestimations of the
amplitudes of less than 2%. The deviations in FWHM increased
with B1 (Fig. 1b–e). The correlation of L2 and MTR0 is excellent over
the whole examined B1 range (Fig. 1e and f).

L1 turned out to be a good estimator (error < 10%) for PTR up to a
RF amplitude B1 = 2 lT (Fig. 1d and f). Therefore, B1 = 1.5 lT was
used in simulations to examine A1 as a function of fS, kSW, dxS, and
T2W (Fig. 2). The proposed correction method showed a stable behav-
ior for a large range of solute proton fractions and exchange rates
(Fig. 2a and b). Their influence on PTR and L1 corresponded to expec-
tation from Eqs. (1) and (3). Again, the limit for correction of high
spillover� indicated by vanishing asymmetry�was observed when
the influence of the water pool was increased: either by moving the
solute pool closer than dxS = 1 ppm to the water peak (Fig. 2c) or by
broadening C0 (approximately �1/T2w, Eq. (7)) of water protons
with values of T2 < 30 ms (Fig. 2d). Fig. 2e shows that A1 also depends
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on the MT pool concentration: For fmt = 10% PTR is underestimated
by approximately 10%. The same decrease is observed in the asym-
metry value. The expected analytic MTR0 was well produced by A2

for all cases shown in Fig. 2. Although the model is based on the the-
oretical assumption of equilibrium (tsat ?1; dM/dt = 0), the fit
evaluation also works for lower saturation times down to approxi-
mately 3 � T1w as shown in Fig. 2f. This is plausible since the tempo-
ral variation of PTR and MTR until equilibrium is �PTR�(1 � exp
(tsat�(R1W + kWS))) and �MTR0�(1 � exp(tsat�(R1W + kWmt))) and is
dominated by T1W [26].

The results of the Monte-Carlo simulation are shown in Fig. 3a,
with A1 plotted as a function of the noise level r. The standard
deviation indicates that r < 6 � 10�3 is necessary for stable and
confident fitting. Fig. 3b shows predicted PTR via A1 as a function
of the sampling rate SR of z-spectra where rates larger than
3 ppm�1 yield reliable results. The evaluations of Fig. 2a, b and e
were repeated with additional noise (r = 5 � 10�3), the result is
shown in Fig. 3d–f. A1 seems to be unbiased with a variance of
about 5%, A2 is unbiased with a variance of about 1%. The asymme-
try with noise is biased against the asymmetry without noise,
though the variance is small (ca. 2%). The variances of A1 and A2

for varied T2W, Dxs and tsat (Monte-Carlo data not shown) showed
similar behavior and were increased in the same range where the
simulations in Fig. 2 showed instability. Fit evaluation fails for high
spillover (B1 > 1.5 lT) and weak labeling (B1 < 0.3 lT or ksw <
15 Hz), i.e., PTR estimation was vague (Fig. 3c). For high signal-
to-noise ratio (SNR), sampling rate, and low spillover, A1 quantified
PTR correctly with an overall standard deviation of about 10%.
5. Discussion

Approximate analytical solutions of the Bloch–McConnell equa-
tions, which describe the dynamics of magnetization transfer ef-
fects, exist only for the 2-pool case [3,14,15]. For low saturation
amplitude B1, the process of labeling of the CEST pool and the sub-
sequent transfer of labeled protons to the water pool is best de-
scribed by the WSP approximation [3]. However, for high B1

amplitudes, the processes of interaction of direct saturation and
CEST pool saturation (spillover effect) are best predicted by the
‘‘strong-saturation-pulse’’ (SSP) approximation [15].

A successful prediction of the correct CEST effects for the whole
range of B1 amplitudes is provided by the heuristic combination of
WSP and SSP approximations first proposed by Sun et al. [6,13,14].
This approach corrects the asymmetry by different factors for
labeling and spillover employing additional information, such as
measured values of T1W, T2W, B1 and DB0. Additionally, T1S, T2S, kSW,
and fS, which are difficult to obtain, are used implicitly to recon-
struct the ideal PTR on resonance.

In the present paper, Lorentzian pool functions based on the
WSP solution are likewise merged heuristically to obtain a model
for z-spectra that yields PTR values by a functional combination
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of unperturbed solutions, and reproduces the first-order spillover
effects. The transition from T1, T2, k, and x1 to a new set of param-
eters, i.e. A and C, simplified the modeling of z-spectra and there-
fore led directly to the fundamental parameters PTR and MTR0.

In contrast to the method proposed by Sun et al. [6], no further
parameters other than A and C must be known because all infor-
mation is extracted from the z-spectrum. Furthermore, the con-
comitant conventional MT effect could be modeled through
adding of another pool, which was incorporated into the model
function using the multi-pool approach of Sun [12]. The resulting
heuristic 3-pool model enabled analytical least-squares fitting of
the data, which is much faster than numerical fits. Since transfer
terms between CEST and MT pool are neglected, it is not a full 3-
pool model, but rather a dual 2-pool model for the entire z-spec-
trum. As shown by Fig. 1, the spillover correction is ineffective
for high B1 amplitudes. In this case, attenuation of the CEST effect
by the direct water saturation is stronger than modeled by our
probabilistic approach. One possible explanation may be the inval-
idity of the implicit assumption of independence of direct and indi-
rect saturation in the case of full saturation. Labeling of the CEST
pool can be influenced by transferred saturation from the water
pool. Advanced models may take this into account including qua-
dratic and higher-order terms of L0 and CTR in the model function.

Nevertheless, below the spillover threshold (approx. 50% direct
saturation at CEST resonance), the model evaluation is able to
reconstruct both PTR and MTR0 with good precision.

However, due to the use of nonlinear least-squares fitting, in
addition to noisy data, stability of prediction had to be proven.
The reliable determination of nine independent parameters re-
quires high SNR and sampling rate, which might compromise the
in vivo application due to long scan times; these are the same
shortcomings which also arise for common Bloch–McConnell eval-
uation. This can be resolved by measuring T1 and T2, which deter-
mine P and Q and hence C. Moreover, the absolute and relative
position of the Lorentzian pool functions could be obtained by
means of an additional B0 scan. Alternatively, the proposed model
could be used as a correction tool for common asymmetry analysis
by calculating the asymmetry of Eq. (12) using additional informa-
tion for the pools L0 and L2. However, the information of the almost
symmetric MT pool would then be lost.

Additional measurements at different B1 amplitudes would al-
low to extrapolate PTR(B1) to the fully labeled PTRmax. This may
also permit determination of p and q which then provides a B1 cor-
rection by using Eq. (1) similar to the approach of Sun et al. [6].

The present evaluation method strengthens the significance of
the dependence of CEST contrast on the exchange rate and mobile
proton concentration due to elimination of interference with spill-
over and MT effect. However, our method is not able to separate di-
rectly the influence of k and f on PTR or the cause of changes in k
(resulting from changes of temperature or pH). Nevertheless, for
APT it could be shown that at constant temperature PTR clearly re-
flects changes of pH in the physiological range [13]. Li et al. showed
that at constant pH PARACEST PTR correlates with temperature
[25]. Sun et al. proposed a method for measuring k independently
of f by means of the optimal B1 amplitude for spillover-diluted CEST
[24]; another method applicable to fast exchanging PARACEST
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agents was suggested by Dixon [23] using a series of varying B1 val-
ues. The latter method, which assumes that there is no spillover or
MT effect, could benefit from our correction for the application in
the general case.

B0 errors, which are the fundamental problem of asymmetry
analysis of z-spectra, are avoided by a fit evaluation with flexible
water pool frequency. Of course, B0 inhomogeneities should be
small enough (DB0 � <1 ppm) that water or CEST pool are not
undersampled or outside the measured range. Fitting with a model
function, which also takes into account values measured at large
offsets from the minimum, is more appropriate than interpolation
of z-spectra by spline [19] or polynomial functions [4].

In the present model function contributions from lipid protons
were not included. Therefore, data with lipid saturation effects (at
around �2.34 ppm) would lead to misinterpreted L0 and/or L2.
However, L1 (=PTR) should be changed only slightly by the spill-
over and MT correction. In contrast to asymmetry analysis no can-
celation of lipid effects by CEST effects with positive chemical shift
occurs. Furthermore, the lipid pool could be modeled by an addi-
tional pool function L3 with appropriate line shape, which could
be added (in an adequate manner) to a four-pool fit model function
to describe z-spectra with lipid contributions correctly.

For analysis of pulsed saturation experiments in clinical MRI
scanners where the spin systems do not reach equilibrium
[20,21] the present Lorentzian-based model is not valid. First of
all, the line shape of the pool functions is changed due to the line
shape of the saturation pulse; second, Zu et al. [22] demonstrated
that for pulsed CEST experiments with different pulse widths the
same RF saturation power and the same amount of direct water
saturation can lead to different intensity of the CEST effect. This
shows that there cannot be a general model for spillover correction
of pulsed CEST data for all pulse widths. Nevertheless, for one se-
lected pulse width the probabilistic approach of combining the
respective pool functions, which allowed to describe the weaken-
ing of cw CEST effects, may yield an approximation of the interac-
tion effects and thus give a tool for correction of PTR. However,
pool functions for partially saturated proton pools have to be found
for the correct description of this case.

The proposed evaluation would also be interesting for PARA-
CEST, where spillover effects are moderate due to large chemical
shifts, but conventional MT still has to be considered [3,17]. Here,
L2 must be modeled by a super-Lorentzian lineshape.
6. Conclusion

In this study, the weak saturation pulse approximation was
used to combine effects of direct saturation, solute proton pool sat-
uration, and conventional MT analytically to derive an appropriate
model function for z-spectra obtained in in vivo CEST experiments.
This modeling was shown to be able to reconstruct ideal PTR and
MTR0 from fitted z-spectra for moderate spillover effects, and
z-spectra acquired with high SNR and dense offset sampling.
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Appendix A

A1. Probabilistic combination of direct water saturation and
magnetization transfer ratio

With DWS, the probability for a spin packet to be saturated di-
rectly, and MTR, the probability for a spin packet to be saturated
and then transferred to the water pool, the total probability for sat-
uration of a spin packet is

P ¼ DWS � ð1�MTRÞ þMTR � ð1� DWSÞ ðA:1Þ

The probability for no saturation is

Q ¼ ð1�MTRÞ � ð1� DWSÞ ðA:2Þ

hence

P
Q
¼ DWS � ð1�MTRÞ þMTR � ð1� DWSÞ

ð1�MTRÞ � ð1� DWSÞ ðA:3Þ

Assuming Q = 1 � P one obtains

P ¼ DWS � ð1�MTRÞ þMTR � ð1� DWSÞ
1�MTR � DWS

ðA:4Þ
A2. Simulation of Rician distribution

The noise of MRI signals is given by a Rician distribution [18]

pðMÞ ¼ M
r2 exp �ðM

2 þ A2Þ
2r2

 !
� I0

MA
r2

� �
ðA:5Þ

where A is the pixel intensity in the absence of noise and M is the
measured data. I0 is the modified zero-order Bessel function of the
first kind and r denotes the standard deviation of the Gaussian noise
in the real and the imaginary images (which we assume to be equal).
This noise can be simulated by Gaussian-distributed random values

because R / RiceðA;rÞ if R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X2 þ Y2

p
, where X and Y are normally

distributed with X / NðA � cosðhÞ;rÞ;Y / NðA � sinðhÞ;rÞ. Without
loss of generality we assume h � 0. The measured data M was simu-
lated by z-spectra data A and a normally distributed random func-

tion rdm(mean, std) as M ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðAþ rdmð0;rÞ2 þ rdmð0;rÞ2

q
.
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