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Abstract

Chemical exchange (CE) process has been exploited as a novel and powerful contrast mechanism
for MRI, which is primarily performed in the form of chemical exchange saturation transfer
(CEST) imaging. Spin-lock (SL) technique can also be used for CE studies, although traditionally
performed and interpreted quite differently from CEST. Chemical exchange imaging with spin-
lock technique (CESL), theoretically based on the Bloch-McConnell equations common to CEST,
has potentials to be used as an alternative to CEST and to better characterize CE processes from
slow and intermediate to fast proton exchange rates through the tuning of spin-lock pulse
parameters. In this study, Z-spectrum and asymmetric magnetization transfer ratio (M7Rsym)
obtained by CESL are theoretically analyzed and numerically simulated using a general two-pool
Ry, relaxation model beyond the fast-exchange limit. The influences of spin-lock parameters,
static magnetic field strength By and physiological properties on Z-spectrum and MTRgy are
quantitatively revealed. Optimization of spin-lock frequency and spin-lock duration for the
maximum CESL contrast enhancement is also investigated. Numerical simulation results in this
study are compatible with the findings in the existing literatures of CE imaging studies.
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INTRODUCTION

MRI provides a variety of image contrasts to distinguish the diseased tissues from healthy
tissues based on different mechanisms like relaxation times of Ty, T, and T,", diffusion, and
perfusion. Recently, chemical exchange (CE) has been exploited as a novel and powerful
contrast enhancement mechanism in addition to normal MRI contrast mechanisms. The
principle of CE based MRI relies on the proton exchange process between free water and
biological molecules containing exchangeable labile protons resonating at a frequency
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different from that of water. Proton exchange between them leads to the magnetization
attenuation of water that is detectable by the means of normal MR acquisition method.
Currently, CE based MRI is mostly performed in the form of chemical exchange saturation
transfer (CEST) imaging (Ward et a/., 2000; van Zijl and Yadav, 2011). In CEST imaging,
different irradiation frequencies of the long and weak saturation radiofrequency (RF) pulse
are applied to obtain the signal intensity ratios compared to the unsaturated signal intensity
as a function of frequency offset (AQ) with respect to water, often referred as the Z-
spectrum. Quantitatively, the magnetization transfer ratio (MTR) is defined as:

MTR(AQ)=1 - M(AQ)/My, (1)

where M(AQ)and M, denote magnetization or image intensity at frequency offset of AQ
and without RF irradiation, respectively. To eliminate direct water saturation (DS) effect,
asymmetric MTR is proposed as:

MTR 5ym(AQ)=MTR(AQ) - MTR(-AQ). (2

The voxel-wise map of asymmetric MTR is normally used to visualize the CE-based
contrast for lesion detection and tissue characterization.

Spin-lock technique, traditionally applied for the study of relaxation time (Ty,) or relaxation
rate (Ryp) in the rotating frame, could also be used for chemical exchange imaging. In
traditional SL imaging, a stronger but much shorter spin-lock pulse than CEST imaging is
applied, and the image intensities at different spin-lock pulse times (TSL) are fitted to a
mono-exponential decay model to quantify Ty, or Ryp:

M(TSLy=M, - & St/ Tie=p1, - e SER1e - (3)

where M(TSL)and M, denote the magnetization or image intensity at spin-lock times of
TSL and zero, respectively. T1p-weigthed image or Ty, map has been widely used for many
clinical applications involving various organs (Li et a/., 2008; Johannessen et al., 2006;
Borthakur et al., 2008; Wang et al., 2011). Actually, CE information could be reflected by
T, Or Ry, dispersion, which is the Ty, or Ry, change as a function of the spin-lock field
strength B1g)_ or spin-lock frequency FSL, where FSL=y B1s, and y is the gyromagnetic
ratio of protons (42.576 MHz/T).

Despite the different acquisition and interpretation form by CEST and SL imaging, both
offer chemical exchange information of physiological systems. CEST is normally described
sensitive to the processes when the proton exchange rate is much smaller or comparable to
the offset frequency of labile protons, often referred to slow or intermediate exchange, while
SL imaging is considered to be more sensitive to probe fast proton exchange processes in
which case the proton exchange rate is much larger than the offset frequency.

Unlike the SL imaging, CEST typically uses much lower RF pulse field strength and longer
duration for the study of slow to intermediate CE processes (Jin ef al., 2012). In theory, the
Bloch-McConnell equations form the theoretical basis for the quantitative analysis of
chemical exchange for both. The underlying equivalence of spin-lock and CEST irradiation
schemes has also been revealed (Zaiss and Bachert, 2012). Based on these equations, current
CEST models can well describe slow CE processes in a simple form (van Zijl and Yadav,
2011; Zhou et al., 2003b; Zhou et al.,, 2003a). However, it becomes difficult to quantify
intermediate or fast CE processes (Jin et al., 2012) due to the extremely complicated form
after extension (Zhou et al., 2004). As comparison, the dynamic magnetization evolution
under wide ranges of chemical exchange rates could be more conveniently quantified and
interpreted by a general two-pool Ry, relaxation model (Trott and Palmer, 2002).
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In practice, the full acquisition of Ty, dispersion by measuring Ty, values at multiple FSLs
to quantify proton exchange could be very time consuming even with the limited TSLs at
each FSL for acceleration (Yuan et a/., 2012b), so usually not practical for routine patient
scan. Meanwhile, unlike MTRgy,, map for CEST, neither Ty, map nor Ty, dispersion
curves straightforwardly visualize CE-based contrast on image. Therefore, analysis of Z-
spectrum and MTRgsym, obtained by spin-lock technique provides an efficient and intuitive
mean for CE quantification and CE-based image contrast visualization, and has raised more
research interests recently (Jin et al,, 2012; Jin et al., 2011; Kogan et al., 2012).

The purpose of this study is to theoretically investigate the Z-spectrum and asymmetric
MTR of chemical exchange imaging with spin-lock technique (CESL) using the two-pool
R1p model beyond fast-exchange limit (Trott and Palmer, 2002). The influences of various
parmaeters, including SL parameters of FSL, TSL, static magnetic field strength By, offset
of labile proton pool, proton exchange rate, population ratio of labile proton pools, as well as
intrinsic relaxation time T, on Z-spectrum and asymmetric MTR are numerically simulated
and quantitatively analyzed. Optimization to maximize the CE-based contrast by adjusting
the spin-lock pulse parameters is investigated. The theoretical correlations between CEST
models and Ry, model are revealed.

Theoretical Analysis

We consider a two-pool model that proton exchanges between pool A and Pool B with
distinct Larmor frequencies of Q, and Qy, respectively. The population ratios of A and B are
Ppaand pp=1-p,, respectively. The resonance offsets in the rotating frame for A and B are
expressed as:

5(1:9(4 — Wyf and 6b:Qb — Wy, (@)
where w fis the transmitter frequency of the applied RF pulse. The first-order forward
proton exchange rate from A to B and reverse proton exchange rate from B to A are defined

as k, and ky. The total exchange rate is k=k,*kp To achieve dynamic equilibrium, it is
required that:

Da - ka=pp - kp.  (5)
By substituting A=k,+kp and p,+pp=1 into Eq. [5]:

ki ka
pa=f andpbz? (6)

The proton exchange process is referred to slow, intermediate and fast if A<</Q,-Qy/, k~/

The Bloch-McConnell equations quantitatively describe the time evolution of the

magnetization of pool A (M,) and B (Mp) under proton exchange. When the RF pulse is
applied in xdirection, it is written as:
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M, —k, — Ry kyp, -0, 0 0 0 M, 0
My, k, —k, — Ry 0 —0p 0 0 My, 0
Muy — 6a 0 —ka - R2 kb —W1 0 May +R 0
My, 0 5 ke —kp—R» 0 —w; My, oo
Maz 0 0 w1 0 —ka - R1 kh MaZ Ma()
My, 0 0 0 w] kq —kp — Ry My, Mo

where M pand M are the original thermal equilibrium magnetization of A and B along the
Bpdirection and ¢is the time. w; is the Rabi frequency of the SL pulse and

w1=2ryBis; =2rtFSL. vy is the gyromagnetic ratio of protons (42.576 MHz/T) and FSL is
the spin-lock frequency. R;and R, are understood as population averaged spin-lattice and
spin-spin relaxation rates. For the first-order linear differential equations shown in Eq. [7],
Rpis derived as:

Ri,=—2, (g)

where A is the largest real eigenvalue of the matrix in Eq. [7]. The detail derivation could be
referred to the literature (Trott and Palmer, 2002). Assuming R,—R<<k, the general Ry,
model is expressed in a linearized from as given by:

2 Pp02ksin’6
 LalPb P D R1c0S20+(Ry+R )sin?6.
Waef@befr 2 9
2

Rip,=R, c0520+stin20

Eq. [9] is compatible with the result derived in the reference (Zaiss et al., 2012). w zoff; O peff
and wgrare the effective spin-lock frequencies in the rotating frame for pool A, B and bulk
average, respectively. & is the Larmor frequency difference between Pool A and B.
Exchange relaxation rate R, reflects the relaxation variation due to chemical exchange.
Relationships between parameters in Eq. [9] are listed as:

Wy =0atw=0,+(2n - FSL)* and wj,z=6,+wi=6,+Qn - FSLY’, (10)
0=0p — 6a=2p — 4, (11)

AQ=pQu+ppQp — Wy, (12)
W=A+wi=AQ +2n - FSLY,  (13)

f=arctan (ﬂ) =arctan 2n - FSL
= X A ) @

where AQ is the offset frequency of the spin-lock pulse with respect to the population
averaged Larmor frequency. Note that Eq. [9] is generally valid for description of slow,
intermediate and fast proton changes and has no assumption on the ratio of pool population.
It is only required for the derivation that R,—R;<<k. Considering that most biological tissues
have 7, longer than 40ms (Stanisz et al., 2005), quite independent of Bg, and much longer
T;than 75 quantification by Eq. [9] is still accurate even for very slow exchange rates.
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Under the application of a spin-lock pulse, magnetization along the effective spin-lock field
direction would decay at the rate of /7y, to a steady state. The magnetization evolution is
written as:

M:(MO - Mvs) : e_Rlp.TSL"'MYS» (15)

where M, is the steady-state magnetization. By using the normal Bloch equations with
dM/dt=0, it can be derived that (Jin ef a/., 2012; Desvaux and Berthault, 1999):

Ry -cos @

1p

M=M, if R} < wi+AQ%  (16)

Note that relevant parameters like /77, ©, and Myin Egs. [15-16] are understood as
population averaged values.

By substituting Eq. [9] and Eq. [16] into Eq. [15], Z-spectrum obtained by a spin-lock pulse
could be analytically expressed as:

M
2 1 — MTR(TSL,
Mo

FSL,AQ)
_ (1 _ Rl - COS 9) . e—Rlp‘TSL
Rip
R, -cos @
+—
Rip
=(1

an

_ Ry - cos 0 ) e—(Rlcos20+(R2+R“)sin29)-TSL
R1c0s20+(Ro+R,.)sin’0

N R -cos @
R c0820+(Ra+R.y)sin’6

Note MTR is expressed as a function of adjustable spin-lock parameters of TSL, FSL and
AQ, although in fact it is also dependent on many other factors. Accordingly, asymmetric
MTR (MTRasyp) is given as:

MTR.5m(TSL, FSL, AQ)=MTR(TSL, FSL, AQ) — MTR(TSL, FSL, -AQ). (18)

Numerical Simulation

Numerical programs using MATLAB v7.9 (MathWorks, Natick, MA, USA) were developed
to simulate the Z-spectrum obtained by the spin-lock technique. Z-spectrum and asymmetric
MTR under the influence of By, spin-lock parameters including TSL, FSL and AQ, and
tissue properties including intrinsic relaxation times, pool population ratio, Larmor
frequency difference between two pools and proton exchange rate, were individually
investigated and illustrated. To acquire Z-spectrum that could be modeled by Eq. [17], the
flip-down and flip-up angle a for spin-lock pulse should be adjusted at each offset
frequency AQ of the spin-lock pulse as a=arctan(2rtFSL/AQ) to make sure that the
magnetization is flipped to the nominal effective spin-lock field direction and experiences
pure T, relaxation along this direction. The deviation between the flipped magnetization
and the effective spin-lock field strength induced by Bg or B1 inhomogeneities was not taken
into account for simulation. In the simulation of Z-spectrum acquisition, a step of 0.01ppm
(parts per million) of By Larmor frequency (yBg) was used to obtain the smooth MTR and
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MTRgsym curves. In the illustration of Z-spectrum and MTRjgy,,;, Oppm corresponded to the
By Larmor frequency. Without losing generality, pool A could be considered as the pool of
free water in biological tissues, on resonance with By Larmor frequency. Pool B is the
chemical exchange agent of interest containing labile protons, resonant at an offset
frequency (&) of 3ppm relative to pool A, such as Glutamate (Cai et a/., 2012). Pool
population is assumed to be highly asymmetric with p,=0.99 and p,=0.01 for simulation
unless particularly specified, similar to the normal tissue microenvironment with a large
pool of water and a small pool of labile protons. Theoretical Z-spectra obtained at By of
9.4T (~400MHz) were simulated unless particularly specified. The default proton exchange
rate was assumed to be 500/s (or ~3143rad/s) in simulation unless particularly specified. The
default spin-lock frequency and spin-lock time were set as 500Hz (corresponded to spin-
lock field strength of ~11.74uT and angular frequency of ~3143rad/s) and 50ms,
respectively.

Numerical simulation indicated that Z-spectrum and MT7R, were relatively insensitive to
the typical T, ranges (from a few hundred milliseconds to three thousand milliseconds) for
various tissues at different By for intermediate and fast exchange. Therefore, the effect of T1
on Z-spectrum was not shown in the results. The population averaged T was assumed to be
1500ms for all simulations. However, the effect of population averaged T, on Z-spectrum
and MTRs,,m may not be negligible in the typical ranges for tissues (less than 100ms and
relatively independent of Bg). The population averaged T, was assumed to be 80ms in
simulations unless particularly specified.

Influence of spin-lock parameters on Z-spectrum and MTRasym

Figure 1 shows the simulated Z-spectrum (a) and MTR g, (b) under the applications of
spin-lock pulses with different FSLs but a fixed TSL of 50ms at 9.4T. As shown in Fig. 1a,
the saturation peak width of the Z-spectrum increases with FSL. When FSL is smaller than
100Hz (FSL<<K), MTRzsymis generally smaller than 0.02Mq that is obtained without spin-
lock pulse, or when the spin-lock offset frequency Q is set sufficiently far from the
resonance. When FSL is comparable with & (400<=FSL<=600), MTR sy, is enhanced
dramatically and the maximum MTR,g,, is larger than 0.08Mg. When FSL is even larger
than 600Hz, the maximum MTR,g,, begins to reduce with the increasing FSL. The
variation of MTRgsy, at 3ppm with FSL is illustrated in Fig. 1c. The maximum MTRg),, at
3ppm occurs at the FSL of 527Hz, close to the proton exchange rate 4.

Figure 2 shows the influence of TSL on the Z-spectrum (a) and MT7R,s,, (b) at a fixed FSL
of 500Hz. As seen in Fig. 2a, the longer the TSL, the more completely pool A is suppressed.
With the TSL longer than 500ms, pool A is almost completely saturated by the on-resonance
spin-lock pulse. However, the maximum MTR,g,,; does not monotonically increase with
TSL (Fig. 2b). In addition, the location of the maximum MTR,g, is shifting to higher off-
resonance with the increasing TSL, not always at 3ppm. The maximum MT7R,, could be
over 0.2Mq when the TSL is optimized. Fig. 2c illustrates the variation of MTR,g,, at 3ppm
with TSL. The M TR, at 3ppm is maximized at the TSL around 350ms.

Influence of Bg field strength on Z-spectrum and MTRasym

The dependence of Z-spectrum and asymmetric MTR on the main magnetic field strength
Bg under the application of a spin-lock pulse with the FSL of 500Hz and the TSL of 50ms is
shown in Fig. 3. The on-resonance saturation rate of pool A increases with Bg. The increase
of absolute offset frequency in Hz of pool B with By makes it easier to recognize pool B on
the Z-spectrum, as indicated by the arrow. It is expected that a more pronounced saturation
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of pool B closer to its offset frequency (3ppm) would appear on the overall Z-spectrum at an
even stronger Bo, and hence leads to the enhanced MTR,g),,;, and image contrast. As
demonstrated in Fig. 3b, the maximum MTR,s,, increases with Bg, with its location closer
to 3ppm. Meanwhile, the shape width of the MTR,g,,; curve becomes narrower with B,
indicating a higher specificity for the detection of pool B. Fig. 3c shows the monotonically
increasing MTR,s,mat 3ppm is always with the Bg Larmor frequency, but with a slower
increasing rate at higher Bg.

Influence of tissue properties on Z-spectrum and MTRasym

Figure 4a shows the Z-spectra if pool B resonates at different offset frequencies &, under the
application of a spin-lock pulse with the FSL of 500Hz and the TSL of 50ms. Similar to Fig.
3a, the increase of absolute offset frequency in Hz of pool B, makes it easier to recognize
pool B on the Z spectrum. The MTRg),, curves shown in Fig. 4b illustrate that the image
contrast is very small if the offset frequency of pool B is too close to the resonant frequency,
while with the increasing &, the maximum MT7Rs,, increases rapidly. However, when &
is larger than 5ppm, the maximum MTR,g,; becomes stable, no longer increasing with &,
(Fig. 4c). Fig. 4d shows that the location of the maximum MT7Rg,, approaches to the exact
offset frequency of pool B if &, is sufficiently large due to the reduced direct saturation
effect, indicating a better specificity.

Proton exchange rate & between pool A and B also has the effect on the Z-spectrum
appearance, which is denoted in Fig. 5a. Although it may be not easy to visually recognize
the apparent differences between Z-spectra at different proton exchange rates, M7Ra5m
curves for different &s shown in Fig. 5b clearly demonstrate that a more pronounced
maximum MT7R,g,, could be achieved around 6, when the FSL approximates 4; similar to
Fig. 1b. Note that the slight shift of the maximum M7R,s,, may be primarily caused by the
direction saturation effect since the saturation peak for pool B is so small. The M7Rg,, at
3ppm is maximized at around 440/s (Fig. 5c), similar to the FSL of 500Hz. Meanwhile, the
value of MTRg,, at 3ppm decreases rapidly when & 'is much smaller or much larger than
FSL.

Figure 6 denotes the effect of a decreasing population of pool A p, (or increasing pg) on the
overall Z-spectrum and MTRg,,;, With the decrease of p,, the saturation on pool B is more
prominent (Fig. 6a), which overlaps with the saturation on pool A due to the relatively small
&, of 3ppm, and broadens the peak of the overall Z-spectrum. Fig. 6b and 6¢ show that the
maximum MTR gy, and the M TR, at 3ppm both increase with the larger pp. As seen in
Fig. 7c, MTRasymat 3ppm is a monotonically decreasing function of p, (note the reversed x
axis).

Figure 7 denotes the effect of the population averaged 7, on the overall Z-spectrum and
MTRasym The increase of 7 reduces the saturation rate of Z spectra (Fig. 7a), but enhances
the maximum MT7Rs,m, (Fig. 7b). However, the location of the maximum MT7R,g,, shifts to
lower offset with the increase of 7, As a consequence, the MTR, at 3ppm although
monotonically increases with 7, the enhancement rate is generally low (Fig. 7c).

Summary of parameter influence on Z-spectrum

The Z-spectrum of a two-pool model could be imagined as the coupling of the Z-spectra of
two individual single pools through chemical exchange and spill-over effect between them
(Fig. 8). The Z-spectrum of pool A reflects direct water saturation and the spectrum of the
much smaller pool B is more sensitive to the chemical exchange effect. Without chemical
exchange and spill-over effect, the composite two-pool Z-spectrum is exactly the sum of Z-
spectrum for each single pool. In Fig. 8, Z-spectrum peak height and half width at half
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maximum for two pools are defined as /1, , and A w, , respectively. The frequency
difference between two peaks is defined as d. Due to chemical exchange as well as spill-
over effect, d'is usually smaller than 6,-6, Theoretically, /4, and A wj could be used to
evaluate the sensitivity and specificity of chemical exchange image contrast if DS is
assumed to be symmetric and its effect could be completely compensated through
asymmetric analysis. For the better characterization of chemical exchange effect, a Z-
spectrum with high values of fiy/h,, h/Awgand hy/Awy is preferable. Meanwhile, it is also
preferable that A w,+Aw,<<d. The effects of each factor increase on the composite Z-
spectrum appearance are summarized in Table 1 as the rule of thumb in the practical
experiment settings.

Optimization of the spin-lock time and frequency for MTRasym measurements

To achieve maximum MTR,s,, and hence image contrast for chemical exchange
characterization is one of the key aims for chemical exchange imaging. For CESL,
adjustments of TSL, FSL and AQ could be employed for this purpose. The offset frequency
of pool B usually could be determined from in vitro characterization, so is assumed to be
known. For this numerical simulation, an optimal FSL was defined as the FSL that
maximizes the MTR,s,m at exactly the offset frequency of pool B (3ppm) for a specific
proton exchange rate kand a fixed TSL. Optimal FSLs for proton exchange rates from 10/s
to 5000/s (at a resolution of 10/s) and TSLs from 20ms to 600ms (at a resolution of 20ms)
were numerically searched within the FSL range of 1Hz to 4000Hz at a search step of 1 Hz.
The optimal FSLs and the corresponding maximal M7R,, at 3ppm were depicted in Fig. 9
for 9.4T (a, b) and 3T (c, d), respectively. As seen in Fig. 9a and c, for both 9.4T and 3T,
optimal FSL is much dependent on kwhen TSL is shorter than 100ms. Higher FSL is
required to enhance the maximum MTR,g,, for high proton exchange rate. In other word,
FSL could be tuned to better characterize different proton exchange rates. On the other hand,
when a longer TSL is applied, a lower optimal FSL is required to obtain the maximum
MTRasym Meanwhile, the dependence of optimal FSL on kis also reduced. With a very
long TSL like 600ms, a quite universal FSL, in particular at lower By (e.g. ~130Hz at 3T),
may be applied to achieve maximum MTR,,, for wide proton exchange rate ranges. For
low to intermediate proton exchange rates, e.g. 0-500/s at 3T, the difference of the optimal
FSLs is small, while this difference becomes large for high proton exchange rates. As seen
in Fig. 9b and d, it is expectable that larger maximum MT7R,, could be achieved at 9.4T
than at 3T, which may be attributed to the significantly reduced direct saturation or spill-
over effect due to the increase of the absolute offset frequency of labile protons at the higher
field. Overall, the greatest maximum MT7R,, is achieved by the optimal FSL with long
TSL for low to intermediate proton exchange rates. For fast proton exchange rates, although
FSL could be adjusted to enhance MT7Rsy, the maximum MTR,,, values are generally
quite uniform for different TSLs, and much smaller than the corresponding ones for lower
proton exchange rates.

DISCUSSION

Since the Bloch-McConnell equations form the theoretical basis of chemical exchange
quantification for both CEST and CESL, the theoretical derivation and simulation results
shown in this study are compatible with many findings of CEST imaging in literatures.

As for the theoretical derivation, when the spin-lock pulse is applied at the offset of pool B
(A0Q=6p) for an asymmetric population two-pool system (0p<<pa, P2~1 and p0p~Pp/P2),
under the assumption of Ro<<R,,, it is derived from Eq. [16] that:

Phys Med Biol. Author manuscript; available in PMC 2013 December 21.
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Ry -cos @

k ©[19]

MsszMO . 52 2
Ricos?6+ 5422 =sin"0
1

With the further assumption of A<<w;and w ;<<& for slow exchange processes at very high
field By, cos6~1 and sin@~tanb=w /2/8;%, then Eq. [19] is further simplified as:

M, 1 1 1 Ta

Mo cos g+, L2 ian2g  1+T1papok 14T 1k, Ta+T;  [20]
Wi

Eq. [20] is exactly the Eq. [23] in the literature (Woessner et al., 2005), where ¢ is the
lifetime of proton in pool A, except that the average T4 (very closed to T, due to the
asymmetric population) is used in Eq. [20]. Similarly, by combining Eq. [15], it is easily
derived that:

T4 T Nrta,

+ e T "
T\+7, Thi+7, [21]

M=(My — M) - e F Sty Mo =M, (

which is exactly the Eq. [24] for modeling of CEST in the literature (Woessner et al., 2005).

Assuming no spill-over effect and MTR(-AQ)~1, it is also derived by substituting Eq. [21]
into Eq. [18] (t>>T1):

MTR 45y (AQ)=1— =
y ( ) T1+Ta

T T T Iy, 1 -
o, T Frers 1 (1 — ¢ Tiv TSL) ~ ——k, T, (1 —e T ) [22]
Ti+7, Ti+74 I+kaT

which is equivalent to the well-known analytical solution for CEST imaging (van Zijl and
Yadav, 2011; Zhou et al., 2003b; Zhou et al., 2003a). The derivation of Eqs. [20-22] shows
that CEST model is compatible with CESL theory, and could be considered as a simplified
case of CESL model for slow exchange rate processes.

It has been also shown (Jin et a/., 2011) that the proposed linear plot of Msy/(My—Mys)
versus 1/w42 (Dixon et al., 2010), which could be used for concentration independent
quantification of proton exchange rates in CEST, could also be derived from the asymmetric
two-pool Rz, model under the slow exchange assumption.

As for numerical simulation, the MT7R,, dependence on FSL as depicted in Fig. 1c is
compatible with the theoretical analysis (Sun et a/., 2005) and experiment result (Sun et al.,
2007b) in the previous CEST studies. The M7R,s,, dependence on TSL as depicted in Fig.
2c¢ is also compatible with the TSL optimization analysis in the literature (Jin et al., 2012).
The optimal TSL occurs when M TR g,,/0TSL=0by using Egs. [17-18]. For slow
exchange rates and low FSL cases like those in many CEST studies, the M7R ), usually
monotonically increases with TSL and the optimal TSL approaches infinite. For
intermediate to fast exchange rates and high FSLs, the optimal TSL becomes complicated,
dependent on many factors such as T2, exchange rate and labile pool population pp. As
revealed by the two-pool Rz, model, the proton exchange rate kis possible to be quantified
by using the CE dependence on either FSL or TSL, consistent with the QUESP and QUEST
methods proposed for CEST imaging (McMahon et al., 2006). The influence of py, on Z-
spectrum is compatible with the simulation result in the literature (Zaiss et al., 2012). In
addition, the labile proton concentration (proportional to pg), could also be further
independently determined by using the optimal FSL (Sun, 2010).
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According to the numerical simulation results in Fig. 1 to Fig. 7, it was found that the
maximum MTRg,,, does not always appear at the offset of pool B, the value and the
location of the maximum MTRg,, could be a complicated function of many factors.
MTRsym at the offset of pool B encounters the similar problem. Therefore, in practice, the
sensitivity and specificity of CE based image contrast, no matter by CEST or CESL, are
often compromised, although could be improved by the tuning of spin-lock parameters. The
interpretation of the CE based image contrast should be also very careful due to the non-
monotonic nature of CE-based contrast function and the possible contrast contamination due
to the spill-over effect, shifting and broadening of the Z-spectrum and the presence of
multiple pools and different proton exchange rates.

By and B4 inhomogeneities could have pronounced influence on the appearance of Z-
spectrum and compromise CE quantification. In particular, By inhomogeneity may simulate
the offset frequency of pool B, and B inhomogeneity leads to the deviation of the actual
FSL from the nominal FSL. Moreover, © could be contaminated by both. Some methods
have been proposed for this issue in CEST imaging (Scheidegger ef al., 2011; Kim et al.,
2009; Sun et al., 2007a). For CESL, this issue could also be addressed and alleviated by the
improved design of spin-lock pulses and the advanced quantification methods (Chen et a/.,
2011; Witschey ef al., 2007; Charagundla et al., 2003; Yuan et al., 2012a).

There are some practical implications as revealed by the numerical analysis of the spin-lock
pulse optimization for CESL (Fig. 9). As indicated by Fig. 9, slow, intermediate, and fast
exchange may be imaged optimally with long TSL and low FSL, intermediate TSL and FSL,
and short TSL and high FSL in theory, respectively, consistent with the results in a recent
CESL study (Jin et al., 2012). Quite similar optimal FSLs could be used to maximize the
MTRsym for slow to intermediate proton exchange rates (Fig. 9a, ¢). Meanwhile, maximum
MTRsymincreases mainly with longer TSL in this case (Fig. 9b, d). These findings are well
supported by the existing CEST studies. The strong dependence of optimal FSL on proton
exchange rates (Fig. 9a, ¢) with short TSL is also consistent with the traditional spin-lock
T1, imaging (Duvvuri et al, 2001). Generally, CE image contrasts as revealed by MTRzsym,
is much smaller for high proton exchange rates than for slow to intermediate proton
exchange rates (Fig. 9b, d). Therefore, even with the optimized adjustment of FSL and TSL,
it is still technically challenging to visualize the high exchange rate on image contrast by
using MTR,sym. This challenge becomes more severe at lower By field strength like 3T (Fig.
9d). By the limitation of hardware capability of a typical clinical 3T MRI scanner, a spin-
lock pulse with FSL higher than 500Hz and TSL longer than 200ms may be impractical for
excitation by using the body coil. Referring to the M7R,s, contours in Fig. 9d, an image
contrast higher than 0.03 could be difficult to achieve even with the spin-lock pulse
optimization, particularly for intermediate to fast CE rates (k>500/s in Fig. 9d), making the
translation of CESL for clinical studies in this CE range technically challenging. Meanwhile,
the strict regulation on specific absorption rate (SAR) of RF pulse has to be satisfied during
patient scan for safety reason, which also imposes the difficulty of CESL for clinical studies.
Numerical simulation also suggests that a large offset of pool B from water resonance and
the increase of pool population ratio of labile protons by using exogenous CE agents (Zhang
et al., 2003; Sherry and Woods, 2008) both benefit CE contrast enhancement at clinical field
strength.

The major limitation of this theoretical study is the absence of experiment for validation
because there is no MRI scanner over 3T and dedicated powerful RF transmitter at our site.
Therefore, theoretical derivation and numerical simulation, although compatible with
previous CEST studies indirectly, should be further validated by experiments in future
studies. Meanwhile, the precision of the simulation result may also be compromised by the
limitation of the simplified solution for the Bloch-McCornell equations. For some particular
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cases, the deviation of the simplified solution from the full Bloch numerical analysis may
not be negligible. For instance, the deviation of maximum MT7Rg,, upon convergence of
the two pool frequencies as shown in Fig. 4d may be carefully interpreted when the resonant
frequency of pool B approaches pool A (Zaiss et al., 2012). This study only discusses the
effect of parameters involved in the two-pool Ry, relaxation model on the Z-spectrum and
MTR,sym. Actually, concentration of the labile proton pool (only indirectly reflected by pp)
(Zhou et al., 2011), pH value (Ward and Balaban, 2000) and temperature (Zhang et al.,
2005) should have remarkable influence on chemical exchange and image contrast, which
are not yet discussed in this study. In practice, cross-relaxation (Davis and Bax, 1985),
represented by nuclear Overhauser enhancement (NOE) effect (Ling ef a/., 2008) may also
contaminate Z-spectrum and compromise MTRsym analysis. It is also not involved in the
R1, model used in this study and has to be investigated in future experimental studies. The
results in this study are only valid for a two-pool model. The extension to multi-pool model
should be further developed in the future.

In summary, CESL, an alternative to CEST, should be promising as a powerful chemical
exchange imaging tool. In this study, Z-spectrum and asymmetric MTR obtained by CESL
are theoretically analyzed and numerically simulated using a general two-pool Ry,
relaxation model outside of fast-exchange limit. The influence of spin-lock parameters, Bg
field strength and physiological properties on CESL Z-spectrum and MTRgsym, are
quantitatively revealed. Theoretical analysis shows that the classical analytical CEST model
could also be derived from the Ry, relaxation model for CESL. Numerical simulation results
in this study are compatible with and well supported by the existing chemical exchange
imaging studies. Further experimental validations of CESL should be performed in future
studies.
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Fig. 1.

Simulated Z-spectrum (a) and MTRsy, () for a two-pool system (p,=0.99, p=0.01,
8p,=3ppm) under the application of spin-lock pulses with different FSLs but a fixed TSL of
50ms at 9.4T. The variation of MTR,s,, at the 3ppm offset of pool B versus FSL is
illustrated in (c).
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Simulated Z-spectrum (a) and MTRsy, (b) for a two-pool system (p,=0.99, p,=0.01,
8p,=3ppm) under the application of spin-lock pulses with different TSLs but a fixed FSL of
500Hz at 9.4T. The variation of MT7R,,, at the 3ppm offset of pool B versus TSL is

illustrated in (c).
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Simulated Z-spectrum (a) and MTRzsym, (b) for a two-pool system (p=0.99, p,=0.01,
8p,=3ppm) under the application of a spin-lock pulse (FSL=500Hz, TSL=50ms) at different
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Simulated Z-spectrum (a) and MTRsym, (b) for a two-pool system (p=0.99, p,=0.01,
&,/~3ppm) under the application of a spin-lock pulse (FSL=500Hz, TSL=50ms) at 9.4T for
different proton exchange rates . (¢) M7Rs,m at 3ppm versus K first increases and then
decreases with k.
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Simulated Z-spectrum (a) and MTRzsy, (b) for a two-pool system (6,~3ppm) under the
applications of a spin-lock pulse (FSL=500Hz, TSL=50ms) at 9.4T. (c) MTRs,,at 3ppm
decreases monotonically with p, (note the reversed x axis).
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Simulated Z-spectrum (&) and MTR g, (b) for a two-pool system (p,=0.99, pp=0.01,
&,~3ppm) with different population-averaged T, values under the application of a spin-lock
pulse (FSL=500Hz, TSL=50ms) at 9.4T. () MTRs),; at 3ppm increases monotonically
with the population averaged 7.
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The overall Z-spectrum can be considered as the composition and coupling of two individual
Z-spectra of pool A and B under the chemical exchange and spill-over effect. An ideal Z-
spectrum for better characterization of chemical exchange should have high values of A/,
ho/Awgand hy/Awy. Aw,+Awy is preferable to be much smaller than the saturation peak
difference das well.
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The optimal FSL and the corresponding maximal M7, at 3ppm achieved for different
proton exchange rates k and different TSLs at 9.4T and 3T. (a) Optimal FSL at 9.4T; (b)
maximal MTRs,m achieved by the optimal FSL at 9.4T; (c) optimal FSL at 3T; (b) maximal
MTR,sym achieved by the optimal FSL at 3T. The contours plotted in the transverse plane in
(b) and (d) are labeled with the level of the maximal M7R,,; The area inside a contour has
the maximal MTRg,, values higher than the corresponding level.
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