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Quantitative Chemical Exchange Sensitive MRI Using
Irradiation with Toggling Inversion Preparation

Tao Jin* and Seong-Gi Kim

Chemical exchange (CE) sensitive MRI contrast acquired with
an off-resonance irradiation pulse is affected by other relaxa-
tion mechanisms, such as longitudinal and transverse relaxa-
tions. In particular, for intermediate CEs, the effect of
transverse relaxation often dominates CE contrast. Since
water relaxation rates can change significantly in many patho-
logical conditions or during physiological challenge, it is cru-
cial to separate these relaxation effects in order to obtain
pure CE contrast. Here we proposed a novel acquisition
scheme in which a toggling inversion pulse is applied prior to
the off-resonance irradiation. By combined acquisition of irra-
diation images with and without an inversion pulse at both
the labile proton frequency and the reference frequency, lon-
gitudinal and transverse relaxation contributions are can-
celled, and the quantification of CE parameters, such as the
exchange rate and the labile proton concentration, can be
simplified. Furthermore, the CE-mediated relaxation rate can
be readily determined with a relatively short irradiation pulse
and without approaching the steady state, therefore, reducing
the limitations on hardware and specific absorption rate
requirements. The signal characteristics of the proposed
method are evaluated by numerical simulations and phantom
experiments. Magn Reson Med 000:000-000, 2012. © 2012
Wiley Periodicals, Inc.
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INTRODUCTION

Chemical exchange (CE) sensitive MRI provides valuable
information on tissue pH and metabolite, protein, and
peptide concentrations and has been applied to preclini-
cal study of cartilage degeneration, stroke, and tumor
(1-9). Previous CE-MRI methods mostly explore labile
protons in the slow exchange regime, i.e., the exchange
rate, k, between water and labile protons is much smaller
than their chemical shift, § (k/& <« 1) (1,3,9-13).
Recently, there are growing interests in the study of
hydroxyl-water exchange (7,14,15) and amine-water
exchange (16,17) processes, in which CE is close to the
intermediate exchange (IMEX) regime (e.g., ~0.3 < k/3 <
~3). Compared to slow exchange cases, the IMEX con-
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trast has very different properties and is more difficult to
characterize. For example, the specificity of labile pro-
tons decrease with increasing k, and the optimal imaging
contrast is often achieved at the transient state without a
long irradiation pulse (16).

During an off-resonance irradiation pulse, the effective
B, field in the rotating frame is tilted away from the Z-
axis and, thus, the measured water signal is affected by
both R; and R, relaxations (18,19). Specifically, with a
relatively high irradiation pulse power (B,) tuned to the
IMEX process (16,20), as will be shown later, the CE con-
trast will be greatly affected by the R, relaxation and
also the magnetization transfer (MT) effect due to immo-
bile macromolecules. Since water R, and/or R; may
change significantly in many pathological conditions
(2,16,21), it is critical to separate these relaxation effects
from pure CE contrast. To simplify the quantification of
CE, Sun (22) recently proposed a ratiometric analysis
approach that utilizes a long irradiation pulse to obtain
steady state signals for purposes of normalization and
separating R, and R, effects. One practical issue is that a
long irradiation pulse of several seconds is often limited
by MR hardware capability and specific absorption rate
restrictions, especially at high magnetic field strengths
and large B, power levels needed for IMEX applications.
Moreover, in these applications, the steady state signal
can be very low and leads to quantification errors using
ratiometric normalization.

In this study, we propose a novel acquisition method,
dubbed irradiation with toggling inversion preparation
(iTIP), to remove the R, and R, contributions in CE sen-
sitive imaging and to simplify the quantification of CE
parameters. Numerical simulations and phantom experi-
ments were performed to examine the signal characteris-
tics and to validate our theoretical predictions.

THEORY
Optimized Irradiation Time Versus the Steady State Signal

When the populations of two exchangable proton pools
are highly unequal, i.e., pa > pg, where p, and pg are the
relative populations of water and labile solute protons (pa
+ pp = 1), respectively, the longitudinal relaxation rate in
the rotating frame, R,,,, can be expressed as (23):

Ry, =Ry cos? 0 + (R, + Rey) sin? 6, [1]

where 0 = arctan(w,/Q), Q is the frequency offset from
water, and w, is the Rabi frequency (=yB;) of the irradia-
tion pulse. The exchange-mediated relaxation rate is
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FIG. 1. Pulse sequence and magnetization trajectories. a: Pulse
sequence for the iTIP approach. An SL module is applied follow-
ing a toggling inversion pulse, indicated by a red dashed square.
The superscripts and subscripts of a radiofrequency pulse
denotes its phase and transmitter frequency, respectively. Water
magnetization differs at the initial condition with inversion pulse
toggled “off” (b, ¢) and “on” (d, e). In either case, the water mag-
netization is flipped by a ¢ pulse and then “locked” by an SL
pulse with frequency offset (), a Rabi frequency of w4, and an SL
time (TSL). Consequently, the water magnetization (red arrow)
processes around Bq e by an angle (0 — &), relaxes with time
constant Ry, (b, d), and reaches the same steady state if TSL is
sufficiently long. For finite TSL in the transient state, the magnet-
ization is larger than the steady state in (c), whereas it is smaller
than the steady state in (e). Following the SL pulse, the second ¢
pulse flips the magnetization (red arrow) back toward the Z-axis
for imaging (green arrow). The image readout is echo-planar imag-
ing in this example but can be replaced by other fast acquisition
methods.
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assuming py ~ 1 and R, — R, < k.

Figure 1a shows the pulse sequence for the proposed
iTIP approach, where a toggling inversion pulse is
applied preceding an off-resonance spin-locking (SL)
module. When the inversion pulse is toggled “off,” the
first radiofrequency pulse in an ideal SL experiment

Jin and Kim

flips the water magnetization by an angle 0 to the By, of

(= 2m/Q% + 03 /Y) that it will be
“locked” during the subsequent irradiation pulse and
will decay with the relaxation rate R,, (Fig. 1b). In prac-
tice, the flip angle may not be accurate and is assumed
to be a different angle, ¢, here. Thus, the magnetization
processes around B;, o with an angle 6 — ¢ (Fig. 1b),
and the chemical exchange saturation transfer (CEST) ac-
quisition scheme corresponds to the case of ¢ = 0 (24).
In most circumstances, the component perpendicular to
the By, o direction dephases quickly due to inhomogene-
ities in B; and B, and can be ignored. After the SL pulse
with duration of TSL, the magnetization parallel to the
B;, off direction (red arrow) is flipped back by the second
¢-pulse for imaging (Fig. 1c). The normalized magnetiza-
tion can be expressed as (16):

direction, such

Msi(Q) = S(Q)/Sy = C* - e fe™St 4 Sgg- C - (1 — & ST
8l

where S, is the signal without irradiation, and the nor-
malized steady state signal is Sss = Ry -cosO/Ry,, C =
cos(B — ¢) equals 1 for ideal SL and cosf for CEST. The
TSL value for optimized CE contrast can be derived from
Eq. [3]. Assuming C = 1, we have (16)

_ 1 - Ty
" Ry, —Ricos®  (1-— Sss)

TSLoptimal (031) [4]

Note that the T;, value is always between T; and T,
(Eq. [1]). Thus, the CE contrast will be maximized at a
long TSL if Sgg is high, i.e., a high steady state (HSS)
condition, which is mostly seen with very small 0 as in
slow exchange applications, and at a short TSL if Sg5 <«
1, i.e., a low steady state (LSS) condition, which often
occurs for IMEX applications.

Magnetization and Asymmetric Analysis
for the iTIP Approach

In Eq. [3], Ms.(Q) is dependent on R;, R, Rox as well as
w; and TSL, and it is difficult to separate R, from R,
and R,. In the iTIP approach, when the inversion pulse
is toggled “on,” the water magnetization will still be
“locked” by the By, ot and will recover from the negative
magnetization by the same R, to the same steady state
(Fig. 1d). The normalized magnetization can be
expressed as:

Mis(Q) = —a- C* - e ™™t 4 g C - (1 — e Fr ™) [35]
where « is the inversion efficiency that equals 1 for ideal
inversion. The difference between the “on” and “off”
preparation yields:

_ [Msi(Q) = Mist,(Q)] _ (1+o) C? . g-BupTSL

2 2
(6]

The difference is halved in Eq. [6] for sensitivity com-
parison with Mg, because the number of acquired

Mirp ()
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images is doubled in Mrp. The CE contrast is often
assessed from the difference between Mg measured at
the labile proton frequency & (label frequency) and at the
reference frequency of —3, which is referred to as the
asymmetry analysis (20):

SLRysym (2 = 8) = Ms,(—8) — Mg (d) 7]
Similarly, we have
SLRit1p asym (2 = 8) = MiTip(—3) — MiTp (3) (8]

Beside the widely used absolute asymmetry defined by
Eq. [7] (similar to MTRgym, the MT ratio asymmetry of
CEST applications), several studies have adopted a rela-
tive asymmetry, where the differential signal is normal-
ized by the signal at the reference frequency instead of
So (7,17,24,25):

Relasym (2 = 8) = MSL(]?/IZ (ig/)ISL(B) [9]

Quantification of the Exchange-Mediated Relaxation Rate

R, can be obtained by a monoexponential fitting of TSL
in iTIP data using Eq. [6] or by fitting of regular SL data
using Eq. [3]. To remove the R; and R, contribution, we
subtract the R;, of the reference frequency (—() from the
R, at a frequency offset of ()

1 Mip(—Q)

Rlp‘asym(Q) = Hlp(Q) - Blp(fﬂ) = ﬁ . nm
= [Rex(©) = Box (- Q)] =7 110

From Eq. [10], the major advantage of the iTIP
approach over the conventional SL approach is that
Ripasym can be obtained from iTIP data with a single
TSL measurement. When Q = 3,

1 1

1
Ripasym (2 =9) = pk - : , [11]
ThE g 1R

which is only dependent on the exchange parameters pg
and k and does not have R, and R, relaxation terms and
is also independent of the inversion efficiency « and the
flip angle ¢.

METHODS
Numerical Simulations

Numerical simulations were performed in Matlab 7.0
using Bloch-McConnell equations. A three-compartment
exchange was simulated, where the water pool
exchanges with a labile solute proton pool and an immo-
bile proton pool, and the relative population for each
compartment is Py, Ps, and Pi, (Py + Ps + P = 1),
respectively. Note that in Theory section only water and
solute proton populations were considered, thus the rela-
tive population can be converted as pp = Py/(P, + Ps),
and pg = Ps/(Py + Pg). The MT effect between water
and bound protons associated with immobile macromo-

Table 1
Parameters Used in Three-Compartment Simulation of Bloch-
McConnell Equations

Description Parameter Values
Water pool
Longitudinal relaxation rate Riw 05s'(0.8s57)
Transverse relaxation rate Roy, 155"
(1s " 4s™
Relative population Py 1 - Ps — Pm
Labile solute proton
Longitudinal relaxation rate Ris = R1w
Transverse relaxation rate Ros = Ry,
Chemical shift from water ds 1 ppm
Relative population Ps 0.003
Exchange rate with water k 1250 s~'
Immobile proton
Longitudinal relaxation rate R1, im = Rqw
Transverse relaxation rate R, im 10 ps®
Chemical shift from water Sim 0
Relative population Pim 0 (0.05)
Exchange rate with water Kim 50 s~ '@

Several values were varied (shown in parenthesis) to evaluate the
effect of those parameters.
®Ref. 28.

lecules was modeled as a super-Lorentzian function
(26,27) and incorporated into the Bloch-McConnell equa-
tions following the work of Li et al.(10). Without loss of
generality, we assumed a chemical shift between water
and the labile protons of 8 = 1 ppm (400 Hz or 2515 rad
s ' at 9.4 T), an exchange rate of k = 1250 s ' (i.e., k/5
= 0.5), and C = o = 1. Two irradiation pulse powers
were chosen in the simulation to compare signal proper-
ties with HSS and LSS conditions. An HSS condition
will be reached with w; = 40 Hz and R, = 1 s}, and an
LSS condition with w; = 160 Hz and R, = 15 s~ *. To
examine the signal characteristics of iTIP as a function
of TSL; the MSLs MSL: MiTIP) SLRasymy SLRiTIP,asyIn: and
Rel,sym were calculated for o, = 160 Hz (1000 rad s7h.
Due to the B;-tuning effect, this pulse power would be
most sensitive to CE rate around 1000 s~* (16). At each
TSL, Ry, and Ry, asym Were calculated using Egs. [6] and
[10], respectively. As a qualitative example, the R;, and
Ry asym dispersions with an w, range of 10-800 Hz were
also simulated for quantification of exchange parameters.
All other parameters used in the simulation were listed
in Table 1.

MR Experiments

All MR experiments were performed at room tempera-
ture on a 9.4 T Varian system. A 3.8-cm diameter volume
coil (Rapid Biomedical, OH) was used for excitation and
reception. Magnetic field homogeneity was optimized by
localized shimming over the volume of interest to yield a
water spectral linewidth within 9-15 Hz. B, fields were
mapped for calibration of the transmit power (29), By
maps were measured by gradient-echo echo-planar imag-
ing with multiple echo times, R, maps were measured
by an inversion recovery sequence, and R, maps were
measured by an on-resonance SL sequence with w; =
4000 Hz to suppress the CE contributions (16). MR



images were acquired using the iTIP scheme (Fig. 1a).
After the preparation pulses, images were collected by
single-shot spin-echo echo-planar imaging with a field of
view of 40 mm X 40 mm, a slice thickness of 5 mm, ma-
trix size of 64 x 64, and a postimaging recovery time of
15 s. Control scans were acquired at ) = 300 ppm for
normalization of Mg;.

Three types of metabolite phantoms were imaged.
Metabolite solutions were prepared and transferred into
9 mm LD. cylinders, and multiple cylinders were
bundled together for iTIP imaging studies. To obtain
M;rp maps, SL images with inversion preparation “off”
and “on” were acquired sequentially. Three SL imaging
studies were:

1. 50 mM myo-Inositol (Ins, cyclohexane-1,2,3,4,5,6-
hexol, CgH,,0¢) was dissolved in phosphate buf-
fered saline (PBS) (pH = 7.4), and 0.025, 0.05,
0.075, and 0.1 mM MnCl, was added to modulate
both R, and R,. Ins has hydroxyl protons with a
chemical shift of ~0.93 ppm from water and an
exchange rate of about 1250 s~ ', thus k/8 ~ 0.53
and is in the IMEX regime (30). The iTIP images at
Q = 0.95 and —0.95 ppm were acquired with o, =
100 Hz and 160 Hz, and TSL values from O to 4 s.

2. To modulate water R, and also introduce the MT
effect, 50 mM Ins was dissolved in PBS (pH = 7.4)
and mixed in 0.5%, 1%, 2%, and 3% agar. The
mixtures were heated to 90-95°C in a water bath for
2—3 min, cooled down to 60°C, and transferred to
plastic cylinders to solidify. The iTIP images at ) =
0.95 and —0.95 ppm were acquired with w; = 100
Hz and 160 Hz, and TSL values from 0 to 1.5 s.

3. 50 mM Creatine (Cr, 2-(methylguanidino)ethanoic
acid, C4HgN30,) was dissolved in PBS and titrated
to pH = 7.4, 7.7, 8.05, and 8.4. Cr has exchangeable

guanidine protons (i.e., NH; — Cll =NH) at 1.9 ppm
from the water resonance (31). These pH values were
selected so that the exchange will be close to the
IMEX regime. At lower pH values, the exchange
between water and Cr guanidine protons is in the
slow exchange domain and has been thoroughly stud-
ied by Sun et al. using CEST models (22,32,33). The
iTIP images were acquired at Q = 1.9 and —1.9 ppm.
Off-resonance R,, dispersion was measured using 12
, values of approximately 85, 107, 135, 170, 214,
270, 340, 428, 540, 680, 857, and 1080 Hz. For each
power level, iTIP images were acquired with 12 TSL
values. Because R;, increases with w,, the range of
TSL varied accordingly, e.g., from 0 to 3 s for small o,
of 85 Hz and from 0 to 0.4 s for 1080 Hz. In addition,
on-resonance R;, dispersion was measured using o,
value of approximately 125, 177, 250, 353, 500, 707,
1000, 1414, 2000, 2828, and 4000 Hz.

Data Analysis

To obtain M;rp, pairwise subtraction between SL images
with inversion pulse “on” and “off” were performed in
k-space before the image reconstruction. R;, maps were
calculated from fitting of multi-TSL data to Eq. [6], and
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FIG. 2. Simulated results of the iTIP approach. Normalized mag-
netization (Ms,) with inversion pulse “off” and “on’ (a, d), Mp at
the label and reference frequencies in the logarithmic scale (b, e),
and asymmetrical SL ratios, SLR;sym and SLRirjpasym (¢, f) were
simulated as a function of TSL. A small irradiation pulse power and
a small R, value lead to HSS signals (left column), and a high pulse
power and a large R, lead to LSS signals (right column). Other pa-
rameters used were 8 = 1 ppm (400 Hz or 2515 rad s~ ), labile
proton concentration Ps = 0.003, Ry = 0.5 s ', k = 1250 s .
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Rypasym maps were calculated from Mjpp maps at each
TSL using Eq. [10]. For quantitative analysis, a region of
interest with minimal B, heterogeneity (<3 Hz) was
selected from each sample. The R, .sym dispersion data
were fitted to Eq. [11] to determine the CE parameters pg
and k. To fit the on-resonance R,, dispersion data, Egs.
[1] and [2] were used with 6 = 90°.

RESULTS
MSL Versus Mrnp

Figure 2 shows the simulated iTIP signals for the HSS
case (small w; and R,) and for the LSS case (large w; and
R,). The HSS case (Fig. 2a—c) requires long irradiation of
more than 5 s to approach the steady state for both the
label (Fig. 2a, black) and reference frequencies (red),
where the steady states are the same for SL with the
inversion pulse “off” (solid lines) and “on” (dashed
lines). In the LSS case (Fig. 2d-f), MR signals decay
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FIG. 3. Experimental iTIP results of 50 mM myo-Inositol with HSS
(a—c) and LSS conditions (d-f). The normalized signal was meas-
ured with an w; = 100 Hz irradiation pulse for Ins in PBS with
0.05 mM MnCl, (left column) and with a 160 Hz pulse for Ins in
2% agar (right column). In both cases, magnetization with inver-
sion “on” and “off” reached the same steady states, and Mp
decayed monoexponentially with TSL, except for a few data
points when the Mjp becomes very low and dominated by noise
(b). Similar to the simulated data in Figure 2, the left column data
reached a HSS, and SLRirpasym Was significantly smaller than
SLRasym for long TSL values (c), while the right column data
reached a LSS, and the peak SLRiripasym Was only slightly smaller
than the peak SLRgasm (). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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quickly with TSL and reach the steady state much faster
than the HSS case because of larger R, values (Fig. 2d).
In both HSS and LSS cases, M;rp signals (shown in loga-
rithms scale, Fig. 2b,e) are monoexponential functions of
TSL, from which R;, can be easily calculated. In the
HSS condition (Fig. 2c), SLRysym is maximized at TSL
approaching the steady state, whereas SLR;yp asym peaks
at a shorter TSL and is much smaller than SLR,sym. In
the LSS condition (Fig. 2f), the peaks of both SLR;sym
and SLRirp asym are reached at short TSL values of ~0.35
8. SLRj1ip,asym is still less than SLR,sym, but their differ-
ence is small.

To compare simulation and experimental results, iTIP
data of 50 mM Ins were obtained in 0.05 mM MnCl,
(Fig. 3a—c) and in 2% agar (Fig. 3d—f). The former sample
has smaller R, and no MT effect. Thus, the steady state
signals for w; = 100 Hz are relatively high and require a
long irradiation pulse (Fig. 3a). The Mrp values decay
monoexponentially with TSL, except for a few long TSL
values with Q = & in which M;rp becomes very low and
is dominated by noise (Fig. 3b). SLRjyip asym is signifi-
cantly smaller than SLR,qm (Fig. 3c), similar to the sim-
ulation results of the HSS condition in Figure 2c. For the
Ins in agar phantoms, the steady state signals for w; =
160 Hz are very small due to large R, and MT effects
(Fig. 3d). The imaging contrast is maximized with a short
irradiation pulse for both SLRjtip asym and SLRugym, and
the peak SLRirmpasym is only slightly smaller (~15%)
than that of SLRysyy (Fig. 3f), similar to the simulation
results of the LSS condition in Figure 2f.

R1,asym Is Independent of Ry and R,

Computer simulations were performed to determine the
effect of Ry, R,, and P;,, on CE contrast indices, for an w;
= 160 Hz pulse. SLRysym» SLRiT1p,asym: and Relygyy, are all
sensitive to Ry, R,, and P, except for short TSL values
(Fig. 4a—c). Specifically, in both SLRysym and SLRirip,asym.
the optimal TSL values decrease significantly with
increasing R, and Pj,. The relative asymmetry (Fig. 4c)
minimizes the dependence on R,, R,, and P;,, for TSL <
~0.3 s, which is wider than the range for absolute asym-
metry (TSL < 0.1 s, Fig. 4a) but not for larger TSL values.
In contrast, Ry, asym is not dependent on R;, R,, and TSL
(Fig. 4d). Note that Ry, ,sym Was determined at every TSL

80 . -
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¢ 40f c P_=0
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Q & 1 2
< Ll o 05l ——R,=08R,=1
——R,=05R,=4
——R,=05R,=15
0 i i ; 0.0 i i :
00 05 10 15 20 00 05 10 15 20
c TSL (s) d TSL (s)

FIG. 4. Independence of Rq,asym ON R+, Ro, and MT effects: simulations. The TSL-dependent SLRasym (@), SLRimipasym (b), Reélasym (€),
and Ry, asym (d) were simulated for five Ry, R, and P;,, combinations. Other parameters used were 8 = 1 ppm, Ps = 0.003, w; = 160
Hz, and k = 1250 s~ . In (d), all four lines with Py, = O were overlapping and displayed with different thickness. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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s. For all phantoms, the R1, .sym Map measured by the iTIP approach appear similar. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

value with Eq. [10]. The Ry asym for Pj, = 0.05 is about
5% larger than that for Py, = 0, because for a two-site
exchange in Eq. [2], pg = Ps/(Pw + Ps) = Ps/(1 P)
increases with Pj,.

To experimentally demonstrate the insensitiveness of
R, and R, to Ry, asym, the Ry, Ry, SLRygym, Relygym, and
Ry asym maps were obtained from 50 mM Ins in four dif-
ferent concentrations of MnCl, (upper row, Fig. 5) and
agar (bottom row, Fig. 5). Both R, and R, increase with
the MnCl, concentration, whereas R, and P;, increase
with agar concentrations. For a short TSL of 0.25 s, the
CE contrasts measured with SLR,sym and Rel,gym, are rela-
tively insensitive to changes in Ry, R, and Pj,. At a lon-
ger TSL of 1.0 s, both SLR,sym and Rel,sym are dependent
on R,, R, as well as Py, and are inversely correlated
with R, and P;,. In contrast, for both TSL values, the de-
pendence on R, and R, is removed in the Ry, ,sym maps
acquired using the iTIP approach. Whereas a small Py,
dependence is expected for Ry, asym from simulation, no
significant contrast was observed among the samples,
suggesting that the difference of P;,, may be too small to
be detectable in these agar samples. The insensitiveness
of Rqpasym ON agar concentration also suggests that the
exchange rate is not affected by the addition of MT effect
in these phantoms.

Quantification of Exchange Parameters
Using R1,,asym Dispersion

Exchange parameters pg and k can be determined from
Ry asym dispersion (Ry,asym(Q = 8) vs. w, plot) with Eq.
[11]. The simulated off-resonance R;, dispersion
increases with R, and Pj, at both the label (Fig. 6a,
black) and reference frequencies (red). However, the
Rypasym eliminates these dependences and gives a dis-
persion which is only related to exchange parameters pg
and k (Fig. 6b).

This approach is experimentally tested. The R,, dis-
persions of Cr phantoms with four pH values were meas-

ured by the iTIP approach at both ) = 1.9 and —1.9 ppm
(Fig. 7a,b). Rypasym Was calculated from Ry, of label and
reference frequencies (Fig. 7c). The control PBS phantom
has the same R, value for 1.9 and —1.9 ppm and was
cancelled in the Ry, ,sym, as expected. The exchange rate
and labile proton population were obtained by fitting the
Rypasym dispersions (Eq. [11]). For comparison, the on-
resonance R, dispersions of these phantoms were also
measured in order to calculate the exchange parameters
(Fig. 7d). The two fitting procedures of Ry, .sym and on-
resonance R;, dispersions give similar results of the
exchange rate, which increases with pH as expected for
a base-catalyzed amine-water proton exchange (Fig. 7e).
For on-resonance SL, pg and k cannot be determined
separately in the slow exchange regime (20), which is
the case for the pH = 7.4 and 7.7 phantoms, so their pg
values were set to be same as the pH = 8.05 sample
(indicated by the stars in Fig. 7f). The fitted pg slightly
increases with pH in the Ry, asym results and also in the
on-resonance R, dispersion of pH = 8.05-8.4. This may
be due to the different exchange rates of nNH, and eNH
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FIG. 6. Ry, dispersions simulated at the label and the reference fre-
quencies. Ry, dispersions are highly dependent on R, and P, (a).
Such dependence can be removed in the Ri,asym dispersion (b).
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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FIG. 7. Off- and on-resonance R, dispersion measurements of
Creatine phantoms and exchange parameter determinations. Off-
resonance R;, dispersions were measured at 1.9 ppm (a) and
—1.9 ppm (b) for PBS only and 50 mM Creatine in PBS with four
different pH values (indicated in b). The Ry, asym dispersion (c)
was obtained from the difference of (a) and (b) which removes the
Rq and R, effects. The on-resonance Ry, dispersion increased
with pH for these phantoms (d). The fitted results of k (e) and pg
(f) obtained from the dispersions show that R, asym and on-reso-
nance R, are in reasonable agreement. At low pH values (7.4 and
7.7), k and pg cannot be determined separately from on-reso-
nance R, dispersion, so their pg was chosen to be the same as
at pH = 8.05 (indicated by asterisks). [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

protons in Cr (34), leading to small errors in our calcula-
tions that assumed a single rate constant.

DISCUSSION

The absolute asymmetry signal (SLRysym 0r MTRqsym) has
been widely used as a convenient indicator of CE con-
trast in the slow exchange regime. In the IMEX regime,
however, SLR,syr, is much more sensitive to other relaxa-
tion effects, thus it is no longer a good index for quanti-
tative CE imaging. For instance, the SLR,y., obtained for
an R, and MT effect similar to in vivo conditions can be
more than 10 times smaller than that of an aqueous solu-
tion (cyan vs. black curves for TSL > 0.8 s, Fig. 4a), and
the optimal TSL that maximizes SLR,sy, is much shorter
for the former than the latter. Therefore, care should be
exercised when comparing SLRsym or MTR.s, meas-
ured under different conditions. In a previous study of

IMEX metabolites including glutamate and glucose, we
reported that the frequency offset of the SLR,sym peak
shifts with pH as well as with labile proton concentra-
tions (30). Although the relative asymmetry, as defined
in Eq. [9], can alleviate some of these problems at short
TSL values, our results of current and previous studies
show that the asymmetry of exchange-mediated relaxa-
tion rate (R asym OF Rexasym) Would be most suitable for
quantitative CE imaging in the IMEX regime.

Our proposed iTIP approach can simplify quantitative
CE imaging in two ways. (1) Multi-TSL measurements
with long TSL values approaching the steady state are
necessary for accurate fitting of R;, using Eq. [3] (or Eq.
[5]). Using iTIP, Mrp is a monoexponential function of
R, that reduces the fitting parameters, so that R;, can be
determined more accurately and with shorter TSL. (2)
The CE contrast acquired by an off-resonance irradiation
is affected by R, and R,. These relaxation effects are can-
celed out in Ry, asym, which simplify the quantification
of exchange parameters. In fact, Ry, .sym can be readily
obtained from iTIP data at a single TSL value and also
without the necessity to acquire a control scan (300 ppm
in this study) for normalization. This is clearly advanta-
geous over conventional off-resonance irradiation
approaches that require multiple TSL values because
data acquisition time is greatly shortened.

Technically, the iTIP quantification of R, is independ-
ent of the flip angle in the SL preparation (Eq. [6]) and
thus can be acquired with the conventional CEST
scheme. It is also insensitive to inversion efficiency and
theoretically can be acquired with a toggling saturation
pulse or any two pulses with different initial magnetiza-
tions. While our simulation and phantom experiments
mainly targeted IMEX process, the iTIP approach can
also be applied to slow exchange applications. Because
the iTIP contrast is greatly reduced at a long irradiation
time (Figs. 2c and 3c), it would be best suitable for IMEX
studies where the contrast is optimized at the transient
state or for slow exchange studies where a long irradia-
tion pulse is unavailable because of hardware or specific
absorption rate limitations.

Off-resonance irradiation with a preceding inversion
preparation has been suggested or applied in MT and
CEST studies (24,35-38). In MRI, Mangia et al. (37)
showed that the combination of MT-weighted images
acquired with and without inversion preparation
improves the quantification accuracy of MT rate. Vinog-
radov et al. (38) applied an inversion pulse before irradi-
ation of labile protons to obtain positive CEST imaging
contrast, which was smaller in magnitude than conven-
tional CEST that gives negative contrast. Indeed, our
simulation and experimental results also showed that
the CE contrast is reduced with the inversion prepara-
tion “on” for the HSS condition (Figs. 2a and 3a) but the
loss of iTIP contrast becomes very small for LSS cases.

Although both on-resonance R;, and Ry, 4sym are sensi-
tive to the IMEX process, Ri,asym Can also be tuned to
slow CE using low B;, unlike on-resonance R;, (20). On
the other hand, the asymmetry analysis of R asym
greatly reduces the sensitivity when the exchange rate is
near the fast exchange regime (k > 3, see Eq. [11]), for
which on-resonance R;, may be more sensitive. Besides



this difference in sensitivity regimes, iTIP quantification
of IMEX using Ry, 4sym dispersion has a few advantages.
For example, (1) Ry, asym can be acquired selectively for
a specific type or a certain group of labile protons in
contrast to on-resonance R,,, which has contributions
from all relaxation pathways. (2) A lower w, is necessary
for quantification of exchange parameters because
off-resonance irradiation increases the effective B; (see
Fig. 7), which alleviates the burden on hardware and
specific absorption rate limitations. (3) Rj,asym disper-
sion (Eq. [11]) cancels the R, term and, therefore, has
fewer fitting parameters. (4) As mentioned earlier,
Ripasym can be obtained with a single TSL for each o,
value and, therefore, reduces the acquisition time.

Only one labile proton pool is considered in this proof-
of-principle study. However, there are many different
IMEX protons in vivo, and some of them are similar in fre-
quency offset. Since the specificity of labile protons is

inversely dependent on the linewidth of Ry (=+/0? + k2,
from Eq. [2]), it would be very difficult to distinguish
two populations of labile protons if the linewidths of Ry
for both species are comparable or larger than the chemi-
cal shifts between them. Due to this intrinsic limitation
of off-resonance irradiation approaches, the in vivo quan-
tification of IMEX may only be achieved for a group-av-
erage of labile protons with similar chemical shifts and
exchange rates, e.g. amine- or hydroxyl-groups.

Similar to the problems encountered in CEST studies,
in vivo quantification using Ry, 4sym is also susceptible to
B, and B; inhomogeneities as well as the intrinsic asym-
metry of the MT effect from immobile macromolecules
(28). Both variations in By and B; will lead to error in the
exchange-mediated relaxation rate (Egs. [1] and [2]), and
the former will also cause error in the calculation of
Ri,,asym and incomplete cancelation of R; and R,. To alle-
viate the inhomogeneous B, problem, iTIP images may be
acquired at multiple offsets around the label and refer-
ence frequencies for By correction if a severe B, shift is
present. Similarly, a B, calibration procedure may be per-
formed to correct the Ry, a5ym quantification error caused
by B; inhomogeneity (39). Further simulations and mod-
eling studies are necessary to evaluate the effect of MT
asymmetry on Ry, ,sym and its dispersion, and whether it
can be minimized by adjusting irradiation parameters.

CONCLUSIONS

In the IMEX regime, CE contrast is greatly affected by
other relaxation effects. With the proposed iTIP
approach, Ry, asym (or similarly, Rey asym), which removes
the R, and R, relaxation effects, is readily determined,
and the quantification of CE parameters can be simpli-
fied. In addition, the iTIP approach is insensitive to
inversion efficiency and flip angle for SL and does not
rely on long irradiation pulses. Therefore, this novel ac-
quisition method can be very useful for an exchange re-
gime close to IMEX or high-field CE applications.
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