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Abstract

The ability to measure proton exchange rates in tissue using MRI would be very useful for
quantitative assessment of magnetization transfer properties, both in conventional MT imaging
and in the more recent chemical exchange saturation transfer (CEST) approach. CEST is a new
MR contrast mechanism that depends on several factors, including the exchange rate of labile
protons in the agent in a pH-dependent manner. Two new methods to monitor local exchange rate
based on CEST are introduced. The two MRI-compatible approaches to measure exchange are
quantifying exchange using saturation time (QUEST) dependence and quantifying exchange using
saturation power (QUESP) dependence. These techniques were applied to poly-c-lysine (PLL) and
a generation-5 polyamidoamine dendrimer (SPD-5) to measure the pH dependence of amide
proton exchange rates in the physiologic range. Data were fit both to an analytical expression and
to numerical solutions to the Bloch equations. Results were validated by comparison with
exchange rates determined by two established spectroscopic methods. The exchange rates
determined using the four methods were pooled for the pH-calibration curve of the agents
consisting of contributions from spontaneous (ko) acid catalyzed (kj), and base catalyzed (kp,)
exchange rate constants. These constants were kg = 68.9 Hz, ky = 1.21 Hz, ky = 1.92 x 10° Hz, and
ko = 106.4 Hz, k, = 25.8 Hz, ky, = 5.45 x 108 Hz for PLL and SPD-5, respectively, showing the
expected predominance of base-catalyzed exchange for these amide protons.
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Chemical exchange saturation transfer (CEST) has recently been proposed as a new imaging
contrast mechanism (1) in which the radiofrequency-induced saturation of labile protons in
the agent is transferred to water protons. The resulting MRI signal intensity depends on a
multitude of parameters, including agent concentration, number of exchangeable protons,
proton exchange rate, Tq, To, saturation time, and saturation efficiency (1-8). Of these, the
chemical exchange rate is often the parameter of interest that reflects tissue pH and the
molecular environment, such as salt or metal content. During saturation, labile protons of the
low-concentration solute are saturated and exchange multiple times with unsaturated protons
of the large water pool, resulting in a fractional reduction of the water line. If this exchange
rate and the T, of water are sufficiently large, there is an amplification of the MR sensitivity
with respect to the agent concentration (1). Recently, we showed that macromolecules with
multiple amide groups (2) or imino groups (5) can give a CEST effect within the micromolar
range. The exchange rates of these proton types have a strong pH dependence in the
physiologic range (9,10) and may be useful as pH reporters. Measurement of these rates
would be a powerful means for pH calibration (3,4,11-15), but existing technologies for
this, such as the water exchange (WEX) sequence (16) and measurement of linewidths, are
spectroscopy (MRS) based. As a consequence, they are time consuming for the lower rates
because of the low contrast agent concentration and not suitable for measuring the faster
rates at high pH because of signal loss due to line broadening. If such rates could be
measured through the water resonance, it would be possible to have higher acquisition
speeds and use the approach for MRI. We here present two techniques to measure fast
chemical exchange rates via water detection by exploiting the effect of exchange rate on
signal intensity as a function of saturation time and saturation power. These techniques were
tested on 5-mm tubes containing samples of two polyamide-based CEST agents, poly-.-
lysine (PLL, 705.8 kDa) and generation-5 polyamidoamine dendrimer (SPD-5, 28.6 kDa)
using 1D NMR spectra.

To establish suitability of these agents as pH markers, their pH-sensitivity was measured and
fitted to existing equations for catalyzed exchange to determine the baseline mechanism.

Chemical exchange processes can be described by modified Bloch equations (4,6,17-22)
with exchange terms. Comprehensive solutions have been presented elsewhere (21). In a
recent paper (6) we derived concise expressions for the signal intensities of the
exchangeable protons of the contrast agent (solute:Ss in the WEX experiment and for water
protons (Syy) in the saturation transfer experiment. These equations are valid for saturation
transfer experiments under the assumptions of sufficiently separate resonances for these two
types of protons (i.e., no direct saturation of the other resonance when saturating one). Here
we evaluate the applicability of these expressions for measuring the single-proton solute—
water exchange rate (kg,,) for the typical exchange rates encountered in CEST studies (i.e.,
ksw > 30 Hz). This applicability will be judged through comparison with well-established
spectroscopic measures of this rate and through fitting of the results using the exact Bloch
equations (see the Appendix).

MRS Measures of Exchange Rate

The most simple spectroscopic measure of large exchange rates is through assessment of the
linewidth of the solute protons (LWs), which in the slow exchange regime is directly related
to the exchange rate and the transverse relaxation rate via (23,24):

k

SW

=n- LW, - R,,. (1]

Magn Reson Med. Author manuscript; available in PMC 2010 April 27.



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

1duasnuey Joyiny vd-HIN

McMahon et al.

Page 3

In addition, exchange rates can also be measured spectroscopically using methods in which
magnetization is transferred from water to the solute. One such approach is the so-called
WEX sequence (16,25,26). The pulse sequence for this experiment is shown in Fig. 1a, with
the water suppression modified from previous studies. Water magnetization is selectively
excited by the first 90°~G1-180 ° (water selective)-G1 combination and is either inverted to
—z or put back to the z axis (scan 2) by the second 90 ° pulse. Subsequently, longitudinal
water magnetization is allowed to exchange during the mixing time t,,, followed by
detection of the exchangeable proton signals. Water suppression was performed using a
double echo consisting of a hard 180 ° pulse and a water-selective 180 ° pulse (27), with the
purpose of not exciting water while refocusing amide proton evolution. Any water excited
due to small RF pulse deviations is suppressed by the gradients. By measuring
magnetization transfer of the exchangeable protons as a function of mixing time, the
exchange rates with water can be quantified. The solute signal intensity (Ss) as a function of
tm is (6,16)

kS o _ o
S (t)= - s Us [e Riwtm _ o ”\su'"‘Rls)Im]’
ksw+R1s — Riw [2]

in which Spg is the equilibrium magnetization. This equation can be used to determine Ky,
provided the longitudinal relaxation rates (1/T) for water (Ryy, ~ 0.248 s~ and the agent
(Rys ~ 0.71 s71) are known at the particular field strength (11.7 T). For the amide protons of
interest here, kg, is larger than 30 Hz and dominates the terms kg, + R1s — R1y and kg, +
R1s, providing two major advantages. First, even substantial errors (e.g., 10-20%) in Ry and
R1w do not produce significant errors in k. Second, the coefficient before the bracketed
expression can be approximated by Sps and can be determined from the time point with the
maximal signal, which is convenient for fitting experimental data to the exchange rate:

-R wim
ST&X(fm) ~ Sose ! fm, [3]

Notice that WEX experiments are less suitable when exchange rates become very high
(order of 300-400 Hz or more). This is because the maximum intensity of the signal will be
reached in several milliseconds, requiring the use of very short mixing times. This may
become a problem for measuring exchange rates in vivo due to the finite duration of the
water labeling pulse.

MRI Measures of Exchange Rate

Saturation transfer experiments from the solute to water (Fig. 1b) are obviously also
sensitive to chemical exchange, the quantification of which is described by the same Bloch
equations as used for the WEX experiments. Assuming that a steady state is reached
instantaneously upon saturation of the solute (notice that this is not the same as complete
saturation), the following equation applies for the measured CEST effect or proton transfer
ratio (PTR) (6),

PTR= Sow=S w(tsar.@) — 1“5“"“""-(‘;\
Sow RiwtkswX g

X l’ 1 - e—(Rln""km"-\'(-A )Is:n] [4]
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in which xcp is the fractional concentration of exchangeable protons of the contrast agent,
tsat IS the saturation time, o is the saturation efficiency, and the term kg, Xca accounts for
back exchange of saturated water protons to the solute, which will occur when the exchange
rate and/or the concentration of exchangeable protons for the CEST agent are very high.
Notice that this expression is equivalent to the one given previously (2,5) and reaches the
same maximum reduction as predicted by Sherry and co-workers and also Aime and co-
workers assuming complete saturation (4,7) and can be related to the proton transfer
enhancement for the particular agent, which depends on the number of protons per
molecular weight unit (Nca) and the molecular weight (Mcp) of the agent:

Nm i MM
PTE=—— PTR.
Xea [5]

The water signal intensity depends on the pulse power (wq = yB1) via (6):

2
W

=— ,
witpq [6]

in which

p:R2.Y+ksw - k%u‘ ' -""(«A/(le'"k.sw ' )((A)
)
q:Rl.s'+k.s'w - k‘;w * Xea (le+k.¥w * Xea )

Because of the low solute concentration, the longitudinal and transverse rates for water can
be measured using conventional inversion-recovery and spin-echo approaches, respectively,
while Rys < kg, and can be neglected for the CEST agents. The transverse rate for the solute
cannot be directly measured due to interference of the exchange, but because *H relaxation
in proteins is dominated by dipolar interactions with other protons within 5 A (28), it can be
approximated by the R, of the nearby protons (H,, for PLL). Thus, using Egs. [4] and [6],
two experiments can be designed to quantify exchange rates from the water intensity,
namely quantification of exchange as a function of saturation time (QUEST) and saturation
power (QUESP).

As mentioned above, the working equations were derived under the assumption of negligible
direct saturation of the water protons. However, especially at lower fields, the bandwidth of
the saturation is generally not narrow enough to avoid this. Fortunately, in these simple
water solutions the drop in water intensity due to direct saturation can be measured by
applying a saturation pulse at the same frequency difference with water as for the
exchangeable protons, but on the opposite side (—Aws,,) of the water resonance.

—A W
Sow — SW w (tya1, @)

Sow ' [7]

Direct saturation=

in which Sg and § ;A= are, respectively, the water signals without saturation and with
saturation at —Awgy, to correct for spillover (29-32). The amount of direct saturation
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depends on the ratio of the strength of the saturation pulses with respect to the chemical shift
difference between irradiation frequency and water. For sufficiently low By fields (<2.5u T
~ 100 Hz) due to the large separation between the amide protons and water (~1800 Hz at
11.7 T), the direct saturation as measured by Eq. [7] is only about 1%, which is quite
negligible compared to the PTR effects for the present CEST agents at the concentrations
studied, which range from 15 to 60%. In addition to the irradiation field strength and offset,
direct saturation is also affected by Ry, through its relationship to the water linewidth. As
will be described further in the Discussion, for the present amide protons at 11.7 T the Bloch
equations including direct saturation will have to be used when Ry, > ~6 Hz. However, as a
first approximation, it is common to measure PTR by applying a zero-order correction using
the asymmetry in the magnetization transfer ratio (MTR) via (31,33)

—Awgy, +Awgy, +Awg,

§ TBWsw _ g AWy S, — S FAWs

PTR=MTR gyyp= =4 ~ = .
S0 O (8]

Notice that compared to Eq. [4], Sy here is replaced by § 2.

This definition of PTR corrects for the missing direct saturation that is present
experimentally and is equivalent provided that the direct saturation (Eqg. [7]) is less than
~20%. In this paper, we measure PTR in this way and fit the results as a function of
saturation time and pulse power to determine the exchange rate. The results will be
compared with measures from the solute proton linewidth and the WEX approach, as well as

by fitting of §}4«= /g using the complete six Bloch equations (see the Appendix). This will
be used to establish guidelines for the use of the above expressions for quantifying the
exchange rates of CEST agents.

Materials and Methods

Sample Preparation

All samples were prepared using 0.01 M phosphate-buffered saline buffer. PLL (705.8 kDa
by viscosity; purchased from Sigma, Catalog No. P1524) was diluted to an initial
concentration of 0.05 mM from which five samples of 500 uL each were prepared. These
were supplemented with 10 uL of D,O and then titrated to the following pH values: 7.9, 7.7,
7.3, 6.5, 6.0. The ratio of amide protons to water protons was determined from the NMR
spectra using the ratio of the H, to the H,O peak (Hj is the narrowest resonance in PLL). In
addition, a sample of 30 kDa PLL was initially prepared at a concentration of 1 mM and
titrated to pH 6.72 (molar ratio was measured by NMR to be 1:958). The measured
concentrations expressed in terms of the proton fraction, xca, which were used in the data
analysis, are shown in Table 1. A SPD-5 dendrimer, purchased from Dendritech, Inc., was
initially prepared at 1 mM and then titrated to pH 8.11, 7.6, 7.0, 6.7, 6.3, and 5.6. A total of
10 uL of DO was also added and again the final concentration was determined by NMR by
comparing the integral under the total amide peak to water, with the molar ratios all about
1:700, corresponding to about 0.6 mM (Table 1).

NMR Experiments

All experiments were performed at 37 + 0.1°C on an 11.7 T Bruker Avance system using a
triple-channel, triple-axis gradient high-resolution NMR probe. For each sample, the probe
was tuned, the magnet shimmed using gradient shimming, and ®1/2x power determined
using a 2z pulse. The water linewidth (with probe detuned to prevent radiation damping)
was <1 Hz. All samples were locked using D,O.
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Simple excite—detect experiments (64 scans, ©/2 = 10 ps, TR = 6 s, dwell time = 60 us) were
performed to measure the linewidths of the exchangeable amide peaks and to measure the
ratio of these peaks to water.

The WEX sequence (16) shown in Fig. 1a used a 16-ms Gaussian pulse for water selection,
which has a 99% bandwidth of +£115 Hz. This sharp bandwidth was necessary for water
selective labeling on PLL as the coupled H,, line was only 160 Hz away from water. Water
suppression employed a double echo consisting of a 2-ms Gaussian water refocusing pulse
and a 20-ps hard refocusing pulse. The Gaussian pulses were calibrated by maximizing the
water suppression on one scan using a single echo WATERGATE sequence (34). In the
WEX sequence, amide buildup was monitored as a function of mixing time. To suppress
unwanted multiple quantum transitions, the water selective pulse was turned off for two
shots, and these two scans were subtracted from the two with the pulse turned on. The
recycle predelay was 6 s with t,, = 2, 6, 11, 16, 21, 26, 41, 51, 71, 91, 101, and 151 ms. For
faster exchange rates, more points were acquired below 10 ms (3, 3.5, and 5 ms) to better
characterize the magnetization transfer. For water suppression, TE was 6 ms, which
produced a TR of 6-6.16 s. The total data collection times for the 16 scans of 12 different
time points took ~20 min.

QUEST experiments used the saturation-transfer pulse sequence shown in Fig. 1b,
consisting of a saturation pulse with variable offset followed by a spin echo acquisition with
TE = 6 ms. Data were collected by varying the saturation time and keeping the power
constant. The maximum duration of the saturation pulse was 11 s, with a 6-s recycle
predelay, yielding TR values of 6-17 s. This time series was collected at two frequencies,
one on resonance with the exchangeable protons (+Awg,) and a second on the opposite side
(—Awgy) of the water line, which for 11 time points resulted in 4.5 min of data collection.
QUEST data were taken at two saturation powers (w1/2x), 100 or 200 Hz. For data where
the linewidth-based estimate of the exchange rate was <400 Hz (Table 1), we carried out the
magnetization transfer experiment using a saturation field strength of 100 Hz. For rates
larger than 400 Hz, we used a saturation field strength of 200 Hz (w1/2x). This choice was
justified by our preliminary simulations, which indicated that optimum transfer of saturation
occurs with saturation fields of ~200-250 Hz for exchange rates between 400 Hz and 2 kHz
and was ~100-125 Hz for exchange rates below 400 Hz as long as Ry, < 2 Hz. Since the
water linewidth (<1 Hz for all samples) was much smaller than either on-resonance
saturation field used, additional shimming of the water line should not have any impact on
the results.

QUESP data were collected using the same pulse sequence in Fig. 1b, by varying the
saturation power while keeping the saturation time constant. For all of the QUEST data
collected above, PTR reached a steady state by ~10 s, which we therefore used for the
saturation time. TR was then 16 s and TE was 6 ms. Similar to QUEST, QUESP data were
collected at two frequencies (zAws,). The saturation field strengths used were 50, 75, 100,
150, 200, and 250 Hz, which resulted in a total data collection time of just over 3 min.

Data Fitting and Modeling

Linewidths and peak integrals in the excite—detect and WEX spectra were determined using
a mixed Gaussian/Lorentzian deconvolution as implemented in Xwinnmr3.5 (Bruker). For
the SPD-5 dendrimer there were three amide lines. All lines were fit to a Lorentzian
peakshape, except the right-most peak. For this peak the best fit (lowest y2) was obtained by
using a 70% Lorentzian, 30% Gaussian peak, which was cross-checked for pH 6.3, 6.7, and
7.0 where the three peaks could be seen prominently. For PLL, we fit the single peak to a
Lorentzian lineshape. The mixing-time-dependent (WEX), saturation-time-dependent
(QUEST), and saturation-power-dependent (QUESP) signal intensity curves were fit using
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Matlab 6.5's (The Mathworks, Inc.) nonlinear fitting routines. Errors (95% confidence
limits) were estimated using the F statistic.

The linewidths of the excite—detect spectra were related to the exchange rate using Eq. [1].
The WEX data were fit to Eq. [2] with the Levenburg—Marquardt routine. This expression
was normalized by setting Sg = 1 and scaling the maximal signal via Eq. [3] to remove Sy
from the fitting. For SPD-5, the deconvolution of the three peaks not baseline resolved
introduced an additional error into the peak measurement. Therefore, the maximum signal
was determined by averaging the data at the three longest mixing times.

The QUEST and QUESP data were fit both analytically using Eqg. [4] and numerically using
Egs. [10-15]. For the analytical fits, we fit our experimental data collected at both
frequencies (+Awgy) using Eq. [8] to relate MTR,sym to PTR. Numerical solutions to the six
Bloch equations including direct saturation (Eqgs. [10-15] in the Appendix) were obtained
using the ordinary differential equation solver. These were solved using the initial conditions
of [0, 0, Mos/Mow, 0, 0, 1] for [Mys, Mys, Mys, Myw, Myw, Myy], respectively, and with an
error tolerance for each integration step of 1075. Since these coupled equations are linear,
they could also be solved using the Matlab expm function (22), which should increase
speed. The results were fed into the least squares nonlinear fitting routine in Matlab. Fitting
MTR,sym Would be too time consuming for the numerical fits, because we would have to
solve at least 12 equations (6 for +Awg, and 6 for —Awg,). Therefore, for QUEST, we fit the
data collected at one frequency, +Awg,, to My, obtained by solving the 6 equations for

§Hhwse /g as a function of time. For QUESP data, the fits were even more time consuming
because for each dataset we must numerically solve the 12 equations for a 10-s saturation
time at six different saturation powers (70 equations). Therefore, instead of iteratively fitting
the data, we computed MTR;sym as a function of saturation power for a grid of exchange
rates between 50 and 1300 Hz in steps of 25 Hz and then estimated the exchange rate by
finding the best fit between experiment and the grid. There are six parameters in the Bloch
equations: Ky, Xca, R1s: R2s, R1w, and Ryy,. Since Ry and R, of both bulk water and solute
should not change much from sample to sample, we measured these separately. Ry, was
determined to be 0.248 Hz by using an inversion-recovery experiment with a weak gradient
to remove effects of radiation damping (27) and crosschecked by floating it between 0.240
and 0.260 Hz and fitting the experimental MTR,sym for the QUEST datasets. Rys was
estimated to be 0.71 Hz from the same inversion recovery experiment by looking at the
other protons in the solute and then crosschecked by allowing this to float between 0.5 and
1.0 Hz and fitting the experimental MTRasym for the QUEST datasets. This compares well
to literature values for proteins (35). Ry, Was estimated from the direct saturation of water in
the saturation transfer experiment to be 0.6 + 0.1 s~1 by comparing the water line with

saturation at —Aw,,, (S, to no saturation (Soy,). In addition, Ros was approximated by Ry
of H, in PLL (39 s—1) because the proton—proton dipole couplings will dominate the
relaxation (28), and this is the nearest proton to Hy. Xca = Mos/Mgw Was measured for all

samples using a 64-scan excite—detect experiment (Table 1).

To evaluate the range over which the analytical solution (Eq. [4]) is valid for the QUEST
and QUESP experiments as a function of frequency offset from water and water linewidth,
we generated synthetic data for a series of exchange rates using Egs. [10-15] in the
Appendix, under the same conditions as our experiments. The offset Awg,, was varied from
4 kHz to 1077 Hz, which is equivalent to the amide splitting from 26 to 7 T fields.
Relaxation parameters were kept the same as determined previously, and xca = 1/1400 was
used. For QUEST, saturation times of 4, 8, and 10 s were used. The saturation power was
100 Hz for exchange rates less than 400 Hz and 200 Hz for exchange rates that were higher
as was the case for the experiments, except for the curves with Ry, = 10, 20 Hz where a
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100-Hz saturation field was used throughout because of the large spillover occurring by 200
Hz. Synthetic QUESP data sets were generated with o1 = 50, 100, 150, 200, and 300 Hz.
The saturation time was 10 s.

To calibrate the pH dependence of the amide proton exchange rates for PLL and SPD-5, we
followed the example in Gregory et al. (36) and fit the function

kgw=ko+kg X 107PH 1k, x 10PH-PKw [9]

in which kg (spontaneous exchange), k, (acid catalyzed exchange), ky, (base catalyzed
exchange) are used as fitting constants. The exchange rates were averaged over the four
methods (linewidth, WEX, QUEST, QUESP) and fit using the Levenburg—Marquardt
algorithm as implemented in Matlab 6.5 (The Mathworks, Inc.) to Eq. [9].

Linewidth and WEX Experiments

Figures 2a and b show the pH dependence of the amide resonances for SPD-5 and PLL,
respectively. The dendrimer spectrum consists of three amide lines, which converge at low
pH. The middle peak is small in all cases and tough to separate, while the right peak is
characterized by a slow exchange rate (~30 Hz) and limited pH dependence. The broader
left peak responds sensitively to pH and will therefore be of most influence on the z-spectra
used in the QUEST and QUESP experiments. Therefore, this peak was used to extract the
exchange rates using the fits shown in Fig. 2 (dashed lines).

Figures 3a and b show the pH dependence of the experimental WEX buildup curves for PLL
and SPD-5, respectively, along with the best fits from the model (Eq. [2]). In all cases, the
first 30 ms of data define the buildup quite well and provide good fits of the buildup curves.
However, for higher pH, where the exchange rates are more than a few hundred Hertz, very
small changes in the buildup curves have a large effect on the fit and are less accurate. For
example for pH 7.3 for PLL in Fig. 3b, the peak builds up to 80% of the maximum intensity
within 5 ms. In agreement with this, the WEX and linewidth rates are comparable for lower
exchange rates (<300 Hz) but deviate for higher values. From Fig. 3, it is clear that the
equation produces reasonable fits with the data. For SPD-5, the agreement is not so good at
pH 5.6. However, this is not unexpected, because it can be seen in Fig. 2a that the
deconvolution of the peaks is particularly challenging at this pH, so the linewidth
measurement should be less reliable. All other exchange rates are in good accord with
linewidth data and, consequently, these two approaches can be used as standard for the
newly developed QUEST and QUESP approaches. This is true even for the pH 6.7 PLL (30
kDa PLL), the separate sample composed of a smaller polymer.

Saturation Transfer Experiments

Figure 4 shows the frequency dependence of the saturation transfer effect on water (z-
spectra, Figs. 4a and c) and the calculated MTR,sym (Figs. 4b and d) for the two contrast
agents. The MTR,sym dependence on the saturation time (QUEST data) is shown as a
function of saturation time at various pH values in Fig. 5 for SPD-5 (Fig. 5a) and PLL (Fig.
5b). For exchange rates slower than 400 Hz, o1/2x = 100 Hz, the best fits shown are the
analytical solutions (Eq. [4]), which fit the data reliably in this range. This equation can be
used successfully at this power level because the spillover is less than 1%, and the weak RF
saturation field approximation holds. For exchange rates faster than 400 Hz, the
experimental data were collected with a 200-Hz saturation field. The analytical fits in Fig. 5
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are still excellent for these exchange rates. However, this is misleading because the
determined rates are incorrect above about 500 Hz, as judged from comparison with the
numerical and linewidth results in Table 1. This discrepancy will be discussed further below.
In addition, for the fastest exchange rate, PLL at pH 7.9, there is very little change in
MTR,sym With exchange rate at 1200 Hz or higher using Egs. [10-15]. As such, the 95%
confidence interval for this exchange rate determination is much broader than the lower
exchange rates and also that obtained using Eq. [4].

In Fig. 6, the analytical QUESP fits are shown for both SPD-5 (Fig. 6a) and PLL (Fig. 6b).
Again, the determined exchange rates are not correct for the 500-Hz and higher range, as
judged from comparison with the linewidth and numerical results. In addition, for the fastest
exchange rates, i.e., PLL, pH 7.7, 7.9, and SPD-5, pH 8.1, Eq. [4] substantially
overestimates the MTR,sym Occurring at lower saturation powers (50, 75, 100 Hz), due to a
breakdown in this approximation, as will be mentioned in the Discussion. As a result, the
first several points on the graph aren't in good agreement.

Validity of Analytical Solution for QUEST, QUESP

Figures 7a and b compare exchange rates obtained from the QUEST analytical and
numerical fits as a function of water—solute frequency offset and water linewidth,
respectively by fitting QUEST simulated datasets obtained by solving Eqgs (10-15) to Eq.
[4]. The analytical equation produces errors of lower than 10% for all exchange rates below
200 Hz. Above 200 Hz, errors for the analytical fit accumulate quickly and depend primarily
on Aw and R»,,, parameters that effect the direct saturation of the water line. For the 11.7 T
amide—water frequency difference (Ao = 1800 Hz, Ry, = 0.6 Hz), there is only a 10%
deviation at 500 Hz. The error is produced by the lack of terms accounting for direct
saturation in Eq. [4] and increases with exchange rate. This occurs because the change in
MTR,sym With kg, drops as ks, increases for a fixed saturation field. The error is reduced by
using the Eq. [8] definition of MTR,sym, as opposed to dividing by Sqy, but not completely
eliminated. For the Am = 4000 Hz curve, Fig. 7a, the spillover contribution to the error is
reduced to 0.7%, allowing accurate predictions of exchange rates up to ~600 Hz. In Fig. 7b,
the agreement between the analytical and numerical solutions is shown as a function of Ry,
setting Aw = 1800 Hz. For Ry, < 2 Hz, the analytical model underestimates the exchange
rate by 10% or less for exchange rates <300 Hz. The agreement deteriorates more rapidly for
increasing Ry, already producing errors of 18% for Ry, = 10 Hz by the time the exchange
rate is 300 Hz. Direct saturation increases as Ry, increases and is the primary source of this
error.

Figures 7c and d compare the analytical and numerical solutions for the QUESP experiment.
This experiment produces a slightly poorer agreement, because the analytical solution is less
accurate for saturation fields (1) lower than the exchange rate. As the QUEST experiment
keeps w1 at a high value, the error is reduced. Another problem occurs for the higher w1/2n
data points, which produce more direct saturation of the water line. This can be seen by
comparing the Ry, = 2, 10 Hz curves in Fig. 7d with those in Fig. 7b. Since such spillover is
ignored in Eq. [4], the result is an underestimation of the exchange rate.

pH Dependence of the Exchange Rate

Figure 8 compares the measured exchange rates as a function of pH to the pH calibration
curve produced using Eq. [9] for PLL and SPD-5. The best fit was kg = 68.9 Hz, k; = 1.21
Hz, kp = 1.92 x 109 Hz for PLL and ko = 106.4 Hz, k, = 25.8 Hz, k, = 5.45 x 108 Hz for
SPD-5. As can be seen, the base-catalyzed term dominates this fitting for both agents, and
the exchange rate is highly responsive to pH changes.
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MRI Methodology for Measuring Exchange Rates
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The methods used to measure exchange rates in this paper fall under two classes. In the first
class exchangeable peaks were detected directly (WEX and Linewidth), and in the second
chemical exchange was indirectly detected by observing changes in the water peaks
(QUEST and QUESP). Both direct detect methods suffer from the sensitivity of this
exchangeable peak due to the low concentrations of the contrast agent, which is reduced
further at high exchange rates due to broadening of the resonance. The WEX experiment has
been shown previously to reliably measure exchange rates of amide protons in proteins
(16,25), with potential errors occurring from spin diffusion and the appearance of pure C*H-
NH NOE peaks. The present data were acquired with a narrow-banded Gaussian refocusing
pulse (Fig. 1a) to minimize the latter, and for these CEST agents, the exchange rate is fast
enough to ignore spin diffusion effects and use Eq. [2] to model the magnetization transfer.
However, using the WEX experiment to measure exchange rates more than a few hundred
Hertz suffers from several drawbacks. Small changes in the buildup curves collected have a
large effect on the fit at these rates, which are therefore less accurate. In addition, the
intensity of the exchangeable peak after water suppression will be reduced due to fast
exchange with saturated water protons, which produces errors in the integrated peak area.

The data in Table 1 and Figs. 2, 3, 5, and 6, obtained through 1D NMR experiments on the
water resonance, show that QUEST and QUESP, which take advantage of the high
sensitivity of the water signal and can be used with any MRI pulse sequence, provide
exchange rates that are on the same order of magnitude as those determined by established
spectroscopic methods. For SPD-5 in the pH range from 5.7 to 7.6, the agreement with
linewidth and WEX estimates is well within experimental error. Even though the exchange
rates produced by the analytical fits are systematically lower than those obtained
numerically, the overall agreement between the exchange rates obtained numerically and
analytically is quite acceptable between pH 5.6 and 7.0. For PLL, the pH range from 6.0 to
7.3 has sufficiently slow rates to show good agreement among all methods, while for the
larger exchange rates at higher pH, the rates are correct only for the numerical fits, but
underestimated for the analytical ones. We expect that the main source of error in the
QUEST and QUESP determinations of kg, must be an error in the experimental
determination of xca. For this reason, we chose the sharpest resonance for PLL (H,) to
measure Xca experimentally. In addition, for the higher exchange rates such as PLL at pH
7.7 the error is asymmetric. This occurs because the change in MTRgsym With exchange rate
drops as this rate approaches the chemical shift separation between the exchangeable peak
and water.

It is clear from the above results that, even though the QUEST MRI technique is suitable for
estimating proton exchange rates for CEST agents, care must be taken in the interpretation
of these rates. When using the analytical approach, the determined exchange constants are
correct until they reach about 400-500 Hz. Above that, the numerical approaches must be
used. The main problem with respect to quantification occurs when competing processes
saturate the water signal in addition to the CEST effect. For the present in vitro examples,
direct water saturation is the only effect, but, when working in vivo, conventional
magnetization transfer (MT) effects would also contribute. The magnitude of direct water
saturation depends on the relationship between the frequency difference between the solute
proton and water (Awgy), the exchange rate (kg,), the saturation bandwidth, and the water
linewidth (proportional to the transverse relaxation rate, Roy,). The effects of Roy, Ksy, and
Awgy are shown in Fig. 7. The simulations carried out to analyze our experimental data
revealed three things: (a) the analytical solution for MTRgsym is accurate with these
relaxation measurements at 11.7 T for exchange rates lower that 500 Hz, (b) the reliability of
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the analytical solution degrades as R»,, increases, and (c) the effect the exchange rate has on
MTR,sym levels off as it approaches Aw. Additionally, the proper choice of saturation field
for measuring exchange rates is influenced by Ry,,. Having Ry, = 2 Hz will dictate using a
lower saturation field to reduce the amount of spillover, with the optimal field ~125 Hz for
Row = 20 and kg, = 1400 Hz. This is important to realize when carrying these experiments
out in vivo. Even though no CEST agents have yet been tested in vivo, CEST-like
experiments are feasible, as has been demonstrated for endogeneous proteins/peptides by
Zhou et al. (29,37). Even though all effects interfere, the larger exchange rate of the PLL
and SPD-5 compounds should allow us to use this approximation.

In addition to these arguments based on the simulation results, it should be realized that a
proper choice of w field is particularly important for the QUEST experiment. For exchange
rates of 600 Hz or higher, 100-Hz saturation fields will not allow us to measure the
exchange rate accurately because the rate of MTRasym change with change in exchange rate
drops and for exchange rates higher than 800 Hz, the MTRsym decreases with increasing
exchange rate. Therefore, ®1/2n must be raised to measure these exchange rates. If a 200-Hz
saturation field is used, the MTR,sym increases at 10 s saturation all the way up to 1400 Hz
and thus allows measurement of higher exchange rates.

In summary, for QUEST, the numerical fits provide a reliable estimate of the exchange rates
in all cases. The exchange rate for SPD-5 at pH 7.6 is higher than that measured by QUESP,
WEX, and linewidth, but this deviation falls within the 95% confidence limits of the
measurement. For PLL, the exchange rate agrees quite well with the rate measured by WEX,
linewidth, and QUESP as expected. The main source of error for this experiment is expected
to be the measurement of xca, which the other methods are not dependent on. As can be
seen in Eq. [4], MTRasym depends on kg * Xca, and so it is difficult to decouple these
effects, and so an accurate measure of xcp is important to measure the exchange rate.

The QUESP technique has a few more pitfalls. For exchange constants below 300 Hz, there
is a large change in MTRasym With saturation power, and this experiment is relatively robust,
although it degrades more rapidly with increasing Ry, than QUEST, with 10% errors in Kgy
at 100 Hz with R, = 2 Hz. For 300- to 800-Hz exchange rates, there is almost no change in
MTR,sym With saturation powers of 100 Hz or lower. Therefore, the data taken using the
higher power saturation fields (above 100 Hz) define the exchange rate obtained from the
fits. In addition, Eq. [4] isn't accurate when w1/2n < kg, leading to MTRagym being
overestimated compared to Eqgs. [10-15]. This is worse than for QUEST, where we pick an
optimal power for the measurements and all time points contribute. Separately the numerical
fits to Egs. [10-15] required to fit the QUESP dataset are much more computationally
expensive than QUEST and, experimentally, there are also limitations on the saturation
power due to probe breakdown and SAR considerations with Ry, = 0.248 Hz. Because of
this, we did not explore using higher power saturation pulses than 250 Hz. As for QUEST,
the PLL data at pH 7.7 and 7.9 and the SPD-5 data at pH 8.1 give large errors in the kg, due
to the reduced change in MTR,sym as a function of exchange rate for large exchange rates.

In summary, the fitting QUESP data to the numerical solutions to the Bloch equations
produce exchange rates that are consistent with linewidth, WEX, and QUEST
measurements. As in QUEST, MTR,sym depends on kg, X Xca, and so it is difficult to
decouple these effects without explicitly measuring xca separately. However, this
experiment is less desirable to carry out in vivo than QUEST.

In order to estimate whether the Eq. [4] can be used for a given experiment, there are several
assumptions that must be met: (1) kg, <K ©1 (2) kg K Aw, and (3) arctan (o1/Aw) < 30°,
which can be derived from Sun et al. (38) and Baguet et al. (39). The w1/2x = 50, 75, 100 Hz
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data points of the QUESP experiment for PLL pH 7.9, 7.7 don't meet condition 1, causing a
breakdown in Eqg. [4]. Condition 2 can be seen in Table 1, where at ~Aw/3 the error exceeds
10%. In addition, the equivalency of MTR,sym to PTR in Eq. [8] links the relative values for
Aw, Ry, and o to the accuracy of Eq. [4]. For example, if Ao = 4kHz (instead of 1.8 kHz,
as might be the case for a ParaCEST agent), exchange rates up to 1 kHz can be measured
with @1/2x ~ 500 Hz. If then Ry, = 6 Hz (instead of 0.6 Hz), the direct saturation increases
at higher power, so the maximum exchange rate drops to 600 Hz, which is best measured
with a w1/2n ~ 300 Hz. Here the direct saturation is ~12% about the maximum allowable
direct saturation for the equivalence of Eq. (8) to hold, which corrects for direct saturation.
Proper choice of power has been described elsewhere (38).

For in vivo measurements, where Ry, may be 10-20 Hz depending on field strength, caution
must be exercised when interpreting QUEST data using the analytical expression due to the
direct saturation. In this case, the exchange rates should be reliably estimated as long as they
are less than 100-200 Hz, depending on the tissue and field strength. The QUESP
experiment is less suited for in vivo measurements than QUEST due to the collection of
higher o1/2w data with higher direct saturation.

pH Dependence of the Exchange Rate

The results show that both SPD-5 and PLL can be used as pH contrast agents in the
physiologic range. Each compound may have specific advantages, but PLL, which has a
single resonance and a faster exchange rate, may be the most practical for in vivo
applications. Equation [9] was used to calibrate the dependence of exchange rate on pH for
these agents. This expression is nice, because it can be translated to different temperatures,
as mentioned by Bai et al. (40). The pH 6.7 PLL data were taken on a smaller polymer (30
kDa versus 705.8 kDa), but as can be seen this exchange rate falls on top of the fit, implying
that for PLL the size change doesn't affect this rate. Bai et al. (40) used a set of peptides
(including PLL) at low salt conditions to obtain a general pH calibration for amide protons
with kg = 0.004 Hz, k, = 0.965 Hz, ki, = 2.28 x 10° Hz. Even though he used different salts/
concentrations, the agreement is quite reasonable with our PLL data and only starts to really
deviate below pH 6.7. This could be due to the presence of phosphates in our buffer, which
also catalyze proton exchange (11).

If these agents were to be used in vivo, their effect would compete with MT effects and with
the amide proton transfer (APT) effects of endogenous mobile proteins and peptides. For
these latter compounds, which have not yet been identified, Zhou et al. (29) used just the
base-catalyzed term and found k, = 3.28 x 108 (adjusting k, so that pK,, = 14.17, the value
we used). Even neglecting the other two terms, for PLL our best fit was obtained with k, =
2.13 x 109, which is a factor of ~6.5 higher. However, a different exchange rate is not
sufficient to separate out these compounds from the background, because there is no internal
reference for the endogenous effects. Therefore, a control measurement in a normal tissue
(other animal/human) must be performed as reference. This would constitute comparison
with normal controls, which is quite common in the clinic. Using these expressions, we
could map the pH for CEST agents using either the QUEST or the QUESP experiments
proposed. Because of these extra proton pools from the semi-solid lattice (conventional MT)
and endogenous mobile proteins/peptides (APT), the simple two pool model is only a first-
order approximation. However, using the definition of MTRasym in Eq. [8] to partially
correct for tissue MT effects and using a calibration curve for the agent to determine the pH,
reasonable results should be attainable.
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Conclusions

We have developed two new methods for measuring proton exchange rates of solutes using
the water signal and carried out a systematic study of the pH dependence of the exchange
rate for two poly cationic CEST contrast agents. The set of exchange constants determined
above from the four types of measurements are all self-consistent within the error ranges.
The QUEST method appears to be the best method to measure the exchange rate for high
exchange rates, due to the fitting being computationally less expensive, and the contribution
of all the data toward measuring the exchange rate. In addition, for the two experiments
proposed QUEST and QUESP, care must be taken in the interpretation of these rates via the
analytical solution, which depends on the relationship between the parameters involved, i.e.,
the frequency difference between the solute proton and water, the exchange rate, the
irradiation power, and the water linewidth (proportional to the transverse relaxation rate).

We found the amide proton exchange contrast for these compounds to be highly dependent
on pH, making them potential pH indicators for use in vivo, with the benefit of being
biodegradable molecules, unlike other conventional metal-based contrast agents. From the
modeling of the contrast in the MT experiment with chemical exchange rate we found that
the power and saturation time effects can be modeled reliably using the Bloch equations and
is consistent with the MR measurements. Thus, this type of modeling can assist future
adjustment of experimental parameters, in order to optimize MR studies using these agents.
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Assuming a small pool of solute protons (s), a large pool of water protons (w) while
applying B along the x axis, the Bloch equations for a two-pool proton exchange model are

(6)

dM .
7“: - Awsts = RogM s — koM (kM [10]
dMy
—=AwsMys+w M — RZsMys - ksu’M\'s+k\stvw
dt [11]
dM_
TJ: - (Ules - Rls(M:s - M()s) - kst:s"'kwsM:w [12]
AdM vy,
ﬁ: - A(UWMVW — Roy My tkowM g — kyeM [13]
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dMyy,

d; zAwwaw'f'wlM:,w - RZ\\'M\'\V'+kst)'s - kWSMVW [14]
dM.

dt\.w == wlMVW - le(Mzw - M()w)“'kst:s - kWSMZWs [15]

in which o0 = yBg and @1 = yB1; Aws and A,y are the chemical shift differences between
the saturation pulse and the solute and water resonance frequencies, respectively; Mg is the
equilibrium magnetization; proton exchange between the two pools occurs with rates kg,
(solute [rtarrow] water) and ks (water [rtarrow] solute) and kgyMgs = kysMow at
equilibrium. For low power fields of 5-100 Hz, spillover of saturation between the two
pools is quite negligible (only 1% loss as measured by Eq. [7]) at 11.7 T, because the
separation between the amide protons and water is about 1800 Hz. For fields as large as 200
Hz, there is a larger loss (~3%) due to spillover. These effects, not included in Eq. [4],
become significant as the exchange rates increase, although they are partially offset by
defining MTRasym Using Eg. [8]. When experimental data are fit to Eq. [4], the fit produces
a lower exchange rate than the actual one as mentioned in the Discussion. In addition to the
saturation field, the relaxation parameter R,,, also affects the spillover as discussed in the
Discussion. This is due to the relationship between R,,, and the water linewidth, with the
spillover increasing with this width.
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(a) Modified WEX experiment used for spectroscopic exchange rate determination. The
shaped pulses are water-selective Gaussians 180° pulses, open boxes are 90° pulses, and
hatched boxes are 180° pulses. During water selection, the Gaussian was 16 ms and during
water suppression 2-ms Gaussians were used. The phase cycle was four steps with ¢ =
1313, 02=1,03=1,04=3L, 9 5= 1, @ receiver = 1313, with the 16-ms Gaussian switched

off for scans 3 and 4. (b) Saturation transfer experiment utilized for power and time

dependence measurements, with the open box a 90° pulse and the hatched box a 180° pulse.
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Amide region of the 1D IH NMR spectra for the contrast agents over the range of pH's
studied. All spectra were aquired using m/2-acquire without water suppression. (a) The 28.8-
kDa G5 PAMAM dendrimer (SPD-5). Spectra are solid lines; fits as described under
Materials and Methods are dashed. (b) The 708-kDa poly-.-lysine
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Experimental solute signal intensities for the WEX experiment as a function of pH, along
with best fit using Eq. [7]. (a) SPD-5 experimental data were obtained at A pH 5.6, m 6.3, @
6.7, A 7.0,and o 7.6. (b) PLL experimental data were obtained at A pH 6.0, m 6.5, ® 6.7,

and A 7.3.
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B 5

Saturation transfer as a function of saturation frequency (z-spectra) at 37°C and resulting
MTRasym spectra calculated using Eg. [8]. (a) z-spectra of SPD-5 as a function of pH: 5.6
(—),6.7(--), 7.0 (—), 7.6 (---) and 8.1(--). (b) MTR3sym for SPD-5 as a function of pH,
frequency. (c) Experimental z-spectra of PLL as a function of pH: 6.0 (--), 6.5 (--), 7.3 (—),
7.7 () and 7.9 (--). (d) Resulting MTRgsym for PLL as a function of pH and frequency.
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FIG. 5.

QUEST results. Plot of MTR,sym as a function of saturation time at various pH values
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together with best fits to the Eq. [4]. (a) SPD-5 data: A pH5.6, 6.3, 6.7, A 7.0,07.6, 0
8.1. (b) PLL data: A pH6.0,m6.5 6.7, A 73,07.7,07.9.
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FIG. 6.

QUESP results. Plot of saturation power dependence of MTR,sym at various pH values
together with best fits to the Eq. [4]. (&) SPD-5data: A pH5.6, 6.3, 6.7, A 7.0,07.6, 0

8.1. (b) PLL data: A pH 6.0, m6.5 6.7, A 7.3,07.7, 0 pH 7.9.
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Comparison of analytical versus. numerical models for simulated QUEST (a and b) and
QUESP (c and d) data as a function Aw (a and c) and Ry, (b and d). (a) QUEST comparison
as a function of Aw. (b) QUEST comparison as a function of Ry,,. (¢) QUESP comparison as
a function of Aw. (d) QUESP comparison as a function of Ry,,. The Aw-values simulated
were 4000 (- -), 1800 (-), 1077 Hz(---), while the dependence on Ry, used values of 0.6

(), 2.0 (—e, @), and 10.0 Hz (---).
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FIG. 8.

Dependence of the proton exchange constant on pH at T = 37°C for the two different
contrast agents: PLL, SPD-5. Exchange rates are the average of those obtained by the four
different measurements, and lines are the best fits using Eq. [9]. For PLL the solid line
represents our fit (), and the dashed line(---) represents the fit using constants found in Bai
et al. (40) translated to 37°C as described in this reference. For SPD-5 the line (- -) is our
best fit.
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