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Chemical exchange between water and labile protons from amino-acids, proteins and other molecules can be
exploited to provide tissue contrast with magnetic resonance imaging (MRI) techniques. Using an off-
resonance Spin-Locking (SL) scheme for signal preparation is advantageous because the image contrast can be
tuned to specific exchange rates by adjusting SL pulse parameters. While the amide–proton transfer (APT)
contrast is obtained optimally with steady-state preparation, using a low power and long irradiation pulse,
image contrast from the faster amine–water proton exchange (APEX) is optimized in the transient state with
a higher power and a shorter SL pulse. Our phantom experiments show that the APEX contrast is sensitive to
protein and amino acid concentration, as well as pH. In vivo 9.4-T SL MRI data of rat brains with irradiation
parameters optimized to slow exchange rates have a sharp peak at 3.5 ppm and also broad peak at −2 to
−5 ppm, inducing negative contrast in APT-weighted images, while the APEX image has large positive signal
resulting from a weighted summation of many different amine-groups. Brain ischemia induced by cardiac
arrest decreases pure APT signal from ~1.7% to ~0%, and increases the APEX signal from ~8% to ~16%. In the
middle cerebral artery occlusion (MCAO) model, the APEX signal shows different spatial and temporal
patterns with large inter-animal variations compared to APT and water diffusion maps. Because of the
similarity between the chemical exchange saturation transfer (CEST) and SL techniques, APEX contrast can
also be obtained by a CEST approach using similar irradiation parameters. APEX may provide useful
information for many diseases involving a change in levels of proteins, peptides, amino-acids, or pH, and may
serve as a sensitive neuroimaging biomarker.
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Introduction

The chemical exchange (CE) effect has recently been exploited as a
powerful sensitivity enhancement mechanism in magnetic resonance
imaging (MRI). With the CE effect, low concentration agents with
exchangeable protons can be indirectly detected by their effect on the
water signal (Zhou and van Zijl, 2006). The use of endogeous agents
such as metabolites, peptides and proteins for CE-derived image
contrast is particularly attractive, because it can be used to probe the
tissue microenvironment including tissue pH, temperature, and
populations of exchangeable protons (van Zijl et al., 2007; Zhou et
al., 2003). The CE contrast depends on the exchange rate of the labile
protonswithwater (k), the difference in the Larmor frequencies of the
two exchanging species (δ), and the populations of the exchangeable
protons. While many of the early CE studies targeted the slow
chemical exchange regime (kbbδ) found with amide protons in
proteins and peptides (Sun et al., 2005, 2007; Zhou et al., 2004), there
are other endogeneous labile protons from amine, imino, and
hydroxyl groups that exchange with water in the intermediate
(k~δ) or fast (k≫δ) exchange regimes that can provide CE contrast
(Jin et al., 2011; Ling et al., 2008; McMahon et al., 2008; Singh et al.,
2011; van Zijl et al., 2007). Specifically, exposed amine protons from
free amino acids, or protein and peptide side chains are abundant in
cells and exchange rapidly with water. Since these molecules are
critical for life and havemany functions inmetabolism, image contrast
from amine–water proton exchange may potentially provide valuable
information about the tissue microenvironment, microstructure, or
the metabolic status, and could potentially serve as sensitive
biomarker for many diseases.

Biologically important molecules andmacromolecules have a wide
spectrum of exchangeable protons with different NMR chemical shifts
and exchange rates; thus, a technique capable of selectively imaging
different CE agents is desirable. It is well known that spin-locking (SL)
contrast can be tuned to molecular fluctuations with different
correlation times by adjusting the spin-locking frequency. Therefore,
SL may serve as a versatile technique for tuning image contrast to CE
agents with different exchange rates, such as slow exchanging amide
or fast exchanging amine protons. Many of the current CE imaging
studies employ the chemical exchange saturation transfer (CEST)
technique (Ward et al., 2000). CEST, similar to off-resonance SL, can be
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considered an approximation of SL when the irradiation frequencyω1

(=γB1/2π) is much smaller than the chemical shift δ. Theoretically, SL
always has a higher signal-to-noise ratio than CEST (Jin et al., 2011),
and the difference in sensitivity will increase when a higher
irradiation power is necessary to detect fast exchange. Another
advantage of the SL approach is that the CE effect can be modeled
quite well under the asymmetric population approximation devel-
oped by Trott and Palmer (Trott and Palmer, 2002). Current CEST
models are based on steady-state solutions and cannot quantify
intermediate or fast exchange processes (van Zijl et al., 2007). On the
contrary, the dynamic evolution of water magnetization can be
derived analytically using the SL model, which allows an accurate
optimization of experimental parameters for enhanced sensitivity.

In this work, we aimed to detect the CE contrast from amine-
proton exchange (APEX), and to show that in vivo CE contrast can be
tuned to APEX or the slower amide-proton transfer (APT) by adjusting
irradiation parameters, namely, the Rabi frequency (ω1) and the
duration of the SL pulse. In previous CEST applications for slow
exchange, the CE sensitivity was maximized at the steady state with a
low power and long irradiation pulse. When a much higher SL
frequency is necessary to tune to faster exchanging protons, steady-
state irradiation is no longer optimal, as will be shown below. A
scheme to optimize the CE contrast for the intermediate to fast
exchange regimes in the transient state is developed. Off-resonance SL
experiments were performed on amino-acid phantoms and protein
phantoms to examine the optimal irradiation parameters for the APEX
approach. The sensitivity of APEX to protein concentration and pH
changes for brain-mimicking phantoms is shown. Finally, a potential
in vivo application of the APEX signal is demonstrated and compared
to the APT approach using a cardiac arrest model and a focal ischemia
model in rats.

Theory

Spin locking

In an SL experiment, an on-resonance excitation pulse initially flips
the water magnetization away from the Z-axis by an angle θ (Fig. 1A),
and then a spin-locking radiofrequency (RF) pulse is immediately
applied with a transmitter frequency of Ω and a Rabi frequency of ω1.

For simplicity, the water resonance frequency is used as a reference

(Ω=0). The effective magnetic field B1,eff equals 2π
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ω2 + ω2

1

q
= γ in

the rotating frame, where γ is the gyromagnetic ratio (Fig. 1B). When
θ=arctan(ω1/Ω), B1,eff is collinear with the water magnetization in
the rotating frame (Santyr et al., 1994). The water magnetization is
then “locked” by the SL pulse and will decay with a time constant T1ρ,
A
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Fig. 1. Pulse sequence diagram and spin dynamics for SL experiments. (A): The pulse sequen
and sub-scripts of an RF pulse denote its phase and transmitter frequency, respectively. Th
frequency offset Ω, a Rabi frequency of ω1 and spin-locking time (TSL). Following the SL puls
frame, the water magnetization M is flipped to the B1, eff direction by the first θ pulse and s
the spin–lattice relaxation time in the rotating frame, to a steady state.
The relaxation rate R1ρ (=1/T1ρ) can be expressed as

R1ρ = R1 cos2 θ + R2 sin2 θ; ð1Þ
where R1 is the longitudinal relaxation rate of water and R2 is the
intrinsic water transverse relaxation rate. Themagnetization at a spin-
locking time (TSL), with repetition time (TR)→∞, is

M = M0−MSSð Þ·e−R1ρ·TSL + MSS: ð2Þ

The x, y, and z component of the steady-state magnetization MSS

can be determined from the steady-state Bloch Equations:

dMx;SS

dt
= −R2Mx;SS + ΩMy;SS = 0

dMy;SS

dt
= −ΩMx;SS−R2My;SS + ω1Mz;SS = 0

dMz;SS

dt
= −ω1My;SS + R1 M0−Mz;SS

� �
= 0

ð3Þ

which yields,

Mx;SS = M0·
R1 sin θ cos θ

R2 sin2θ + R1 cos2θ + A
� �

My;SS = M0·
R1 sinθ·

ffiffiffi
A

p

R2 sin2θ + R1 cos2θ + A
� �

Mz;SS = M0·
R1 cos2θ + A
� �

R2 sin2θ + R1 cos2θ + A
� �

where A≡ R2
2

ω2
1 + Ω2 ; and tanθ = ω1

Ω . Under the assumption that A→0,

the above solutions can be simplified as:

Mx;SS≈M0·
R1 sinθ cos θ

R1ρ

My;SS≈0

Mz;SS≈M0·
R1 cos2 θ

R1ρ
:

ð4Þ

Hence, the steady-state magnetization is

MSS =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

x;SS + M2
y;SS + M2

z;SS

q
≈M0·

R1 cosθ
R1ρ

: ð5Þ
B

B1

B1, eff

isition

M

ce contains an irradiation preparation and a spin-echo EPI acquisition where the super-
e water magnetization is first flipped by a θ pulse and then locked by an SL pulse with
e, the θ pulse flips the magnetization back to the Z-axis for imaging. (B): In the rotating
pin-locked by B1, eff during TSL.
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Spin-locking with chemical exchange

Endogenous exchangeable protons, including amide and amine
groups, may be indirectly detected with CE-sensitive SL MRI.
Assuming two exchangeable proton pools with highly unequal
populations— i.e. pA≫pB where pA and pB are the relative populations
of the water and labile protons (pA+pB=1), respectively, and R2
−R1≪k — Trott and Palmer (2002) reported that the relaxation rate,
R1ρ, can be expressed as:

R1ρ = R1 cos2 θ + R2 + Rexð Þ sin2 θ; ð6Þ

where

Rex≈
pB·δ

2·k
δ−Ωð Þ2 + ω2

1 + k2
; ð7Þ

and δ and k are the chemical shift and exchange rate between the
labile proton and water, respectively. Rex peaks when the SL pulse is
applied at the Larmor frequency of the labile proton (Ω=δ),

Rex ω1ð Þ = pB·k
ω1 = δð Þ2 + k = δð Þ2 ð8Þ

In a Rex vs. k plot, the maximum Rex occurs atω1=k. This equation
illustrates that when multiple chemical exchange agents with
different exchange rates exist, the CE effect can be tuned to a specific
exchange rate by adjusting ω1 in an off-resonance SL experiment, i.e.
ω1-tuning (Jin et al., 2011).

Similar to CEST, SL experiments can be performed with variedΩ to
get a Z-spectrum. To this end, a spin-locking ratio (SLR), similar to the
magnetization transfer ratio used in CEST, can be defined (Jin et al.,
2011). Although the name Z-spectrum refers to a Z-component of the
magnetization rather than the full magnetization in SL, the term is
used due to the similarity in the spectra. SLR can be directly obtained
from Eqs. (2) and (5), noting that the R1ρ now contains the exchange
term (Rex) of Eq. (7):

SLR Ωð Þ≡M Ωð Þ
M0

= 1−R1 cosθ
R1ρ

 !
·e−R1ρ·TSL +

R1 cos θ
R1ρ

; ð9Þ

In our previous paper (Jin et al., 2011), the SLR was incorrectly
expressed with cos2θ instead of the cosθ term (in Eqs. (7)–(8) in Jin et
al., 2011); the error is negligible for small θ, but would be significant
for large θ. In a Z-spectrum, non-CE contributions such as the
magnetization transfer effect from the semi-solid macromolecules
are usually assumed to be symmetric around the water resonance,
hence CE contrast in MRI can be conveniently assessed by the
difference in two images — one acquired with off-resonance
irradiation Ω on the labile proton of interest and the other as a
control with opposite offset frequency from the water, −Ω (Jin et al.,
2011; Zhou et al., 2003),

SLRasym Ωð Þ = SLR −Ωð Þ−SLR Ωð Þ: ð10Þ

Optimization of TSL

Considering a small change of R1ρ induced by a variation in k or pB,
the resulting change in SLR would be:

ΔSLR =
R1 cosθ
R2
1ρ

− 1−R1 cosθ
R1ρ

 !
·TSL

" #
·e−R1ρ·TSL−R1 cosθ

R2
1ρ

( )
·ΔR1ρ:

ð11Þ
To find an optimal TSL, the condition ∂ΔSLR
∂TSL = 0 leads to:

− 1−R1 cosθ
R1ρ

 !
·e−R1ρ·TSL− R1 cosθ

R2
1ρ

− 1−R1 cosθ
R1ρ

 !
·TSL

" #
·R1ρ·e

−R1ρ·TSL =0;

which gives an optimal TSL for a certain ω1:

TSLoptimal ω1ð Þ = 1
R1ρ−R1 cosθ

=
1

R2 + RexÞ sin2θ−R1 cosθ 1− cosθð Þ� ð12Þ

TSLoptimal is highly dependent on θ. In the special case of θ=π/2 for
an on-resonance SL experiment, TSLoptimal=1/R1ρ=T1ρ. In the slow
exchange regime, usually ω1≪Ω or θ→0, TSLoptimal→∞, the contrast
is optimized at the steady state (Zhou et al., 2004). Because
sin2θNcosθ (1−cosθ) and R2≫R1 for in vivo applications,

TSLoptimal≈
1

R2 + RexÞ sin2θ:
� ð13Þ

When 0bθbπ/2, optimal TSL of an off-resonance SL experiment is
dependent on water R2 and Rex, thus it is also dependent on the
exchanging parameters such as the labile proton concentration and
exchange rate.

Materials and methods

Overall MR experiments

All MRI experiments were performed on a 9.4-T/31 cm magnet
with an actively-shielded 12-cm gradient insert (Magnex, UK),
interfaced to a Unity INOVA console (Varian). Before the SL
experiments, a T1 map was obtained using an inversion-recovery
sequence, and the B1 field was mapped for calibration of the transmit
power (Jin and Kim, 2010). The pulse sequence for SL is shown in
Fig. 1A. A continuous wave SL pulse with Rabi frequency of ω1 and
duration of TSL was applied at the frequency offset Ω (water
resonance is denoted as 0). There were two additional on-resonance
pulses; the θ0x pulse flips the water magnetization from Z-axis to B1,eff
direction for spin-locking, and the θ0− x pulse flips the magnetization
back to Z-axis after SL for imaging. The flip angle was adjusted by
changing the pulse duration of the calibrated B1. Whenω1 andΩwere
varied, the corresponding flip angle was also changed as θ=arctan
(ω1/Ω). After the SL preparation, crushing gradients were applied to
suppress residual transverse magnetization, and then the images
were acquired with a single-shot spin-echo (SE) Echo Planar Imaging
(EPI) sequence with a matrix size of 64×64. With all SL experiments,
control images were measured with a 300 ppm offset to obtain M0 (in
Eq. (9)) for the calculation of the SLR and SLRasym. In phantom
experiments, B0 maps were measured using a gradient-echo EPI with
multiple echo times; for in vivo studies, water saturation shift
referencing (WASSR) images were acquired to evaluate the spatial
variation of B0 field (Kim et al., 2009).

Phantom experiments

Four phantom experiments were performed at room temperature
(see below). All chemicals were purchased from Sigma Aldrich (St.
Louis, MO, USA). A 38-mm inner diameter volume coil (Rapid
Biomedical, Ohio) was used for RF transmit and reception. Magnetic
field homogeneity was optimized by localized shimming to yield a
water spectral linewidth that was typically 5–10 Hz. Multiple cylinders
(I.D.=8.9 mm)were bundled together for imaging, with a field of view
(FOV) of 40 mm×40mm. Images were collected with a slice thick-
ness=5 mm, and TR=15 s. Off-resonance SL images were acquired
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with varied TSL, Ω, and ω1. For data analysis, a region of interest (ROI)
withminimal B0 heterogeneity (b3 Hz)was selected from each sample.

Phantom experiment I
To examine the dependence of optimal TSL on labile proton

concentration, 30 mM or 60 mM Glutamate (Glu) was dissolved in
Phosphate Buffered Sulfate (PBS), and titrated to pH=6.9. To
examine the effect of water R2 to APEX contrast, two 30 mM Glu
phantoms were prepared in PBS (pH=6.9), one contained 0.15 mM
MnCl2 and the other contained 2% agarose. For agar phantoms, the
mixture was initially heated to 90–95 °C in a water bath for 2–3 min,
and then cooled down to 60 °C and transferred to a plastic cylinder to
solidify. The chemical shift between Glu amine and water protons is
3 ppm, and their exchange rate at pH=6.9 is about 4350 s−1 (Jin et
al., 2011). Off-resonance SL spectra at Ω of +3 ppm and −3 ppm
were acquired with varied TSL between 0 and 3 s andω1 between 190
and 750 Hz. SLRasym at 3 ppm was calculated using Eq. (10) as a
function of TSL and ω1. Also, optimal TSL, which maximizes the
SLRasym, was obtained at each ω1. To determine the intrinsic water R2,
the on-resonance R1ρ was measured with ω1=4000 Hz, since the CE
effect is minimized in the on-resonance R1ρ with such high SL power
(i.e., Rex≈0 and θ=90° in Eqs. (6) and (7)).

Phantom experiment II
To evaluate whether the APEX signal has a significant contamina-

tion from the effect of hydroxyl-water proton exchange, 30 mM Glu
together with 10 mM myo-inositol (Ins) were dissolved in PBS with
0.15 mM MnCl2 added, and then titrated to pH=6.9. The chemical
shift of myo-inositol hydroxyl proton is less than 1 ppm from water.
The 10 mM Inswas chosen because this would be similar to the in vivo
concentration of hydroxyl protons from brain metabolites. 2% Agar
and PBS phantoms without metabolites were also measured as
controls. The experimental parameters used here were same as in
Phantom experiment I.

Phantom experiment III
To validate that APEX is sensitive to protein concentration, 0.5, 1, 2,

or 3% (by weight) bovine serum albumin (BSA) was added to PBS
(pH=7.4). Z-spectra were acquired on the 4 phantoms with a low
power and long irradiation pulse (85 Hz and 5 s), and a high-power
and short pulse (500 Hz and 1.5 s).

Phantom experiment IV
To examine the APEX sensitivity to pH, brain-mimicking phantoms

were prepared at pH values of 5.8, 6.3, 6.9 and 7.4. Each phantom
contained 10 mM Glu, 10 mM Taurine, 10 mM Glutamine and 4% (by
weight) BSA in PBS, 0.06 mMMnCl2was added to the solutions to shorten
T1 and T2 (R1=0.7 s−1 and R2=5.4 s−1). The SLRasym at 2.75 ppm was
measured for ω1 of 125, 250, 500 and 1000 Hz, and TSL of 0 to 4 s. The
optimal TSLwhichmaximizes the SLRasym for theseω1 values was 4 s, 2 s,
0.7 s, and 0.35 s, respectively. Then, Z-spectra were acquired with ω1 of
125 Hz at TSL of 4 s, 250 Hz at 2 s, 500 Hz at 0.7 s, and 1000 Hz at 0.35 s.
The peak SLRasym data of each ω1 were fitted by a Lorentzian function.

Rat experiments for cardiac arrest and stroke models

Rat preparation
Cardiac arrest, and focal brain ischemia experiments were

performed with approval from the Institutional Animal Care and
Use Committee at the University of Pittsburgh. Fourteen male
Sprague–Dawley rats (weighing from 320–420 g) were anesthetized
with isoflurane (5% for induction and 2% during surgery) via a
vaporizer with a mixture of O2 (30%) and N2 (70%). The femoral vein
was cannulated to deliver pancuronium bromide (0.2 mg/kg/h) and
maintenance fluid. The femoral arterywas catheterized tomonitor the
arterial blood pressure and to obtain blood samples for arterial blood
gas measurements. For focal ischemia studies (n=7), the middle
cerebral artery occlusion model (MCAO) was adapted (Kiozumi et al.,
1986). In short, an incision was made on the midline of the neck. The
left common carotid artery (CCA), internal carotid artery (ICA), and
external carotid artery (ECA) were isolated and the CCA and ECA
ligated. A 4–0 monofilament nylon suture coated with silicon rubber
(Doccol Corp., CA, USA) was inserted from the ECA into the ICA to
occlude the origin of the middle cerebral artery (MCA). During MRI
experiments, the isoflurane level was reduced to 1.3–1.5%. The
dynamic blood pressure and end-tidal CO2 were monitored. End-
tidal CO2 level was kept within 3.5±0.5%, and the rectal temperature
was controlled at 37.2±0.5 °C using a water circulating pad.

Cardiac arrest (total n=7 animals)
In vivo Z-spectra were obtained (n=4 animals) using a surface

coil to optimize the APEX contrast at baseline and also to compare
with data collected post-mortem. The FOV was 2.56cm×2.56 cm, the
slice thickness was 4 mm, and TR was 9 s. The surface coil enhances
the sensitivity, but has B1 spatial heterogeneity; therefore, only a
small ROI at the cortex, where B1 is relatively homogeneous was
selected (see below). Both the B1 calibration for SL and data analysis
was performed on this cortical ROI. Before the cardiac arrest, in vivo Z-
spectra were measured with eight different SL pulse powers and
durations: 44 Hz for 4 s; 63, 88, and 125 Hz for 2 s; 175 and 250 Hz for
300 ms; 350 Hz for 200 ms; and 500 Hz for 150 ms. The postmortem
measurements were performed with 63 Hz for 2 s and 500 Hz for
150 ms between 30 min to 90 min after cardiac arrest was induced by
an intravascular bolus injection of saturated KCl (0.5–0.8 ml). Z-
spectra were measured within 10 to −10 ppm range. After cardiac
arrest, the post-mortem body temperature drops and the water
resonance frequency drifts at a rate of −0.01 ppm/°C (Hindman,
1966). Because SLRasym closer to the water resonance frequency is
more susceptible to the frequency shift, Z-spectra were acquired with
a center-out order: 0, ±0.2 ppm, ±0.4 ppm, etc., to reduce the
contamination caused by frequency drift during each scan. To
evaluate the image contrast in cortex, subcortical area, and white
matter, the APT-weighted image and APEX image were acquired
before and after cardiac arrest (n=3 animals), with a volume coil
transmit and surface coil reception setup (Nova Medical, MA, USA).
The FOV was 2.56cm×2.56 cm, the slice thickness was 2 mm, and TR
was 6 s. APT-weighted images were measured with Ω=±3.5 ppm,
ω1=63 Hz, and TSL=3 s, and the APEX images were measured with
Ω=±2.5 ppm, ω1=500 Hz, and TSL=150 ms.

MCAO model (n=7 animals)
A volume coil was used for transmit and a surface coil was used for

reception. The FOV was 2.56cm×2.56 cm, the slice thickness was 2 mm,
andTRwas6 s.Apparentwaterdiffusioncoefficient (ADC),APT-weighted,
andAPEXmapsweremeasured at 1, 2, 3, and 4 h after theMCAocclusion,
and T2 maps were measured at the 1st and 4th hour. ADC maps were
obtained using a multi-slice SE EPI sequence, with a low b-value of
5 s/mm2appliedononeaxis, andahighb-valueof1200 s/mm2appliedon
six different directions. For APT, single-slice images were acquired at
offset=±3.5 ppm and 300 ppm with an irradiation power of 63 Hz for
3 s. ForAPEX, single-slice imageswere acquired at offset=±2.5 ppmand
300 ppm with an irradiation power of 500 Hz for 150 ms. Since the B0
heterogeneity determined from the WASSR scan was relatively small
(typically less than 0.04 ppm) in the imaging slice, no B0 correction was
performed for the APEX and APT images in this preliminary study.

Results

Phantom experiments

The effect ofω1, concentration ofmetabolite, andwater R2 on APEX
contrast was determined in Phantom experiment I. SLRasym at 3 ppm
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was measured on the four glutamate phantoms, as shown in Figs. 2A–
D. For the 30 mM Glu sample in PBS with a water R2 of ~0.5 s−1

(Fig. 2A), the APEX contrast increased with TSL in the TSL b3 s range,
and was maximized at an ω1 of ~600 Hz, which is much higher than
the power levels used for slower chemical exchange rates (~100 Hz or
less). With the higher Glu concentration of 60 mM, the TSLoptimal

started to decrease for ω1 ≥470 Hz (Fig. 2B), and the maximum
SLRasym was reached at TSL=1.2 s for ω1 of 600 Hz. For 30 mM Glu in
2% agar with a water R2 of ~16.2 s−1 (Fig. 2C) or in 0.15 mM MnCl2
with a water R2 of ~12.2 s−1 (Fig. 2D), the SLRasymwas greatly reduced
due to the increased R2 (compared to Fig. 2A), and the shift of
TSLoptimal became more obvious. For the same ω1, the peak SLRasym
shifted to a shorter TSL with a higher metabolite concentration
(Fig. 2A vs. B), or with a larger R2 value (Fig. 2A vs. 2C and 2D). For
30 mM Glu phantoms in 2% agar or with 0.15 mM MnCl2, the
experimentally-determined TSLoptimal for each ω1 was plotted against
1/(sin2θ). Both data sets show roughly linear dependence (Fig. 2E), as
expected from Eq. (13); the larger θ induced by a higher ω1 (smaller
number in the X axis) requires a smaller TSLoptimal value for
maximizing the CE contrast.

Phantom experiment II evaluated the effect of hydroxyl-water
proton exchange on APEX signal for a 30 mM Glu sample with 10 mM
myo-inositol (open symbols, Fig. 2F). Compared to the SLRasym of the
30 mM Glu sample without Ins (filled symbols), the difference was
very small and within experimental error. While the PBS results had
negligible SLRasym, as expected (open symbols, Fig. 2D), the 2% agar
phantom showed a small SLRasym of 1–2% for ω1≤330 Hz (open
symbols, Fig. 2C), and an SLRasym of less than 1% for ω1≥470 Hz. This
small SLRasym may be due to proton exchange between agarose
hydroxyls and water. Nevertheless, our phantom data indicates that
the contamination to APEX signal from hydroxyl–water proton
exchange should be quite small.

We examined the dependence of protein concentration on the
APEX contrast in Phantom Experiment III (Fig. 3). The SL Z-spectra of
four BSA samples with different concentrations are plotted in Fig. 3A
for a low-power and long irradiation pulse (ω1=85 Hz and TSL=5 s)
and in Fig. 3B for a high-power and short irradiation pulse
(ω1=500 Hz and TSL=1.5 s). In SL Z-spectra, the signal dipped at
about 2–3 ppm due to the CE effect, but the dip was more significant
with the high power pulse of 500 Hz. It should be noted that a small
dip was also seen around −3 ppm with low power irradiation (see
upward arrow), which may be due to the Nuclear Overhauser Effect
(NOE), i.e. cross-relaxation between water and side chains of
macromolecules (Chen et al., 2006; Ling et al., 2008). Unlike CEST Z-
spectra, where the magnetization vanishes at the water resonance
frequency due to direct water saturation, the SL Z-spectra did not go
to zero with a 1.5-s spin-locking pulse especially for the lower
concentration samples, because the signal decay is slow with the long
on-resonance T1ρ for these aqueous samples. SLRasym peaks centered
at around 2.5 ppm were seen with both the low (dashed lines) and
high irradiation powers (solid lines), but the magnitude was much
larger with the high power irradiation (Fig. 3C). The peaks were
relatively broad, suggesting fast chemical exchange between BSA
labile protons and water. The magnitude of SLRasym was almost
linearly dependent on the BSA concentration between 0.5 to 2%, but
not for the higher 3% concentration.

Recent studies have examined the pH-dependence of amine-water
proton exchange for Glutamate (Jin et al., 2011; Singh et al., 2011). In
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brain, however, there are a variety of amine protons with different
exchange rates and chemical shifts, therefore the measured APEX
signal will be a weighted summation from all the amine groups. To
mimic the APEX signal in brain, we prepared phantoms containing 4%
BSA and 10 mMs of Glutamate, Glutamine, and Taurine at 4 different
pH values (Phantom Experiment IV). Fig. 4 shows the effect of pH on
the APEX signal in these phantoms. With ω1=125 Hz and TSL=4 s,
the SLRasym was small for pH=7.4, but increased with decreasing pH,
reaching a maximum at pH=5.8 where a peak appeared at about
3 ppm (Fig. 4A). With ω1=500 Hz and TSL=700 ms, the maximum
SLRasym was reached at 2.75 ppm for the pH=6.3 sample (Fig. 4B).
Similar to amide–proton transfer, amine–water proton exchange is
base-catalyzed over this pH range and the exchange rate decreases
with pH. With increasing ω1, the peak of SLRasym at 2.75 ppm shifted
to higher pH values, i.e., fast exchange rates (Fig. 4C), which resembles
our previous simulation of off-resonance R1ρ (Fig. 5D in (Jin et al.,
2011)). Thus, the image contrast can be tuned to specific pH
conditions by changing the SL parameters (Fig. 4D). At ω1 of 125 Hz
(upper right image), the highest CE contrast occurred with the slow
exchange condition, pH of 5.8. With a higher ω1 of 500 Hz (lower left
image) the contrast is optimal for a faster amine exchange rate,
pH=6.3, while for ω1 of 1000 Hz (lower right image), the highest CE
contrast was between pH of ~6.3 and 6.9.

Animal experiments: Live vs. postmortem conditions

The averaged SL Z-spectra and SLRasym spectra for live animals
(n=4) are plotted in Fig. 5. The spectra were obtained from an ROI at
the rat cortex (red pixels on the inset image).With low power and long
irradiation pulses, which is optimized for slow chemical exchange
(Fig. 5A), small dips at 3.5 ppm from amide -water proton exchange
(black arrow) are clearly observed in the spectra forω1=44 to 88 Hz. In
addition, a largebroad feature (greenarrow) is seenon theopposite side
in the −2 to −5 ppm range, which is more prominent for the lower
irradiation power. Similar to the observation with the BSA phantoms
(Fig. 3A), this may be due to the NOE and is still under investigation. For
higher irradiation power and shorter pulses, the Z-spectra were
smoother and broader (Fig. 5B). In vivo SLRasym spectra (Fig. 5C)
revealed a transition from the APT effect with a peak around 3.5 ppm
(black arrow) to the APEX effect with a peak around ~2.5 ppm (blue
arrow) with increasing irradiation power and decreasing pulse
duration. For ω1=44 and 63 Hz, distinct and narrow amide peaks
were well resolved at 3.5 ppm (black arrow, Fig. 5C) on top of the broad
curved SLRasym due to the asymmetry from conventional magnetization
transfer (MT) and NOE effects. Note that the amide peak is positive, but
SLRasym caused by the MT asymmetry and the NOE effect is negative.
When this broad SLRasym baseline was removed, the magnitude of the
APT peak was estimated to be ~1.7% at ω1=63 Hz. With increasing
power to 88 and 125 Hz, the amide peak was reduced, which basically
agreeswith a previous report that APT contrast at 4.7 T ismaximized for
0.75 to 1 μT (31 to 42 Hz) (Sun et al., 2007). When a higher power and
short irradiationpulsewasused (see Fig. 5C), theAPEXeffect dominated
and the SLRasym became positive, indicating that the NOE effect and the
MT asymmetry are small for these parameters. The APEX signal is much
broader thanAPT suggesting a faster exchange, because the linewidth of
SLRasym ormore specifically Rex (Eq. (7)) is correlatedwith the exchange
rate (Jin et al., 2011). In addition, various amine-groups with different
exchange rates and chemical shifts may contribute and broaden the
APEX signal. The APEX peak appeared at an offset in the 2–3 ppm range,
and the amplitude was about 8% for ω1=350 and 500 Hz (blue arrow,
Fig. 5C). Overall, the in vivo APEX contrast obtained with a high power
and short irradiation pulse is much larger than the APT contrast.

The sensitivity of APT and APEX contrast during global ischemia
induced by cardiac arrest was compared in Fig. 6. APT contrast was
obtained either with a 2-s pulse (6A) or 3-s pulse (6C) and
ω1=63 Hz, while the APEX contrast was measured with a 0.15-s
pulse and ω1=500 Hz. With a low power and long irradiation pulse,
the difference between the live and postmortem data mostly occurred
on the downfield frequency of the water resonance, where the APT
peak at 3.5 ppm disappeared from the SLRasym plot (black arrow,
Figs. 6A and B), indicating a reduce rate of amide–proton exchange. In
Z-spectra withω1=500 Hz, the signal dropped in a wide offset region
around the amine frequencies (2–3 ppm) also indicating a decrease in
amine–proton exchange, and consequently an increase in the SLRasym
APEX signal (Fig. 6B), similar to the phantom APEX results with pH
from 7.4 to 6.9 in Fig. 4B (lower pH induces higher APEX). The
postmortem APEX peak was about 16% at Ω=2.5 to 2.75 ppm, thus
the absolute increase of APEX was about 8% (~100% relative increase).
Changes in SLRasym at 3.5 ppm and 2.5 ppm were clearly observed in
images obtained during live and postmortem conditions (Fig. 6C). In
APT-weighted images (6C, bottom), negative contrast was observed
and was more prominent in the corpus callosum area (red arrow)
than in the cortex (green arrow), but the contrast did not change
much after cardiac arrest since the change of APT is small compared to
the dominant NOE and MT asymmetry effects (as seen in Fig. 6B). In
contrast, the APEXmap (upper row) was relatively homogeneous and
showed a large increase in a postmortem.

In vivo animal experiments of stroke model

Fig. 7 shows the T2, ADC, APT-weighted, and APEX maps for three
rats at 1 h and 4 h after the occlusion of the left middle cerebral artery.
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While T2 maps did not show significant stroke lesions especially at the
1st hour after the occlusion, large lesions in the left hemisphere (right
side in the images) were seen in the ADC, APT-weighted and APEX
maps. From our data on 7 animals, APEX maps showed large spatial
and temporal inter-animal variations. In 5 of the 7 animals, the APEX
maps showed clearly different spatial patterns and were smaller in
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corresponding area at the right hemisphere was ~1.7% in the MCAO
model, similar to the cardiac arrest results. While the APEX signal is
~8% at the control side, the APEX signal at the lesion region typically
ranges between 9 and 14% and is both spatial- and time-dependent.
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and fast exchange regimes are imaged optimally with low power and
long duration, intermediate power and duration, and high power and
short duration spin-locking pulses, respectively. From Eq. (7), the
linewidth of Rex as a function of the frequency offset Ω is equal toffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2

1 + k2
q

. With slow exchange and low irradiation power, the

Rex peak is narrow so that the CE contrast can only be detected within
a small offset range of the labile proton frequency (Ω=δ). Conse-
quently, the slow-exchange sensitive CE method has high specificity,
such as APTwhere amide proton resonance frequency iswell-resolved
from the water resonance. With intermediate- and fast-exchange
sensitive CE contrast, highRFpower and fast exchange rates reduce the
specificity of CE contrast. Since the Rex peak becomes broader, CE
contrast can be detected at the frequency offset far away from the
labile proton frequency (Jin et al., 2011). As shown in our data (Figs. 3–
6), the APEX SLRasym peak is much broader than the narrow peak from
the APT effect, indicating a reduced specificity for APEX.

In vivo, there are a variety of amine-groups with different chemical
shifts and exchange rates. For example, creatine has a much slower
amine–water proton exchange rate than many amino-acids, such as
glutamate (Jin et al., 2011; Sun et al., 2008). Roughly, the chemical shift
between amine and water protons is 2–3 ppm (5026–7540 rad/s at
9.4 T) (Ward et al., 2000), and the amine exchange rates span a wide
range between 500 s−1 to 10000 s−1 (Liepinsh and Otting, 1996; van
Zijl and Yadav, 2011). Thus, the in vivo APEX signal represents a
weighted summation of many different amine groups. The contribtuion
to the APEX signal from a certain amine-group depends on several
variables, including the chemical shift, concentration, and exchange rate
which is dependent on pH and temperature, as well as experimental
parameters including the power and duration of the irradiation pulse,
and the frequency offset. Further study is necessary to systematically
determine the amine–proton exchange rates of the protein/peptides
and the different amino acids. In addition to APEX, a high power
irradiation pulse may also be sensitive to other intermediate to fast CE,
such as the hydroxyl–water proton exchange with exchange rates
between 700 and 15000 s−1 (Liepinsh and Otting, 1996; Ward et al.,
2000). Although someof the hydroxyl groupsmay be close to the amine
Larmor frequencies, e.g., glucose has CEST peaks close to 2 and 3 ppm
(vanZijl et al., 2007),mosthydroxyl groupshavemuchsmaller chemical
shift (~1 ppm) than amines; therefore, the contamination from
hydroxyl–water exchange to our APEX signal should be small, which
we confirmed with phantom experiment II (see Fig. 2F). Finally, the CE
effect is highly dependent on the ratio of exchange rate to the chemical
shift (k/δ), which will increase at lower magnetic fields. At lower fields,
the frequency separation between amine and water protons is smaller
so that many of the amine exchange rates may become too fast to be
detected by theAPEX experiment. Consequently, theAPEX contrastmay
be smaller at 1.5 or 3 T.

At a high field of 9.4 T, the APT peak at 3.5 ppm can be well-
resolved in the Z-spectra of brain due to the increased spectral
resolution compared to 3 T and 4.7 T (Zhou et al., 2003). However, a
pronounced broad peak around −2 to −5 ppm was also observed,
which greatly distorted the baseline of SLRasym. A similar result was
reported in homogenized rat brain at 9.4 T (Narvainen et al., 2010).
This upfield feature is not readily seen at 1.5 T and 3 T, but has been
observed in humans at 7 T (Mougin et al., 2010). The exact source of
this broad peak is not clear, but it is likely due to an inter/intramo-
lecular NOE which increases slowly with irradiation time (Chen et al.,
2006; van Zijl and Yadav, 2011). The observed NOE, in addition to the
recently reported problem of asymmetry with the conventional MT
effect (Hua et al., 2007) makes quantification of APT from the SLRasym
analysis challenging. The APEX contrast is obtained from the
asymmetry analysis similar to APT. Since a much shorter irradiation
pulse is usedwith APEX, the NOE contamination is smaller and theMT
effect may also be less. As a result, no significant subtraction problem
in SLRasym was observed (as seen in Fig. 5C).
One feature of the SL technique is its ability to tune to a specific pH
or exchange rate (see Fig. 4C). Note that Rex in Eq. (8) peaks atω1=k.
Hence, Rex and SLRasym can be tuned to a particular k by adjusting SL
power to be ω1=k (Jin et al., 2011). Our data suggests that when the
pH decreases, the exchange rate shifts from fast to intermediate for
APEX, and from slow to slower for APT. Thus, the APEX contrast
increases as pH decreases, while the APT contrast decreases with pH
(McMahon et al., 2006). This inverse relationship between CE contrast
and pH has also been observed for hydroxyl–water proton exchange
with poly-L-threonine (McMahon et al., 2008). In practice, the
optimization of ω1 to achieve maximum sensitivity depends on the
type of application. To detect a change of labile proton concentration
with minimal variation in the exchange rate, the ω1 that gives the
maximum SLRasym should be selected. In the example of Fig. 4C, that
would be 250 Hz for pH=5.8, and 500 Hz for pH=6.3 to 7.4.
Conversely, to detect a change in exchange rate without a change in
the labile proton concentration, ω1 should be selected that has the
largest slope in SLRasym for the pH range of interest, i.e. 250 Hz (or
similarly, 500 Hz) in the example of Fig. 4C. Note that in contrast to
Rex, which is proportional to pB (Eqs. (7) and (8)), SLRasym does not
linearly increase with the concentrations of protein or metabolites
when concentrations are high (Fig. 2A vs B, and Fig. 3C), similar to a
previous CEST study on glycogen (van Zijl et al., 2007). With high
labile proton concentration, linearity only holds for very small
irradiation power and/or very short irradiation durations (Fig. 2A vs.
B).

Although both are chemical exchange-based techniques, APEX
shows positive contrast during ischemia, which is preferable to the
negative contrast observed with APT, and better sensitivity than APT
in many brain regions. More importantly, different spatial–temporal
patterns were observed for these two approaches in our preliminary
studies. In many animals, the lesion areas indicated by APEX maps
were smaller (specifically, in the subcortical region) than those
observed with APT (and ADC) maps. The APEX maps also showed
greater temporal variation during the evolution of ischemia. Since the
lesion volume and tissue outcome of the focal ischemia model are
strongly dependent on the surgical procedure, the larger variation
found with APEX maps suggests that the APEX signal may be more
sensitive to physiological variations. Further studieswill be performed
to systematically compare the APEX maps with APT and ADC, as well
as histology. The discrepancies between APEX and APT image contrast
during focal ischemia suggest different underlying physiological
sources. With APT, the CE agent is presumably derived from the
amide protons of proteins and peptides, and the decrease of APT in the
lesion area mainly reflects tissue acidosis since the concentration of
proteins and peptides does not change significantly during initial
hours of ischemia (Zhou et al., 2003). With APEX, the source of
contrast is more complex because in addition to the proteins and
peptides, free amino-acids also contribute to the signal, and these
concentrations can vary significantly during the evolution of ischemia
and may also be highly region-dependent. For example, it has been
reported that for MCAO of 30 min to 4 h, there were strong regional
and temporal dependent changes in the concentrations of glutamate,
glutamine, and GABA. Specifically, in the lateral caudate-putamen and
lower parietal cortex regions, the decrease of glutamate concentration
was close to 50%, whereas the GABA concentration increased more
than 100% at 4 h post MCAO (Haberg et al., 2001). Hence, the spatial–
temporal mismatch between APT and APEXmapsmay be indicative of
amino acid concentration change during ischemia and helps to
understand disease evolution. Further study would be necessary to
examine the physiological source of the APEX signal and its potential
application in ischemia research.

Besides potential applications of APEX to pH-related research, such as
ischemia and cortical spreading depression, the sensitivity of APEX to
protein and amino acid concentration suggests that it may also be
applicable to the study ofmany other diseases or physiological conditions.
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For example, the concentration of amino acids, especially neurotransmit-
ters like glutamate and GABA, may change significantly in pathological
conditions such as neurodegenerative diseases, epilepsy or psychiatric
disorders. As illustrated byproton spectroscopy studies, the concentration
of glutamate, compared with total creatine level, decreases in the
hippocampus of transgenic Alzheimer's disease (AD) mice (Marjanska
et al., 2005), and canbeused todistinguish themild cognitive impairment
with AD in human patients (Rupsingh et al., 2011). In addition, Zhou et al.
(2008) showed that APT imaging can distinguish low- and high-grade
glioma due to an increase of protein concentrationwith tumor grade. Due
to its sensitivity in amino acid and protein concentrations, the APEX
contrast may also be a potential biomarker in these applications.

Conclusion

The exchange between amine and water protons was measured
with an SL technique that can be tuned to different CE rates to provide
image contrast. Because of the similarity between CEST and off-
resonance SL techniques, APEX contrast can also be obtained by a
CEST approach using similar irradiation parameters. Compared to
slow exchange applications, a higher SL irradiation power with
shorter duration can optimize the APEX contrast, and the optimal
irradiation time can be derived analytically with an SL model. APEX is
sensitive to the concentration of proteins, peptides and amino acids,
and is also sensitive to pH. With fast exchange rates and higher
irradiation power, the specificity of CE contrast is reduced compared
to slower exchange rates; thus, many different amine groups
contribute the in vivo APEX signal, with weighting dependent on
populations and exchange rates. In a rat MCAO model, APEX showed
good sensitivity to the ischemic lesion and may provide complemen-
tary information compared to ADC and APT. APEX imaging may also
provide a potential biomarker in pathological studies for conditions
with variation in protein, peptide, or amino acid concentrations
and/or pH.
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