
Chemical exchange rotation transfer (CERT) on human brain at 3 
T

Eugene C. Lin1,2, Hua Li1,2, Zhongliang Zu1,2, Elizabeth A. Louie1,2, Chris L. Lankford1,2, 
Richard D. Dortch1,2,3, Mark D. Does1,2,3, John C. Gore1,2,3,4,5, and Daniel F. Gochberg1,2,4

1Vanderbilt University Institute of Imaging Science, Nashville, TN

2Department of Radiology and Radiological Sciences, Vanderbilt University, Nashville, TN

3Department of Biomedical Engineering, Vanderbilt University, Nashville, TN

4Deparment of Physics and Astronomy, Vanderbilt University, Nashville, TN

5Molecular Physiology and Biophysics, Vanderbilt University, Nashville, Tennessee, USA

Abstract

Purpose—To test the ability of a novel pulse sequence applied in vivo at 3T to separate the 

contributions to the water signal from amide proton transfer (APT) and relayed nuclear 

Overhauser enhancement (rNOE) from background direct water saturation and semi-solid 

Magnetization transfer (MT). The lack of such signal source isolation has confounded 

conventional chemical exchange saturation transfer (CEST) imaging.

Methods—We quantified APT and rNOE signals using a chemical exchange rotation transfer 

(CERT) metric, MTRdouble. A range of duty cycles and average irradiation powers were applied, 

and results were compared with conventional CEST analyses using asymmetry (MTRasym) and 

extrapolated magnetization transfer (EMR).

Results—Our results indicate that MTRdouble is more specific than MTRasym and, since it 

requires as few as three data points, is more rapid than methods requiring a complete Z-spectrum, 

such as EMR. In white matter, APT (1.5 ± 0.5%) and rNOE (2.1 ± 0.7%) were quantified by using 

MTRdouble with a 30% duty cycle and a 0.5 µT average power. In addition, our results suggest 

MTRdouble is insensitive to B0 inhomogeneity, further magnifying its speed advantage over CEST 

metrics that require a separate B0 measurement. However, MTRdouble still has non-trivial 

sensitivity to B1 inhomogeneities.

Conclusion—We demonstrated MTRdouble is an alternative metric to evaluate APT and rNOE, 

which is fast, robust to B0 inhomogeneity, and easy to process.
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Introduction

Chemical exchange saturation transfer (CEST) imaging can detect solute molecules and 

their physiological environment (e.g. pH and temperature) through changes in the measured 

water signal due to the accumulative effects chemical exchange or dipolar coupling (1). In 

CEST imaging, the water signal as a function of RF irradiation frequency offset is usually 

obtained. This Z-spectrum contains contributions from broad semi-solid macromolecules 

(MT), solute chemical exchange sites (such as amine, hydroxyl, and amide protons), and 

partially restricted carbon bound sites (nuclear Overhauser enhancement, (NOE)). Among 

these CEST effects, amide proton transfer (APT) from proteins has generated particular 

interest, with applications in brain tumors (2–4), breast cancer (5–7), head and neck cancer 

(8), stroke (9), and Parkinson’s disease (10). Also, relayed NOE (rNOE)-mediated CEST 

signals at −3.5 ppm (11–13) and the downfield-rNOE at 3.5 ppm resulting from the aromitc 

group (14) have been applied recently to the detection and evaluation of brain tumors.

While APT has attracted significant interest, the optimum acquisition method, metric, and 

quantitative approach are open questions, and there is effectively no gold standard. MTRasym 

is the most well-established metric and is based on the difference between the signals 

acquired with irradiation at positive and negative offsets relative to the water resonance. 

Unfortunately, by combining signal contributions at negative and positive offsets, MTRasym 

is unable to distinguish changes in APT (at +3.5 ppm) and rNOE (at −3.5 ppm). In addition, 

the macromolecular MT is asymmetric relative to the water resonance and thus creates a 

sloping negative baseline in the MTRasym metric, further confounding APT quantification 

and making even visual identification of the APT contribution to the MTRasym spectrum 

very difficult, especially at the lower field strengths relevant to human imaging studies. 

There have been several attempts to isolate the APT contribution to the Z-spectrum, 

including by fitting direct water saturation to a Lorentzian function (5–7,12,15,16), by fitting 

MT to multiple Lorentzian functions (17), and by the recently developed extrapolated semi-

solid magnetization transfer reference method (EMR) (18,19) based on Henkelman’s two-

pool model (20,21). These fitting approaches implicitly assume underlying tissue models 

that may not adequately capture the drivers of signal changes, and hence may add 

confounding artificial contributions. Even if the modeling is accurate, these fitting 

approaches require acquisitions at a large number of frequency offsets far from the amide 

resonance, hence increasing scan time while acquiring data with no direct information on 

amide content or exchange rate. Ideally, we would like an imaging acquisition strategy and 

metric that, in human imaging studies, can give a direct and clear measure of amide 

contributions with minimal tissue assumptions and in a reasonable acquisition time.

Chemical exchange rotation transfer (CERT) (22–26) is an alternative acquisition strategy 

and set of imaging metrics that compares signals acquired at a single offset frequency, and 

hence is able to quantify APT and rNOE effects separately without mixing them (as in 

MTRasym) and without tissue model assumptions (as in EMR and other fitting approaches). 

The approach is based on the assumption that there are both solute rotation and saturation 

contributions to the water signal, while the semi-solid MT pool only contributes to the water 

signal via macromolecular saturation. (Both rotation and saturation contribute to direct water 

effects.) By subtracting signals acquired using two different irradiation flip angles, yet the 
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same average irradiation power, contributions from MT effects and direct water saturation 

cancel, while contributions from solute rotation remain, hence isolating solute effects.

In this study, we will determine if the CERT approach (and the corresponding MTRdouble 

metric) is able to isolate APT and rNOE signal contributions in the human brain at 3 T. We 

will compare these results to the conventional MTRasym metric and the recently developed 

EMR methods, in particular, sEMR1, which uses a two-pool model (water and symmetric 

MT) to fit the positive offset region (7~14 ppm) (18). (sEMR1 is considered to be more 

specific compared to other EMR fitting approaches (18).) We also investigate the effect of a 

WASSR B0 correction (27) on these metrics.

Method

Theory

To calculate the CERT metric MTRdouble, label and reference scans are acquired using trains 

of repeated π and 2π pulses, respectively (22–26). As long as the power is the same in both 

of these irradiation pulse trains, the label and reference signals will have the same 

contributions from semi-solid MT and direct water saturation at any given offset. Therefore, 

the pulse train employed in CERT needs to maintain the root of the mean square irradiation 

field:

Bavg power = 1
PTR∫

0

PTR
B1

2dt =
p2
dc

πθ
γ · p1 · PTR , (Eq. 1)

where B1 is the amplitude of the pulse, γ is the gyromagnetic ratio of proton, and the pulse 

time of repetition (PTR) is the sum of the pulse width and the interleave delay. Duty cycle 

(dc) is the ratio of the pulse width to PTR, θ is the flip angle of the saturation pulse and p1 

and p2 are used to characterize the pulse shape. p1 is defined as the ratio of the average 

amplitude to the maximum amplitude, and p2 is defined as the ratio of the average of the 

square of the amplitude to the square of the maximum of the amplitude.

MTRdouble is defined by:

MTRdouble =
S2π(Δ) − Sπ(Δ)

S0
|
Bavg power

. (Eq. 2)

Sπ(Δ) and S2π(Δ) are the signals at the offset Δ, with θ = π and 2π, respectively. S0 is the 

signal of the control scan, which is acquired at a large offset (on the order of 100 kHz). 

MTRdouble takes the difference between signals acquired at the same offset and average 

power in order to remove MT and direct water saturation effects and to isolate contributions 

from solute rotation.

For comparison, we also calculate MTRasym and sEMR1, defined by:
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MTRasym = S( − Δ) − S(Δ)
S0

(Eq. 3)

and

sEMR1 = ZEMR − S(Δ)
S0

, (Eq. 4)

, where S(Δ) is the signal at the offset Δ with a continuous wave saturation. ZEMR is depicted 

by Henkelman’s two-pool model (20,21) containing a water pool and a semi-solid MT 

pools, where the MT pool is assumed having a super-Lorentzian lineshape and symmetric to 

water resonance. The rest of the parameters using in the two-pool model were obtained by 

fitting the signals measured within an offset range between 7 and 14 ppm (18,19).

Subjects

Four male and two female healthy subjects (ages: 27 – 51 years, mean: 37 years) consented 

before imaging and the studies were approved by the Vanderbilt institutional review board 

(IRB).

MRI

All the images were acquired on a 3.0 T Achieva scanner (Philips Healthcare, Best, The 

Netherlands) with body coil for transmission and a 32-channel head coil for reception. The 

pulse train in CERT is composed of a series of Gaussian pulses (p1 = 0.415 and p2 = 0.294), 

and the total length of the pulse train is 2 s. The duty cycle is 30% or 50%, and the average 

power is varied between 0.5 µT, 0.7µT, and 0.9 µT. For instance, according to Eq. 1, in the 

case of a 30% duty cycle with a 0.5 µT average power, the pulse peak amplitude is 1.68 µT 

and pulse widths in label and reference scans are 16.81 ms and 33.62 ms, respectively. The 

parameters used for other conditions are listed in Table 1. Spoilers (5 ms and 20 mT/m with 

alternating positive and negative amplitudes) were applied after each saturation pulse to 

remove the residual transverse magnetization. The results from these CERT experiments 

were then compared against those from traditional CEST experiments using near continuous 

wave saturation: 4 square pulses of 200 ms pulse duration, 2 µT pulse amplitude and 95% 

duty cycle. Each sequence pulse was followed by spoilers. A B0 map was obtained with 

WASSR (27) using a 100 ms, 0.2 µT Gaussian pulse. The CERT images were acquired at the 

following offsets in order (in ppm): −750, −6, −5.5, −5, −4.5, −4, −750, −3.75, −3.5, −3.25, 

−3, −2.5, −750, −2, −1.5, −1, −0.5, 0, 0.5, 1, 1.5, 2, −750, 2.5, 3, 3.25, 3.5, 3.75, −750, 4, 

4.5, 5, 5.5, 6 and −750. CEST-based images were acquired at the following offsets in order 

(in ppm): −750, −14, −13, −12, −11, −10, −9, −750, −8, −7, −6, −5.5, −5, −4.5, −4, −750, 

−3.5, −3, −2.5, −2, −1.5, −1, −0.5, −750, 0, 0.5, 1, 1.5, 2, 2.5, 3, −750, 3.5, 4, 4.5, 5, 5.5, 6, 

7, 8, −750, 9, 10, 11, 12, 13, 14 and −750. WASSR images were acquired at the offsets 

between −1 and 1 ppm with the interval of 0.1 ppm. The CERT/CEST images acquired at 

−750 ppm were the control scans. The CEST, CERT and WASSR images were acquired with 

Lin et al. Page 4

Magn Reson Med. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



a spin-echo single-shot EPI readout (TE/TR = 35 ms/3000 ms) with the reversal gradient for 

fat suppression (28). The Field-of-view was 230 mm × 230 mm, thickness 5 mm, voxel size 

2.5 × 2.5 mm, and reconstruction resolution 1.8 × 1.8 mm.

Data processing

CEST, CERT, and WASSR images were coregistered using the a rigid registration algrithm 

(29). CEST and CERT images were normalized voxel-by-voxel by a linear interpolation of 

the control scans, and the B0 inhomogeneity of CEST and CERT images were corrected by 

WASSR (27), where the B0 shift is determined by the irradiation offset that minimizes the 

water signal. For sEMR1 method (18), we chose a offset range of 7 to 14 ppm to fit the 

Henkelman’s two-pool mode. The images were smoothed with a Gaussian filter with a 

standard deviation of 0.6 pixel. All the images were processing with MATLAB 2015b (The 

Mathworks Inc., Natick, MA, USA).

Simulation

The tolerances to B0 and B1 inhomogeneity at 3T were simulated with a two-pool model 

(water and solute). The spin dynamics were described by six coupled Bloch equations (23) 

and solved by the ODE45 solver in MATLAB 2015b. The pulse sequence parameters were: 

2 s saturation duration, a 30% duty cycle and 0.5, 0.7 and 0.9 µT average powers. The solute 

pool parameters were: T1 = 1.5 s, T2 = 0.015 s, exchange rate = 50 Hz, offset = 3.5 ppm, 

pool size ratio = 0.001, water pool T1= 1.5 s, and water pool T2 = 0.05 s.

Results

Representative CERT Z-spectra (averaging from 30 voxels in WM) with 0.5 µT average 

power and 30% duty cycle from one of the subjects are shown in Figure 1A. According to 

CERT theory (22–25), the reference scan (“2π” in figure legend) has contributions from 

solute, macromolecule, and water saturation. In contrast, the label scan (“π” in figure 

legend) has contribution from all of these saturation effects, and also has contributions from 

solute and water rotation. Figure 1B plots the normalized difference between the label and 

reference scans, isolating the effects of solute and water rotation. While the contributions 

from water rotation cause artifactual effects in the resulting MTRdouble metric at small 

offsets, the effects from solute rotation create MTRdouble peaks near 3.5 ppm (APT) and 

−3.5 ppm (rNOE). Note also that the MTRdouble signal approaches a small offset (≲ 1%) at 

large offsets where contributions from MT and direct water saturation are similar in the label 

and reference scans (see Figure S1).

We examined MTRdouble with various average powers (0.5, 0.7, and 0.9 µT) and duty cycles 

(30% and 50%), and the corresponding pulse amplitudes and durations under these 

conditions are listed in Table 1. The MTRdouble spectra shown in Figure 2 were averaged 

from WM of six subjects. In general, MTRdouble using a 30% duty cycle is higher than it is 

using a 50% duty cycle, though this increase may be due to an apparent increase in the 

baseline contributions. CERT has a different dependence on duty cycle than does CEST, 

since only CERT isolates the spin rotation effect by taking the signal difference of scans 

with different pulse flip angles but the same average irradiation power. The resulting metric 
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is a complex function of irradiation time, power, and exchange rate (24). A lower duty cycle 

has a higher B1 amplitude and results in magnetization rotation with less damping. It has 

been shown that MTRdouble also depends on exchange rates and saturation powers (24). In 

our results, rNOE (exchange rate < 10 Hz) (14) signals, which include baseline 

contributions, reach a maximum when the average power is between 0.7 µT and 0.9 µT, 

while APT (exchange rate ≈ 30 Hz) (30) signals (including baseline) increase along with the 

average powers in the examined range (0.5 to 0.9 µT). We use the condition of a 0.5 µT 

average power and a 30% duty cycle in the following discussion since, with its small 

baseline, it yields distinct and clean signals for both APT and rNOE signals. While the goal 

of this work is a method that can give meaningful characterizations of amide and rNOE 

exchange effects using as few as one offset, a more complex approach using a three-

Lorentizian model is evaluated in Supplementary Figure S2 and Table S1.

We also compared MTRdouble, MTRasym, and sEMR1 in WM averaged over six subjects 

after WASSR B0 correction (Figure 3A) and the effect of B0 correction on these metrics in a 

typical subject (Figure 3B). MTRasym and sEMR1 were obtained using the same sequence 

and acquisition parameters as those in the original EMR paper (18). First note that the B0 

correction has a large effect on MTRasym and sEMR1, but a much smaller effect on 

MTRdouble, effectively making application of a WASSR correction optional. After B0-

correction, MTRasym is qualitatively similar to previously measured normal WM from 

subjects with a brain tumor (4,31,32). And, as in these previous studies, the baseline in 

MTRasym provides confounding information, and there is no distinct peak at 3.5 ppm to 

indicate APT signal contributions. For sEMR1, the peaks are not centered at the frequency of 

the exchanging sites (3.5 and −3.5 ppm). Also note the large negative values near −5 ppm, 

which were not seen in previous works (18) and may be due to varying degrees of MT 

asymmetry. In contrast to the other metrics, MTRdouble has a flat and small baseline 

(especially near the amide resonance), making visible identification of the contributions 

from APT and, to a lesser degree, rNOE possible. Further, this small baseline and limited 

need for a WASSR B0 correction, opens the possibility of getting meaningful APT or rNOE 

quantification with as few as three images, as required in Eq. 2.

The MTRdouble and sEMR1 images of APT (3.5ppm) and rNOE (−3.5ppm), and MTRasym 

image (3.5 ppm) from one of the subjects are shown in Figure 4A, where the first and the 

second columns are with and without B0 correction, respectively, and the third column is the 

difference between corrected and non-corrected images. For the corrected images, no 

obvious anatomical contrast is visible in the MTRdouble images in normal tissue. MTRasym, 

on the other hand, shows some white-matter/gray-matter contrast, which may reflect 

confounding MT contributions to the sloping baseline rather than contributions from APT or 

rNOE (4,31,33). The difference images, obtained by Imagecorrected - Imagenon–corrected, of 

MTRasym and sEMR1 (rNOE) are highly correlated to the B0 map obtained with WASSR 

(Figure 4B). The histograms of “difference” images are shown in the last column in Figure 

4(A). We fitted these histograms with a two-Gaussian model to roughly separate the regions 

with (shown in red) and without (shown in blue) a B0 error corrected using the WASSR data. 

MTRasym (3.5ppm), sEMR1 (APT) and sEMR1 (rNOE) are −1.4 ± 0.6%, −0.3 ± 0.1% and 

0.9 ± 1.5%, respectively in the region with B0 error, and in contrast MTRdouble (APT) and 

MTRdouble (rNOE) are 0.0 ± 0.3% and 0.0 ± 0.4%, respectively. The results show that 
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MTRdouble is relatively insensitive to B0 inhomogeneity, which confirms our previous 

simulations (24).

We estimated the effect of B0- and B1-imhomogeneities on MTRdouble using a two-pool 

model simulation, and the results are plotted in Figure 5 A and B, respectively. The 

simulation results for B0 errors are in rough agreement with our in vivo results. Figure 4B 

indicates that most tissues have 0 or 12.8 Hz errors in B0, as indicated by the WASSR 

results. (Note that we used the minimum signal point in the WASSR experiment to 

determine the B0 value. Hence, our frequency correction had a resolution equal to the 

irradiation offset spacing of 12.8 Hz.) The resulting difference in the MTRdouble values for 

APT with and without WASSR correction (as plotted in Figures 4A) are a couple of percent 

of M0, which roughly matches the 0.02 difference (indicated in Figure 5A) in the MTRdouble 

simulated signal using 0.5 µT average irradiation power and a 12.8 Hz B0 error. MTRdouble 

when irradiating using 0.7 µT average power shows a qualitatively similar dependence on B0 

as in the 0.5 µT case and is similar to our previous simulation at 9.4T (24). However, when 

irradiating at 0.9 µT average power near 3.5 ppm offset, the contributions from direct water 

rotation become dominant and this effect changes the shape of the B0 dependence. These 

direct water rotation effects at 3T also contribute to the baseline in Figure 2 and cause 

MTRdouble to have a much greater dependence on B1 (as seen in figures 5B) than is the case 

in previously published work at 9.4T (24).

Discussion

Several approaches have been proposed to remove background semi-solid MT based on the 

fitting of analytical models (17–19). Compared with the conventional metric, MTRasym, 

which has a sloping baseline that confounds signal specificity, these metrics have a flatter 

baseline that facilitates greater metabolic specificity. Our MTRdouble metric extends this 

further, having a relatively simple baseline that decays to zero at large offsets and has 

reasonable amplitudes (especially at low irradiation powers) at ±3.5 ppm (Figure 1B). The 

separation of APT and rNOE signal contributions from the baseline is especially clear at 

30% duty cycle and a 0.5 µT average power (Figure 2A), where MT and direct water 

saturation effects are likely largely removed. However, the MTRdouble theory indicates that 

direct water rotation may still contribute to the signal (24), and this confounding effect 

increases at higher average powers.

A key issue in developing clinically viable CEST imaging methods is the interplay between 

specificity and acquisition time. In order to avoid confounding baseline signal contributions, 

time-consuming calibration measurements (e.g. imaging B0) and data intensive model 

fittings are typically required. For example, B0 correction has become a standard procedure 

for CEST-based techniques to minimize the influence of field inhomogeneity. Our results 

show that B0 correction is important when acquiring MTRasym and sEMR1 metrics, but 

produces only small changes in the MTRdouble metric (Figures 3 and 4). Since mapping B0 

using the WASSR method requires low-power irradiation at roughly ten to twenty offsets 

around the water resonance, its inclusion significantly increases the experiment time, further 

hindering the feasibility of CEST in the clinics. Further, methods (such as sEMR1) that rely 

on model fittings to remove confounding non-specific signal contributions require time-
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consuming acquisitions at a wide range of offsets. In contrast, MTRdouble involves no model 

fittings. In addition, unlike MTRasym, MTRdouble only compares signals at a single offset 

frequency. Hence, if WASSR B0 is excluded, MTRdouble only requires three scans (control, 

reference and labeling scans) to obtain an APT or rNOE signal. Thus, MTRdouble has a much 

greater potential than other CEST metrics for very rapid, and therefore clinically viable, 

imaging. However, note that when acquiring MTRdouble at only a single offset, no qualitative 

(or quantitative) assessment of the magnitude of the confounding baseline contributions is 

possible. Further, MTRdouble at 3T has a significant dependence on B1 (Fig. 5B), making 

any quantitative assessment suspect without a B1 correction.

The APT and rNOE contrasts between grey and white matter are controversial. With the 

MTRdouble metric, we did not find significant APT and rNOE contrast, and this result is 

consistent with our previous work in animals at 9.4T (25). In that work we ascribed the 

minimal gray/white contrast to the greater specificity of MTRdouble, and we show that the 

much larger gray/white contrast reported using the CEST MTRasym metric at the amide 

resonance is actually due to MT and NOE effects. However, even when limited to using 

CEST approaches, large variations in contrast have been reported. Jones et al. (12) found the 

maximum and minimum contrasts are rNOE (−3.3 ~ −3.7 ppm) and APT (3.3 to 3.7 ppm), 

respectively, among the offset ranges they investigated. Xu et al. (34) found APT has a 

hyperintensity in grey matter, but the rNOE contrast is negligible. Heo et al. (16) found APT 

is quite uniform but there is a rNOE contrast. They suspect the rNOE contrast is caused by 

the residual MT effect with their approach. Khlebnikov (35) et al. found no APT contrast but 

a rNOE contrast with hyperintensity in white matter. The approaches and metrics utilized 

among these literatures are quite different. In sum, the interplay between the pulse sequence 

and metric details and the underlying basis for white/gray contrast (or non-contrast) is still 

an active research area.

One of the challenges of applying CEST or CERT techniques in human studies is the limited 

chemical shift between water and exchanging solutes, which is 450 Hz for amides at 3T. 

This separation is much smaller than typical semi-solid MT linewidths, which is why many 

methods attempt to cancel these confounding effects. Further, while the amide-water 

separation is larger than the broadening from typical pulse widths, T2, or B1, it takes only a 

small contamination from direct water effects to overwhelm the relatively modest (~1%) 

contributions to the water signal from solute exchange. Further, as in conventional CEST 

studies, MTRdouble measures of amide exchange may include contributions from downfield-

rNOE at 3.5 ppm (14).

While CERT methods cancel direct water saturation by maintaining the same average power 

in the label and reference scans, there is no cancelation of direct water rotation, which may 

hence cause baseline contributions, and these confounding signal contributions are 

particularly problematic at lower field strengths, such as in human 3T studies. This effect 

increases when the average power is high, as shown in Figure 2, which motivates the use of 

a small (0.5 µT) average power. Further, while our recently developed CERT metrics 

(MTRdouble, vdc and AREXdouble, vdc) maximize exchange sensitivity and avoid confounding 

T1 contributions (26), the variations in their baseline signals are not yet determined. Hence, 

for this study we stuck with the more established MTRdouble metric..
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Conclusion

In this study, we apply CERT to human imaging at 3T and calculate the MTRdouble metric. 

Using a 0.5 µT average power and a 30% duty cycle, we can obtain distinct and clear APT 

and rNOE peaks. This visually clear indication of APT and rNOE effects simplifies data 

interpretation compared to methods (such as MTRasym) where sloping baselines make APT 

and MT contributions to the signal difficult to delineate or methods (such as sEMR1) that 

require many acquisitions and corresponding model fittings. Further, with its relatively small 

confounding baseline signal (especially near the amide resonance), insensitivity to B0 

inhomogeneity, and absence of model fitting of tissue parameters, MTRdouble can acquire 

meaningful APT or rNOE images in as little as three acquisitions: a control, a reference, and 

a label scan at a single frequency offset. However, sensitivity to B1 at 3T may limit 

quantitative interpretations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Z-spectra of CERT (A) and MTRdouble (B) were obtained with an average power of 0.5 µT 

and a duty cycle of 30% under the constraint in Eq. 1, and the signals were averaged from 30 

voxels in WM from one of the subjects. APT and rNOE signal contributions are clear, on top 

of a small sloping baseline.
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Figure 2. 
A range of average irradiation powers were employed with a duty cycle of 30% (A) and 50% 

(B). The signals were averaged from 30 voxels in WM from six healthy subjects, 

respectively.
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Figure 3. 
The comparisons of MTRdouble (black), MTRasym (blue) and sEMR1 (red) (A) and their 

changes corresponding to B0 correction (B). The results with and without WASSR B0 

correction are shown in solid and dashed lines, respectively. The signals in (A) were 

averaged from WM in six healthy subjects, and the signals in (B) were averaged from WM 

of a single subject. MTRdouble was obtained with a 0.5 µT average power and a 30% duty 

cycle. The results show that MTRdouble has (1) a much flatter and smaller baseline, (2) much 

more distinct and visible peaks at the exchange sites (see arrows at 3.5 and −3.5 ppm), and 

(3) less sensitivity to B0 inhomogeneity than do MTRasym and sEMR1.
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Figure 4. 
CEST/CERT images (A) and B0 map (B) from one of the subject. (A) The images in the first 

and second columns are with and without WASSR B0 correction, respectively. The images in 

the third column are the differences between the first two columns. The histograms of 

“difference” images are shown in the last column. MTRdouble was obtained with a 0.5 µT 

average power and a 30% duty cycle. The difference images are highly correlated to B0 map 

(B), as expected. Note the very small magnitude of the MTRdouble “difference” images, 

indicating a small dependency on B0. Also note that the larger gray-matter/white-matter 

contrast in the MTRasym image (compared to the MTRdouble images) likely reflects 
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contributions from non-specific and confounding contributions from the sloping and non-

zero baseline.
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Figure 5. 
Simulations of MTRdouble at 3.5 ppm with B0 (A) and B1 (B) errors. Both simulations were 

obtained with a two-pool model (water and solute at 3.5 ppm). The inset in (A) expands the 

y-axis scale for B0 variations between −20 and 20 Hz.
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Table 1

The list of the pulse train of repetitions (PTR), pulse widths (pw), and the pulse peak amplitude (B1) of the 

corresponding duty cycle (dc) and average power (Bavg power) for the label scans in CERT. For the 

corresponding reference scans, the lengths of PTR and pw are doubled, and B1 is the same.

dc Bavg power (µT) PTR
(ms)

pw (ms) B1 (µT)

30%

0.5 56.03 16.81 1.68

0.7 40.03 12.01 2.35

0.9 31.13 9.340 3.02

50%

0.5 43.40 21.70 1.30

0.7 31.00 15.50 1.82

0.9 24.12 12.06 2.34
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