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Abstract

Purpose—To quantify APT effects in acidic ischemic lesions and assess the spatial-temporal 

relationship between diffusion, perfusion, and pH deficits in acute stroke patients.

Methods—Thirty acute stroke patients were scanned at 3 T. Quantitative APT (APT#) effects in 

acidic ischemic lesions were measured using an extrapolated semisolid magnetization transfer 

reference signal (EMR) technique and compared with commonly used MTRasym(3.5ppm) or APT-

weighted parameters.

Results—APT# images showed clear pH deficits in the ischemic lesion, whereas 

MTRasym(3.5ppm) signals were slightly hypointense. The APT# contrast between acidic ischemic 

lesions and normal tissue in acute stroke patients was more than 3 times larger than 

MTRasym(3.5ppm) contrast (−1.45 ± 0.40 % for APT# vs. −0.39 ± 0.52 % for MTRasym(3.5ppm), 

p < 4.6 × 10-4). Hypoperfused and acidic areas without an apparent diffusion coefficient 

abnormality were observed and assigned to an ischemic acidosis penumbra. Hypoperfused areas at 

normal pH were also observed and assigned to benign oligemia. Hyperintense APT signals were 

observed in a hemorrhage area in one case.

Conclusion—The quantitative APT study using the EMR approach enhances APT MRI 

sensitivity to pH compared to conventional APT-weighted MRI, allowing more reliable delineation 

of an ischemic acidosis in the penumbra.
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INTRODUCTION

The goal of acute ischemic stroke therapy is to salvage tissue that is at risk of infarction but 

still viable with reperfusion strategies. Such tissue is commonly referred to as the ischemic 

penumbra and has been the primary target of therapeutic interventions (1–5). In the absence 

of multimodal imaging, thrombolytic therapy with tissue plasminogen activator (tPA) is 

beneficial only when the treatment is initiated within the 3- and 4.5-hrs time window after 

symptom onset (6, 7).Using a time-based approach results in only a limited number of stroke 

patients being eligible for thrombolytic treatment (8). Patients presenting beyond these 

standard treatment time windows can benefit from therapy when selected using multimodal 

MRI (9), however precise identification of the ischemic penumbra is essential since the 

potential beneficial effect of treatment must be weighed against the risk of brain hemorrhage 

(8, 10). Consequently, early and accurate delineation of the at-risk, yet salvageable ischemic 

penumbra from the irreversibly damaged infarct core, can enhance patient selection for 

stroke treatments and extend the time window for therapeutic intervention.

Typically, diffusion-weighted imaging (DWI) allows visualization of early tissue damage by 

changing the local diffusion of water in the ischemic lesion while perfusion-weighted 

imaging (PWI) provides quantitative information on abnormal cerebral blood flow or 

volume. The DWI/PWI spatial mismatch has been used as a guide to identify the presence of 

salvageable tissues and to serve as a selection marker for thrombolysis (2, 11–13). However, 

the use of the DWI/PWI mismatch concept has proven to be limited in routine clinical 

application due to variable sensitivity, specificity and high false-negative rates (14–17). 

Specifically, the mismatch area is too large due to inclusion of regions of benign oligemia, 

and most basic literature indicates that a more appropriate penumbra would be that in which 

oxidative metabolism is impaired, but no diffusion changes have occurred (18–21). Thus, 

there is a need for imaging techniques that more accurately identify the ischemic penumbra 

from benign oligemia in order to advance the treatment of acute stroke by expanding the 

population of treatable patients.

The original concept of the ischemic penumbra was based on the concept of functionally 

impaired tissue, due to a deficit in oxidative metabolism, which is potentially viable but 

surrounds, and is contiguous with, an area of irreversible cerebral infarction (1, 22). Acute 

cerebral ischemia causes a shift to anaerobic glycolysis resulting in the accumulation of 

lactic acid and a concomitant decrease in intracellular pH (23). Therefore, tissue acidosis is 

the earliest sign that tissue is at risk but potentially salvageable when it can be contrasted 

with regions identified as being irreversibly infarcted. Recently, pH-sensitive amide proton 

transfer-weighted (APTw) imaging has shown promise in detecting ischemic tissue acidosis 

following impaired aerobic metabolism in animal models (24–29) and human stroke patients 

(30–33). Most of the previous APTw studies used the so-called magnetization transfer ratio 

asymmetry at 3.5 ppm or MTRasym(3.5ppm). However, it is known that MTRasym(3.5ppm) 
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is unavoidably contaminated by the upfield nuclear Overhauser enhancement (NOE) signals 

of mobile to semisolid macromolecules (34, 35), resulting in a small or sometimes negligible 

imaging signal. In this study, quantitative APT (APT#) and NOE (NOE#) effects in acidic 

ischemic lesions were investigated in acute stroke patients at 3 T, using the so-called 

extrapolated semisolid magnetization transfer reference (EMR) data analysis (36, 37). In this 

approach, semisolid magnetization transfer contrast (MTC) and direct water saturation 

contributions were fitted and extrapolated to obtain reference (baseline) signals at the APT 

and NOE frequencies, from which the CEST-based APT# and NOE# signals could be 

derived by subtraction from the experimental signals. The results were compared with the 

commonly used MTRasym(3.5ppm) parameters. In addition, the spatial relationship between 

DWI, PWI, and pH deficits in these acute stroke patients were assessed.

METHODS

Conventional MTC model and EMR approach

The MTC model in tissue has been theoretically established using a two-pool exchange 

model based on the coupled Bloch equations including magnetization exchange between a 

free bulk water proton pool (w) and a semi-solid macromolecular proton pool (m) and RF 

absorption rate terms (38, 39). By assuming a steady-state condition, the longitudinal 

magnetization of the free bulk water protons (Mz
w), which has the equilibrium 

magnetization (M0
w), can be written as follows:

[1]

where T1w and T2w are the longitudinal and transverse relaxation times of the free water 

proton pool, respectively; T1m and T2m are the longitudinal and transverse relaxation times 

of the semi-solid macromolecular proton pool, respectively; and M0m is the fully-relaxed 

equilibrium magnetization value associated with the semi-solid macromolecular pool; R is 

the rate constant describing the magnetization exchange between the two proton pools 

(RM0m for the exchange from the water pool to macromolecule pool and RM0w for the 

reverse direction); and the RF absorption rate (Rrfm) is the loss rate of the longitudinal 

magnetization due to RF irradiation, which depends on the off-resonance RF irradiation of 

amplitude (w1) and frequency offset (Δω), and on the transverse relaxation time of the 

semisolid macromolecular pool. The RF absorption rate is closely modeled by a super-

Lorentzian lineshape, gm(2πΔω), for the semi-solid macromolecular protons:

[2]

[3]
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where θ is the dipole orientation angle between the magnetic moment and the external 

magnetic field. The MTC signal expression can be uniquely determined in terms of five 

combined model parameters, R, RM0
mT1w, T1w/T2w, T1m, and T2m.

After the five MTC model parameters are obtained by fitting the observed wide-offset MTC 

data, the EMR spectra (ZEMR) can be calculated with the corresponding RF saturation power 

and frequency offset (36, 37). Quantitative chemical exchange saturation transfer (CEST#) 

signals can be described by subtracting the B0-corrected experimental Z-spectra (namely, 

Zexp) from the extrapolated two-pool MTC spectra (namely, ZEMR), where Z = Ssat/S0 and 

Ssat are the image signal intensities measured with RF saturation:

[4]

The commonly used APTw parameter (namely, MTRasym at 3.5 ppm (24)), and newly 

introduced APT# and NOE# parameters (36, 37) can be described by:

[5]

[6]

[7]

Note that ZEMR(+Δω) and ZEMR(−Δω) are identical when the symmetric MTC model is 

used. As described in our two previous papers (36, 37), when the symmetric MTC model is 

used, the large symmetrical semi-solid MTC is removed, and all others remain. Thus, when 

using the EMR method, a relatively clean APT# signal can be quantified while the NOE# 

signal includes both the local NOE (from mobile molecules) and the conventional MTR 

asymmetry (from relatively less mobile protons).

Subjects

Subjects were recruited for this study by the NIH stroke team at MedStar Washington 

Hospital Center from January of 2015 through April of 2016. Thirty patients with acute 

ischemic stroke (<7 hours from symptom onset) were recruited into the NIH Natural History 

of Stroke Study following informed consent in accordance with IRB requirement and 

subsequently underwent APTw imaging. For each patient, serial MRI scans were variably 

performed at presentation, ~2 hours, ~24 hours, ~5 days, and ~1 month to characterize tissue 

evolution and progression to infarction. The initial MRI scan performed on presentation 

consisted of clinical sequences only that did not include APTw imaging to ensure timely 

administration of acute stroke treatments.
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MRI Experiments

All acute stroke patients were scanned on a Philips 3 Tesla MRI scanner (Achieva 3.0T; 

Philips Healthcare, Best, The Netherlands) using a body coil for RF transmission and a 16-

channel phased array coil for reception (Invivo, Gainesville, FL). The acute stroke imaging 

protocol included the following sequences: a T2-weighted fluid-attenuated inversion 

recovery (FLAIR) sequence, a gradient recalled echo (GRE) hemosiderin weighted 

sequence, a time-of-flight MR angiography sequence, a diffusion tensor imaging sequence 

used to generate trace diffusion weighted images (DWI) using three orthogonal directions (b 

= 0 and 1000 s/mm2), and a T2*-weighted dynamic susceptibility-contrast imaging sequence 

using a bolus of Gadobutrol (Gd-DO3A-butrol; 0.1mmol/kg), injected at 5 mL/s, followed 

by 15 mL saline. The ADC, time to peak (TTP), and maps of relative bolus transit time 

(rBTT) with respect to contralateral normal tissue were automatically generated by inline 

processing on the scanner console. Saturation MRI scans were performed prior to 

gadolinium injection using a fat-suppressed, turbo spin-echo pulse sequence with the 

following parameters: TR = 3 s; TE = 6.4 ms; FOV = 212 × 190 mm2; matrix size = 256 × 

256; slice thickness = 4.4 mm; turbo-spin-echo factor = 45; and single-slice acquisition. The 

off-resonance RF saturation consisted of four block RF saturation pulses with duration of 

200 ms (namely, RF saturation time or Tsat = 800 ms) and amplitude of 2 μT. Crusher 

gradients (10 ms duration and 10 mT/m strength) were applied between pulses to suppress 

the residual transverse magnetization. The frequency sweep for saturation corresponded to a 

wide range of frequency offsets from 14 ppm to −8 ppm with an interval of 0.5 ppm, and an 

unsaturated image was acquired for signal normalization. This was used to calculate the 

spectrum of saturated water intensity relative to non-saturated water intensity (Z-spectrum). 

To obtain sufficient signal-to-noise ratios for the APT and NOE images, four acquisitions 

were placed at +3.5 ppm and −3.5ppm, respectively. Additionally, another series of saturated 

images were acquired using a brief low RF saturation power (26 offsets from 1.2 to −1.2 

ppm at intervals of 0.125 ppm, one average, B1 = 0.5 μT) to determine B0 maps using the 

water saturation shift referencing (WASSR) approach (40). 52 CEST images (scan time = 2 

min 39 sec) and 26 WASSR images (scan time = 35 sec) were acquired, resulting in a total 

scan time of 3 min 14 sec. APTw imaging was collected as a single slice through the stroke 

guided by the DWI.

APT Data Processing

All saturation images were realigned to the saturated image at 3.5 ppm with the rigid body 

registration algorithm based on a mutual information cost function (41) using MATLAB 

(The MathWorks, Inc., Natick, MA) and co-registered with DWI and PWI images using 

Analysis of Functional Neuroimages (AFNI).Then, CEST saturated images were normalized 

voxel-by-voxel by the corresponding unsaturated (S0) image and corrected for B0 field 

inhomogeneities using the WASSR method (40). Next, two-pool MTC spectra (free bulk 

water and semisolid) were generated by the EMR technique (36, 37, 42–44). The semi-solid 

MTC model fitting under a non-steady-state (NS) condition can be described from the 

modified Bloch equations (45, 46). Our previous study (Supporting Information in (36)) 

compared semi-solid MTC model parameters fitted with the steady-state (SS) and NS 

equations for normal white matter data acquired with NS experimental parameters (B1 = 2 

μT; Tsat = 800 ms). While the results showed that a small difference existed, the simple SS 
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equation (Eq. [1]) can closely estimate the semi-solid MTC model parameters for the EMR 

signals. Wide-offset experimental Z-spectra with semisolid MTC data points between 8 and 

14 ppm were chosen to avoid possible downfield CEST and upfield NOE signal 

contributions, and a data point at an offset of 0.5 ppm was chosen to improve the EMR 

fitting quality. These data points were fitted to a two-pool exchange model with a symmetric 

super-Lorentzian lineshape using the Levenberg-Marquardt algorithm as the sum of squares 

of nonlinear functions. The quality of the estimated MTC model was evaluated by the root 

of the sum of the squared differences between the fitted model and the experimental data, 

and goodness-of-fit metric. Note that the Mw0 was normalized to 1 and T1 of semisolid 

MTC was fixed to 1.4 s because it is not well determined in fits to the MTC model (47).

Data Analysis and Statistical Analysis

Two regions of interest (ROIs), a contralateral normal tissue and an ischemic lesion that was 

DWI hyperintense, compared to the contralateral brain, were carefully drawn on the co-

registered S0 image, and the MTRasym(3.5ppm), APT#, and NOE# signal intensities were 

reported. The APT#, NOE#, and MTRasym(3.5ppm) were statistically compared using a one-

way analysis of variance (ANOVA), followed by Tukey’s post-hoc test. Statistical analyses 

were performed using the Statistical Package for the Social Sciences (SPSS, Chicago, IL). 

Statistical significance was accepted for p < 0.01.

For pixel-by-pixel analysis, pH/diffusion and perfusion/pH scatterplots were analyzed to 

investigate the spatial mismatch. All ischemic lesions in ADC, APT#, and rBTT images 

were automatically defined using a segmentation algorithm with K-means clustering 

technique (48). The hypoperfused area, showing a decrease in pH (APT# deficit) without an 

ADC abnormality, was defined as pH/diffusion mismatch, corresponding to the ischemic 

acidosis penumbra, while the hypoperfused area with normal pH (isointense APT# compared 

to the contralateral normal tissue) was defined as perfusion/pH mismatch, corresponding to 

the benign oligemia. Voxel values were normalized by the mean value of the contralateral 

normal tissue to generate relative values (rADC, rAPT#, and rBTT). In order to evaluate 

whether semi-solid MTC contributed to APT# and NOE# images, MTR images (= 1 – 

Ssat/S0) at 10 ppm were generated.

RESULTS

Figure 1a shows conventional, MTRasym(3.5ppm), APT#, and NOE# MR images of an acute 

stroke patient (< 7 hrs from symptom onset) with right MCA occlusion. Both APT# and 

NOE# images showed a strong hypointensity in the ischemic core identified from the DWI, 

while MTRasym(3.5ppm) signal contrast between acidic ischemic lesion and contralateral 

normal brain tissue was relatively small. The Z-spectra, MTRasym spectra, CEST# spectra, 

and NOE# spectra obtained from the ischemic stroke lesion and contralateral normal tissue 

are shown in Fig. 1b–e. Small MTRasym(3.5ppm) contrast was observed between the 

ischemic lesion and contralateral normal tissue, although both MTRasym spectra were 

negative at the higher frequency offset (> 4 ppm) due to large upfield NOE signal 

contributions. On the other hand, the NOE-free APT# signal contrast was much larger than 
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the MTRasym(3.5ppm) signal contrast. Interestingly, the upfield NOE# signal of the ischemic 

lesion was lower than that of the contralateral normal tissue.

Fig. 2 shows the serial multi-contrast MR images of a representative acute stroke patient 

with left MCA occlusion. DWI and ADC images showed local cytotoxic edema, generally 

leading to irreversible infarct. Perfusion-based rBTT and TTP maps showed perfusion 

deficits larger than diffusion deficits, and their spatial mismatch is typically used for the 

identification of salvageable penumbra. APT# and NOE# images showed clear pH deficits in 

the ischemic lesion, whereas MTRasym(3.5ppm) signals were only slightly hypointense. 

Interestingly, hyperintense APT# signals were observed in a hemorrhage area (white arrows 

in Fig. 2) due to abundant mobile protein and peptide concentration in the blood, in line with 

previous investigations in rats (49). See Supporting Table S1 for quantitative analysis results 

and Supporting Fig. S1 for MTC-related maps.

Quantitatively, as shown in Fig. 3a, both APT# and NOE# signals of the acidic ischemic 

lesion (1.41 ± 0.45 % for APT# and 1.02 ± 0.40 % for NOE#) were significantly lower than 

those of the contralateral normal tissue (2.86 ± 0.36 % for APT# and 2.08 ± 0.27 % for 

NOE#), while the MTRasym(3.5ppm) signals showed a trend of reduction but no significant 

difference (0.78 ± 0.33 % for normal vs. 0.39 ± 0.46 % for lesion, p = 0.071). 

Correspondingly, the APT# image contrast (NOE free) of the ischemic lesion (compared to 

the contralateral normal tissue) was also much larger than the MTRasym(3.5ppm) image 

contrast (−1.45 ± 0.40 % for APT# vs. −0.39 ± 0.52 % for MTRasym(3.5ppm), p = 4.6 × 10–

4), as shown in Fig. 3b.

Fig. 4 shows pH/diffusion and perfusion/pH scatterplots to investigate the spatial dynamics 

of ischemia progression in a representative acute stroke patient with pH/perfusion mismatch, 

but minor diffusion/pH mismatch (Fig. 4a–c), and another patient with pH/perfusion 

mismatch, as well as diffusion/pH mismatch (Fig. 4d–f). Areas of reduced pH were larger 

than or equal to diffusion deficits, and smaller than perfusion deficits in the acute stroke 

phase. Of the thirteen patients scanned at acute phase (< 7 hrs), three patients showed pH/

diffusion mismatch. The relative volume of the pH/diffusion mismatch to the infarct core 

and perfusion/pH mismatch were 0.21 and 0.34, respectively. The mean rAPT# signals were 

0.52, 0.62, and 0.97 for infarct core, pH/diffusion mismatch, and perfusion/pH mismatch.

Fig. 5 shows the averaged Z-spectra (a), MTRasym spectra (b), and CEST# and NOE# 

spectra (c) obtained from the ischemic acidosis penumbra (pH/diffusion mismatch area, 

n=3). No significant difference was observed in mean MTR(10ppm) signal intensities 

between the normal (26.9 ± 4.1 %) and the ischemic acidosis penumbra (27.3 ± 3.1 %). The 

APT# image contrast of the ischemic acidosis penumbra (compared to the contralateral 

normal tissue) was larger than the MTRasym(3.5ppm) image contrast (−1.08 ± 0.43 % for 

APT# vs. −0.51 ± 0.48 % for MTRasym(3.5ppm), p = 2.9 × 10–3).

DISCUSSION

In this study, we investigated the possibility of using the pH-weighted APT imaging to 

detect acidified ischemic stroke lesions and a pH-based acidosis penumbra in acute stroke 
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patients. APT studies interpreted using the EMR approach showed less contaminated APT-

MRI signals, and concomitant enhanced APT-MRI sensitivity to pH, allowing reliable 

delineation of an ischemic acidosis penumbra. The spatial distributions of the diffusion 

deficits, pH-diffusion mismatches, and perfusion-pH mismatches suggest that hypoperfused 

acidic ischemic lesions without an ADC abnormality identified the ischemic acidosis 

penumbra, while the hypoperfused neural area classified benign oligemia in line with the 

hypotheses previously suggested (26, 27, 48). Interestingly, the intracerebral hemorrhage 

and ischemic stroke lesions showed opposite APT signal features which are hyperintensity 

and hypointensity compared with the contralateral normal brain tissue, respectively. 

Theoretically, two major sources of APT signals are the intracellular water-exchangeable 

amide proton content in the cytoplasm and its base-catalyzed exchange rate at physiological 

pH range (pH 6.5 ~ 7.5) (35, 45, 50). Consequently, hypointense APT signals in ischemic 

stroke were primarily attributable to local tissue acidosis while hyperintense APT signals in 

hemorrhage were attributable to the presence of rich mobile proteins and peptides in the 

blood (51). These observations confirm that APT imaging can separate hemorrhagic stroke 

from cerebral ischemic stroke, in line with previous observations (49).

The data indicate that the pH-dependent APT contribution to the MTRasym(3.5ppm) signal 

intensity is reduced by the pH-dependent upfield relayed NOE signal contribution, and can 

even become negative particularly when a relatively low RF saturation power is applied (52). 

When using this APTw contrast to study tumors, it increases because the NOE is smaller in 

the tumor than in the normal tissue (36, 37). Thus, the NOE is actually a symbiotic factor for 

the MTRasym(3.5ppm) image contrast in tumor studies. However, the NOE is a negative 

confounding factor in APT imaging of stroke. This is not surprising in view of the fact that, 

in mobile proteins, the relayed-NOE effect via exchangeable groups is pH dependent (35, 

53–55). Therefore, the absolute MTRasym(3.5ppm) signal intensity as well as the contrast of 

the ischemic stroke is reduced by the upfield NOE signals and the use of the asymmetry 

metric reduces the sensitivity of APT signals in ischemic stroke imaging. It should be 

mentioned that, contrary to our findings and the basic evidence from studies on cells and 

tissue (53) and high resolution NMR studies of proteins (56, 57), others have not found a 

change of relayed-NOE signals following acute stroke (29, 58, 59). The most likely 

explanation of this is a difference in saturation power B1, leading to very different 

contributions of fast and slow exchanging protons to the Z-spectrum (60). At lower B1 

(about less than 1–2 μT), the CEST effect observed in a Z-spectrum is dominated by 

downfield slowly exchanging amide and upfield relayed-NOE protons, while at higher B1 

this is taken over by downfield fast exchanging protons (amine and hydroxyl), with large 

MTC on both sides. The MTC has shown little pH dependence due to the majority of 

contrast coming from direct dipolar transfer and molecular (H2O) exchange, so at higher B1, 

the pH dependency upfield will no longer be apparent. In the B1 regime at 3T used for our 

studies, the amine contribution is expected to be minimal, but we expect some effect from 

the guanidinium protons in creatine around 2 ppm (exchange rate of about 950 Hz at 

physiological pH and a strong pH dependence between pH 6 and 7.5 (61)). The EMR fitting 

is very simple and removes most of the effects of MTC and direct saturation. It should not 

be affected by pH dependence much. Also, we use the symmetric MTC fitting. Thus, any 

fitting error would cause the NOE# and APT# signals to be symmetric, which is not the case.
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Accurate identification of the ischemic penumbra versus irreversible infarct tissue in the 

acute stroke clinical setting has great potential for guiding therapeutic decision-making, 

particularly for patients who present in an unknown or delayed time window. A spatial 

mismatch between diffusion and perfusion deficits has been used as a surrogate marker for 

salvageable tissue. However, this approach is known to overestimate the volume of 

penumbra in areas of benign oligemia. A static perfusion deficit does not capture the 

dynamic response to ischemia known to occur at the molecular level (18). Thus, when 

making decisions about costly and potentially harmful interventions for the treatment of 

acute stroke, perfusion imaging can be misleading, resulting in higher morbidity and 

mortality rates due to in appropriate interventions (17, 62–64). However, when impaired 

perfusion is significant enough to affect metabolism, a systemic intracellular acidosis ensues 

propagating out from a central infarct core, sparing regions of oligemia that have not 

resulted in anaerobic metabolism. Our observations show that pH deficits are smaller than 

perfusion deficits and equal to or larger than diffusion deficits, in line with previous animal 

studies (26, 27, 48). The pH deficit may reflect the area of final infarction expected without 

reperfusion and thus, the acidosis-based penumbra. The mismatch region between diffusion 

and pH deficits is expected to be a potential therapeutic target that is more specific than the 

PWI/DWI mismatch. Moreover, early and accurate identification of the acidosis-based 

penumbra with a size-based threshold may assist to select patients for delayed recanalization 

or neuroprotective treatment.

APT signals measured by a subtraction-based method (e.g., Zref - Zlab where Zref and Zlab 

are the normalized reference image signal intensity and the label image signal intensity with 

respect to S0) depend on not only amide proton concentration and its exchange rate, but 

depending on the model used (e.g. Lorentzian fitting) also on semi-solid MTC effects and 

experimental conditions. Various types of pathology can alter tissue properties, particularly, 

water relaxation times, water content, and semi-solid MTC content. Previous studies showed 

that APT signal apparently increases with T1w, but the relationship is not linear (42, 65). 

Notably, the positive correlation no longer exists at the high RF saturation power level, and it 

seems that the APT signal is not associated with T1w at 2 μT, as was used in this study. In 

addition, our result showed that there was no significant MTR(10ppm) difference between 

normal brain tissue and stroke at 1 day time point (Supporting Table S1), which is in 

agreement with those of prior studies (66, 67). These authors found that the change of MTC 

was less than 1 % during initial few hours after stroke onset time. Furthermore, as shown in 

Fig. 2, MTR and APT# images demonstrated very different contrast features, and the MTR 

contrasts were not projected onto the APT# images, although obvious MTR contrasts were 

seen at 1 week. The results suggest that semisolid MTC contribution to the APT# contrast 

between normal and ischemic areas was insignificant. Broad CEST signals were observed 

over a frequency range from 1 to 4 ppm, as shown in Fig. 1e and 5c. We attribute this to the 

pH effects of other exchangeable groups that are not exactly at 3.5 ppm, for instance, 

including the guanidinium protons of creatine and some amines (28, 68, 69). These CEST 

signals may also exist at the frequency offset of 0.5 ppm and may influence EMR fitting.

There are several limitations that need to be mentioned. First, Tsat on human scanners is 

often limited to < 1 sec due to hardware constraints (particularly the pulse length and the RF 

amplifier duty cycle) and specific absorption rate (SAR) requirements. In addition, a 
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moderate TR is typically employed to reduce the scan time for patients. When a short TR or 

relaxation delay length (= TR - Tsat), compared with T1 relaxation time, is applied, the initial 

water longitudinal magnetization is reduced, resulting in a decrease in APT effect. However, 

it has been reported that APT signals obtained under strong RF saturation power can reach a 

maximum faster, while APT signals from weak RF saturation power slowly increased and 

reached a plateau at a longer RF saturation time (70, 71). Thus, the optimal saturation time 

under a relatively high RF saturation power is significantly shorter than what is designed to 

reach the steady-state under a low RF saturation power on animal scanners. Despite large 

semisolid MTC and direct water saturation effects, a relatively high RF saturation power (~ 

2 μT) with a Tsat of 500~800 ms on 3 T human scanners has been used in previous stroke 

patient studies in an effort to achieve higher MTRasym(3.5ppm) contrast within the specific 

absorption rate limit (30, 72). Of course, further studies may be needed to determine the 

optimal RF saturation power level for maximizing ischemic stroke contrast and increasing 

specificity to the APT effect. Second, the use of single-slice APT image acquisition for 

monitoring longitudinal changes in pH/diffusion mismatch is challenging. Instead, 

volumetric APT imaging is essential to evaluate whether pH/diffusion mismatch can predict 

the final infarct size if no recanalization occurs, or whether the final infarct size is reduced if 

recanalization occurs to salvage ischemic penumbra in hyperacute patients. Consequently, a 

very fast volumetric APT imaging technique that can be included in a comprehensive MR 

stroke protocol is required for hyperacute stroke patients (73–76). Third, in this study, we 

demonstrated substantially enhanced APT sensitivity to pH using the EMR analysis 

technique and better detection of a pH-based acidosis penumbra in acute stroke patients. 

However, definitive evidence is still lacking even though previous animal studies exhibited 

promising results (24–29). Thus, future research is needed to validate that the ischemic 

acidosis penumbra can predict final infarction size and outcome through prospective and/or 

retrospective cohort studies. Fourth, interestingly, we observed that the NOE# and 

MTRasym(3.5ppm) signal contrasts were quite similar at 24 hrs acute stage (−0.9 % for 

NOE# and −0.96 % for MTRasym(3.5ppm), see Supporting Fig. S2), whereas the contrast of 

the NOE# signal (−1.06 %) was higher than that of MTRasym(3.5ppm) (−0.39 %) at all 

hyperacute, acute, and subacute stages (2 hrs to 5 days) as shown in Fig. 3, probably due to 

variable temporal evolution of APT and NOE signals. Further study, perhaps together with 

intracellular pH measurements using 31P MRS, is needed to reveal clear mechanisms.

CONCLUSIONS

APTw imaging based on MTR asymmetry analysis has shown promise for identifying 

ischemic lesions, but suffers from low accuracy due to small APTw intensity changes. In this 

study, quantitative APT#, NOE#, perfusion and diffusion MRI were performed on acute 

stroke patients. Our results showed that while APTw MRI for pH analysis based on 

MTRasym analysis was confounded by upfield pH-sensitive NOE effects of mobile proteins 

and peptides, NOE-free APT-MRI contrast between normal and ischemic lesions was 

substantially increased, nearly 3 times larger than that based on MTRasym analysis. 

Consequently, APT studies using the EMR approach can achieve less contaminated APT-

MRI signals and enhance APT MRI sensitivity to pH, thus allowing more reliable 

delineation of an ischemic acidosis penumbra. This should be useful to help guide 
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thrombolytic and/or neuroprotective therapies for acute stroke patients at various therapeutic 

windows.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
APT-MRI quantification comparison of an acute stroke patient with right MCA occlusion (< 

7 hrs from symptom onset) using the MTR asymmetry analysis and EMR approaches. a: 
MR images. Both APT# and NOE# showed much clearer ischemic contrasts than 

MTRasym(3.5ppm). b, c: Z-spectra and MTRasym spectra obtained from the contralateral 

normal (black) and the ischemic lesion (red). d: Wide-offset Z-spectra with only MTC 

between 8 and 14 ppm, and extra 0.5 ppm (for improving fitting quality), were fitted to the 

two-pool MTC model. e: The quantitative CEST# signals obtained by subtracting the 

experimentally measured Z-spectra (red and black circles in d) from the EMR curve (red and 

black solid lines in d).
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Figure 2. 
Serial multimodality MR images of a representative acute stroke patient with left MCA 

occlusion (yellow arrows) at three time points. DWI and ADC showed large acute ischemic 

areas due to cytotoxic edema. In addition, perfusion-based rBTT and TTP showed obvious 

hypoperfusion in a slightly larger region than the diffusion abnormality. Both APT# and 

NOE# showed much clearer ischemic contrasts than MTRasym(3.5ppm) at two earlier time 

points. High APT signal intensities observed at 1 week can be attributed to a hemorrhage 

(white arrows) caused by abundant mobile proteins and peptides in the blood. Note that there 

was no significant contrast between normal and ischemic areas in MTR at 10 ppm within 1 

day.
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Figure 3. 
Average MTRasym(3.5ppm), APT#, and NOE# image intensities and contrasts between 

acidic ischemic and contralateral normal tissues from thirty acute stroke patients. a: Both 

APT# and NOE# signal intensities of the ischemic lesion (DWI hyperintensity) were 

significantly lower than those of the contralateral normal tissue, while the 

MTRasym(3.5ppm) signals showed no significant difference. b: The NOE free-APT# image 

contrast between acidic ischemic and contralateral normal tissues outside the DWI lesion 

was much larger than the MTRasym(3.5ppm) image contrast.
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Figure 4. 
Comparisons of diffusion/pH/perfusion deficits and quantitative pH/diffusion and 

perfusion/pH scatterplots in two acute stroke patients at 1 day from symptom onset. a-c: A 

patient with pH/perfusion mismatch, but minor diffusion/pH mismatch. d–f: A patient with 

pH/perfusion mismatch, as well as diffusion/pH mismatch. All ischemic lesions in ADC, 

APT#, and rBTT images were automatically segmented using an algorithm with k-means 

clustering technique. The distributions of the diffusion deficit area (infarct core, red), pH-

diffusion mismatch (acidosis-based penumbra, green), and perfusion-pH mismatch 

(acidosis-based benign oligemia, blue) were markedly different from those of the 

contralateral normal tissue (black).
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Figure 5. 
Average Z-spectra (a), MTRasym spectra (b), and APT# and NOE# signals (c) obtained from 

the contralateral normal (black) and the diffusion/pH mismatch (green) from three acute 

stroke patients (< 7 hours from symptom onset).
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