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Purpose: Amide proton transfer (APT) MRI is promising to serve as a surrogate 
metabolic imaging biomarker of acute stroke. Although the magnetization transfer 
ratio asymmetry (MTRasym) has been used commonly, the origin of pH-weighted 
MRI effect remains an area of investigation, including contributions from APT, sem-
isolid MT contrast asymmetry, and nuclear Overhauser enhancement effects. Our 
study aimed to determine the origin of pH-weighted MTRasym contrast following 
acute stroke.
Methods: Multiparametric MRI, including T1, T2, diffusion and Z-spectrum, were 
performed in rats after middle cerebral artery occlusion. We analyzed the conven-
tional Z-spectrum 

(

I(Δω)

I
0

)

 and the apparent exchange spectrum 
(

R
ex
(Δω)

)

, being the 

difference between the relaxation-scaled inverse Z-spectrum and the intrinsic spin-
lock relaxation rate 

(

R
1
⋅ cos

2θ ⋅

I
0

I(Δω)
−R

1�
(Δω)

)

. The ischemia-induced change 

was calculated as the spectral difference between the diffusion lesion and the con-
tralateral normal area.
Results: The conventional Z-spectrum signal change at −3.5 ppm dominates that 
at +3.5 ppm (−1.16 ± 0.39% vs. 0.76 ± 0.26%, P < .01) following acute stroke. In 
comparison, the magnitude of ΔRex change at 3.5 ppm becomes significantly larger 
than that at −3.5 ppm (−2.80 ± 0.40% vs. −0.94 ± 0.80%, P < .001), with their SNR 
being 7.0 and 1.2, respectively. We extended the magnetization transfer and relaxa-
tion normalized APT concept to the apparent exchange–dependent relaxation image, 
documenting an enhanced pH contrast between the ischemic lesion and the intact 
tissue, over that of MTRasym.
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1 |  INTRODUCTION

Brain-tissue pH drops following sudden hypoperfusion, 
which disrupts cerebral oxygen and glucose metabolism, 
making pH a surrogate metabolic biomarker of acute isch-
emic tissue.1,2 Amide proton transfer (APT) MRI is a form 
of CEST imaging, which provides noninvasive intracellular 
pH-weighted mapping.3-10 The commonly used pH-weighted 
magnetization transfer (MT) ratio asymmetry (MTRasym) 
analysis takes the signal difference between −3.5 and  
3.5 ppm to correct for the direct RF saturation effect. It has 
been shown that pH-weighted MRI refines heterogeneous 
perfusion/diffusion lesion mismatch into perfusion/pH lesion 
mismatch and pH/diffusion lesion mismatch, postulated to 
represent the benign oligemia and metabolic penumbra, re-
spectively.11,12 The APT-weighted MRI has been translated 
to study acute stroke patients with preliminary yet promising 
results.13-15 Recently, it has been demonstrated that MT and 
relaxation-normalized APT (MRAPT) analysis minimizes 
the concomitant non-pH-dependent factors, resulting in en-
hanced correlation with tissue pH over that of MTRasym.16-18 
Nevertheless, MTRasym and its variants provide a mixed con-
trast, and tremendous efforts have been devoted to elucidating 
the origin of pH-weighted MRI, which may further improve 
pH measurement.19-23

The assumption that the pH-dependent APT effect domi-
nates the pH-weighted MTRasym measurement was, in large 
part, built on the evidence that in cardiac-arrest global isch-
emia rodent models, the Z-spectral signal had little change at 
−3.5 ppm, whereas it increased at +3.5 ppm.4 However, the 
source of pH-weighted MTRasym contrast has often been de-
bated. For example, Watanabe et al concluded that the dipolar 
coupling between aliphatic and water protons rather than pro-
ton exchange is the dominant factor in Z-spectra and MTRasym 
in the brain.24 Li et al and Heo et al reported significant nuclear 
Overhauser enhancement (NOE) and APT changes in acute 
stroke.21,25 Wu et al showed that NOE and MT-contrast changes 
counteracted each other, leaving the net MTRasym change dom-
inated by the APT effect in an acute stroke rodent model.22 In 
a global ischemia model, Zhou et al showed that the negative 
MT-contrast asymmetry change is about the same magnitude 
of the APT effect.23 As such, the origin of pH-weighted 
MTRasym signal following acute stroke is complex and unset-
tled, which casts doubt on the accuracy of pH 

mapping. Particularly, it has been documented that the experi-
mentally measurable CEST-MRI effect strongly depends on 
T1,

26-31 yet the impact of T1 on acute stroke pH imaging has not 
been thoroughly investigated. Moreover, early T1 change has 
been reported following the experimental acute stroke.32-35 
Kaur et al also showed T1 change in transient stroke models.36 
These results are consistent with the work of Young et al, 
which demonstrated a high correlation between net ion shift 
and edema in acute stroke.37 We also showed that T1-
normalized MTRasym is of higher pH correlation over MTRasym, 
enabling improved pH imaging.8,9 Herein, our study aimed to 
take into account the T1 contribution, and determine the source 
of in vivo MTRasym signal change in an animal model of acute 
stroke. Although the conventional Z-spectrum suggested that 
the magnitude change in NOE signal dominates that of the 
APT, our data also showed significant tissue-relaxation change 
during the acute stroke phase. To account for such relaxation 
changes, we calculated the difference between the relaxation- 
scaled inverse Z-spectrum and the intrinsic spinlock relaxation 
rate 

(
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)

, which showed 

that the observed NOE effect in the conventional Z-spectrum 
was primarily attributed to a symmetric signal intensity change 
around the water frequency. After accounting for the relaxation 
change, the APT signal is restored and becomes the dominat-
ing source of pH-weighted MRI contrast. Capitalizing on this 
finding, we also generalized the MRAPT concept to the appar-
ent exchange–dependent relaxation (AREX) image for pH-spe-
cific mapping.16,17

2 |  THEORY

The CEST-MRI effect is often quantified by normalizing the 
saturated scans (I (Δ�)) with the unsaturated control scan (I0).  
The steady-state CEST-MRI signal is given as38,39

where Rex
1ρ
(Δ�)=R1cos2θ+R2sin2θ+Rex (Δ�); �= atan
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)

, in 
which γ is the gyromagnetic ratio; R1 and R2 are the bulk water 
longitudinal and transverse relaxation rates, respectively, with 
B1 and Δω being the amplitude and offset of the RF irradiation; 
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Conclusion: Our study shows that after the relaxation-effect correction, the APT 
effect is the dominant contributing factor to pH-weighted MTRasym following acute 
stroke.
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and Rex (Δ�) describes the multipool CEST and semisolid MT 

effects. We have Rex (Δ�)=
N
∑

i=1

fsi ⋅ kswi ⋅ αi, where fsi and kswi 

are the ith pool labile proton ratio and exchange rate, respec-
tively, and αi is the corresponding labeling coefficient. Equation 
1 shows that the conventional Z-spectrum 

(

I(Δ�)

I0

)

 depends on 

both the intrinsic longitudinal relaxation rate and the spinlock 
relaxation rate (R1ρ =R1cos2θ+R2sin2θ), the correction of 
which may improve the specificity of CEST-MRI measurement 
to the labile proton ratio and exchange rate.

It has been shown that the inverse normalization 
(

I0

I(Δ�)

)

 
simplifies the quantification of multipool CEST effects from 
that using the unsaturated scan–denominated conventional 
Z-spectrum.30 We have

The R1-scaled inversely normalized CEST signal reduces 
the nonlinear coupling to a linear summation of multipool 
CEST and semisolid MT effects as follows:

The CEST effect change following acute ischemia can 
be determined by subtracting the intrinsic spin lock relax-
ation rate from the R1-scaled inverse Z-spectral analysis. 
Specifically, we obtain

3 |  METHODS

3.1 | Animals

In vivo studies have been approved by the Institutional Animal 
Care and Use Committee, Massachusetts General Hospital. 
We performed multiparametric MRI in 12 adult male Wistar 
rats following acute stroke. Anesthesia was induced in rats 
with 5% isoflurane and air mixture for 5 minutes and then 
maintained under 1.5%-2% isoflurane for the duration of the 
surgery and imaging. We monitored rat heart rate and blood 
oxygen saturation throughout the experiment (Nonin Pulse 
Oximeter 8600, Plymouth, MN) with their core temperature 
maintained by a circulating warm water jacket surrounding 
the torso. We used a classical middle cerebral artery occlu-
sion stroke model by gently inserting a 4-0 silicone-coated 
nylon suture through the internal carotid artery to block the 

origin of the middle cerebral artery. Rats were imaged be-
tween 1 and 2 hours after the middle cerebral artery occlusion 
operation. One rat displayed a tiny hypothalamic lesion with-
out striatal and cortical lesions, and the animal was excluded 
from the data analysis.

3.2 | Magnetic resonance imaging

All MRI scans were performed using a 4.7T small-bore Bruker 
MRI system (Bruker Biospec, Ettlingen, Germany). We 
used single-shot EPI with a FOV of 20 × 20 mm2 (matrix =  
48 × 48, slice thickness/slice gap = 1.8/0.2 mm, 5 slices). 
We acquired multiparametric MRI scans, including perfu-
sion, diffusion, water-saturation shift reference, Z-spectrum, 
APT-weighted, and T1-weighted and T2-weighted scans. 
Specifically, perfusion imaging was acquired using amplitude- 
modulated arterial spin labeling MRI (TR/TE = 5000/20 ms, 
arterial spin labeling tagging time = 3000 ms, 32 averages, 
scan time = 5 minutes 36 seconds).40 Diffusion imaging was 
obtained with a single-shot isotropic diffusion-weighted MRI 
(two b-values of 250 and 1000 s/mm2, TR/TE = 3250/42 ms, 
16 averages, scan time = 1 minute 44 seconds).41 A water- 
saturation shift-reference scan was obtained to map the B0 
field inhomogeneity (B1 = 0.5 μT, relaxation delay = 3000 ms,  
saturation time = 250 ms) from −0.5 to 0.5 ppm with inter-
vals of 0.05 ppm.42 For Z-spectrum and APT-weighted MRI, 
we used a CEST-MRI sequence with an unevenly segmented 
RF irradiation, which includes a long (primary) saturation 
pulse that drives to the CEST steady-state and short (sec-
ondary) saturation pulses between image readout and aver-
age loops that maintain the CEST steady state for fast and 
sensitive imaging.43 We collected Z-spectrum from −6 to 6 
ppm with intervals of 0.25 ppm (B1 = 0.75 μT, relaxation 
delay = 3500 ms, primary saturation time = 3000 ms, sec-
ondary saturation time = 500 ms, four averages, and scan 
time = 13 minutes 20 seconds). In addition, we performed 
three-point APT-weighted scans, with eight averages of the 
unsaturated control scan and 32 averages of saturated scans 
at ±3.5 ppm (scan time = 4 minutes). Moreover, T1-weighted 
inversion-recovery images were acquired with inversion time 
(TI) ranging from 250 ms to 3000 ms (relaxation delay/TE =  
6500/20 ms, four averages, and scan time = 3 minutes 38 
seconds), and T2-weighted MRI was obtained with two sepa-
rate spin-echo EPI scans (TR/TE1/TE2 = 3250/30/100 ms, 
16 averages, and scan time = 1 minute 40 seconds).

3.3 | Data analysis

Images were processed in MATLAB R2019a (MathWorks, 
Natick, MA). Parametric T1, T2, and ADC maps  
were obtained using least-squares mono-exponential  
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fitting of the signal intensities as functions of the TI 
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efficiency and Td is the relaxation delay, TE 
(
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)

, 
and diffusion b-value 

(
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)

, respectively. The cer-
ebral blood flow (CBF) was calculated using CBF=

�

T1

⋅

Iref −Itag
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, 

where λ is the brain/blood partition coefficient, Itag and Iref 
are arterial spin labeling tagging and reference images, re-
spectively, and � is the degree of blood spin inversion.40 The B0  
field inhomogeneity was determined from the water-saturation  
shift-reference scan and applied to correct Z-spectrum.42 The 
Z spectrum was analyzed using both the unsaturated scan de-
nominated normalization 

(

Z =
I(Δ�)

I0

)

 and the inverse 

Z-spectrum analysis approach 
(

Zinv =
I0

I(Δ�)

)

. The Rex spectrum 

was calculated using Equation 4. In addition, APT-weighted 
images were processed using MTRasym 
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, 

T1-normalized MTRasym 
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, and 
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. The ischemic 

diffusion lesion was automatically segmented from the ADC 
map using a K-means clustering algorithm of two clusters, 
with the label for the ischemic lesion automatically identified 
as the cluster of a reduced ADC.44 The ipsilateral ischemic 
lesion was mirrored to the contralateral brain along the 
midline.22

The pH-specific MRAPT analysis (ΔMRAPTR) is calcu-
lated as the difference between R1-scaled MTRasym and an es-
timated baseline image that is not pH-dependent.15-17 Briefly, 
we have

where F
(

R1, MMTR
)

 is the non-pH-dependent baseline image 
estimated from R1 and mean MTR at ±3.5 ppm (MMTR) 
maps. Note that it has been shown that MMTR has less change 
than MTR(+3.5 ppm) and MTR(−3.5 ppm) following acute 
stroke.16 Because it is generally believed that pH dominates 

the APT-weighted effect during the acute stroke; we have 
(

fs ⋅ ksw

)

ischemic
−
(

fs ⋅ ksw

)

norm
≈ fs ⋅ Δksw, with Δksw being 

an acidosis-induced drop in the exchange rate. Our study further 
generalized the concept of MRAPT analysis to Rex(+3.5 ppm),  
Rex(−3.5 ppm), and AREX images. Briefly, we evaluated the 
pixel-wise regression between R1, MMTR, and the image of 
interest (Rex(+3.5 ppm), Rex(−3.5 ppm), and AREX) in the 
contralateral healthy brain. The derived regression coeffi-
cients were then applied to correct the concomitant non-pH- 
dependent image baseline shift across the brain, following 
Equation 5.16,17

We evaluated region of interest (ROI)–based multipara-
metric MRI changes between the ipsilateral diffusion lesion 
and contralateral normal area. The contrast-to-noise ratio 
(CNR) from each animal was calculated as the ratio of the 
ROI intensity difference over the mean SD 
(

√

(

�2
norm

+�
2
ischemic
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∕2

)

, calculated from the ROI of the 

contralateral normal area and ischemic diffusion lesion. The 
group mean CNR and its SD were summarized from the CNR 
of each rat. Also, Cohen’s d was calculated as the difference 
of the mean value over the mean SD from all acute stroke 
rats. Two sample t-tests of equal variance were performed to 
evaluate the ischemia-induced MRI changes, and p-values 
less than .05 were regarded as statistically significant.

4 |  RESULTS

Figure 1 shows T1 (Figure 1A), T2 (Figure 1B), ADC  
(Figure 1C), and MTRasym (Figure 1D) maps of a representa-
tive acute stroke rat between 1 and 2 hours after middle cer-
ebral artery occlusion. There was a small yet significant T1 
increase (from 1.54 ± 0.03 to 1.65 ± 0.04 s, P < .01) follow-
ing acute ischemia. There was also a minimal yet significant 
T2 decrease (from 53.67 ± 0.73 to 52.85 ± 0.56 ms, P < .01; 
Figure 1B). In addition, the ischemic lesion displayed a clear 
ADC drop from that of the healthy tissue (0.65 ± 0.02 vs. 
0.83 ± 0.03 µm2/ms, P < .001). The number of diffusion le-
sion pixels were 308 ± 73 pixels (mean ± SD), ranging from 
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F I G U R E  1  Multiparametric images of a representative acute stroke rat. A, The T1 map. B, The T2 map. C, The ADC map with the diffusion 
lesion and contralateral normal areas outlined in black and gray lines, respectively. D, The pH-weighted magnetization transfer ratio asymmetry 
(MTRasym) map
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214 to 462 pixels (median = 314 pixels). In addition, the pH-
weighed MTRasym image showed a signal drop in the ipsilat-
eral lesion from that of the contralateral normal area (−5.46 ±  
0.51% vs. −3.57 ± 0.61%, P < .001). Table 1 summarizes 
values from the diffusion lesion and the contralateral normal 
area, and their differences from all stroke rats (n = 11). The 
multiparametric images from all acute stroke rats are shown 
in Supporting Information Figures S1-S10.

We first quantified the ischemia-induced signal change 
using conventional Z-spectrum. Figure 2A overlays Z-spectra 
from the contralateral normal area (red) and ischemic diffu-
sion lesion (blue) of a representative acute stroke rat, the same 
one as in Figure 1. There appeared to be a subtle Z-spectral 
signal elevation at 3.5 ppm in the ischemic lesion, suggesting 
a slight reduction in the exchange rate, and hence, pH drop. 
However, the most prominent feature was a decrease in signal 
intensity over the aliphatic frequency range. Figure 2B shows 
the Z-spectral difference (Zipsi-Zcontra) between the contralat-
eral normal and ipsilateral ischemic regions (black diamond 
markers). The normalized signal change at −3.5 ppm dom-
inated that at +3.5 ppm (−1.16 ± 0.39% vs. 0.76 ± 0.26%,  
P < .01). Note that the increase in the signal change at  
+3.5 ppm means a reduced APT effect and acidosis. To better 
visualize the Z-spectral signal change, Figure 2C shows the 
MTRasym spectra from the contralateral normal (red) and ip-
silateral ischemic (blue) regions. Similar to Figure 2B, there 
was a small signal drop at 3.5 ppm in addition to a pronounced 
baseline shift from that of the contralateral normal tissue. 
Figure 2D shows the MTRasym spectral difference between 
the ischemic and contralateral normal regions. A summary 
of Figure 2 from all acute stroke rats is shown in Supporting 
Information Figure S11.

We also analyzed R1-scaled inversely normalized 
Z-spectrum 

(

Rex
1ρ
(Δ�)=R1 ⋅

I0cos2θ

I(Δ�)

)

 following acute stroke. 

Figure 3A shows that the R1-scaled inverse Z-spectrum from 

the diffusion lesion decreased substantially from that of the 
contralateral normal area of a representative acute stroke rat, 
the same one as in Figure 2. Because R1-scaled inversely nor-
malized Z-spectrum is truncated at 0 ppm, it is not straight-
forward to compare the linewidth with that of Figure 2A. The 
value of Rex

1ρ
 includes contributions from both CEST effects 

(Rex) and intrinsic bulk tissue water (R1ρ). The value of R1ρ 
was calculated from parametric T1 and T2 maps. Figure 3B 
shows that R1ρ(±3.5 ppm) decreased from 0.69 ± 0.02 (con-
tralateral normal area) to 0.65 ± 0.02 (ischemic diffusion le-
sion, P < .001). Figure 3C shows Rex spectra 
(

Rex (Δ�)=Rex
1ρ
(Δ�)−R1ρ (Δ�)

)

 from the diffusion lesion 

(blue) and the contralateral normal (red) area. The Rex spectra 
overlapped reasonably well at the aliphatic chemical shifts, 
while the signal change at +3.5 ppm emerged as the domi-
nant factor of change. Figure 3D shows the Rex difference 
(ΔRex) between the normal and ischemic regions. A summary 
of Figure 3 from all acute stroke rats is shown in Supporting 
Information Figure S12. Across all animals, the signal change 
at +3.5 ppm dominates that at −3.5 ppm (−2.804 ± 0.396% 
vs. −0.944 ± 0.799%, P < .001), with their SNRs being 7.0 
and 1.2, respectively.

Figure 4 shows the multiparametric image characteriza-
tion of pH-weighted MRI. Although the MMTR(±3.5 ppm) 
image showed little change after acute ischemia (Figure 4A),  
there was a noticeable R1ρ decrease (Figure 4B). The  
R1-scaled inversely normalized images showed a more pro-
nounced signal change at +3.5 ppm (Figure 4D) than that 
of −3.5 ppm (Figure 4C). The Rex images were obtained by 
subtracting the calculated R1ρ map from the R1 inversely nor-
malized CEST images. Figure 4F shows that Rex (+3.5 ppm) 
has a more noticeable signal drop in the ipsilateral ischemic 
area than that of Rex (−3.5 ppm) in Figure 4E. Nevertheless, 
Rex images (Figure 4E,F) are susceptible to concomitant 
semisolid MT contrast (3.5 ppm) and MT contrast plus NOE 

  Contralateral normal area Ipsilateral ischemic area Difference

T1 (seconds) 1.54 ± 0.03 1.65 ± 0.04* 0.109 ± 0.021

T2 (ms) 53.67 ± 0.73 52.85 ± 0.56** −0.821 ± 0.481

CBF (mL/g∙min) 1.00 ± 0.19 0.53 ± 0.10*** −0.465 ± 0.110

ADC (µm2/ms) 0.83 ± 0.03 0.65 ± 0.02*** −0.185 ± 0.019

I/I0 (−3.5 ppm) 0.68 ± 0.01 0.67 ± 0.01*** −1.155% ± 0.390%

I/I0 (+3.5 ppm) 0.72 ± 0.01 0.72 ± 0.01 0.761 ± 0.260 %

MMTR (±3.5 ppm) 0.30 ± 0.01 0.30 ± 0.01 0.197% ± 0.236%

MTRasym −3.57% ± 0.61% −5.46% ± 0.51%*** −1.891%/s ± 0.424%

R1ρ (±3.5 ppm) 0.69 ± 0.02 (1/s) 0.65% ± 0.02% (1/s)*** −4.417%/s ± 0.798%/s

ΔRex (−3.5 ppm) 0.27 ± 0.01 (1/s) 0.26 ± 0.01 (1/s) −0.944%/s ± 0.799%/s

ΔRex (+3.5 ppm) 0.22 ± 0.01 (1/s) 0.19 ± 0.01 (1/s)*** −2.804%/s ± 0.396%/s

Note: Two sample t-tests of equal variance were performed to evaluate the ischemia-specific changes.
*P < .01; **P < .05; ***P < .001. 

T A B L E  1  Comparison of multiparametric MRI from the ipsilateral ischemic lesion and the contralateral normal area, and their difference
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effects (−3.5 ppm), respectively, resulting in nonunifor-
mity across the intact brain. We generalized the concept of 
MRAPT analysis16,17 to minimize non-pH-dependent image 
heterogeneity in Rex (±3.5 ppm) images, denoted herein as 
ΔRex. Although ΔRex (−3.5 ppm) showed a vague signal drop 

in the ischemic lesion (Figure 4G), the ischemia-induced  
signal drop in ΔRex (+3.5 ppm) is much more prominent 
(Figure 4H).

We further applied the MRAPT analysis to the AREX 
image 

(

R1 ⋅

(

I0

I(3.5 ppm)
−

I0

I(−3.5 ppm)

))

. Figure 5A shows the 

F I G U R E  2  Characterization of 
ischemia-induced CEST Z-spectral signal 
change. A, The CEST Z-spectra obtained 
from the contralateral normal area (red) 
and ipsilateral ischemic region (blue). 
B, Z-spectral signal change between the 
contralateral normal area and the ipsilateral 
ischemic region. C, The MTRasym spectra 
from the contralateral normal area (red) 
and ipsilateral ischemic region (blue). D, 
The MTRasym spectral difference between 
the contralateral normal area and ipsilateral 
ischemic lesion

F I G U R E  3  Characterization of 
ischemia-induced inverse CEST Z-spectral 
signal change. A, The R1-scaled inverse 
CEST Z-spectral changes between the 
contralateral normal area (red) and 
ipsilateral ischemic region (blue). B, 
Intrinsic R1ρ spectral changes between 
the contralateral normal area (red) and the 
ipsilateral ischemic region (blue). C, The Rex 
spectral changes between the contralateral 
normal area (red) and the ipsilateral 
ischemic region (blue). D, The Rex spectral 
difference between the contralateral normal 
area and ipsilateral ischemic lesion
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AREX image, which displays not only ipsilateral hypointen-
sity in the ischemic lesion but also notable heterogeneity in 
the intact tissue. The AREX, MMTR, and R1 from the contra-
lateral normal tissue are highly correlated (R2 = 0.92,  
Figure 5B). Indeed, the MRAPT analysis of the AREX image 
(Figure 5C) shows reasonably uniform image intensity across 
the contralateral normal area with a deficit in the ischemic 
lesion (0.10 ± 0.09%/second vs. −1.99 ± 0.31%/second,  
P < .001). Note that the ipsilateral ischemic lesion (black out-
line) and contralateral normal region (gray outline) were de-
termined from diffusion MRI (Figure 1) and overlaid on the 
ΔMRAPTR map. The CNR from MRAPT analysis of the 
AREX map was 3.03 ± 0.56, significantly higher than that of 
the MTRasym image (1.85 ± 0.39, P < .001). Interestingly, the 
CNRs from the MRAPT analysis of AREX and the 
R1w ⋅ MTRasym (3.01 ± 0.58) images were comparable  
(P > .05).

5 |  DISCUSSION

Although both the apparent NOE and APT signals are sus-
ceptible to the relaxation-induced symmetric intensity shift, 

the calculated Rex spectrum minimizes the confounding T1 
effect. Our work showed that after correcting the relaxa-
tion effect, the APT effect is the dominating source of pH-
weighted MTRasym contrast in acute stroke. In the original 
work of Zhou et al, Z-spectrum showed a signal increase 
only around +3.5 ppm (reduced APT effect) with over-
lapped signals around −3.5 ppm (minimal NOE change), 
immediately after global ischemia.4 Our study is in good 
agreement with that reported in the global ischemia rat 
model. Because pH lesion includes both ischemic penum-
bra and infarction core that are of different pH change, we 
selected the ischemic diffusion lesion for the ROI analysis. 
It is also helpful to point out that the derived CEST-MRI 
effect often depends on the pulse sequence and experimen-
tal parameters; therefore, the T1 contribution needs to be 
carefully examined.45,46

Although T1 change has been often reported in exper-
imental stroke imaging,32-36 it has been thought to remain 
reasonably constant in acute stroke patients. A study from 
Kauppinen et al may shed some light on this apparent dis-
crepancy between experimental and clinical stroke studies.47 
Briefly, they showed that the cortical T1 increased by 4%-7% 
within a few minutes of global ischemia at 4.7 T and 9.4 T, but 

F I G U R E  4  Multiparametric images of 
pH-sensitive MRI. A, Mean MTR (MMTR) 
map. B, Calculated R1ρ map. C, The  
R1-scaled inversely normalized Z-spectral 
map at −3.5 ppm. D, The R1-scaled 
inversely normalized Z-spectral map at 
+3.5 ppm. E, The Rex map at −3.5 ppm. 
F, The Rex map at +3.5 ppm. G, The MT 
and relaxation-normalized APT (MRAPT) 
analysis of the Rex map at −3.5 ppm. H,  
The MRAPT analysis of the Rex map at 
+3.5 ppm

F I G U R E  5  Development of pH-specific MRI. A, The apparent exchange–dependent relaxation (AREX) map. B, Regression between AREX 
and MMTR and R1 from the contralateral normal brain, per pixel. C, The MRAPT analysis corrects the non-pH baseline variation, yielding a  
pH-specific MRI map
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a significantly smaller change (1%-2%) was detected at 1.5 T. 
Their finding may partially explain why T1 change was not 
easily detectable at typical clinical magnetic field strength. 
Moreover, the lack of interest in T1 change in the clinic stroke 
setting could be because diffusion MRI overshadowed the re-
laxation MRI in the early days of stroke imaging, and subse-
quent stroke MRI protocols often do not include parametric 
T1 mapping.48

Although T1 contribution to conventional Z-spectrum is 
not straightforward to describe due to the cross terms be-
tween multipool CEST and direct RF saturation effects, some 
qualitative estimation can be performed. Specifically, if we 
only model the direct RF saturation effect without consider-
ing CEST effects, we have I(±3.5 ppm)

I0

=
R1 ⋅ cos2θ

R1cos2θ+R2sin2θ
=

1

1+(T1∕T2) ⋅ tan2θ
.  

The T1 increase in the ischemic tissue results in a slightly 
more direct RF saturation effect, causing a Z-spectral signal 
intensity drop of −0.461% ± 0.097% at ±3.5 ppm, symmetric 
around the water resonance. The apparent signal intensity 
change 

(

Δ
I(±3.5 ppm)

I0

)

 on the first-order approximation is a 

summation of changes from direct RF saturation and CEST 
effects. After correcting the signal drop due to direct RF sat-
uration, CEST-related Z-spectral signal change at −3.5 ppm 
(

Δ
I(−3.5 ppm)

I0

)

 following acute ischemia became −0.694% ± 

0.423%, a reduction in its magnitude from that calculated 
without considering the change in the direct RF saturation 
effect (−1.155% ± 0.390%, Table 1). Moreover, correction of 
the direct RF saturation–induced intensity drop increased 
Δ

I(+3.5 ppm)

I0

 from 0.761% ± 0.260% (Table 1) to 1.222% ± 

0.285%. Fortunately, a signal change symmetric around the 
water resonance does not materially affect the magnitude of 
MTRasym but only the assignment of its origin. This 
semi-quantitative analysis partially explains why a signal in-
tensity change symmetric around the water resonance reduces 
the CEST effect at the aliphatic frequency range but strength-
ens that at the amide proton chemical shift. It is necessary to 
point out that because the inverse normalization approach 
simplifies the mathematical modeling of multipool CEST ef-
fects, it provides a more quantitative description of pH-
weighted MTRasym following acute stroke, as analyzed in our 
work.

Our study found that the MMTR has a negligible differ-
ence between the normal area and ischemic lesion (0.301 
± 0.008 vs. 0.303 ± 0.008), whereas MTR(−3.5 ppm) was 
0.319 ± 0.005 versus 0.330 ± 0.006, and MTR(+3.5 ppm) 
was 0.284±0.01 versus 0.276±0.01, for the contralateral nor-
mal area and ipsilateral ischemic lesion, respectively. This 
explains why MMTR provides a more reliable correction of 
the non-pH-dependent baseline image in the MRAPT analy-
sis than MTR(±3.5 ppm) independently.16 Our study used a 
weak RF saturation level of 0.75 µT at 4.7 T and concluded 
that the magnitude of APT signal change is much stronger 

than that of the NOE signal. It is worth noting that Heo 
et al used an RF saturation level of 2 µT at 3 T, applied ex-
trapolated semisolid magnetization transfer reference anal-
ysis, and concluded that the magnitude of APT change is 
bigger than that of NOE (−1.45% vs. −1.06%).21 However, 
no significant MTRasym difference between normal and isch-
emic tissue (0.78% ± 0.33% vs. 0.39% ± 0.46%) was found. 
Jin et al calculated the apparent NOE and APT calculation 
(NOE* and APT*) and showed that unlike APT*, NOE* is 
not pH-sensitive under a weak RF saturation of 1.25 µT at  
9.4 T.49 In this case, the linear estimation of the reference sig-
nal is not susceptible to the T1-induced Z-spectral intensity 
shift. Although these studies used different saturation power 
levels and field strengths, the results support that APT signal 
change is more substantial than that of NOE signal follow-
ing acute stroke, with their relative magnitude being further 
strengthened when a weak RF saturation pulse is used. It is 
worth noting that the direct saturation-corrected CEST anal-
ysis has been developed to correct the nonlinear direct RF 
saturation effect, which may augment the APT* and NOE* 
approach49,50 for improved quantification.51,52

The MTRasym calculation, despite its simplicity, provides a 
reasonable approximation of pH-weighted contrast. Indeed, 
AREX and R1w ⋅ MTRasym are closely associated with each 

other 
(

AREX=
I2
0

Iref ⋅ Ilabel

⋅

(

R1w ⋅ MTRasym

)

)

, particularly when 

a not too strong B1 saturation field is used.53 Our study chose 
an RF saturation power of 0.75 µT, which maximizes pH-sen-
sitive MTRasym contrast between the ipsilateral ischemic and 
contralateral normal regions without introducing excessive 
MT and direct RF saturation effects.54 Note that the CNR cal-
culated from background heterogeneity-suppressed MRAPT 
analysis of AREX and R1w ⋅ MTRasym, between the contralat-
eral normal area and ischemic lesion, are comparable.

We calculated Cohen’s d to shed light on the size of 
the contrast, being −3.1, −7.1, −3.4, −10.9, and −9.3 for 
perfusion, diffusion, MTRasym, and MRAPT analysis of 
R1w ⋅ MTRasym and AREX maps, respectively. Cohen’s cal-
culation assumes two groups to have similar SDs. Because 
pH-specific images are rather uniform in the intact tissue 
due to the MRAPT processing, it is appropriate to use the 
SD from the ischemic lesion as the best estimate of the 
pooled SD. This calculation changed Cohen’s d to −8.0 and 
−6.8 for pH-specific MRAPT analysis of R1w ⋅ MTRasym 
and AREX images, respectively, comparable to that of 
diffusion MRI. Admittedly, the scan time required for pH- 
specific MRAPT analysis (APT and T1 scans) is much lon-
ger than that of diffusion MRI (7 minutes 38 seconds vs. 
1 minute 44 seconds). As such, pH MRI contrast to noise 
per unit time (CNR efficiency) is much lower than that of 
diffusion MRI, as expected. Additional work is needed 
to shorten pH imaging within 2-3 minutes to facilitate its 
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adoption in the acute stroke setting. Recently, a fast B0 
field inhomogeneity correction algorithm has been devel-
oped that is capable of correcting mild field inhomogeneity 
without Z-spectrum, which may partially help improve the 
reproducibility of acute stroke pH imaging in the future.55

The pH-specific MRI (Figure 5C) shows graded acidosis, 
with the most acidification appearing in the striatal area, and 
a moderate pH drop in the lateral cortex. It is known that for 
the middle cerebral artery occlusion model, the striatum ex-
periences a worse injury than the cortex, which is more likely 
to partially reverse following early reperfusion.56 Such a mild 
pH heterogeneity within the diffusion lesion is consistent 
with reports that the diffusion lesion is not uniform, as mea-
sured by lactate MRS57 and diffusion kurtosis imaging.58,59 
Still, the pH heterogeneity within the diffusion lesion is much 
less than that across the pH lesion, which includes not only 
the ischemic core but also the metabolic penumbra.16 This 
is why we selected the ischemic diffusion lesion for the ROI 
analysis in our study. In addition to APT and NOE effects at 
±3.5 ppm, our study also captured a definite CEST effect at  
2 ppm (Figure 3D), consistent with that of Jin et al.60

6 |  CONCLUSIONS

Our study elucidated the origin of in vivo MTRasym contrast 
during the acute stroke and concluded that the APT effect 
is the dominating source of pH-weighted MTRasym contrast 
after correcting the relaxation effect. Our finding supports 
the continued use of MTRasym and amalgamations of it (eg, 
MRAPT analysis) for pH imaging in the acute stroke setting.
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FIGURE S1 The T1, T2, ADC, and pH-weighted magnetiza-
tion transfer ratio asymmetry (MTRasym) images from a rep-
resentative acute stroke rat (number 1)
FIGURE S2 The T1, T2, ADC, and pH-weighted MTRasym 
images from a representative acute stroke rat (number 2)
FIGURE S3 The T1, T2, ADC, and pH-weighted MTRasym 
images from a representative acute stroke rat (number 3)
FIGURE S4 The T1, T2, ADC, and pH-weighted MTRasym 
images from a representative acute stroke rat (number 4)
FIGURE S5 The T1, T2, ADC, and pH-weighted MTRasym 
images from a representative acute stroke rat (number 5)
FIGURE S6 The T1, T2, ADC, and pH-weighted MTRasym 
images from a representative acute stroke rat (number 6)

FIGURE S7 The T1, T2, ADC, and pH-weighted MTRasym 
images from a representative acute stroke rat (number 7)
FIGURE S8 The T1, T2, ADC, and pH-weighted MTRasym 
images from a representative acute stroke rat (number 8)
FIGURE S9 The T1, T2, ADC, and pH-weighted MTRasym 
images from a representative acute stroke rat (number 9)
FIGURE S10 The T1, T2, ADC, and pH-weighted MTRasym 
images from a representative acute stroke rat (number 10)
FIGURE S11 Characterization of ischemia-induced CEST 
Z-spectral signal change from all acute stroke rats. A, The 
CEST Z-spectra obtained from the contralateral normal area 
(red) and ipsilateral ischemic region (blue). B, Z-spectral signal 
change between the contralateral normal area and the ipsilateral 
ischemic region. C, The MTRasym spectra from the contralateral 
normal area (red) and ipsilateral ischemic region (blue). D, The 
MTRasym spectral difference between the contralateral normal 
area and ipsilateral ischemic lesion. Mean and SDs were plotted
FIGURE S12 Characterization of ischemia-induced inverse 
CEST Z-spectral signal change from all acute stroke rats. 
A, The R1-scaled inverse CEST Z-spectral changes between 
the contralateral normal area (red) and ipsilateral ischemic 
region (blue). B, Intrinsic R1ρ spectral changes between the 
contralateral normal area and the ipsilateral ischemic region. 
C, The Rex spectral changes between the contralateral normal 
area and the ipsilateral ischemic region. D, The Rex spectral 
difference between the contralateral normal area and ipsilat-
eral ischemic lesion. Mean and SDs were plotted
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