
NEURO

Amide proton transfer–weighted MRI can detect tissue acidosis
and monitor recovery in a transient middle cerebral artery occlusion
model compared with a permanent occlusion model in rats
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Abstract
Objectives To assess whether increases in amide proton transfer (APT)–weighted signal reflect the effects of tissue recovery from
acidosis using transient rat middle cerebral artery occlusion (MCAO) models, compared to permanent occlusion models.
Materials and methods Twenty-four rats with MCAO (17 transient and seven permanent occlusions) were prepared. APT-
weighted signal (APTw), apparent diffusion coefficient (ADC), cerebral blood flow (CBF), andMR spectroscopywere evaluated
at three stages in each group (occlusion, reperfusion/1 h post-occlusion, and 3 h post-reperfusion/4 h post-occlusion). Deficit
areas showing 30% reduction to the contralateral side were measured. Temporal changes were compared with repeated measures
of analysis of variance. Relationship between APTw and lactate concentration was calculated.
Results Both APTw and CBF values increased and APTw deficit area reduced at reperfusion (largest p = .002) in transient
occlusion models, but this was not demonstrated in permanent occlusion. No significant temporal change was demonstrated
with ADC at reperfusion. APTw deficit area was between ADC and CBF deficit areas in transient occlusion model. APTw
correlated with lactate concentration at occlusion (r = − 0.49, p = .04) and reperfusion (r = − 0.32, p = .02).
Conclusions APTw values increased after reperfusion and correlated with lactate content, which suggests that APT-weighted
MRI could become a useful imaging technique to reflect tissue acidosis and its reversal.
Key Points
• APT-weighted signal increases in the tissue reperfusion, while remains stable in the permanent occlusion.
• APTw deficit area was between ADC and CBF deficit areas in transient occlusion model, possibly demonstrating metabolic
penumbra.

• APTw correlated with lactate concentration during ischemia and reperfusion, indicating tissue acidosis.
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Abbreviations
ADC Apparent diffusion coefficient
APTw Amide proton transfer–weighted signal
CBF Cerebral blood flow
MCAO Middle cerebral artery occlusion

Introduction

The pH of the brain is approximately 7.2 under normal con-
ditions, but decreases during ischemia [1], when glucose is
anaerobically metabolized. The introduction of amide proton
transfer (APT)–weighted magnetic resonance imaging (MRI)
[2, 3] has enabled assessment of tissue acidosis in ischemia, as
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the APT-weighted voxel values are reduced in regions of tis-
sue acidosis. After ischemic insult, the APT-weighted signals
change, as pH affects the exchange rate of amide protons
[2–4], while protein content and temperature in the brain re-
main unchanged [2, 5]. In acute ischemic tissue, changes in
pH and APT-weighted signaling have been shown to occur
before changes in diffusion-weighted imaging (DWI) indica-
tive of cytotoxic edema [4, 6]. Moreover, APT-weighted MRI
may aid in defining penumbral tissue [4, 7, 8], where areas of
APT deficit are intermediate in size between areas of apparent
diffusion coefficient (ADC) and perfusion deficits.

Although APT-weightedMRI has been studied in ischemic
tissue [2, 3, 9–12], few studies to date have examined its use in
reperfused tissue, where metabolism switches from anaerobic
to aerobic and the pH returns to its normal physiological level.
DWI or perfusion-weighted imaging (PWI) techniques such
as arterial spin labeling (ASL) or dynamic susceptibility con-
trast imaging are often used to assess the state of tissue fol-
lowing reperfusion [13, 14]. However, ischemia-related
changes in ADC values may reverse after reperfusion, in con-
trast to the assumed equivalence with diffusion-restriction le-
sions in the infarct core [15, 16]. Although perfusion-
weighted MRI is useful for assessing the direct perfusion dy-
namics of tissue, perfusion is also reduced in benign oligemias
[13], suggesting that perfusion-weighted MRI results do not
reflect tissue metabolism. Regional variations in oxygen in-
flux can result in the metabolic heterogeneity of reperfused
tissue, as well as spatial variations in the normalization of
pH [17]. Thus, APT-weighted MRI may provide complemen-
tary information to assess the state of tissue after reperfusion.

We hypothesized that increases in APT-weighted image
intensity would reflect the state of tissue recovery from acido-
sis, and that they would provide complementary information
to ADC, cerebral blood flow (CBF), and lactate content mea-
surements. Incorporating APT-weighted MRI into a
multiparametric MR approach has been demonstrated in
humans with permanent stroke [18] and in rat stroke models
[14], but has not been performed in the post-reperfusion state.
This study therefore assessed whether increases in APT-
weighted signaling reflect the effects of tissue recovery from
acidosis by comparing the values of transient rat middle cere-
bral artery occlusion (MCAO) models with those of perma-
nent occlusion models.

Materials and methods

Animal model

This study was approved by the Institutional Animal Care and
Use Committee of Asan Medical Center. All experimental
procedures were carried out in strict accordance with the
Association for Assessment and Accreditation of Laboratory

Animal Care. All animal experiments described below have
been reported in compliance with the ARRIVE (Animal
Research: Reporting in Vivo Experiments) guidelines [19].
Transient MCAO was induced in 24 adult (9 to 10 weeks)
male Wistar rats weighing 280–330 g (mean ± standard devi-
ation, 300.3 ± 23 g). For MCAO surgery, the rats were anes-
thetized with 1.5% isoflurane in 70% N2O/30% O2 (flow rate,
1.0 L/min), and the right MCA was occluded by inserting a
4-0 silk suture coated with a commercial silicon rubber–
coated 5-0 nylon monofilament (tip diameter, 0.35–
0.37 mm) into the lumen of the internal carotid artery to block
the origin of the MCA. Reperfusion was performed 1 h after
initial occlusion. MRI data were acquired at occlusion, imme-
diately after reperfusion (1 h post-occlusion), and at 3 h post-
reperfusion (4 h post-occlusion). During MRI acquisitions,
isoflurane anesthesia was halted and replaced by a loading
bolus of 20 mg/kg alpha-chloralose and 1.0 mg/kg
pancuronium, followed by continuous infusion of alpha-
chloralose (up to 30 mg/kg/h) with pancuronium (up to
1.25 mg/kg/h). Respiratory rates during MRI were monitored
using a small-animal monitoring and gating system (SA
Instruments, Inc.). After the last follow-up, the rats were im-
mediately sacrificed and specimens were subjected to 2,3,5-
triphenyltetrazolium hydrochloride staining.

Permanent MCAO was induced in another group of seven
adult male Wistar rats. The occlusion surgery, experimental
conditions, imaging protocols, and data analysis were identi-
cal to those in rats that underwent reperfusion. The average
intervals between time points were 76.0 ± 7.6 min and 205.0
± 30.8 min for the reperfusion group and 80.1 ± 19.6 min and
211.6 ± 51.7 min for the permanent group.

Samples were stained with 2,3,5-triphenyltetrazolium hy-
drochloride after the last follow-up. Five 2-mm-thick slices
were sectioned coronally and incubated in 2% 2,3,5-triphenyl-
tetrazolium hydrochloride at 37 °C for 30 min. Brain slices
were photographed using a digital camera. The stained regions
were defined as normal and the unstained regions as infarcted
lesions [20].

Multimodal MRI data acquisition and preprocessing

Rats were placed in a dedicated holder and positioned in the
isocenter of a 7.0-T MRI scanner (Bruker Biospin) equipped
with a 40-cm bore, a 660 mT/m gradient, and shim systems.
High-order FASTMAP shimming and cross coils (volume-
coil excitation, surface-coil detection) with active decoupling
were used to achieve a homogeneous magnetic field. The
multimodal MRI protocols included T2-weighted imaging,
DWI, ASL, APT-weighted MRI, and 1H-MR spectroscopy.
For MR spectroscopy, FASTMAP shimming was applied to
achieve a homogeneous B0 and B1 magnetic field on the MR
console, and MR spectroscopy was obtained when the full
width at a half maximum at the unsuppressed water resonance
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is less than 5 Hz. As APTw contrast is highly sensitive to local
B0 and B1variations, B0 and B1 corrections were applied ac-
cording to previously established methods [21]. The detailed
protocol descriptions and B0 and B1 corrections methods are in
Supplementary Materials.

Magnetization transfer ratio (MTR) asymmetry analysis
was used to calculate the signal from the amide protons
reflected by water [22]. Maps of the asymmetric APT ratio
(APT-weighted voxel values), APTw (+ 3.5 ppm) = MTR
(− 3.5 ppm) −MTR (+ 3.5 ppm), were calculated based on
B0 point-by-point corrected interpolated images,
S[− 3.5 ppm] and S[+ 3.5 ppm] [23].

Imaging analysis

To compare multiparametric MRI data from the same loca-
tion, the three-dimensional (3D) DWI and a single slice of the
ADC, CBF, and APTw maps were co-registered, and a mask
chosen on the basis of the highest b-value in the diffusion
images was used to remove background and extracranial sig-
nals. The images were registered to the brain-extracted DWI
volume using an affine transformation with 12 degrees of
freedom, tri-linear interpolation, and a normalized mutual in-
formation cost function [24]. MRI data were preprocessed
using AFNI software (http://afni.nimh.nih.gov/afni) [25] by
a researcher with 3 years of experience in image analysis.

Assessment of area of deficit First, a region of interest (ROI)
denoting the CBF perfusion deficit area was manually drawn
by two stroke neuroradiologists, with 15 and 4 years of expe-
rience in neuroradiology, working in consensus using ImageJ
software (https://imagej.nih.gov/ij/). Before calculation, a
ROI mask (200 mm2) was manually drawn on each rat’s
normal side, and the averaged ADC, CBF, and APTw values
were obtained for this region. The same ROI mask was
applied as regional variations exist in the normal rat brain in
magnetization transfer [26], which might affect the area of
APTw deficit after threshold was applied. Thresholds for
areas of ADC, CBF, and APTw deficit were defined as 30%
reductions compared with the values on the normal
contralateral side. Thresholds were used to define perfusion
deficit areas, as these areas enclosed both diffusion-restriction
and pH deficit areas [4]. The 30% threshold was chosen be-
cause a 30% ± 2% reduction (or 0.53 ± 0.03 μm2/s) had pre-
viously been shown to be a viable and robust threshold for
ADC [27]. As there is no previously determined threshold for
APTw, the 30% reduction criterion was therefore also adopted
in this exploratory analysis. The deficit areas were determined
using a semi-automatic thresholding method developed with
in-house software written in MATLAB 2014b (The
MathWorks). An example of this thresholding method is
shown in Fig. 1.

Assessment of final infarct area Final infarct areas were deter-
mined by drawing ROIs on the final T2-weighted images,
which were then co-registered with photographs of the TTC-
stained brain slices using imaging analysis software (ImageJ).
ROIs were drawn by the two abovementioned stroke neuro-
radiologists working in consensus. All brain slices were 3 mm
thick.

Statistical analysis

The characteristics of the transient and permanent occlusion
models were compared using Mann-Whitney U tests. MRI
parameters were initially assessed for normality using the
Shapiro-Wilk test. The MRI parameters were found to be nor-
mal and were expressed as mean ± standard deviation. The
MR parameters were compared using repeated-measures anal-
ysis of variance (ANOVA; a paired analysis that tests if the
mean of the differences between each pair of measurements is
zero), where the between-subjects factor was Bsubject group^
and the within-subjects factor was Btemporal change^ across
the three serial acquisitions. When differences were found
between groups, post hoc analyses were conducted with
Bonferroni corrections applied for multiple comparisons.

The relationships of APTw values with lactate concentra-
tions and normalized lactate peaks were assessed using the
Pearson correlation coefficient. A p value < .05 was consid-
ered statistically significant. All statistical analyses were per-
formed using theMedCalc 15.6.1 software package (MedCalc
Software) and R version R 3.3.3 (R Foundation for Statistical
Computing; http://www.R-project.org, 2016).

Fig. 1 The analysis pipeline. After image acquisition, a co-registration
process was performed between T2-weighted imaging, and apparent dif-
fusion coefficient (ADC), amide proton transfer (APT), and cerebral
blood flow (CBF) maps. The final infarct volume was assessed using
the final diffusion-weighted imaging and 2,3,5-triphenyltetrazolium hy-
drochloride (TTC) staining. CBF, ADC, and APTw values were calculat-
ed according to the CBF deficit drawn by the two neuroradiologists. The
area of deficit was automatically calculated by a threshold algorithm for
ADC and APTw values within the CBF deficit area
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Results

There were no statistically significant differences in weight and
imaging intervals between rats in the transient and permanent
occlusion groups (Table 1). Infarct areas were significantly larger
in the permanent than in the transient occlusion group (p < .001).

Comparisons of the transient and permanent
occlusion groups

Table 2 summarizes the results for the transient and permanent
occlusion groups, with the results of post hoc analyses shown
in Supplementary Table 1.

In the transient occlusion group (Fig. 2), both APTw
(p = .002) and CBF (p = .001) significantly increased from
the occlusion to the reperfusion stage, whereas there was no
significant temporal change (p > .05) in ADC. 1H-MRS
showed no temporal changes in lactate concentration and lac-
tate/(Cho+Cr) (p > .05), whereas a significant temporal de-
crease was observed in total choline concentration (p < .001).

In the permanent occlusion group (Fig. 3), no significant
temporal changes were observed in APTw, CBF, and ADC
(p > .05). From 1 to 4 h post-occlusion, both lactate concen-
tration (p < .001) and lactate/(Cho+Cr) (p = .001) increased
significantly, whereas total choline concentration decreased
significantly (p = .002) from occlusion to 4 h post-occlusion.

Comparisons of the temporal changes in MR parameters re-
vealed that CBF (p < .001), APTw (p = .006), and ADC
(p= .008) differed significantly in the transient and permanent
occlusion groups. However, no significant between-group differ-
ences were observed in 1H-MRS values. The averaged APTw,
CBF, and ADC values in normal contralateral brains were −
5.8%± 1.7%, 1.8 ± 0.4mL/g/min, and 0.7 ± 0.0μm2/ms, respec-
tively, and did not differ significantly between the two groups.

Deficit areas in the transient and permanent
occlusion groups

Table 3 summarizes the extent of the areas of deficit in the
transient and permanent occlusion groups, as well as showing

the results of post hoc analysis. In the transient occlusion
group, the APTw deficit area decreased after reperfusion, es-
pecially in the reperfusion state (p = .023). The CBF deficit
area decreased over the three stages, with significant increases
seen from reperfusion to 3 h post-reperfusion (largest,
p = .023). However, the ADC deficit area did not change sig-
nificantly after reperfusion (p > .05).

In the permanent occlusion group, the APTasym deficit area
did not change significantly over the three stages (p > .05).
The CBF deficit area increased significantly only from 1 to
4 h post-occlusion (p = .03). The ADC deficit area increased
over the three stages (p = .002), with the difference between
the occlusion and 4 h post-occlusion stages being statistically
significant (p = .015). CBF (p = .011) and ADC (p = .003) def-
icits differed significantly in the two groups.

Temporal changes in the deficit areas are shown in Fig. 4.
The deficit areas were compared among the multiparametric
MRI in each individual. During ischemia, the APTw deficit
area was larger than the ADC deficit area in all subjects. In
the transient occlusion group, the APTw deficit areas were
generally intermediate to the ADC and CBF deficit areas,
except in two rats during reperfusion and in five rats at 3 h
post-reperfusion. In the permanent occlusion group, the
APTw deficit areas were consistently smaller than the
CBF deficit areas over the three time points, but overlapped
with the ADC deficit areas in three of seven rats at 1 and 4 h
post-occlusion.

Correlations between APT-weighted signals
and lactate content during ischemia and reperfusion

APT-weighted signals were correlated with lactate content
during ischemia (including the occlusion states of both the
transient and permanent occlusion models) and reperfusion
(including reperfusion and 3 h post-reperfusion in the transient
occlusion model). APTw correlated negatively with lactate
content during ischemia (r = − 0.49, p = .04) and after reper-
fusion (r = − 0.32, p = .02). Neither total choline nor the nor-
malized lactate peak showed a significant correlation with
APTw, in either the transient or permanent occlusion groups.

Table 1 Characteristics of the
transient and permanent occlusion
models

Transient occlusion Permanent occlusion p value*

Number of rats 17 7

Weight (g) 297.6 ± 16.2 300.3 ± 27.1 .92

Time to reperfusion (min) 76 ± 5.7 NA

Imaging interval (min)

First to second imaging 76.0 ± 7.6 80.7 ± 19.6 .89

First to third imaging 205.8 ± 30.8 272.0 ± 31.5 .11

Final infarct area (mm2) 15.3 ± 7.1 39.7 ± 6.5 < .001

Data are expressed as median ± interquartile range. *By the Mann-Whitney U test (after a normality test)
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Supplementary Table 2 summarizes the correlations between
APT and MR spectroscopy parameters.

Discussion

Our results showed that APTw values increased significantly
and APTw deficit areas decreased significantly immediately
after reperfusion, suggesting that APT-weighted MRI can re-
flect tissue recovery. By contrast, there were no significant
temporal changes in APTw, CBF, and ADC values in the
permanent occlusion model. APTw values correlated nega-
tively with lactate concentration, further indicating that APT-
weighted MRI is a pH-weighted imaging technology that can
show reversals in tissue metabolism and ischemia after reper-
fusion therapy. These findings indicate that APT-weighted
MRI provides useful information reflecting tissue acidosis
and its reversal, suggesting that this method may be

particularly useful when assessing patients after reperfusion
therapy, and could be translated into clinical practice.

After ischemic insult, APTw decreases because metabo-
lism is sustained by anaerobic glycolysis [3, 4, 28], with the
resulting lactic acid reducing pH [29, 30]. Conversely, APTw
is expected to increase after reperfusion, although this had not
previously been measured by APT-weighted MRI. A prelim-
inary study showed that APTw gradually recovered in a tran-
sient MCAO model [31], but the imaging intervals were 1, 3,
and 7 days, limiting the evaluation of early temporal changes.
Another APT-weighted MRI study was performed using a
transient rat MCAO model, but because APT was not deter-
mined at baseline occlusion [14], that study could not assess
temporal changes after reperfusion. The present study showed
that the APTw value and deficit area recovered immediately
after filament removal, with the correlation between APTw
values and lactate concentrations suggesting that APT-
weighted MRI reflected an increase in pH and an alleviation
of anaerobic metabolism.

Table 2 Multiparametric MRI values for the transient and permanent occlusion groups

Transient occlusion group Permanent occlusion group p†

Occlusion Reperfusion 3 h post-
reperfusion

p* Occlusion 1 h post-occlusion 4 h post-occlusion p*

CBF (mL/g per min) 1.0 ± 0.1 2.6 ± 0.1 2.1 ± 0.7 .002** 0.9 ± 0.2 0.8 ± 0.3 0.7 ± 0.1 .24 < .001**

APTw (%) −7.7 ± 1.8 −6.5 ± 1.3 −5.7 ± 1.5 .001** −7.7 ± 1.2 −8.6 ± 1.0 −8.0 ± 0.7 .18 .006**

ADC (μm2/ms) 0.54 ± 0.06 0.53 ± 0.06 0.54 ± 0.09 .92 0.49 ± 0.03 0.45 ± 0.03 0.45 ± 0.04 .20 .008**

Lactate (mM) 11.7 ± 6.1 11.4 ± 8.0 9.3 ± 7.5 .27 11.1 ± 4.4 11.5 ± 3.0 18.4 ± 2.6 .001** .28

Total choline (mM) 1.2 ± 0.2 1.0 ± 0.1 0.7 ± 0.2 < .001** 1.1 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 .004** .925

Lactate/(Cho+Cr) 1.6 ± 0.8 1.9 ± 1.3 2.3 ± 1.9 .27 1.6 ± 0.7 1.8 ± 0.4 3.6 ± 0.8 < .001** .427

The results of post hoc analysis are shown in Supplementary Table 1. All values are expressed as mean ± standard deviation. *Significance of temporal
changes in each parameter for three serial sequences (within-subject factor). **p < 0.5. †Significance of between-group differences in temporal changes
(between-subject factor). Total choline represents the sum of glycerophosphocholine + phosphocholine (GPC + PCh)

ADC apparent diffusion coefficient, APTw amide proton transfer–weighted voxel values, CBF cerebral blood flow

Fig. 2 Illustration of the transient
occlusion model. Reperfusion
was successful with increased
perfusion immediately after
reperfusion. Temporal reversal of
both values and areas of deficit in
apparent diffusion coefficients
and amide proton transfer–
weighted MRI was observed,
especially immediately after
reperfusion
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A comparative analysis of the transient and permanent oc-
clusionmodels showed that incorporating APT-weightedMRI
into a multiparametric MR approach could help determining
the success of reperfusion. The decrease in CBF at the occlu-
sion stage was about 50–55% compared with the contralateral
side, in accordance with CBF viability thresholds from previ-
ous MCAO studies [27, 32]. Following reperfusion, both
APTw and the APT deficit area reversed significantly in the
transient, but not in the permanent, occlusion model. The CBF
value markedly increased, and the CBF deficit area decreased,
but excessive hyperperfusion may lead to reperfusion injury
[33]. Biophysical information obtained with APT-weighted
MRI may therefore predict enhanced recovery in the subacute
stage [28]. APT-weighted MRI has been shown to provide
biophysical information [34] in rat models [14] and humans
[18] with permanent occlusion, with less profound metabolic
disturbances expected with higher APT signal. This hypothe-
sis was confirmed by the experimental data from the transient
occlusion model in the present study.

The areas of APT deficit were intermediate in size relative
to the areas of ADC and perfusion deficit in all rats during
ischemia and most during transient occlusion. This sizeable
mismatch with CBF and ADCmaps was observed in previous
studies, which suggested that APT-weighted MRI reflected
the outer boundaries of a metabolic penumbra [4]. Our results
are in agreement with the concept that MRI data in stroke are
inherently complementary to biophysical information [35], as
regional metabolism can be heterogeneous [36] and difficult
to assess using a single imaging parameter. Also, we adopted a
robust automatic measurement using a 30% threshold to ob-
tain areas of ADC and APTasym deficits, finding that the areas
of APT deficit gradually decreased after reperfusion. These
findings are in agreement with suggestions that APT-
weighted MRI could be used to complement commonly used
PWI and/or DWI imaging [4, 7], as APT-weighted MRI pro-
vides information on tissue acidosis, as well as changes in
both values and affected areas before and after reperfusion
therapy.

Table 3 Deficit areas on multiparametric MRI in the transient and permanent occlusion groups

1 2 3 p* p value for post hoc analysis‡

Transient occlusion (n = 17) Occlusion Reperfusion 3 h post-reperfusion 1 vs 2 2 vs 3 1 vs 3

Area of CBF deficit (mm2) 25.2 ± 7.9 21.8 ± 9.8 16.6 ± 8.0 < .001** .07 .002** < .001**

Area of APT deficit (mm2) 22.1 ± 8.1 15.9 ± 5.9 11.8 ± 5.4 < .001** .023** .118 .002**

Area of ADC deficit (mm2) 10.6 ± 6.2 7.3 ± 7.2 10.9 ± 10.6 .249 .482 .162 1

Permanent occlusion (n = 7) Occlusion 1 h post-occlusion 4 h post-occlusion

Area of CBF deficit (mm2) 29.2 ± 2.9 27.5 ± 6.0 34.4 ± 4.3 .03** 1 .163 .027**

Area of APT deficit (mm2) 18.3 ± 4.6 14.5 ± 4.7 17.3 ± 8.3 .623 .643 1 1

Area of ADC deficit (mm2) 11.3 ± 3.9 18.0 ± 4.3 25.1 ± 6.7 .002** .185 .131 .015**

All values are expressed as mean ± standard deviation. *Significance of temporal change in each parameter for three serial sequences. **p < 0.5.
‡Bonferroni-corrected p value

ADC apparent diffusion coefficient, APT amide proton transfer, CBF cerebral blood flow

Fig. 3 Illustrative case of the
permanent occlusion model. No
significant temporal recovery in
value was observed, along with
increases in the deficit areas in the
apparent diffusion coefficient,
amide proton transfer–weighted
MRI, and cerebral blood flow
maps
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Of note, our failure to find a significant change in ADC
after reperfusion is different from previous studies that
ADC values recovered [37–39] and even overshot in reper-
fused previously ischemic regions [38]. This lack of sig-
nificant change might be due to the ADC deficit area being
calculated within the perfusion deficit area, not over the
entire affected hemisphere. As the CBF perfusion deficit
decreased after reperfusion, the ADC deficit area was also
reduced, and the ADC value within it more closely repre-
sented the infarct core. Future studies with a more robust
threshold for CBF deficit and subsequent definition of
ADC deficit are needed.

This study had several limitations, including the small
number of study subjects. In addition, final infarcts were
assessed at 3 h post-reperfusion, in contrast to the commonly
used long-term tissue outcome at 1 week. Furthermore, 1H-
MRS was performed under a single TE condition because of
time constraints, precluding the use of varying TEs [29, 40] to
eliminate lipid resonances that may overlap with the lactate
signals. More accurate separation of lactate and lipids by 1H-
MRS may improve the correlation between lactate and APT
signals. Third, a recent study showed that MTR asymmetry
analysis is self-compensating in subtracting pH effects, and
that focusing on the signal changes in amide proton resonance
can clearly outline pH deficits [8, 28]. Calculating the APT
signal separately from water saturation and magnetization
transfer contrast may increase pH sensitivity. Future reperfu-
sion studies using separate APT signal analysis with wide-
offset z-spectra data points (8–14 ppm) for correction [41,
42] may therefore strengthen our findings. Finally, a 7-T field
strength can result in more selective irradiation of amide pro-
tons and better spectral resolution than a 3-T field strength [3,
43], limiting the direct translation of our results to imaging at
3-T field strength. Further studies at 3 T are warranted to
determine the optimal RF saturation power level for increas-
ing the specificity of the APT effect.

In conclusion, APT-weighted MRI signals demonstrated a
significant temporal reversal after reperfusion and were nega-
tively correlated with lactate content. As APT-weighted MRI

provides unique information on tissue acidosis and its reversal,
it could potentially be incorporated into a multiparametric MR
approach to stroke imaging.
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