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Abstract

Amide proton transfer (APT) MRI is sensitive to ischemic tissue acidosis and has been
increasingly used as a research tool to investigate disrupted tissue metabolism during acute stroke.
However, magnetization transfer asymmetry (MTRasym) analysis is often used for calculating APT
contrast, which only provides pH-weighted images. In addition to pH- dependent APT contrast, in
Vivo MTRasym is subject to a baseline shift (AMTR'3sym) attributable to the slightly asymmetric
magnetization transfer (MT) effect. Additionally, APT contrast approximately scales with Tq
relaxation time. Tissue relaxation time may also affect the experimentally obtainable APT contrast
via saturation efficiency and RF spillover effects. In this study, we acquired perfusion, diffusion,
relaxation and pH-weighted APT MRI data, and spectroscopy (MRS) in an animal model of acute
ischemic stroke. We modeled in vivo MTR,sym as a superposition of pH-dependent APT contrast
and a baseline shift AMTR asym (i.€., MTRasym=APTR(pH) + AMTR'35ym), and quantified tissue
pH. We found pH of the contralateral normal tissue to be 7.03 + 0.05 and the ipsilateral ischemic
tissue pH was 6.44 + 0.24, which correlated with tissue perfusion and diffusion rates. In summary,
our study established an endogenous and quantitative pH imaging technique for improved
characterization of ischemic tissue acidification and metabolism disruption.
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1. Introduction

Ischemic tissue undergoes a complex cascade of hemodynamic, metabolic and molecular
disturbances during acute ischemic stroke—among them, altered glucose and oxygen
metabolism, tissue acidification, adenosine triphosphate (ATP) depletion and ultimately

© 2011 Elsevier Inc. All rights reserved.

"Corresponding Author: Phillip Zhe Sun, Ph.D. 149 13th Street, Rm 2301, Athinoula A. Martinos Center for Biomedical Imaging,
Department of Radiology, MGH and Harvard Medical School, Charlestown, MA 02129, pzhesun@nmr.mgh.harvard.edu, Phone:
617-726-4060; Fax: 617-726-7422.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sun et al.

Page 2

infarction (Astrup et al., 1981; Hossmann, 1994; Siesjo, 1992). Because perfusion and
diffusion MRI (PWI/DWI) can characterize tissue hemodynamic and structural status, they
have been increasingly used to study acute stroke, both in preclinical research and clinical
care (Moseley et al., 1990; Schaefer et al., 2003; Schlaug et al., 1999). In addition, the PWI/
DWI mismatch has been postulated as a surrogate imaging marker for salvageable ischemic
tissue (penumbra) to guide stroke treatment beyond the narrow thrombolytic window (Marks
et al., 2008; Warach, 2002). However, ischemic tissue damage is heterogeneous and the
PWI/DWI mismatch only provides a crude approximation of the penumbra (Kidwell et al.,
2004). Therefore, it is important to develop complementary neuroimaging techniques to
better stratify ischemic tissue for treatment (Kloska et al., 2010; Rivers et al., 2006). Toward
this goal, we have been investigating tissue pH as a potential new imaging parameter.
Specifically, ischemic tissue becomes acidic upon initiation of anaerobic respiration and
elevation of lactate concentration (Paschen et al., 1992). The hypoperfusion and reduced
buffering capacity of biocarbonate at acidic pH further disrupt tissue metabolism, which
aggravates tissue acidosis (Zauner et al., 2002). Because reasonably preserved energy
metabolism and pH are vital for cell viability, it is important to study tissue acidosis in
addition to perfusion and diffusion for improved characterization of ischemic tissue damage.

It has been shown with histology that acidosis is associated with ATP depletion and
abnormal protein synthesis, and is a surrogate marker for disrupted tissue metabolism (Hata
et al., 1998; Hohn-Berlage et al., 1989). Magnetic resonance spectroscopy (MRS) has been
used to assess key tissue metabolites and pH during stroke (Bolas et al., 1988; Nicoli et al.,
2003; Parsons et al., 2000). However, further technical development of MRS is needed to
enhance its spatiotemporal resolution so it can be routinely used to study fast evolving acute
stroke. More recently, amide proton transfer (APT) imaging, a form of chemical exchange
saturation transfer (CEST) MRI, has been shown to be sensitive to pH and mobile proteins/
peptides content with significantly higher spatiotemporal resolution than spectroscopy
(Jokivarsi et al., 2007; Mougin et al., 2010; Sun et al., 2007b; Ward and Balaban, 2000;
Zhou et al., 2003). In vivo APT MRI contrast is often calculated using the magnetization
transfer (MT) asymmetry analysis (MTRasym), Which is complex due to relaxation and
concomitant RF irradiation effects. APT contrast approximately scales with T, relaxation
time. In addition to the pH-dependent APT contrast, MTRgsym is susceptible to slightly
asymmetric magnetization transfer effects (Hua et al., 2007; Pekar et al., 1996). Moreover,
the experimentally obtained CEST MRI contrast strongly varies with RF irradiation power,
which can be described using the saturation/labeling coefficient and RF spillover effects.

We postulated that tissue pH can be reasonably quantified from pH-weighted APT MRI by
taking into account major concomitant RF irradiation effects. Specifically, we characterized
acute ischemic tissue damage with multi-parametric MRI and point resolved spectroscopy
(PRESS) using a filament middle cerebral artery occlusion (MCAO) animal model of acute
ischemic stroke. We modeled the in vivo MTR,sym contrast as a superposition of pH-
dependent APT contrast (APTR) and MT asymmetry-induced baseline shift (AMTR 5sym),
and numerically solved tissue pH using the base-catalyzed amide proton exchange rate
relationship. Our study showed that APT MRI is indeed capable of measuring tissue pH,
which correlates with perfusion and diffusion deficit. In summary, development of
quantitative pH imaging from pH-weighed APT MRI allows more specific characterization
of tissue acidosis, which may improve the stratification of heterogeneous ischemic tissue
damage and ultimately, a better guide for stroke treatment.
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2. Material and Methods

2.1 Animal Model

All experiments were approved by the Institutional Subcommittee on Research Animal
Care, Massachusetts General Hospital (SRAC, MGH). Adult male Wistar rats (n=12,
Charles River Laboratory, Wilmington, MA) were anesthetized with 1.5-2% isoflurane in
air during surgery and MRI. We scanned the animals approximately 1 hr after filament
MCAO. The animals’ core temperature was maintained, with heart rate and blood oxygen
saturation (SpO,) monitored online (Nonin Pulse Oximeter 8600, Plymouth, MN).

2.2 Simulation

pH-weighted CEST MRI contrast can be described by a 2-pool exchange model (Sun et al.,
2007h),

fs : ksw
CESTR=——— - - (1 -
le+fs . ksw ¢ ( O—) (1)

where a. is the labeling coefficient and o is the spillover factor; kg, is pH-dependent amide
proton exchange rate, fy is the labile amide proton concentration with respect to bulk water,
and Ry, is the bulk water longitudinal relaxation rate. For slow chemical exchange, we have

2
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cerebral tissue relaxation time at 4.7 Tesla: le—l 55, Toy,=56 ms, Tls—l S, Tos=15 ms and
Awg=3.5 ppm. In addition, the relative labile proton concentration with respect to water
protons was assumed to be 1:850 (Sun et al., 2007b), and the amide proton exchange rate
was estimated using ke, = 5.57 * 10PH-64 (Zhou et al., 2003).

2.3 Data Acquisition

Animals were imaged using a 4.7 Tesla small bore Bruker MRI scanner (Bruker Biospec,
Billerica, MA) (Sun et al., 2011b). Water-suppressed 1H PRESS MRS data were acquired
from a cubic region of interest (ROI) of 3.5x3.5x3.5 mms3 positioned in the striatum, with an
acquisition time of about 17 min (repetition time (TR)/echo time (TE)=2,000/144 ms,
number of average (NA)=512). Multi-parametric MRI was obtained with single-shot echo
planar imaging (EP!) (field of view: 25x25 mm2, matrix: 64x64, 5 slices, slice thickness =
2mm, bandwidth 200 kHz). Seven T1-weighted images were acquired for T1 mapping using
an inversion recovery sequence, with their inversion delays ranging from 250 ms to 3000 ms
(TR/TE=6500/14.8 ms, NA=4). Two T,-weighted images were obtained for T, mapping
with TEs of 30 and 100 ms (TR=3250 ms, NA=16). Single-shot diffusion-weighted MRI
was acquired with two b-values of 250 and 1000 s/mm? (TR/TE=3250/54ms, NA=16). We
also acquired perfusion images with arterial spin labeling (ASL) (TR/TE=6500ms/28ms,
NA=32, time of saturation (TS)=3000 ms) (Alsop and Detre, 1998; Utting et al., 2005). For
pH-weighted APT MRI, we set the recovery time to 5000 ms, primary RF saturation
duration (TS;=4500ms), and secondary RF saturation duration (TS,=500 ms) for an RF
irradiation amplitude of 0.75 uT applied at £3.5ppm (Sun et al., 2011a). The control scan
was signal-averaged 8 times, while the saturated images were averaged 32 times.

Neuroimage. Author manuscript; available in PMC 2013 March 1.
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2.4 Data Processing

We processed the MRS spectra with java-based Magnetic Resonance User Interface (jMRUI
v4.0, http://www.mrui.uab.es/mrui/), as described previously (Sun et al., 2011b). MRI
images were processed in Matlab (Mathworks, Natick, MA). We obtained parametric Tq, T»
and apparent diffusion coefficient (ADC) maps using least-squares mono-exponential fitting
of the signal intensities as functions of inversion time (1= 1oL1—(1— n)e~TVT11), where 7 is
the inversion efficiency, echo time (1= loe”TE/T2), and diffusion b-value (1= Ige PADC),

] CBFZ,—i- ) et — Itag )
respectively. Cerebral blood flow (CBF) was calculated as Tiapp 20 - Lt » where A is
the brain/blood partition coefficient, a is the degree of inversion, lyag and Iyef are ASL
tagging and reference images, respectively, and Ty,pp is the longitudinal relaxation time in
the presence of RF labeling pulse. We assumed A=0.9 ml/g, 0=0.63 and T1,pp=0.84 s (Utting
et al., 2005).

In vivo MTR asymmetry (MTRasym) was calculated as MTRasym = (Iref — liaver)/lo, Where
llabel @nd Iief are the APT label and reference images, and lg is the control image without RF
saturation. In vivo MTRasym can be described as a superposition of APTR and AMTR 3sym:

MTR ym=AMTR 45y +APTR

) e 2
—AMTR yym+ ik 0 (1 - o) @
Because a and ¢ were reasonably constant as a function of the chemical exchange rate (Fig.
1), they were estimated assuming a mean amide proton exchange rate of 20 s™1. We used the
mean T4 and T values of the ipsilateral ischemic ROI. The exchange rate can be solved as
Riw
Kow= 1 ®)
a-(1-0) _
fS (MTR;xs)'m_AMTRI asym 1)
Because the regional brain T4 and T difference may be beyond that observed in the
ipsilateral ROI, o and ¢ parametric maps were calculated using T, and T, maps for pH
mapping. We used numerically solved fs and AMTR';sym, and pH map was derived using
the base-catalyzed amide proton exchange relationship (Zhou et al., 2003).
pH=6.4+log (ksw/5.57)
=6.4+log,, Riw /5.57 @)

a-(1-a) -1
* MTRasym*AMTR, asym

3. RESULTS

Fig. 1 plots pH-sensitive APT MRI contrast. Fig. 1a shows base-catalyzed amide proton
exchange rate as a function of pH, kg, = 5.57x10PH-6-4 (Zhou et al., 2003). Because the
exchange rate is slow (10-30 s™1) at physiological pH, the labeling coefficient and spillover
factors are reasonably constant (Figs. 1 b and ¢). For B;=0.75 uT, we have 0=0.97 + 0.02
and 1-6=0.90 £ 0.001 (solid line) for the typical range of tissue pH, and for B;=1.5 uT, we
have 0=0.99 + 0.01 and 1—0=0.68 + 0.002 (dashed line). The dominantly base-catalyzed
amide proton exchange process confers pH sensitivity to APT MRI, with image contrast
increasing with pH (Fig. 1d). It is important to note that APT contrast depends on the RF
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irradiation power. The use of 1.5 uT induces significantly more RF spillover effects,
resulting in less CEST contrast than that of 0.75 uT (solid line). This is consistent with our
previous finding that 0.75 uT is approximately the optimal RF power for APT imaging of
acute stoke at 4.7 Tesla, which we used in our in vivo study (Sun et al., 2007b).

Fig. 2 shows multi-parametric MRI of a representative acute stroke rat. Ischemic tissue
displayed severe CBF (Fig. 2a), pH-weighted MTRasym (Fig. 2b) and ADC (Fig. 2c)
deficits. Lactate was measured from an ROI positioned in the ipsilateral striatum, while
CBF, pH-weighted MTR asymmetry and ADC were obtained from both the ipsilateral
ischemic ROI and the contralateral normal ROI. The ischemic ROI was positioned in
striatum, which often displays severe ischemic damage. Specifically, the ischemic lesion
showed elevated lactate signal, with a Choline and Creatine normalized lactate peak (i.e.,
Lac/(Cho+Cr)) being 0.80 + 0.21. CBF decreased from 2.3 £ 0.54 ml/g.min in the
contralateral normal area to 1.13 = 0.57 ml/g.min in the ischemic lesion, representing a
relative decrease of 52+19 % (P<0.01). pH-weighted MTR,sym was —4.3 £ 0.3% in the
contralateral normal ROI, which decreased to —6.1 + 0.6 % upon ischemia (P<0.01). In
addition, ADC decreased from 0.72+0.03 to 0.56+0.03 um2/ms (P<0.01). The relatively
small standard deviation of ischemic lesion ADC suggests the consistency of MCAQO
surgery and ROI selection.

The ipsilateral ischemic ROI-based MTRgsym is plotted as a function of pH in Fig. 3. The
lactate concentration [Lac] was calculated from PRESS MRS, with Creatine and Choline
concentration being 4.79 and 9.35 mmol/kg, respectively, according to Florian et al. (Florian
et al., 1996). Tissue pH was estimated from the lactate concentration at pH=—0.0593-[Lac] +
7.2, following the results of Chang et al. (Chang et al., 1990). Unlike the calculated amide
proton CEST contrast (Fig. 1), in vivo MTR,sym Was negative due to the baseline shift of
AMTR'3sym. Because a and ¢ are reasonably constant for slow chemical exchange, we
assumed a mean amide proton exchange rate of 20 s™1, and used the mean T4 (1.63 s) and T
(55 ms) from the ipsilateral ROI to calculate a and . Kg,, was calculated using kg, =
5.57x10PH-64 and two parameters, AMTR'45ym and fs, were numerically solved from Eq. 2,
being —7.44% and 1:867, respectively. It is important to note that the numerically solved f
was in good agreement with that derived from the dual 2-pool exchange model in a previous
study (Sun et al., 2007b). In addition, we calculated the contralateral normal tissue pH from
quantitative APT MRI (Eg. 4), and overlaid its MTR,sym in Fig. 3 (open squares). This
shows that the proposed quantitative pH MRI can reasonably describe in vivo APT MRI
contrast.

Fig. 4 shows the calculation of quantitative tissue pH map from pH-weighted APT MRI.
The ischemic lesion showed subtle changes in T1 and T, maps (Figs. 4 aand b). T,
increased from 1.53 +0.06 s of the contralateral normal area to 1.63 +0.07 s of the ipsilateral
region (P<0.01) while the T, decreased from 56.4 + 2 ms to 55.0 +1.1 ms (P<0.01). Whereas
the computed labeling coefficient map is reasonably homogeneous (Fig. 4 c), there is
noticeable heterogeneity in the spillover factor map (Fig. 4 d). This is because the regional
brain T, and T, difference may be beyond the change observed in the ipsilateral ischemic
ROI, and calculation of parametric o and ¢ maps is needed to improve pH quantification.
Fig. 4e shows the pH-weighted MTRsym map. Because it has been shown that cerebral
tissue Ry increases with the MT contrast, Ryy-scaled AMTR';5ym map (Fig. 4f) was
calculated (i.e., AMTR qsym = —7.44%*R1w/Ryw_ipsi= —7-44% *1.63/Tyyy). Specifically,
—7.44% was obtained from numerical fitting (Fig. 3) with Ty, jpsj being Ty, of the
ipsilateral ROI (1.63 s). This effectively compensated the hypointensity over corpus
callosum in the MTRasym map. Fig. 4g shows the endogenous APT map (i.e.,
APTR=MTRasym — AMTR'asym), Which displays acidosis-induced deficit. pH was
determined from the measured MTRasym map (Eg. 4), with fs and AMTR a5y assumed
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independent of pH and equal to the results determined in Fig. 3. Note that whereas o and ¢
are relatively constant as a function of pH, it is necessary to estimate the experimental factor
per voxel (i.e., a*(1—o)) for quantifying the regional tissue pH. Indeed, the pH map derived
from Eq. 4 clearly depicts tissue acidification in the ischemic lesion (Fig. 4 h). Ischemic
tissue pH estimated from APT MRI was 6.44 + 0.24, in good agreement with that estimated
from lactate MRS of 6.53 £ 0.18. In comparison, the contralateral normal tissue pH was 7.03
+ 0.05, and the pH difference between the ischemic and contralateral normal regions was
—0.59 £ 0.22 (P<0.01). We also evaluated the association between ischemic tissue pH and
its perfusion and diffusion rates. Fig. 5 a shows that ischemic tissue pH correlates with the
residual CBF, which can be described by a linear regression relationship, CBF=1.61*pH
—9.22 ml/g.min (R?=0.46, Significance F<0.02). In addition, tissue pH correlates with ADC
(Fig. 5 b), with ADC=0.090*pH — 0.02 um2/ms (R2=0.45, Significance F<0.02).

4. Discussion

Our study quantified pH-weighted in vivo APT MRI contrast for absolute tissue pH
mapping and characterized ischemic tissue acidification. Given that CEST/APT MRI
contrast approximately scales with T1, we designed our in vivo study to acquire multi-
parametric MRI so we can take that into account, which should improve the specificity and
accuracy of cerebral tissue pH mapping. We also estimated the labeling coefficient and
spillover factor to correct for concomitant RF irradiation effects. In fact, after correcting the
intrinsic AMTR5ym shift, labeling coefficient, spillover factor and relaxation effects, we
found that APT MRI showed significantly reduced heterogeneity between the brain gray
matter and white matter yet it still clearly defined pH deficit within the ischemic lesion,
which remains promising for clinical APT MRI (Sun et al., 2010). Importantly, we used
relatively weak RF irradiation to capture pH-dependent APT contrast, which is
approximately the optimal RF power level for in vivo APT imaging at 4.7 T (Sun et al.,
2007b). Because the coupling between APT and MT effects should be relatively small at
such a weak RF power level, our modeling of in vivo MTR,sym s a linear superposition of
pH-dependent APT contrast and concomitant MT offset should be reasonably accurate (Sun,
2010; Zaiss et al., 2011). Moreover, our study used an unevenly-segmented RF irradiation
scheme that enables multi-slice APT MRI with improved sensitivity (Sun et al., 2011a). Our
study, therefore, complements and enhances the original work of Zhou et al (Zhou et al.,
2003).

Several studies have shown that APT MRI contrast, particularly T1-normalized APT
contrast, is capable of detecting ischemic tissue acidification (Jokivarsi et al., 2007; Katsura
etal.,, 1991; Sun et al., 2011b). Here, we solved the confounding AMTR 35y, and calibrated
tissue pH, which may improve our mechanistic understanding of tissue acidification and
associated damage mechanisms. Indeed, pH MRI showed graded pH deficit within the
diffusion lesion. Whereas in vivo APT MRI contrast has been largely attributed to the
intracellular compartment, Kintner et al. showed that intracellular and extracellular pH
quickly equilibrate after an initial brief buffering phase that delays the sudden change in
intracellular pH (Kintner et al., 1999). Hence, for the case of acute ischemic stroke,
endogenous APT MRI captures an equilibrated intracellular and extracellular pH. Because
the typical in vivo APT MRI contrast is about 2-3%, our study used an actively decoupled
RF coil setup so both homogeneous B field and high sensitivity can be obtained (Sun et al.,
2011b). We also used high-order Fastmap (Bruker Biospec, Billerica, MA) for shimming
and PRESS without water suppression for adjusting the water frequency. The typical field
inhomogeneity in the brain was within £10 Hz. This is consistent with the observation that
the contralateral brain MTR,sym Was —4.3+0.3%, with a coefficient of variation of 7.2%. As
such, field inhomogeneity correction algorithms were not necessary in our study (Kim et al.,
2009; Sun et al., 2007a). Because the space between transmitter volume coil, surface
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receiver coil and the animal brain is very limited, no phosphorus (31P) coil can be
accommodated. We estimated tissue pH from quantitative lactate MRS, following the work
of Chang et al., who obtained both 31P and 1H MRS, and showed strong correlation between
lactate concentration and tissue pH during permanent ischemic stroke (Chang et al., 1990).
Because pH may be dissociated from lactate concentration during sub-acute stroke phase
and reperfusion, we studied hyper-acute stroke approximately 1 hr after MCAO to minimize
such confounding factors (Jokivarsi et al., 2007; Morikawa et al., 1996). In fact, pH values
derived from APT MRI is in very good agreement with literature values (H6hn-Berlage et
al., 1989; Hugg et al., 1992; Komatsumoto et al., 1987; Smith et al., 1990).

It is important to point out that we proposed to use Ryy-scaled AMTR asym map instead of a
single global AMTR'ssym value to compensate for MT asymmetry offset. It has been shown
that the longitudinal relaxation rate is closely associated with magnetization transfer effect
(Wolff and Balaban, 1989). Particularly, Li et al. showed that Ry, increases linearly with the
concentration of cross-linked bovine serum albumin (Li et al., 2010). Their in vivo data at
9.4 Tesla also suggest that the product of macromolecule fraction ratio (py,) and exchange
rate (k) approximately scales with Ry, in live rat brain. For instance, pm*Km#/R1w
calculated from Table 2 of Ref (Li et al., 2010) was 3.35 and 3.03 for brain WM and GM,
within 10% from each other. Similar results were found from the study of Stanisz et al. at 3
Tesla, with pm*km#/R1 being 3.47 and 3.64 for brain WM and GM, respectively (Stanisz et
al., 2005). Motivated by these findings, we numerically solved ROI-based AMTR 35y, from
striatum, and then derived a AMTR'3sym map by scaling it with the experimentally obtained
R1w map. This approach significantly improved the homogeneity in APT images over the
contralateral normal brain when compared with the conventional correction of a single
global AMTR 35y Value (Zhou et al., 2003). However, quantitative MT is somewhat
challenging and additional study is needed to evaluate this approach in whole brain imaging.
For instance, from the study of Sled et al. we estimated pyy*km¢ to be 0.40+£0.21 with a
coefficient of variance (CV) of 52% from twelve brain regions at 1.5 Tesla (Sled et al.,
2004). In comparison, pm*kmi/R1yw Was found to be 0.24+0.09 with its CV reduced to 36%.
Whereas the proposed R1y,-scaled compensation algorithm does not eliminate the
concomitant MT effect, it provides a first order correction of the heterogeneous MT effects.
In summary, our work of quantitative pH imaging provides an imaging-based assessment of
tissue acidosis and metabolic disruption, which may enable us to examine whether
heterogeneous tissue outcome can be more accurately predicted with the inclusion of tissue
pH, a surrogate metabolic marker, to the multi-parametric MRI analysis (Jacobs et al., 2001;
Shen et al., 2005; Wu et al., 2007).

5. Conclusions

Our study elucidated concomitant RF irradiation effects and quantified endogenous APT
MRI for absolute tissue pH. We showed that the severity and extent of ischemic tissue
acidosis can be characterized using the proposed pH imaging, which may help improve our
mechanistic understanding of tissue acidosis and metabolic disruption, as well as provide
complementary information to conventional stroke MRI for improved characterization of
ischemic tissue damage.
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pH-dependent amide proton CEST MRI. a) Base-catalyzed amide proton exchange rate as a
function of pH kg,=5.57x10PH-64_b) Labeling coefficient was calculated for a typical range
of cerebral tissue pH. ¢) RF spillover factor degrades with RF power level. d) Comparison of
the simplistic prediction (dashed, a=1 and 6=0) and calculated CEST contrast under two
representative RF power levels, 0.75 (solid) and 1.5 uT (dash dotted).
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Fig. 2.
Multi-parametric MRI of a representative acute ischemic stroke rat. Ischemic lesion displays
significant deficit in CBF map (a), pH-weighted MTRasym map (b) and ADC map (c).
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Fig. 3.

in vivo MTR,sym is associated with tissue pH during acute stroke. MTRgsym can be
described as a superposition of pH-dependent APT contrast (APTR) and MT asymmetry
baseline shift (AMTR';sym). The labile amide proton concentration and AMTR 3sym Were
numerically solved from Eq.2, being 1/867 and —7.44%, respectively. In addition, we
calculated the contralateral normal tissue pH from quantitative APT MRI (Eqg. 4), and
overlaid its MTR,sym (0pen squares).
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Fig. 4.

Derivation of quantitative tissue pH from pH-weighted APT MRI. a) T1 map. b) T, map. c)
Estimated labeling coefficient map (assuming kg, =20 s1 and B1=0.75 uT). d) Estimated
spillover factor map. e) pH-weighted MTRasym map. f) Experimentally derived ~AMTR5ym
map. g) pH-weighted APT map. h) Tissue pH map derived from Eqg. 4, which clearly depicts
tissue acidosis within the ischemic lesion.

Neuroimage. Author manuscript; available in PMC 2013 March 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sun et al.

Page 15

a) 25 b) o065
R%2=0.46 R%2=0.45
- - .
g’ > .
€ 15 ¢ L3R S ~ 0° et
(®)] . -’ < - s
> . 7’ E . . -,
£ ®.- = o .~
é P e W 0.55 / ,o.ﬁ .
05, ‘9 @y < |- °
0 0.5
6 62 64 66 68 7 6 62 64 66 68 7
pH (APT) pH (APT)
Fig. 5.

Association between ischemic tissue pH and its perfusion and diffusion rates. a) Tissue pH
correlated with residual CBF (R?=0.46, F<0.02). b) Tissue pH increases with ADC
(R2=0.45, F<0.02).
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