Journal of Cardiovascular Magnetic Resonance (2006) 8, 469–474
c 2006 Taylor & Francis Group, LLC
Copyright 
ISSN: 1097-6647 print / 1532-429X online
DOI: 10.1080/10976640600572897

MYOCARDIAL ISCHEMIA AND INFARCTION

T2 Fluctuations in Ischemic and Post-Ischemic
Viable Porcine Myocardium in Vivo
W.D. Foltz,1,3 Y. Yang,2,3 J.J. Graham,2,3 J.S. Detsky,2,3 A.J. Dick,2,3 and G.A. Wright2,3
St. Michael’s Hospital,1 Sunnybrook & Women’s College Health Sciences Centre,2 and the University of Toronto, Toronto, Canada3

ABSTRACT
T2 relaxation can augment delayed-enhancement viability imaging because it is sensitive
to tissue edema and microcirculatory oxygen state. We demonstrate the T2 ‘signatures’ of
sub-lethal ischemia and stunning in porcine myocardium perfused by the distal left anterior
descending artery, by imaging during percutaneous balloon occlusion for 25 minutes and subsequent reperfusion (n = 9). Muscle displayed ischemic dysfunction and partial post-ischemic
functional recovery (p ≤ 0.0004), concommitant with an elevated post-ischemic T2 (∆T2 =
27 ± 18%, p = 0.005). TTC staining verified muscle viability. The T2 fluctuations may reflect
hyperemia and tissue cellular edema in accord with the known pathophysiology of ischemic
and post-ischemic yet viable muscle.

INTRODUCTION
There is a need for development of non-invasive imaging endpoint measurements which can differentiate between states of
myocardial dysfunction. These measurements can then augment
blood markers and survival data in pre-clinical and clinical trials
of pharmacological and mechanical interventions (1–3).
An effective tissue characterization is achievable using a
combination of viability, metabolism, function, and perfusionweighted measurements, especially so if the imaging information is quantitative and if the endocardium and epicardium are
distinctly resolved. These factors suggest a clinical evaluation
centred on magnetic resonance imaging, stress echocardiography, and positron emission tomography as core technologies
(4, 5).
An on-going diagnostic challenge is the differentiation between stunning and acute and chronic infarct. Friedrich demon-
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strated clinically that an important role may exist for T2weighted imaging in differentiating acutely from chronically
infarcted muscle (6). However, both delayed enhancement and
T2-weighted imaging were not effective for tissue categorization at very early stages of injury. Others have shown that, in
sublethal ischemia and reperfusion, post-occlusive hyperemia
persists for as long as 15 minutes and a slight edema persists
for at least 1 hour but not 24 hours (7, 8). This paper reports
our observations of fluctuations in quantitative myocardial T2
relaxation in a porcine model of sub-lethal ischemia and the very
early stages of reperfusion. Since T2 increases with hyperemia
and edema, we expect to see a T2 elevation immediately after
reperfusion which gradually diminishes with time.

METHODS
Studies were conducted in Yorkshire pigs (22–28 kg)
(Riemen’s Fur Ranch, St. Agatha, Ontario) using procedures
and protocols approved by the Animal Care Committee of
Sunnybrook and Women’s College Health Sciences Centre.

Animal pre-medication
Premedication consisted of a ketamine/atropine cocktail
(35 mg/kg ketamine hydrochloride and 0.05 mg/kg atropine)
and masking at 5% halothane in oxygen. Anesthesia was maintained using 2% isofluorane. Animals received pre-operative intravenous bolus followed by constant infusion of both amiodarone (75 mg bolus, 1.5 mg/kg/hour infusion) and lidocaine
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Figure 1. Fluoroscopic demonstration of balloon deployment. (a)
The unobstructed coronary arterial distribution of iodinated contrast into the left anterior descending artery (LAD) and circumflex
artery (LCx). (b) Via femoral access, a balloon (depicted by the
white arrow) is positioned and inflated using iodinated contrast, at
a location distal to the second septal branch of the left anterior
descending coronary artery (LAD). The distribution of iodinated
contrast distal to the inflated balloon is negligible in the LAD but
preserved in the LCx.

(20 mg bolus, 3 mg/kg/hour infusion). Animals also received
metropolol during the 5-day interval prior to experimentation
(50 mg/day, in feed).

Surgical preparation
All surgical intervention and scanning was performed with
the animal oriented supine in a plexiglass case. Percutaneous
placement of instrumentation was guided by x-ray fluoroscopy
(OEC 9800 GE Healthcare, Waukesha, WI), for which the animal’s plexiform case is radiolucent. A 3-mm balloon catheter
(Boston Scientific, Natick, MA) was placed distal to the second
diagonal branch of the left anterior descending artery (LAD) via
femoral access. Transient balloon inflation to 8 atmospheres during iodinated contrast injection verified the absence of residual
flow to the anterior and septal regions of the apical myocardium
(Figure 1a and b).

MRI scanning
All imaging was performed on a 1.5 Tesla GE Signa (GE
Medical Systems, Waukesha, WI). A 5-inch surface coil on the
animal’s chest provided signal reception. The plethysmograph
trace received from the pig’s tail through the peripheral leads
of either the GE Signa or a physiological monitoring system
(In Vivo Research, Orlando, FL) provided a signal for cardiac
gating. The forelimbs were secured to the base of the plexiform
to reduce respiratory artifacts.
A total of 9 animals were subjected to repetitive acquisition
of functional and T2 data in two 5-mm apical short-axis slices
and in up to four states; baseline, during complete coronary
occlusion of 25 minute duration, and at 5 and 30-minutes post
balloon deflation. Additional measurements were performed in
two animals at later time points of 90 and 150 minutes. Cardiac
functional data was acquired using a steady-state free precession
(SSFP) sequence (45◦ flip angle, 125 kHz bandwidth, 4 NEX,
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Figure 2. MRI Methodology. (a) prescription of two 5 mm imaging slices apical to the artifacts from instrumentation and about
15 to 25 mm basal of the apex. (b) definition of twelve segments
for functional assessment. Segments 2 and 3 provide the dysfunctional region and segments 8 and 9 provide the control region. The
bottom row displays T2-weighted images with representative anterior and posterior regions-of-interest at echo times of (c) 11 ms
and (d) 55 ms.

256 × 128, 24 cm FOV). T2 fluctuations were monitored using a
cardiac-gated magnetization-prepared spiral imaging sequence
(1.38 mm in-plane resolution, 24 cm FOV 6 ms refocusing, 2
echo times of 11 and 55 ms, 6 NEX, cardiac gating to late systole
and across 3 or 4 cardiac intervals). The short-axis imaging slices
were positioned 15 and 20 mm from the apex and apical to the
severe susceptibility artifacts of the instrumentation (Fig. 2a) (9).
Hearts from four animals were excised post-mortem for staining in triphenyltetrazolium chloride (TTC). Four hours of reperfusion were allotted prior to their sacrifice to flush TTC-bindingenzymes from any regions of infarction.

MRI data analysis
Functional analysis used 100 equidistant chords which
were placed perpendicular to the center-line between motioncorrected manually-drawn diastolic and systolic endocardial
boundaries, termed the center-line method (Mass plus software
5.1, MEDIS, Leiden, Netherlands) (10). Chords were divided
into 12 segments. The average of two antero-septal segments
(#2 and #3) provided the dysfunctional region while the average
of two remote postero-lateral segments (#8 and #9) provided the
control region (Fig. 2(b)). The per segment systolic wall thickening (%SWT) was calculated as the average per chord systolic
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Figure 3. Systolic wall thickening results. (a) representative SSFP images at a peak systolic phase at baseline (b), 5 minutes of ischemia (I),
5 minutes of reperfusion (R5), and 30 minutes of reperfusion (R30); and (b) time courses of systolic wall thickening in anterior (squares) and
control (circles) segments. The error bars depict 1 standard deviation.

wall thickness, according to Equation 1:

%SWT = 1/N ∗
(SWT − DWT)/DWT ∗ 100

verified in four animals by the uniformity of brick-red TTC
staining.
[1]



where N is the per region chord number,
indicates a summation over per region chords, SWT is the systolic wall thickness
(mm), and DWT is the diastolic wall thickness (mm).
T2 analysis used antero-septal and remote postero-lateral
regions-of-interest (ROIs), encompassing 15 to 30 volume elements (about 0.15 to 0.3 cm3 ) and drawn manually at locations judged to be insensitive to biases from partial voluming
and magnetic susceptibility variations (Fig. 2c and d) (11). The
signal reduction between the echo times was fitted to a monoexponential decay using custom software (xcinema, Stanford
University, Palo Alto, CA). T2 values were in concordance with
a second reviewer. Statistical significance in parameter changes
was evaluated on a per animal basis by applying Student’s paired
t-test to the averages of parameter values in the MRI slice pair.

RESULTS
Representative images and the time courses of systolic wall
thickening and T2 are displayed in Figs. 3 and 4. The preservation of viability of myocytes in dysfunctional muscle was

Anterior myocardium
Antero-septal muscle displayed significant functional depression from baseline at all experimental time points (during ischemia: SWT = −45 ± 10%, p < 0.0001, n = 8; at 5 minutes
of reperfusion, SWT = −30 ± 9%, p < 0.0001, n = 8; at
30 of minutes reperfusion, SWT = −19 ± 9%, p = 0.0002,
n = 9). The post-ischemic muscle demonstrated a very early
and significant functional recovery from ischemic values (at
5 minutes of reperfusion, SWT = 15 ± 7%, p = 0.0004,
n = 8; at 30 minutes reperfusion, SWT = 27 ± 14%, p =
0.05, n = 8). The improvement in function of post-ischemic
muscle continued between five and thirty minutes of reperfusion (SWT = 12 ± 12, p = 0.02, n = 8).
Concurrent with post-ischemic functional recovery was a significant elevation in antero-septal T2 relaxation from baseline
which was sustained through the first thirty minutes of reperfusion (at 10 minutes of ischemia: T2 = 8 ± 11%; p = 0.07, n =
8; at 20 minutes of ischemia: T2 = 13 ± 18%, p = 0.09, n = 7;
at 5 minutes of reperfusion: T2 = 27 ± 18%, p = 0.005, n =
8; and at 30 minutes of reperfusion: T2 = 22 ± 22%, p = 0.03,
n = 8). The elevation in post-occlusion T2 from ischemic values

Figure 4. T2 results. (a) representative T2-weighted images at baseline, ischemia, and post-ischemia time-points; and (b) time courses of T2 in
antero-septal (squares) and postero-lateral control (circles) ROIs. The error bars depict one standard deviation.
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also reached a high level of significance (p < 0.01). T2 relaxation
tended to return to baseline at later time points post-reperfusion
(2 animals evaluated at 90 and 150 minutes post-reperfusion,
data not shown).

Control myocardium
Neither fluctuations from baseline in SWT or T2 were significant in remote muscle at all experimental time-points.

DISCUSSION
We have developed and validated a porcine model of sublethal ischemic and post-ischemic viable myocardium by percutaneous balloon inflation distal to the second diagonal branch
of the left anterior descending coronary artery. T2 fluctuations
from baseline were evaluated in dysfunctional and control segments at time points during ischemia and the very early stages
of reperfusion and demonstrated to elevate significantly in postischemic muscle displaying functional recovery. A subset of
the telling phenotypic characteristics of stunning were demonstrated including reversible contractile dysfunction via SSFP
and myocardial viability via TTC staining post-mortem (12).
The porcine stunning model characteristics are consistent with
the canine stunning model of Kraitchman, whom demonstrated
an alleviation of contractile dysfunction within 30 minutes of
short-term coronary occlusion and the canine stunning model of
Thornhill, whom demonstrated a preserved Gd-DTPA partition
coefficient at 3 weeks of reperfusion (13, 14).
MRI T2 relaxation in the very early stages of ischemia and
reperfusion injury has not previously been considered in a sublethal injury model. Slutsky et al demonstrated small but marked
T2 elevations from control in ischemic canine myocardium ex
vivo (15). Higgins et al demonstrated T2 elevations of near 10%
in canine myocardium subjected to a three hour coronary occlusion (16). Wisenberg et al demonstrated more dramatic early
T2 elevations in canine infarct, 25% in unreperfused infarct and
60% in reperfused infarct (17). The fluctuations did not suffice
for robust early infarct detection in patients subjected to septal
artery embolization (18).

Correlates of T2 relaxation and stunning
Both of hyperemia and total water content are accepted correlates of myocardial T2 relaxation which are perturbed at very
early time points in post-ischemic yet viable myocardium. The
early accumulation of lipid in ischemic and stunned myocytes
also elevates T2 relaxation but this effect is not measured with
our fat-suppressed methodology (24, 25).
From myocardial vasodilation studies of the past decade, the
T2 elevation from baseline is on the order of 15% when flow and
perfusion reserves are normal (9). Jennings et al demonstrated
that the hyperemia of canine myocardium is sustained for close
to 15 minutes following a 15 minute complete coronary occlusion (7), while Franco-Cereceda demonstrated a 5-fold elevation in coronary blood flow subsequent to a 5 minute ischemia
in porcine heart muscle (26).
An elevation in total water content of near 3% is a hallmark
of unreperfused acute infarct and a contributor to its T2 elevation of up to 25% from control (16, 17, 27). In stunning, each
of Jennings and Reimer have demonstrated an elevated total
tissue water content, which was sustained for up to 24 hours
(8, 28). At least the first hour of this mild edema is concurrent
with slight but significant elevations in tissue sodium and potassium. Jennings and Reimer have also demonstrated a slight but
progressive tissue edema during prolonged ischemia, which is
synchronous with a progressive myocyte influx of sodium and
efflux of potassium (28).

Correlates of T2 and early ischemia
The rapid depletion of high energy phosphate bonds in ischemic myocytes, and more gradual transformation of adenosine
triphosphate to by-products including adenosine and inosine, is
indicative of highly deoxygenated hemoglobin. A reduction in
myocardial T2 relaxation by an elevated hemoglobin paramagnetism was not observed by us, possibly because of the near-total
desaturation of hemoglobin in the normal coronary circulation
as well as a countering and early elevation in total tissue water
of near 5% mediated by glycogen utilization with subsequent
cellular vacuolization and lactate accumulation (21, 28).

Contractile function and stunning

Clinical Implications

The existence of both an early but incomplete recovery of
contractile function and a slow return to normal function is consistent with the current understanding of stunning (19). Ischemic
muscle is known to deplete rapidly its chemical energy stores
to the extent that ATP mass is reduced to 63% of normal and
total adenosine nucleotide mass is reduced to 50% of normal at
15 minutes of ischemia in canine myocardium (20). Reperfusion
restores rapidly the ATP charge (and thus activities of ATPases)
though restoration of adenosine nucleotide mass occurs on the
time scale of days (21). The slow return to normal function is also
concurrent with the replacement of cellular components which
were post-translationally modified by oxidative stress very early
in reperfusion, including the troponins (22, 23).

Cardiac MRI is already a validated method for assessing
myocardial viability using delayed hyperenhancement (DHE),
coronary perfusion and contractile reserve (5, 29). T2-weighted
imaging, which highlights edematous tissue, has been used in
association with DHE to differentiate acute from chronic infarction (6). This current study could add important information to frequently encountered clinical scenarios, particularly
when there is clinical evidence of an acute coronary syndrome
but no evidence of infarction. In the acute setting, near-normal
or slightly elevated T2 relaxation in association with regional
contractile dysfunction, but no DHE, may signify viable myocardium. Further evaluation of T2 fluctuations in unreperfused
and reperfused infarction models may clarify the methodology’s
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utility in identifying the presence and extent of peri-infarct
ischemia.

Experimental limitations
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T2 measurement methodology
Parameter optimization for feasibility in robust myocardial
T2 relaxation evaluation in vivo is discussed in detail by Foltz
et al (11). This optimization minimizes spiral blurring of myocardial and chamber blood signals within SNR and imaging
time constraints in a two echo time acquisition; a design which
trade-offs rigor in relaxation modeling for accuracy and precision in the measured T2-weighted signal intensities within
clinically-feasible scan times. Note that the imaging optimization does not account consistently for spiral imaging artifacts
local to the heart/lung interface and the coronary veins, which
are more severe in pigs than humans (11, 30).
A two echo time fitting provides only an approximation of
the true relaxation complexity of muscle (31). However, the
extension to fitting of even the next most simple relaxation
model, that of water exchange between intravascular and extravascular tissue compartments, would require upwards of a 16fold increase in imaging time at constant spatial resolution (ie,
45 minute scan times at 4 echo train durations of 0, 24, 48, 96 ms)
(32). A two echo time fitting is also prone to noise variability.
However, we reduce T2 noise variability to within 1% by achieving an antero-septal per voxel SNR of 110 ± 24 at an echo time
of 11ms and by separating echo times by approximately 1.1*TE,
which maximizes precision in a 2-echo time fit (33). Noise bias,
which is the baseline remote from tissue in magnitude images,
is minimized by maintaining an antero-septal per voxel SNR of
10 or more at an echo time of 55ms.

Anaesthesia and cardioprotection
Common to modern anesthesia is dose-dependent cardioprotection. Isofluorane actions at experimental concentrations between 1 and 3% include a direct anti-inflammatory effect on
leukocytes, in addition to myocardial pre-conditioning and potent but partial vasodilation of the coronary vasculature (34, 37).
An enhancement of post-ischemic T2 fluctuations under maintenance with the more weakly cardioprotective halothane would
implicate indirectly an underlying hyperemia and its mediation
by an accumulation of adenosine.

CONCLUSIONS
We have developed and validated a porcine model of sublethal ischemia and stunning, via percutaneous balloon occlusion of the left anterior descending artery. Several tissue characteristics were demonstrated, including reversible contractile
dysfunction via SSFP and myocardial viability via TTC staining
post-mortem. The significant T2 fluctuations during very early
reperfusion may reflect hyperemia and tissue cellular edema in
accord with the known pathophysiology of ischemic and postischemic yet viable muscle.

REFERENCES
1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

Mickleborough L, Maruyama H,Takagi Y, Mohamed S, Sun Z,
Ebisuzaki L. Result of revascularization in patients with severe left
ventricular dysfunction. Circulation 1995;92:II73–II79.
Pagley P, Beller G,Watson D, Gimple L, Ragosta M. Improved
outcome after coronary bypass surgery in patients with ischemic cardiomyopathy and residual myocardial viability. Circulation 1997;96:793–800.
Granger C, Mahaffey K, Weaver D, Theroux P, Hochman J,
Filloon T, Rollins S, Todaro T, Nicolau J, Ruzyllo W, Armstrong
P. Pexelizumab, an anti-C5 complement antibody, as adjunctive
therapy to primary percutaneous coronary intervention in acute
myocardial infarction: the COMplement inhibition in Myocardial
infarction treated with Angioplasty (COMMA) Trial. Circulation
2003;108:1184–90.
Bax J, Wijns W, Cornel J, Visser F, Boersma E, Fioretti P. Accuracy
of currently available techniques for prediction of functional recovery after revascularization in patients with left ventricular dysfunction due to chronic coronary artery disease: comparison of pooled
data. J Amer Coll Cardiol 1997;30:1451–60.
Fieno D, Kim R, Chen E, Lomasney J, Klocke F, Judd R. Contrastenhanced magnetic resonance imaging of myocardium at risk: distinction between reversible and irreversible injury throughout infarct
healing. J Amer Coll Cardiol 2000;36:1985–91.
Abdel-Aty H, Zagrosek A, Schulz-Menger J, Taylor A, Messroghli
D, Kumar A, Gross M, Dietz R, Friedrich M. Delayed enhancement and T2-weighted cardiovascular magnetic resonance imaging differentiate acute from chronic myocardial infarction. Circulation 2004;109:2411–6.
Jennings R, Murry C, Reimer K. Myocardial effects of brief periods of ischemia followed by reperfusion. In: Advances in Cardiology, Kellermann J, Braunwald E, eds. Switzerland: S. Karger AG.
1990;37:7–31.
Jennings R, Schaper J, Hill M, Steenbergen CJ, Reimer K. Effect of
reperfusion late in the phase of reversible ischemic injury: changes
in cell volume, electrolytes, metabolites, and ultrastructure. Circ
Res 1985;56:262–78.
Foltz W, Huang H, Fort S, Wright G. Vasodilator response assessment in porcine myocardium with magnetic resonance relaxometry. Circulation 2002;106:2714–9.
Holman E, Vliegen H, van der Geest, R, Reiber J, van Dijkman P,
van der Laarse A, de Roos A,van der Wall E. Quantitative analysis
of regional left ventricular function after myocardial infarction in the
pig assessed with cine magnetic resonance imaging. Magn Reson
Med 1995;34:161–9.
Foltz W, Al-Kwifi O, Sussman M, Stainsby J, Wright G. Optimized
spiral imaging for measurement of myocardial T2 relaxation. Magn
Reson Med 2003;49:1089–97.
Kloner R, Jennings, R. Consequences of brief ischemia: stunning,
preconditioning, and their clinical implications; Part 1. Circulation
2001;104:2981–9.
Kraitchman D, Hillenbrand H, Oznur I, Lima J, McVeigh E, Zerhouni
E, Bluemke D. Noninvasive assessment of myocardial stunning
from short-term coronary occlusion using tagged magnetic resonance imaging. J Cardiol Magn Reson 2000;2:123–36.
Thornhill R, Prato F, Pereira R, Wisenberg G, Sykes J. Examining
a canine model of stunned myocardium with Gd-DTPA-enhanced
MRI. Magn Reson Med 2001;45:864–71.
Slutsky R, Brown J, Peck W, Stritch G, Andre M. Effects of transient
ischemia and reperfusion on myocardial edema formation and in

T2 Fluctuations in Post-Ischemic Viable Myocardium in Vivo

473

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

474

vitro magnetic relaxation times. J Amer Coll Cardiol 1984;3:1454–
60.
Higgins C, Herfkens R, Lipton M, Sievers R, Sheldon P, Kaufman
L, Crooks L. Nuclear magnetic resonance imaging of acute myocardial infarction in dogs: alterations in magnetic relaxation times.
Amer J Cardiol 1983;52:184–8.
Wisenberg G, Prato F, Carroll S, Turner K, Marshall T. Serial nuclear magnetic resonance imaging of acute myocardial infarction
with and without reperfusion. Amer Heart J 1988;115:510–8.
Schulz-Menger J, Gross M, Messroghli D, Uhlich F, Dietz R,
Friedrich M. Cardiovascular magnetic resonance of acute myocardial infarction at a very early stage. J Amer Coll Cardiol
2003;42:513–8.
Bax J, Visser F, Poldermans D, Elhendy A, Cornel J, Boersma E,
Lingen A, Fioretti P, Visser C. Time course of functional recovery of
stunned and hibernating segments after surgical revascularization.
Circulation 2001;104:I314–8.
Reimer K, Hill M, Jennings R. Prolonged depletion of ATP and of
the adenine nucleotide pool due to delayed resynthesis of adenine
nucleotides following reversible myocardial ischemic injury in dogs.
J Mol Cell Cardiol 1981;13:229–39.
Jennings R, Steenbergen CJ. Nucleotide metabolism and cellular
damage in myocardial ischemia. Annu Rev Physiol 1985;47:727–
49.
McDonough J, Arrell K, Van Eyk J. Troponin I degradation and
covalent complex formation accompanies myocardial ischemiareperfusion injury. Circ Res 1999;84:9–20.
Colantonio D, Van Eyk J, Przyklenk K. Stunned peri-infarct canine
myocardium is characterized by degradation of troponin T, not troponin I. Cardiovasc Res 2004;63:217–25.
Reeves R, Evanochko W, Canby R, McMillin J, Pohost G. Demonstration of increased myocardial lipid with postischemic dysfunction (“Myocardial stunning”) by proton nuclear magnetic resonance
spectroscopy. J Amer Coll Cardiol 1989;13:739–44.
Scholz T, Fleagle S, Parrish F, Breon T, Skorton D. Effect of tissue fat and water content on nuclear magnetic resonance relaxation times of cardiac and skeletal muscle. Magn Reson Imaging
1990;8:605–11.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

Franco-Cereceda A, Lundberg J. Post-occlusive reactive hyperemia in the heart, skeletal muscle, and skin of control and
capsaicin-pre-treated pigs. Acta Physiol Scand 1989;137:271–7.
Scholz T, Martins J, Skorton D. NMR relaxation times in acute
myocardial infarction: relative influence of changes in tissue water
and fat content. Magn Reson Med 1992;23:89–95.
Reimer K, Jennings R, Hill M. Total ischemia in dog hearts, in
vitro; 2. High energy phosphate depletion and associated defects
in energy metabolism, cell volume regulation, and sarcolemmal
integrity. Circ Res 1981;49:901–11.
Thornhill R, Prato F, Wisenberg G. The assessment of myocardial viability: a review of current diagnostic imaging approaches. J
Cardiol Magn Reson 2002;4:381–410.
Atalay M, Poncelet B, Kantor H, Brady T, Weisskoff R. Cardiac
susceptibility artifacts arising from the heart-lung interface. Magn
Reson Med 2001;45:341–5.
Saab G, Thompson R, Marsh G. Multicomponent T2 relaxation of
in vivo skeletal muscle. Magn Reson Med 1999;42:150–7.
Stainsby J, Wright G. Monitoring blood oxygen state in muscle microcirculation with transverse relaxation. Magn Reson Med
2001;45:662–72.
Kurland R. Strategies and tactics in NMR imaging relaxation time
measurements I. Minimizing relaxation time errors due to image
noise—the ideal case. Magn Reson Med 1985;2:136–58.
Hickey R, Cason B, Shubayev I. Regional vasodilating properties of isoflurane in normal swine myocardium. Anesthesiology
1994;80:574–81.
Crystal G, Czinn E, Silver J, Salem M. Coronary vasodilation by
isoflurane: abrupt versus gradual administration. Anesthesiology
1995;82:542–9.
Kersten J, Lowe D, Hettrick D, Pagel P, Gross G, Warltier D. Glyburide, a K AT P channel antagonist, attenuates the cardioprotective effects of isoflurane in stunned myocardium. Anesth Anal
1996;83:27–33.
Hu G, Vinten-Johansen J, Salem M, Zhao Z, Crystal G. Isoflurane
inhibits neutrophil-endothelium interactions in the coronary circulation: lack of a role for adenosine triphosphate-sensitive potassium
channels. Anesth Anal 2002;94:849–56.

W. D. Foltz et al.

