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se of Diffusion Tensor Imaging to Predict Myocardial Viability
fter Warm Global Ischemia: Possible Avenue for Use of
on-beating Donor Hearts
ichael J. Collins, BSc,a Toshinaga Ozeki, PhD,a Jiachen Zhuo, MS,b Junyan Gu, MD, PhD,a

ao Gullapalli, PhD,b Richard N. Pierson, MD,c Bartley P. Griffith, MD,a Paul W. M. Fedak, MD, PhD,d and
obert S. Poston, MDa

ackground: The assessment of myocardial viability after global warm ischemia (WI) but before reperfusion is
challenging. We hypothesized that fractional anisotropy (FA), a magnetic resonance imaging (MRI)
parameter of water diffusion that characterizes cellular integrity within tissues, provides a rapid and
useful method for evaluating the viability of hearts after WI.

ethods: Dog hearts were exposed to 60 minutes of WI after exanguination, explanted and preserved in a
cold, non-beating state for 6 hours, using continuous perfusion (CP) or static cold storage (CS).
Toward the end of preservation, a global FA assessment, acquired using MRI, was compared with
analyses obtained from myocardial biopsies that included adenosine triphosphate (ATP), endothe-
lin-1 (ET-1) and caspase-3 levels, light microscopy and tetrazolium staining. Functional recovery was
analyzed after restoration of blood flow on a non-working Langendorff preparation.

esults: FA measured at the end of CP showed strong correlations with all parameters of functional recovery
(developed pressure, R � 0.60; dP/dt, R � 0.96; �dP/dt, R � 0.96). Although FA also correlated
with tissue levels of ATP, ET-1 and caspase-3 (R � 0.77, �0.84, �0.64), recovery of myocardial
function did not correlate with these markers or any other conventional analyses of myocardial
injury (troponin I, changes on light microscopy or tetrazolium staining).

onclusions: FA, an MRI-based parameter that indicates cellular integrity, was found to reflect better myocardial
ATP stores, less induction of ET-1 and caspase-3 and improved functional recovery of hearts after
global WI. As a clinically applicable tool capable of rapidly differentiating reversible from lethal
injury, diffusion tensor imaging may prove useful in the eventual adoption of non-beating donor
hearts for transplantation. J Heart Lung Transplant 2007;26:376–83. Copyright © 2007 by the
International Society for Heart and Lung Transplantation.
a
t
o
i
m
e
m
u
b

t
a
a
t
o
t
c
f
i
r

he viability of cardiac tissue, as defined by the recov-
ry of its function after a period of arrest, is adversely
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ffected by prolonged periods of ischemia. Because of
he clinical importance of this issue, there are numer-
us methods available for quantifying the effects of

schemia on the heart. Unfortunately, most of these
ethods (e.g., histology, myocardial enzyme release,

tc.) require several hours after insult to discriminate
yocardial injury and show limited sensitivity when

sed to evaluate the effects of ischemia without the
enefit of reperfusion.
Cardiac transplantation is associated with an obliga-

ory ex vivo transport period that can be exploited for
ppraising the viability of the marginal donor heart. The
bility to define irreversible myocardial injury during
he transport period would help greatly in the selection
f hearts for transplantation. Although currently limited
o heart-beating, brain-dead donors, the donor pool
ould be extended to include hearts from those dying
rom a cardiac death if the effects of global warm
schemia (WI) could be reliably discriminated before
eperfusion. Although several studies have suggested

hat continuous perfusion (CP) techniques can be used
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o “re-animate” the heart,1– 6 the risk of primary non-
unction after transplantation precludes the use of these
rgans clinically. The ideal way to predict the risk of
on-function would be by global assessment of myocar-
ial viability ex vivo during CP with non-invasive tech-
iques that are readily available, rapid, and easy to
erform.
Diffusion tensor imaging (DTI) is a magnetic reso-

ance imaging (MRI) technique that has the potential to
eet all these criteria. DTI elucidates cellular viability

y quantifying the directionality and magnitude of
ater diffusion within tissue fibers using a parameter

alled fractional anisotropy (FA). Brain DTI studies have
hown reduced FA (i.e., poor directionality of water
iffusion) in affected areas within minutes of stroke
nset, often while conventional T1- and T2-weighted
RI images are normal,7 and are accurate predictors of
nal infarct volume and neurologic prognosis.7,8 Al-
hough technical difficulties associated with the imag-
ng of moving tissue limit the application of DTI in the
eating heart, donor hearts can be imaged ex vivo
ecause the heart is motionless during the transport
eriod. The hypothesis of this study was that FA
easured during continuous ex vivo perfusion of hearts

xposed to global WI would predict the viability and
unctional recovery of these hearts.

ETHODS

wenty-one mongrel dogs (20 to 30 kg) served as heart
nd blood donors for these studies. The protocol was
pproved by the Institutional Animal Care and Use

igure 1. Experimental outline. Heart function was assessed in situ (ba
ava. Hearts were either exposed to 1 hour of WI or immediately explan
CS). At the end of a 6-hour preservation interval, hearts were biopsied
ith warm (37°C) whole blood on a non-working Langendorff prepara
ommittee at the University of Maryland Medical Cen- s
er. All animals received humane care and were housed
n compliance with the Guide for the Care and Use of
aboratory Animals (National Institutes of Health,
ublication 85-23, revised 1985), and fed a normal diet.

xperimental Procedure

urgery. Anesthesia was induced with intramuscular
etamine sodium followed by endotracheal intubation
ith isoflurane titrated for maintenance. Median ster-
otomy was used to expose the heart to obtain baseline
iopsies and myocardial function using a intraventricu-

ar 9F Millar catheter placed through the apex. Heparin
300 IU/kg) was given and the dogs were exanguinated
ia the inferior vena cava with blood collected in
itrate–phosphate–dextrose transfusion bags. After ex-
nguination, hearts were exposed to global WI for 60
inutes, followed by 6-hour CP (WI � CP group, n �

). Additional control hearts underwent cardioplegic
rrest followed by immediate cardiectomy and then CP
CP group, n � 6) or CS (CS group, n � 6) for 6 hours.
efore cardiectomy, all hearts were flushed with 1 liter
f Celsior (Sangstat Corp., Fremont, CA) infused into
he aortic root at a pressure of 65 mm Hg. After
ardiectomy, the hearts were biopsied and weighed.
he experimental design is summarized in Figure 1.

yocardial Preservation

n the CS group, hearts were stored in iced (0° to 4°C)
elsior solution. Hearts from the CP group were per-

used at a flow rate of 80 to 100 ml/min to maintain 15
m Hg aortic pressure using a portable perfusion

ine) and then dogs were exsanguinated by transecting the inferior vena
and then preserved by continuous perfusion (CP) or static cold storage
eighed and assessed by diffusion tensor MRI. Hearts were reperfused
n.
sel
ted
, w
ystem (Organ Recovery Systems, Des Plaines, IL) that
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ncludes a membrane oxygenator to maintain PaO2 at
etween 200 and 400 mm Hg. A catheter (13F Gundry
CSP, Medtronic, Inc.) was secured in the coronary
inus to provide access to the coronary effusate for
ampling every 30 minutes during CP. A low-potassium
erfusate at 4° to 6°C was used, consisting of CaCl2 0.5
mol/liter, HEPES 10 mmol/liter, KPO4 5 mEq/liter,
annitol 30 mmol/liter, glucose 10 mmol/liter, insulin

0 U, Na-gluconate 80 mmol/liter, magnesium 5 mmol/
iter, ribose 5 mmol/liter, hydroxyethyl starch 50 g,
lutathione 3 mmol/liter, adenine 5 mmol/liter, fruc-
ose-1,6-bisphosphate 10 mmol/liter, glutamic acid 26
mol/liter, and chlorpromazine 0.2 mmol/liter, with
H titrated to 7.4 � 0.05. Based largely on our own
re-clinical experience,9 a brief mid-thermic interval
as employed in which the temperature of the perfus-

te was raised from 4° to 25°C for 30 minutes and then
ooled down to 4° to 6°C for the remainder of the
reservation interval. Myocardial temperature was mon-

tored with the Khuri pH monitoring system (Terumo
orp., Tokyo, Japan).

angendorff Reperfusion

fter preservation, electrolyte concentrations of autol-
gous whole blood were corrected to physiologically
ormal values. Blood at 37°C was infused at 65 mm Hg

nto the aorta using a non-working Langendorff prepa-
ation. PO2 (500 to 600 mm Hg) and PCO2 (25 to 35 mm
g) were maintained using a membrane oxygenator/
eat exchanger (Optima, Cobe Cardiovascular) venti-

ated with a 95%–5% oxygenated CO2 mixture. Myocar-
ial function was assessed every 15 minutes during
angendorff reperfusion using an intra-ventricular 9F
illar catheter placed in a latex balloon inflated with

aline to 0, 10, 20 and 40 ml. All pressure data were
ontinuously recorded with a computer-based data
cquisition system (POWERLAB, ADInstruments, Inc., Col-
rado Springs, CO). The pressure vs time traces were
nalyzed via a previously described method of integrat-
ng trapezoidal areas under the curve10 to determine
he following LV functional parameters: developed
ressure (DP); maximum rate of developed pressure
�dP/dt); and maximum negative rate of developed
ressure (�dP/dt).

iffusion Tensor Imaging

iffusion tensor imaging was performed on the ex vivo
earts while CP was ongoing during the last 20 minutes
f the preservation interval. Images were acquired on a
.5-T MRI scanner (Philips Eclipse) equipped with
cho-planar gradients using six co-linear directions of
iffusion-weighting with an effective b-value of 1,000
/mm2. Other imaging parameters were: echo time/
epetition time 96 ms/12,000 ms; matrix 80 � 80; field

f view 20 cm2; slice thickness 2 mm with no gap; and m
ve averages. A total of 40 slices through the long axis
f the heart were acquired. The fractional anisotropy
alues generated using standard equations11 were ob-
ained from four regions of interest (anterior, posterior,
ateral and septal walls) in each of three separate slices.
he average FA for these 12 regions was reported as the
lobal FA value for that heart.

raft Viability and Endothelial Function Assays

yocardial biopsies were obtained from the anterior
nd posterior myocardial walls prior to cardiectomy
baseline) and at the end of the preservation interval
post-preservation) to determine ATP, endothelin-1
ET-1) and caspase-3 levels. These assessments were
erformed with an ATP bioluminescent somatic cell
ssay kit (Sigma Chemical Co., St. Louis, MO), ET-1
nzyme immunometric assay kit (Assay Designs, Ann
rbor, MI) and caspase-3 chemiluminescence kit (Assay
esigns). Histologic assessment of ischemic injury was
one using hematoxylin–eosin (H&E) staining accord-

ng to previously established criteria.12 Tetrazolium
taining was performed on myocardial slices using
echniques previously described13 and viability deter-
ined according to the presence of a deep red stain.

tatistical Analysis

he primary end-point of this trial was whether the
lobal FA value obtained at the completion of the
reservation period could predict the degree of func-
ional myocardial recovery on the Langendorff analysis.
ased on pilot data obtained in hearts without exposure
o WI, we assumed a strong association between FA and
arkers of systolic recovery and a within-cell deviation

n the data of �0.25. Therefore, power analysis indi-
ated that six animals per group could provide 80%
ower to demonstrate this relationship at a 0.05 signif-

cance level. Nine animals in the WI group were chosen
o allow for greater deviation in the data due to biologic
ariability in response to WI.
Variability in the data was quantified as the coeffi-

ient of variation � SD/mean. Statistical analysis was
erformed using statistical software (INSTAT 3.05 and
RISM 4.0, GraphPad, Inc.). Student’s t-test was used to
valuate differences in variables between groups. Cor-
elations were examined using Fisher’s exact test for
on-parametric data and linear regression for paramet-
ic data, with p � 0.05 considered statistically signifi-
ant.

ESULTS
ost-preservation Recovery

lthough cardiac function was similar between groups
t baseline (in situ), systolic and diastolic recovery on
he Langendorff prep (ex vivo) varied widely, as sum-

arized in Figure 2. The developed pressure (DP), rate
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f pressure generation (�dP/dt) and rate of relaxation
�dP/dt) were significantly worse (p � 0.05 for all) in
earts exposed to CS compared with WI � CP hearts.
espite superior recovery as a group, considerable

nhomogeneity existed within the WI � CP group
ompared with other control groups, as reflected by an
ncreased coefficient of variation for DP (0.60 vs 0.25),

dP/dt (0.70 vs 0.31) and �dP/dt (0.60 vs 0.31) for WI
CP vs CP alone (p � 0.05 for all).
WI hearts gained more weight after exposure to

igure 2. Systolic and diastolic function was determined by: devel-
ped pressure (DP) (A); rate of pressure generation (�dP/dt) (B); and
aximum negative rate of developed pressure (�dP/dt) (C). Compared
ith hearts in the CS group, recovery was significantly better in hearts
aving undergone continuous perfusion, even in the WI � CP group.
P: 67.10 � 40.59, 142.9 � 36.40 and 31.94 � 27.84 mm Hg;
dP/dt: 1,369 � 1,041, 1,721 � 547 and 420 � 202 mm Hg; and
dP/dt: 1,051 � 688, 1,191 � 371 and 263 � 177 mm Hg, for WI
CP, CP and CS, respectively (p � 0.05 for all).
P vs CS (16.6 � 14.1 g vs 3.7 � 5.2 g, p � 0.05). i
owever, weight change did not correlate with
ny markers of myocardial viability or functional
ecovery.

iffusion Tensor Imaging

A maps were generated for WI hearts at the comple-
ion of CP (WI � CP, n � 8, one exam not completed
ue to technical reasons). Localized areas where water
iffusion was not restricted, evident as discrete areas of
ignal hyperintensity (Figure 3A), were noted in those

igure 3. Diffusion-weighted maps of short-axis cross-sections of the
onor heart were derived from DTI studies performed near the end of
he preservation interval. After 60 minutes of WI, those hearts showing
reas of hyperintensity suggestive of interstitial edema (A) (arrows)
eveloped poor functional recovery after blood reperfusion on the
angendorff model. Maps showing more homogeneously restricted
ater motion (B) were seen in those hearts that developed better

unctional recovery, suggesting better tolerance to the initial ischemic

nsult and/or improved response to CP resuscitation.
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earts developing poor systolic and diastolic recovery
n the Langendorff preparation. By comparison, a ho-
ogeneous pattern of high FA (Figure 3B) was a
redictor of improved functional recovery as evidenced
y strong associations with all parameters of functional
ecovery: DP (R � 0.60, Figure 4A, p � 0.079); �dP/dt

igure 4. A global fractional anisotropy (FA) value was derived from
he average readings obtained from 12 regions of interest for each
eart and compared with systolic and diastolic function after Lan-
endorff reperfusion. A strong association was noted between FA
alues and DP (A) (R � 0.60, p � 0.079), �dP/dt (B) (R � 0.96, p �
.05) and �dP/dt (C) (R � 0.96, p � 0.05).
R � 0.96, Figure 4B, p � 0.05); and �dP/dt (R � 0.96, a
igure 4C, p � 0.05). In addition, FA correlated with the
ollowing traditional markers of myocardial viability:
ost-preservation ATP stores (R � 0.77, Figure 5A, p �
.05); ET-1 levels (R � �0.84, Figure 5B, p � 0.05); and
aspase-3 activity (R � �0.64, Figure 5C, p � 0.08).

igure 5. Fractional anisotropy (FA) values were correlated with other
ell-recognized markers of myocyte viability. Myocardial biopsies were
btained prior to cardiectomy (in situ) and at the end of the
reservation interval (post-preservation) and assayed for ATP, endo-
helin-1 (ET-1) and caspase-3. Correlations were observed between FA
nd ATP (A) (R � 0.77, p � 0.05), ET-1 (B) (R � �0.84, p � 0.05)

nd caspase-3 (C) R � �0.64, p � 0.08).
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nzymatic and Biopsy-based Markers of Viability

n contrast to FA, standard techniques for determining
yocardial viability did not show a relationship to

unctional recovery as measured during Langendorff
eperfusion. Histologic sections, tetrazolium staining
nd troponin I from the WI � CP group showed no
ifferences from control samples taken from hearts
ithout WI in any of the sections analyzed. Troponin I
as not detected in the coronary sinus during the CP

nterval in any of the groups. Even the levels of more
ophisticated parameters of myocardial viability, ATP,
aspase-3 activity and ET-1, did not show a significant
orrelation with any of the parameters of functional
ecovery.

ISCUSSION

ardiac MRI is an increasingly common method cur-
ently used to clinically evaluate myocardial viability in
atients with ischemic heart disease.14,15 A limited
onor pool for cardiac transplantation has led to the
onsideration of extended criteria donors and, potentially,
rgans from non– heart-beating donors (NHBDs).16 –19

owever, the difficulties in defining the severity of
schemic injury and inability to assess graft function
rior to transplant represents a significant barrier to the
linical use of these organs. We obtained a series of
nalyses including diffusion tensor MRI on the ex vivo
systolic heart as a model of the transport interval for a
onor heart. Traditional biopsy-based markers of myo-
ardial viability showed no relationship to the recovery
f myocardial contraction and/or relaxation. Only FA
as able to predict which heart was likely to recover

fter global WI in this clinically relevant large-animal
odel.
Even brief WI creates a severe energy deficit that can

ead to an irreversible compromise in myocellular integ-
ity. CP during the ex vivo transport interval led to the
uccessful resuscitation of most hearts in the WI group,
s evidenced by recovery of function back to baseline.
owever, a sub-set of the WI hearts did not recover,
ighlighting the clinical need for reliable methods that
an effectively screen for hearts likely to develop
rimary graft dysfunction after transplantation. Water
iffusion restricted to within intact myofibers is de-
cribed as “anisotropic,” reflected by DTI as an FA value
lose to 1. Therefore, a low FA value in the donor heart
uggests processes such as extracellular edema and/or
isrupted cell membranes are allowing less restricted
ater diffusion and, therefore, a higher risk of primary

raft dysfunction after transplantation.
It is a well-described paradox that myocardial necro-

is caused by WI requires full restoration of oxygen-
tion and perfusion to manifest completely. As a result,

onventional methods for defining necrosis, such as the fi
elease of myocardial enzymes or tetrazolium staining,
ave limited value for evaluating hearts exposed to

schemia but prior to restoring blood flow as required in
his model. Classic histologic changes, such as contrac-
ion band necrosis, do not manifest for several hours
fter reperfusion,20 and other studies using a continu-
us perfusion protocol found that routine tests for the
ssessment of creatine kinase MB could not reliably
redict recovery after WI.18,19 The assessment of histo-

ogic changes and troponin I release from WI � CP
earts in the present study corroborates the limitations
f these methods.
Sophisticated biochemical assays of ATP stores,1,6

T-121 and caspase-3 provide more sensitive surrogates
f injury. ET-1 a potent vasoconstrictor released from
he myocardium after WI, is an established marker of
ndothelial injury21 that has been associated with re-
uced survival after clinical heart transplantation.22,23

T-1 antagonists have been found to improve systolic
unction in animal models of cardiac transplanta-
ion.23,24 Caspase-3 activity, a mediator of apoptosis,
as been shown to correlate inversely with systolic
ecovery in rat hearts preserved using CP.6 Inhibitors of
poptosis prolong the length of acceptable cold-storage
ime in animal models.25 However, these assays are
imited to a focal biopsy, making the data inherently
rone to sampling bias and impractical for the re-
tricted time available to complete an ex vivo organ
valuation. Although ATP stores and ET-1 levels have
redicted systolic recovery after WI in other studies,
nly weak associations were seen in our model. DTI
voids the limitations of biopsy-based assays by provid-
ng a rapid and global assessment of the myocardium

ithout increasing ischemic time using hardware (i.e.,
RI) that is widely available. The cold, arrested, non-
eating donor heart presents an opportunity to investi-
ate this technology for evaluating myocardial viability
ithout the technical challenge of beating tissue. In

ddition to predicting functional recovery, FA showed
ignificant correlations with ATP (Figure 5A), ET-1
Figure 5B) and caspase-3 (Figure 5C), thereby strength-
ning the value of FA as a comprehensive means for
valuating the viability of ischemic myocardium. The
ndings of our model extend the established prognostic

mportance of FA values in brain tissue after stroke8 into
new area in the ischemically damaged heart.

tudy Limitations

he main limitation of this study is the use of the
solated heart model instead of orthotopic heart trans-
lants to evaluate myocardial recovery. The non-work-

ng Langendorff model is less effective for analyzing
iastolic function, a common cause of graft dysfunction
fter transplantation26 and only provides data for the

rst 2 to 3 hours after restoration of blood flow. A major
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dvantage of the Langendorff model in this preliminary
tudy is its ability to specifically address our study aim
f showing a correlation of FA with myocardial recov-
ry without the wide range of confounding effects
resent in a transplantation model. This method is
ell-established22,27–29 and has a track record of pre-
icting the clinical performance of a wide range of
linical protocols in cardiac surgery, including anti-
schemic interventions28 and methods of cardiac pres-
rvation.30,31 Furthermore, our model does not account
or variables likely to be encountered in the clinical
HBD, including varying WI times, additional myocar-
ial injury from donor hypoxia and hypotension prior
o brain death, reperfusion with homologous (vs autol-
gous) blood, and the lack of donor heparinization
efore cardiectomy.
Further studies are necessary to investigate the im-

act of these variables prior to use in the clinical
etting. Although the heart rate and pre-load depen-
ence of DP, �dP/dt and �dP/dt are well-known
otential sources of experimental error, we found a
onsistent agreement between each of these functional
arameters at varying pre-loads, thus providing confi-
ence in the reliability of these data. Although sug-
ested to be associated with interstitial edema in
rain,32 FA in our studies was not related to change in
eart weight before and after the CP interval. Although
I � CP hearts gained more weight than CS hearts,
eight change did not correlate with any of the other
arkers of functional recovery. The relationship of FA

o extra- vs intracellular edema requires further clarifi-
ation in this model.
In conclusion, the rapid evaluation of myocardial viabil-

ty after ischemia has many potential applications beyond
he evaluation of donor hearts before transplant. Unlike
onventional means of assessing myocardial viability (e.g.,
elease of myocardial enzymes, biopsy-based markers and
ight microscopy changes), only DTI was able to predict

hich hearts were likely to recover after sub-lethal WI.
lthough significant technical challenges remain regard-

ng the expanded use of extended criteria donors, includ-
ng NHBDs in the clinical setting, the results of this
re-clinical model warrant further investigation into the
se of DTI as a means of assessing viability and predicting
unctional recovery during the ex vivo period.

he authors thank Organ Recovery Systems, Inc., for provid-

ng the modified KPS, RS-1, perfusion materials and technical

xpertise, and Sangsat for providing the Celsior preservation

olution.
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