SUPPORTING A PRACTITIONER

EFFICACY ASSESSMENT OF CRYO STORAGE OF DONOR HEARTS BY IMAGEJ BASED IMAGE ANALYSIS

Bao-quan Lin, Sheng-sheng Yang, Zhi-yong Zeng, Cong-wen Zhuang

Aim. Donor organ injury during cold preservation before transplantation negatively
impacts graft survival. The current study was to examine available evidences for the
efficacy of different cold storage solutions that are used to preserve donor hearts in
vitro prior to orthotopic transplantation.

Material and methods. A systematic search of full-length articles published from
1980 to August 2012 was performed in PubMed and Google Scholar. Detailed
searches were also made for availability of any sourceware for histopathology
images of endomyocardial biopsies of stored hearts.

Results. Not even a single controlled trial has been published relating to this topic.
However, we assessed all available literature pertaining to this topic, and performed
original, simple yet innovative analyses using ImagedJ, a Java based image analyses
program, to show the tremendous power to objectively examine the efficacy of the
storage solution. Our analysis suggest that ImageJ may be conveniently used to
obtain evidences (or lack of it) of ischemic injury of donor hearts during cold storage.
Conclusions. Even the UNOS database does not provide histopathological
evidences of cardiac biopsies of orthotopically transplanted hearts. We, however,
make the case of the need for image analyses and making availability of images to
allow establishing evidence of the usefulness of these storage solutions. We
recommend obtaining endomyocardial biopsy prior to orthotopic transplantation
and create a registry of H&E stained slides. This is the only step that will direct us

towards evidence based care of such highly critical patients who need the equally
challenging surgical intervention of cardiac transplantation.
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OLIEHKA 3P PEKTUBHOCTU KPUO XPAHEHUA JOHOPCKOIo CEPALA C MOMOLLbIO IMAGEJ

HA OCHOBE AHAJIUSA U30BPAXEHWUM

Bao-quan Lin, Sheng-sheng Yang, Zhi-yong Zeng, Cong-wen Zhuang

Llenb. lloBpexaeHne [OHOPCKOrO OpraHa BO BPEeMS XONOLHOMO XPaHeHus
[0 TpaHCMnaHTauuM HeraTMBHO CKa3blBaeTCsl Ha MpVkuBaemocTW. B paHHOM
MCCNenoBaHnu N3y4aloTCs MMEIOLLMECS A0ka3aTeNbCTBa 3PPEKTUBHOCTM Pasiny-
HbIX PACTBOPOB /1 XONOAHOrO XPaHEeHUs, KOTOPble UCMOMb3YI0TCA AN COXpaHe-
HWS! [JOHOPCKMX CEPAELL in Vitro 4O OPTOTONMYECKOW TPaHCMNAHTaLMUK.

Matepuan n metogbl. CucTeMaTUYECKMIA MOMCK MOSHOLEHHBIX CTaTei, ony6au-
KoBaHHbIx ¢ 1980 no asryct 2012, 6bin BeinonHeH B PubMed n Google Scholar.
[JeTanbHblil nouck Taikke Obin CAenaH B MoBbIX LOCTYMHbIX XPaHUAMLLAX rMCTONaTo-
noruyeckyx 06pasLoB SHAOMUOKapAaNbHbIX 61ONTATOB CepaeLl.

Pesynbratbl. Hit 04HO KOHTPONMPYEMOE MCCriefoBaHye elue He Obino ony6amko-
BaHO M0 37OV TeMe. TeM He MeHee, Mbl OLIEHVNN BCIO AOCTYMHYIO IMTEPATYpPY, OTHO-
cSLLMECS K 3TO TEME, U BbIMONHUAV OPUrMHANBHBIA, NPOCTOMN, HO MHHOBALMOHHDI
aHanu3 ¢ ucnonb3oBaHrem Imaged, Java Ha 0CHOBE NporpamMMbl aHanm3a 13obpa-
XeHws1, YToObl MOka3aTb OrPOMHOE 3HaYEHNE OOBEKTUBHOMN OLIEHKM AP dEKTUBHOCTM
PacTBOPOB /151 XpaHeHusi. Hall aHanua nokasbiBaeT, 4to Imaged MoxeT 6biTb yA06HO
MCMONb30BaH N5t MOMYYEHWs L0KA3aTeNbCTB (MK OTCYTCTBUSA TakOBbIX) ULLEMUYe-
CKOro NoBpex/aeHnst AOHOPCKOro CEPALA BO BPEMS XONOAHOMO XPaHEHNS.

Introduction

Donor organ injury during cold preservation before
transplantation negatively impacts graft survival [1].
Most cardiac preservation solutions provide safe cold
ischemic storage times for 4 to 5 hours. University of
Wisconsin and Celsior are considered gold standards [2,
3]. However, only recently, debates have sprung up
regarding the availability of evidences of the efficacy of
these solutions in prevention of ischemic injuries of
donor hearts [4]. Few newer products like Somah have
tried to approach this highly relevant area using rational
pharmacological basis for storage. For example, Somah
has tried to implement the availability of nitric oxide

3aknioyenue. Jaxe UNOS 6a3a He AaeT BO3MOXHOCTb 06eCneyunTb rmcTonaTono-
rMYeckUMy CBUAETENbCTBAMW Kapamonornyeckme GuonTaTbl OPTOTOMUYECKU
TpaHCnaHTMpyeMbIx cepael. Mbl, 0aHako, NokasbiBaeM HeobX0aMMOCTb MPOBe-
JeHna aHanmn3a VI306pa)KeHVIﬂ, 4T0bbl MO3BONUTH YCTaHOBUTb O0Ka3aTesibCTBa
NONE3HOCTUN 3TUX PACTBOPOB 151 XpaHeHusl. Mbl peKOMEHAyeM nosyyeHne pesyb-
TaToB 3H,D,0MI/IOKapp,I/IaJ1beII7I 6uoncun no OpTOTOI‘IVI‘-leCKOI7I TpaHcnaaHTaymn
1 co3naHune peectpa H&E n3obpaxeHuit. To eaMHCTBEHHbIN Luar, KOTOPbIV Hanpa-
BWT HAc K 060CHOBaHHOM 3a60Te 06 3TUX NaLMeHTaX, HAXOASLLMXCS B KPUTUHECKOM
COCTOSIHMM, KOTOPbIE HYXAAKTCSA B CTOJIb CJIOXHBIX XMPYPrn4yecknx BMeLlaTesibCT-
BaX Mo TpaHCnaaHTaunu cepaua.
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KnioueBble cnoBa: opToTonuyeckas TpaHcnnaHwtaumu cepgua, University of
Wisconsin solution, Celsior, Somah, kapanonoruyeckuii pacteop Ans XpaHeHns.

donor, which is extremely critical in the cardiac
neurovascular bed [5].

Initially, we assessed the freely available transplantation
database, the UNOS registry, to understand whether any
controlled trial have been performed to assess the relative
efficacies of the storage solutions [6]. We searched literature,
primarily from PubMed, over the last 20 years and to our
surprise, we found only very few (less than 5) studies that
have addressed this highly critical area [7—10]. In addition,
we found that the UNOS registry has only patients listed
between 2004 and current. Furthermore, all the analyses
have been entirely based on patient survival and some
objective clinical data (ejection fraction, etc) of the efficacy
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of the storage solutions. However, due to unavoidable
multivariate interferences, such analyses can never provide
insights into the efficacy of the storage solutions.

In the current study, we aimed to obtain image analyses
of all available cardiac biopsy materials that have either
been published or available from a public database. To our
great surprise, we found very few figures that have actually
represented the endomyocardial status of the transplanted
graft. Clearly, we could not access even a single image of an
in vitro stored donor human heart prior to transplantation.
However, we, for the first time ever, utilize the freely
available image analyses software from the National
Institutes of Health (NIH, Bethesda, MD), Imagel to
demonstrate that all aspects of pathophysiology of ischemic
donor heart damage after cold storage may be reliably
examined by histomorphometry [11]. This is a simple to
perform, but will provide us with enormously powered
information to objectively assess the efficacy of the storage
solutions, and the benefits of any supplements. There are
several studies which have reliable demonstrated the power
of image analysis in obtaining highly relevant
pathophysiological information. We clearly make the case
that pending wide spread use of our suggested methodology,
we will continue to fall short of providing evidence based
care to one of the highest level of critical patients that
await or undergo cardiac transplantation.

Material and methods

Study identification. Detailed systematic PubMed/
Medline and Google Scholar searches were performed
using the following (single or combination) MeSH
headings and subheadings and keywords: heart storage
solution, University of Wisconsin solution, Celsior,
Somah, ATP, nitric oxide, endomyocardial biopsy,
comparative, UNOS, ischemia, cardiac ischemic,
ischemic reperfusion injury, histopathology, morphometry,
image analyses, apoptosis, cardiac injury, troponin,
membrane, ploidy, necrosis, ischemic staging. Literature
from 1980 till present (August 2012) was reviewed; less
than 5 studies were found that have performed controlled
trials of comparative assessments of storage solutions,
namely University of Wisconsin and Celsior. However, the
end point assessments in these studies were patient survival,
and clearly, these studies did not provide any information
regarding the histopathological status of the donor hearts
at various stages including harvesting, short time storage
and post-transplantation. Thereafter, we made endeavors
to assess whether images of cardiac biopsies are available
after storage of the donor hearts for variable periods of
time. Here again, we met with very limited success.

Thereafter, we made the original analyses of the
efficiency of imaging tools like ImagelJ, a java based free
program available from the NIH and obtained an image of
a cardiac biopsy that was stored in University of Wisconsin
solution, and used it to analyze whether different
pathophysiological markers of ischemic heart injury may

be examined using the image analyses tools available in
Imagel.

Selection criteria. As case series are probably the most
widely reported surgical literature, it was decided not to
restrict the selection to a specific study design. Between-
groups comparisons in a (randomized) controlled design
were not available even for a single study. As a consequence,
studies were included if there was within-group pre-post
treatment comparisons. No bias was introduced in study
selection or methodological screening and all existing
reports were analyzed.

Data extraction. Imagel.Details of Image] are casily
available from their website, including the different plugins.
Those are not discussed here for avoiding repetition and
sake of brevity.

Markers of cardiac ischemic injury after storage in
different cold storage solutions. Specifically, the feasibility
of ImagelJ in assessing the following markers of cardiac
injury were made: (A) FOR CARDIAC MUSCLES: (i)
integrity of membrane (ii) volume of muscle mass (iii)
distance between muscle bundles in cross section to assess
edema (iv) nuclear swelling as a marker of cardiac apoptosis
(B) FOR BLOOD VESSELS AND ENDOTHELIUM:
(i) endothelial swelling (ii) endothelial nuclear integrity
(iii) blood vessel diameter (iv) evidence of any intravascular
or extravascular inflammatory cellular infiltrate.

Results

Here in Figure 1, we show that a simple hand tool in
ImageJ may be used to outline a muscle mass that has been
obtained in cross section. Further, all parameters may be
obtained in one reading, for example, the diameter of the
muscle obtained in cross section, the perimeter, area,
Feret diameter and the standard deviations of all the
measurements. These parameters may be very quickly
obtained, and typical analyses for a single area may take
less than 10 seconds. For a 512x512 frame, the whole
analyses may be completed in less than 5 minutes, but
providing very useful information on overall morphological
architecture of the obtained myocardial biopsy tissue.
Note that this mensuration can be used to derive several
pertinent information regarding the state of the donor
heart tissue and the stage of ischemic injury and/or its
prevention by the storage solution. For example, the
measurement of distance between the muscle masses will
clearly define whether there has been any level of edema,
a hallmark of early ischemic injuries. Furthermore, the
measurement of the muscle mass is an easy indicator of the
state of the muscle health and whether it has been affected
to any extent by ischemic injury. We stress the tremendous
importance of obtaining these baseline values to enable
evidence-based care of this highly critical therapeutic area
of cardiac transplantation.

In Figure 2, we demonstrate the power of the
morphometric analyses by simple tools. Note the outlined
blood vessel in yellow on the far left of the image. Such
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diameter measurements of the blood vessels within a
myocardial biopsy is a time frozen assessment of the state
of endothelium-derived hyperpolarizing factor, and as
such, shows the power of image analysis in obtaining the
relevant pharmacological efficacy of storage solutions. In
absence of nitric oxide, blood vessels may be tonically
contracted, providing a poor outlook for the cardiac graft.
Surprisingly, we failed to obtain any relevant images that
have compared UW, Celsior or any other storage solution,
with or without supplementation of nitric oxide donors.
We urge that such simple measurements will help us clearly
define the efficacy of storage solutions.

In Figure 3, we show the power of “threshold analyses”.
Morphometrically, the nuclei can be considered as particles.
Such an image as shown here is easily obtained digitally,
which thereafter can allow us to obtain numerous useful
parameters: (i) optical density of the nuclei of muscle cells
or endothelial cells; this important parameter is an imaging
insight into the metabolic health of whether a nucleus is
open faced or condensed and degenerating (ii) clustering of
the nuclei; for example, degenerating nuclei of the
endothelia will show clustering (iii) simple count of the
particles will give an estimate of nuclear densities, for
example a useful ratio between muscle and endothelial cells
nuclei. An increase in such ratio may be observed if there is
an infiltration of inflammatory cells, a hallmark of ischemic
injury of transplanted heart. Furthermore, note the clarity
of the images; in absence of availability of staining like
CD68, it is still possible to speculate with reasonable
confidence if there is a macrophage infiltration, because
nuclei of such cells will be clearly visible in an intravascular
location during the thresholding process in ImageJ.

In Figure 4, we show that stercological analyses may be
obtained very quickly with ImageJ. We can easily overlay
obtained biopsy images with grids, and thereafter measure
useful parameters like nuclear density, nucleo-cytoplasmic
ratios, and volume estimations by useful statistical tools
like the Cavalieri. Needless to stress here is the fact that we
should have open-access kind of sites where the valuable
images be uploaded to be allowed for this kind of detailed,
but easily performed image analyses to provide us with
relevant information for scientifically understanding the
importance of the different storage solutions for donor
hearts.

In Figure 5, we show that the edges may be outlined in
order to examine the integrity of the membranes of cardiac
muscles and blood vessels. For example, edge analyses will
allow understanding whether there has been any breach of
membrane integrity, and such morphological information
may be correlated with any available analyses of troponin
assays. Places where highly sensitive troponin assays are
unavailable may use such simple measurement tools to
make accurate diagnosis of cardiac injury after
transplantation.

In Figure 6, we show that optical density of a selected
area may be easily obtained pixel by pixel. Such analyses

Figure 1. ImageJ used to outline muscle cell boundaries and morphometry
obtained. This kind of analyses will provide insights into normal muscle mass and
whether any regression or necrosis has occurred.
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Figure 2. ImageJ can measure diameter of intra-cardiac blood vessels in
endomyocardial biopsy obtained after cold storage. This can provide useful insights
into the efficacy of storage solutions with supplements like nitroglycerin, nicorandil
or Somah.

Figure 3. Particle count may be done to assess nuclear cluttering, which may
provide further insights into any inflammatory infiltrate.

Figure 4. Detailed stereological analyses may be performed with ImageJ.
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Figure 5. Edge analyses may be performed with Imaged to examine cell membrane
integrity.

Figure 6. Pixel analysis may be done with ImagedJ to obtain insights into nuclear
ploidy.

will immediately provide the ploidy status of the endothelial
or muscle nuclei.

Discussion

Here, we demonstrate for the first time ever, the
usefulness of simple freely available image analysis tool
like the ImageJ in obtaining highly useful information
that can be implemented to objectively assess the efficacy
of the different storage solutions for storage of donor
organ prior to orthotopic cardiac transplantation.
Pioneering work has been done for making cardiac
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biopsy prior to orthotopic transplantation and create a
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will direct us towards evidence based care of such highly
critical patients who need the equally challenging surgical
intervention of cardiac transplantation.

Acknowledgements
We are grateful to Dr. Chi Xu for their help with data
collection.

Dardas TF, Cowger J, Koelling TM, et al. The effectiveness of United Network of Organ
Sharing status 2 transplantation in the modern era. J Heart Lung Transplant 2011; 30:
1169-74.

George TJ, Arnaoutakis GJ, Baumgartner WA, et al. Organ storage with University
of Wisconsin solution is associated with improved outcomes after orthotopic heart
transplantation. J Heart Lung Transplant 2011; 30: 1033-43.

Stringham JC, Love RB, Welter D, et al. Does University of Wisconsin solution harm the
transplanted heart? J Heart Lung Transplant 1999; 18: 587-96.

Kajihara N, Morita S, Tanoue Y, et al. The UW solution has greater potential for longer
preservation periods than the Celsior solution: comparative study for ventricular and
coronary endothelial function after 24-h heart preservation. Eur J Cardiothorac Surg 2006;
29: 784-9.

Baxter K, Howden BO, Jablonski P. Heart preservation with celsior solution improved by
the addition of nitroglycerine. Transplantation 2001; 71: 1380-4.

Collins T.J. Imaged for microscopy. Biotechniques 2007; 43: 25-30.

48



