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Spontaneous Raman spectroscopy, which senses changes in cellular contents of reduced 
cytochrome c, could be a powerful tool for label-free evaluation of ischemic hearts. However, 
undetermined is whether it is applicable to evaluation of myocardial viability in ischemic 
hearts. To address this issue, we investigated sequential changes in Raman spectra of the 
subepicardial myocardium in the Langendorff-perfused rat heart before and during ligation 
of the left coronary artery and its subsequent release and re-ligation. Under 532-nm wave-
length excitation, the Raman peak intensity of reduced cytochrome c at 747 cm−1 increased 
quickly after the coronary ligation, and reached a quasi-steady state within 30 min. Subse-
quent reperfusion of the heart after a short-term (30-min) ligation that simulates reversible 
conditions resulted in quick recovery of the peak intensity to the baseline. Further re-ligation 
resulted in resurgence of the peak intensity to nearly the identical value to the first ischemia 
value. In contrast, reperfusion after prolonged (120-min) ligation that assumes irreversible 
states resulted in incomplete recovery of the peak intensity, and re-ligation resulted in 
inadequate resurgence. Electron microscopic observations confirmed the spectral findings. 
Together, the Raman spectroscopic measurement for cytochrome c could be applicable to 
evaluation of viability of the ischemic myocardium without labeling.
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I. Introduction
Occlusion of the coronary arterial blood flow renders 

the downstream myocardium ischemic, i.e., it shows sub-

Correspondence to: Yoshinori Harada, Department of Pathology and 
Cell Regulation, Graduate School of Medical Science, Kyoto Prefectural 
University of Medicine, 465 Kajii-cho Kamigyo-ku, Kyoto 602–8566, 
Japan. E-mail: yoharada@koto.kpu-m.ac.jp

stantial depletions of the oxygen delivery and metabolic 
substrate, resulting in immediate drop in contractile per-
formance due to cessations of the mitochondrial oxida-
tive phosphorylation and adenosine triphosphate (ATP) 
synthesis [16]. As long as the coronary occlusion persists, 
ischemic injury of the myocardium progresses over time 
with concomitant biochemical and ultrastructural changes 
in the mitochondria [18]. After a long period of ischemia, 
the myocardium eventually loses its viability, where the 
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injury is rendered irreversible even after the coronary flow 
is resumed [3].

Evaluation of ischemic myocardial viability, i.e., 
whether ischemia-damaged myocardium recovers function 
after restoration of the coronary perfusion [9, 11, 38], 
is essential to determine the most suitable procedures of 
cardiac surgery for patients with ischemic heart disease. 
Accurate coronary artery bypass grafting (CABG) to the 
viable myocardium and proper excision of non-viable 
myocardium by surgical ventricular restoration (SVR) crit-
ically determine the postoperative outcomes for the heart 
surgery [11, 38]. However, evaluation of myocardial via-
bility for determining the surgical procedures has hitherto 
been performed only by limited modalities, i.e., myocardial 
scintigraphy and gadolinium-enhanced magnetic resonance 
imaging, both of which are utilized only preoperatively 
and not available for precise intraoperative evaluation 
[11, 38]. Regarding this issue, Raman spectroscopic analy-
sis may be a promising candidate, which provides clues 
to identify the molecular structure of substances without 
using any specific chemical labeling, e.g., by fluorescent 
dyes [14, 15, 17, 21, 29, 33]: specific Raman shifts in 
Raman spectrum acquired under green light excitation can 
be used to unveil changes of molecules such as reduced 
cytochromes c and b, oxygenated myoglobin and lipids [1, 
6, 20, 31]. We have previously demonstrated that myocar-
dial ischemia and infarct could be detected quantitatively 
by Raman scattering light, which represents the energy 
states of molecular vibrations [26, 27, 37]. We have also 
demonstrated that Raman spectroscopy enables label-free 
evaluation of ischemic conditions in global, stopped-flow 
ischemia models of Langendorff-perfused rat hearts; the 
spectral peak of reduced cytochromes c at 747 cm−1 reveals 
subtle ischemic changes, which arise before the emergence 
of the morphological changes in hematoxylin-eosin (H 
& E) histology or di-4-ANEPPS fluorescence images of 
membrane structures, mitochondrial functional states evalu-
ated by 2,3,5-triphenyltetrazolium chloride (TTC) staining, 
and mitochondrial membrane potentials by tetramethyl 
rhodamine ethyl ester (TMRE) fluorescence intensity [28]. 
However, undetermined is applicability of Raman spec-
troscopic measurements to assess whether the ischemic 
myocardium resumes its functions after re-establishment of 
the coronary arterial perfusion.

In this study, we assumed that coronary arterial 
occlusion and subsequent reperfusion exhibits quick and 
reversible changes in the Raman spectrum for reduced 
cytochrome c under viable conditions, whereas the non-
viable conditions fail to show reversible changes in the 
spectra by repetition of occlusion/reperfusion procedures. 
To address this assumption, we sought to measure the 
Raman spectral changes in Langendorff-perfused rat hearts 
under ischemic conditions induced by the left coronary 
arterial ligation for 30 min or 120 min and subsequent 
reperfusion and re-ligation. The aim of our study was to 
evaluate myocardial viability by Raman spectroscopy.

II. Materials and Methods
Heart preparation

Our animal experiments were conducted in accordance 
with the Guide for the Care and Use of Laboratory Ani-
mals (8th edition, Washington DC: National Academies 
Press (US); 2011) and performed under approval of the 
Animal Research Committee, Kyoto Prefectural University 
of Medicine. Under deep general anesthesia of Wistar rats 
(male, 200–300 g) with a combination of three anesthetic 
agents, namely medetomidine, midazolam, and butorphanol 
[19], we rapidly excised the hearts after medial sternotomy 
and subsequent injection of heparin (1 U/g body weight) 
via the inferior vena cava. Retrograde perfusion was pro-
vided via the aorta with oxygenated Tyrode’s solution con-
taining (in mM) NaCl 145, KCl 5.4, MgCl2 1, CaCl2 1, 
glucose 10, HEPES 10, and NaHPO4 0.33 (pH 7.4 adjusted 
with NaOH at 37°C) at a constant flow rate of 10–12 
mL/min controlled by a micro tube pump (MP-3N, Tokyo 
Rikakikai, Japan). We placed the heart with its anterior wall 
upward on a dedicated chamber maintained at 37°C by a 
Peltier control system.

Model of local ischemia
Following the initial perfusion of the heart with 

Tyrode’s solution for 30 min to stabilize its redox state 
[24], we performed continuous perfusion with Tyrode’s 
solution with 20 mM 2,3-butanedione monoxime (BDM) 
(Nacalai Tesque, Japan) added to attenuate the contraction 
[13]. The complete ligation of the left descending coronary 
artery at a site just before the bifurcation of a diagonal 
branch (Fig. 1A), induced local ischemia for 30 min in 
some experiments (30-min ligation; n = 5) and 120 min 
in others (120-min ligation; n = 8). After the first liga-
tion for 30 min or 120 min, we re-perfused the coronary 
artery for 20 min by release of the ligature. The second 
ischemia was induced for the following 30-min ligation 
in a similar manner (Fig. 1B). The anterior wall of the 
left ventricle was divided into perfused and non-perfused 
(i.e., ischemic) areas (Fig. 1A). In some experiments, 0.5% 
Evans blue-containing phosphate-buffered saline was per-
fused for assessment of the coronary arterial circulation.

Measurement of Raman spectra
We used a slit-scanning laser Raman confocal micro-

scope (Nanophoton, Osaka, Japan) that is described in the 
previous work [28]. The excitation wavelength of the fre-
quency doubled Nd: YAG laser was 532 nm; the laser 
was focused into a line-shaped beam at the sample with 
an objective lens (UPLSAPO 10X, NA = 0.30, Olympus, 
Tokyo, Japan). The sample excitation intensity was set to 
13.8 μW/μm2. The backward Raman scattering from the 
line illumination was collected with the same objective lens 
and then was guided into the entrance slit of a Czerny–
Turner spectrograph (f = 500 mm) equipped with a blazed 
grating having 600 g/mm groove density. The slit width 
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was set at 100 μm. The scattered light was dispersed by 
a 600-groove/mm grating, and the Raman spectra were 
acquired with a cooled CCD camera (1340 × 400 pixels, 
PIXIS 400BR, Princeton Instruments, Trenton, NJ, USA). 
The exposure time for each acquisition was 10 sec. The 
spectra, collected from two random lines (1.6-mm length), 
were averaged, and subsequently served for spectral analy-
sis. All raw Raman spectra were calibrated using the known 
lines of ethanol. We recorded Raman spectra from non-
perfused (i.e., ischemic) and perfused (i.e., non-ischemic) 
areas, at both 15 and 30 min after commencement of the 
coronary perfusion of the BDM-containing Tyrode’s solu-
tion (Fig. 1B). We also collected the spectra during the first 
ischemic, re-perfused, and second ischemic phases at each 
scheduled time point in both models.

Data processing of Raman spectra
The spectra having the calibrated axis were inter-

polated with a third-order splined function. We employed 
the open source algorithm developed by Zhang et al. with 
R (version 3.5.2) to remove the fluorescent background 
[39]. The spectra were then smoothed with Savitzky-Golay 
filtering and normalized with the intensity of the CH defor-
mation band at 1447 cm−1.

Electron microscopy
We fixed the hearts after the first ischemic phase 

with 2% paraformaldehyde and 2% glutaraldehyde at 4°C 
overnight. The tissue samples were cut to about three mm 
square followed by post-fixation with 1% osmium tetroxide 

Experimental schematic diagram and time course. (A) An 
isolated heart is perfused retrogradely from the ascending aorta. The 
left descending artery is ligated just before the bifurcation of the 
diagonal branch. The left ventricular wall is divided into perfused and 
non-perfused areas. (B) The 1st ischemia is created by 30-min or 120-
min coronary ligation. Durations of baseline perfusion, reperfusion, and 
the 2nd ligation phases are 60, 20, and 30 min, respectively, in both 
models. BDM, 2,3-butanedione monoxime.

Fig. 1. 

in 0.1 M phosphate buffer. They were then dehydrated in 
a series of graduated ethanol solutions (50%, 60%, 70%, 
80%, 90%, 99.6% and 100%, three times for each) at room 
temperature for 20 min each. Dehydrated samples were 
immersed into the half Epon (1:1 resin:ethanol mixture) 
overnight, followed by full Epon for an hour twice. We 
eventually obtained the solid pellet by embedding the sam-
ples into epoxy resin (Poly/Bed 812) at 60°C for 48 hr. An 
ultramicrotome equipped with a diamond knife set at 70 
nm for the preparation of single section or serial sections 
was used to obtain ultra-thin sections. We collected these 
sections onto formvar-coated grids and stained them with 
EM stainer (Nisshin EM, Tokyo, Japan). We observed the 
cross-section samples using a transmission electron micro-
scope (JEM-1220, JEOL, Tokyo, Japan) at the end of the 
first ischemic phase [34].

TTC staining
The perfused hearts were cut parallel to the short axis 

into 5 slices (approx. 2-mm thickness) after 30-min and 
120-min coronary arterial ligation. The slices were incu-
bated in 1% 2,3,5-triphenyltetrazolium chloride (TTC) in 
0.1 M phosphate-buffered solution for 30 min at 37°C, 
and imaged by using a vital light microscope (SZX12, 
Olympus, Tokyo, Japan).

Enzymatic activity analysis
We examined the enzymatic activities of mitochon-

drial oxidative phosphorylation using a complex I enzyme 
activity microplate assay kit (ab109721, Cambridge, UK) 
and a complex IV rodent enzyme activity microplate 
assay kit (ab109911) (Supplementary Fig. S2A). Tissue 
homogenates were used for the analysis obtained from the 
left ventricular myocardium after Langendorff perfusion 
under the following conditions: perfused and non-perfused 
areas of 30-min ligation model and perfused and non-
perfused areas of 120-min ligation model. We measured the 
optical density (OD) using a Synergy H1 microplate reader 
(BioTek Japan, Tokyo, Japan).

Western blot analysis
Western blot analysis was performed as previously 

reported [32]. We extracted total proteins from the fol-
lowing Langendorff-perfused heart tissues to examine the 
protein level of NDUFB8, cytochrome c, and COX4I1: 
specimens without coronary ligation termed as “base-
line”, perfused and nonperfused areas of 30-min ligation 
model, and perfused and nonperfused areas of 120-min 
ligation model. The extracted proteins were separated by 
10% SDS-PAGE and transferred to a PVDF membrane 
(IPVH09120, Merck, Darmstadt, Germany). The mem-
branes were blocked with 5% skim milk, followed by 
an incubation with NDUFB8 antibody (459210, Thermo 
Fisher Scientific) or cytochrome c (ab133504, Abcam), 
COX4I1 (11242-1-AP, Proteintech, IL, USA), and GAPDH 
(016-25523, Wako, Osaka, Japan). The cytochrome c anti-
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body recognizes both the reduced and oxidized forms. The 
membranes were incubated with a secondary antibody con-
jugated with HRP (anti-mouse IgG: AP200P, Merck, anti-
rabbit IgG: 100064301, Cayman Chemical, MI, USA). The 
immunoreactive bands were detected by ImmunoStar® Zeta 
(Wako) (Supplementary Fig. S2B).

Assessment of the superficial circulation by Evans blue dye
To address to what extent the microcirculation is 

impaired by stopped flow ischemia, we observed the sur-
face of the Langendorff-perfused rat hearts after perfusion 
of 0.5% Evans blue (Nacalai, Kyoto, Japan) in phosphate 
buffered saline using a white-light microscope (SZX12; 
Olympus), equipped with a color CCD digital camera 
(DP70; Olympus) (Supplementary Fig. S3).

Statistical analysis
Quantitative data are presented as the mean plus/

minus standard deviation. We used the nonparametric 
Mann-Whitney U test to analyze continuous variables. A 
p-value < 0.05 was considered statistically significant. All 
statistical calculations were performed using SPSS version 
24.0 software (SPSS Inc., Chicago, IL, USA).

III. Results
Raman spectra

Fig. 2 shows sequential changes in the Raman spec-
tra in the subepicardial myocardium of the Langendorff-
perfused rat heart before, during coronary-artery ligation, 
and during its subsequent release and re-ligation. After con-
firmation of the overall Raman spectra being stable for 15 
min (shown as “baseline”), the peaks at 747 cm−1 and 1124 
cm−1, regarded as reduced cytochrome c and b respectively 
[2, 26, 27], exhibited a quick elevation in the non-perfused 

(i.e., ischemic) region induced by the ligation within 10 
min, and reached a quasi-steady state within 30 min (Fig. 
2A). Continuation of the ligation up to 120 min also main-
tained highly-stable values for these two peaks (Fig. 2B). It 
should also be noted that even during the ligation period, 
the Raman spectra at the intact region (i.e., under continu-
ously perfused area) exhibited no apparent changes in the 
spectral waveforms, supporting the notion that the augmen-
tation of the peaks at 747 cm−1 and 1124 cm−1 were due 
to the absence of the coronary flow. Following reperfusion, 
the peaks at 747 cm−1 and 1124 cm−1 were restored to the 
baseline level after 30-min ligation, and these exhibited an 
immediate elevation again by re-ligation (Fig. 2A). In con-
trast, during reperfusion after 120-min occlusion the peak 
values at 747 cm−1 and 1124 cm−1 appeared incompletely 
reduced to the baseline, and the values regained insuffi-
ciently by re-occlusion (Fig. 2B). In addition, the bands at 
1588 and 1640 cm−1, assigned as oxygenated myoglobin 
[2], were also responsive to ischemia and reperfusion and 
showed reverse trends compared with those at 747 and 
1124 cm−1 (Fig. 2).

The observed different responses to the Raman peaks 
by reperfusion and re-occlusion between the 30-min and 
120-min coronary occlusions may indicate differences in 
the redox reactions of cytochromes and myoglobin. How-
ever, the peak absolute values of these 4 wave numbers, 
showing no steady state after ligation, may include cer-
tain progressive “background” despite subtraction of the 
background. Focusing here on the relatively constant value 
at 1447 cm−1, reflecting C-H bending of lipids [7, 23], 
we standardized the peak values at 747, 1124, 1588, and 
1640 cm−1 by calculating the ratio of the individual peak 
intensities divided by the corresponding peaks at 1447 
cm−1 (I747/I1447, I1124/I1447, I1588/I1447, and I1640/I1447) as a ref-
erence for precise evaluation of the peaks (Fig. 3 and 

Sequential representations of averaged Raman spectra. Averaged Raman spectra acquired from the surface of perfused rat hearts at ischemic 
(non-perfused) and non-ischemic (perfused) areas of the 30-min (A) and 120-min (B) ligation models at each time point. * and ** denote the time points 
after commencement of reperfusion and 2nd ligation, respectively.

Fig. 2. 
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Supplementary Fig. S1). Of the 4 different peaks demon-
strated above, we focused on the most sensitive Raman 
spectrum, at 747 cm−1, which is assigned as the reduced 
cytochrome c content, represent the redox activity of the 
mitochondria [2, 28]. As shown in Fig. 3, the I747/I1447 

values increased rapidly after the induction of coronary 
ligation in the ischemic (non-perfused) area of 30-min and 
120-min ligation models. The ratio reached a quasi-steady 
state at about 30 min. After reperfusion, the ratios promptly 
decreased to the baseline level. However, the value in the 
120-min ligation failed to completely drop to the baseline 
(Fig. 3B and 3C). The ratio I747/I1447 in the 30-min ligation 
showed a rapid increase during the second ischemic phase 
and reached a plateau as high as that in the first phase. In 
contrast, there was no significant increase in the 120-min 
occlusion (Fig. 3A, 3B, and 3C). These responses may 
indicate an impairment of the mitochondrial redox func-
tion in the non-perfusion area of the 120-min occlusion. 
The other 3 peak values, I1124/I1447, I1588/I1447, and I1640/I1447, 
also showed similar time courses; however, the changes 
appeared ambiguous as compared with I747/I1447 in both 
models (Supplementary Fig. S1).

Histochemical and morphological evaluations
Given that the Raman spectral changes indicate 

depressed mitochondrial functions by the second trial of 
the coronary ligation, we compared the TTC stainability of 
ischemic heart after 30-min and 120-min coronary artery 
ligation. As expected, the heart after 120-min ligation was 
barely stained with TTC at the non-perfused area, whereas 
the 30-min ligated heart was uniformly stained at the 
perfused and non-perfused areas (Fig. 4A), indicating an 
impairment of the electron transport chain (ETC) complex 
II function [8, 22]. However, there was no significant dif-
ferences in protein expressions and enzyme activities for 
complexes I and IV between the 30-min and 120-min liga-
tion models (Supplementary Fig. S2A and S2B).

Morphologically, however, the H & E stained, light 
microscopic images of the heart indicate no apparent 
difference between the 30-min and 120-min ischemic 
myocardium (Fig. 4B). However, definitive ultrastructural 
changes were observed in the myocardium especially on 
120-min occlusion by electron microscopy. As shown in 
Fig. 4C, the heart after 30-min ligation revealed that sar-
comere structures of the cardiomyocytes were well pre-
served with clear Z bands of the myofibrils identified in 
both the perfusion and non-perfusion (i.e., ischemic) areas. 
In addition, the mitochondria were located along the sar-
comeres with densely packed cristae. In sharp contrast, 
the 120-min ischemia appeared to impair the mitochon-
drial structure, particularly that of the inner membrane. 
The mitochondria were swollen with abundant amorphous 
matrices. The outer membrane of the mitochondria was 
preserved; however, cristae were partially disrupted. The 
ischemic region of the 120-min ligation was edematous for 
sarcomeres with unclear boundary of the Z bands.

IV. Discussion

In this study, we demonstrated that the Raman spectral 
peak intensity at 747 cm−1, a reflection of the cytochrome 
c, is reversibly increased and decreased in short-term (30 
min) ligation of the coronary artery and its release respec-
tively, and that re-ligation again increased the peak level 
to the same degree as the first ones. By contrast, the 
reperfusion and the second ligation after the long-term 
(120-min) ischemia impaired the spectral responses. In 
accordance with these observations, the ultrastructure of the 
myocardium showed no discernible changes after the short-
term ischemia, while irreversible mitochondrial damage 
was observed after the prolonged ischemia. These observa-

Sequential changes in Raman spectral peak intensity ratio. 
Graphs plotting ratios of the peak values at 747 cm−1 over those at 1447 
cm−1 (I747/I1447) throughout the experiment in 30-min (A) and 120-min 
(B) ligation models. (C) Graphs comparing Raman spectral peak ratios 
during reperfusion after 30-min and 120-min 1st ligation and the 2nd 
ligation phase at perfused and non-perfused areas. * and ** denote 
the time points after commencement of reperfusion and 2nd ligation, 
respectively. † denotes P < 0.05 using the nonparametric Mann-Whitney 
U test between perfused and non-perfused areas corresponding to the 
same time. ‡ denotes P < 0.05 by the same analysis as above between 
30-min and 120-min ligation at each time point. Data are presented as 
mean ± SD.

Fig. 3. 
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tions indicate that the Raman spectroscopy has potential for 
determining viability of ischemic myocardium after restora-
tion of the coronary arterial flow.

The quick and remarkable increase in the 747 cm−1 

Raman peak intensity in the early ischemia phase can 
be attributed to the failure to oxidize cytochrome c by 
complex IV at the final step of the ETC, because of 
the insufficient oxygen supply. The complete and second 
quick recovery of the 747 cm−1 peak intensity by reper-
fusion and the rapid resurgence by the second ischemic 
trial would be explained by the immediate oxidization and 
reduction of cytochrome c. These reversible responses indi-
cate that the mitochondrial electron transport function is 
preserved in the 30-min ischemic myocardium. In other 
words, the myocardium can be viable. The increase in the 

Comparison between the non-perfused (ischemic) areas of the 
heart at the end of the first ischemic phases in 30-min and 120-min 
ligation models. (A) Triphenyl tetrazolium chloride-stained hearts. 
Putative non-perfused areas are indicated by the dotted line. Bar = 
5 mm. (B) H & E-stained images of the ischemic myocardium. (C) 
Ultrastructural details of cardiomyocytes in perfused and non-perfused 
areas. For references, the images obtained from perfused areas are also 
shown (bottom). The insets are magnified images of mitochondria. 
Electron micrograph, ×15000. Bar = 500 nm. M, mitochondria; 
S, sarcomere.

Fig. 4. 

reduced cytochrome c by re-ligation is unlikely to involve 
ischemic preconditioning effect of the first 30-min ligation, 
because the re-ligation faithfully regained the peak nearly 
identically to that induced by the first ligation; according 
to our previous experiments, the preconditioning effect 
was observed after repetition of brief periods (2 min) of 
ischemia/reperfusion [37].

The inadequate reversibility of the intensity peak after 
the 120-min ischemia, reflecting impaired oxidoreduction 
process of cytochrome c, would not be due to impaired 
reperfusion of the coronary circulation: the Evans blue 
images showed well-preserved perfusion even after release 
of the 120-min ligation (Supplementary Fig. S3). Reduced 
activity of succinate dehydrogenase by electron transport 
chain complex II would be responsible for the poor 
reversibility of the 747 cm−1 peak intensity in the hearts 
after the 120-min ischemia because of the reduced TTC 
staining of the heart (Fig. 4A) [8, 22]. Reduced activities 
of complex I or complex IV would not account for the 
irreversible, low viability conditions of the myocardium, 
because of the absence of apparent changes in these enzy-
matic activities (Supplementary Fig. S2).

We found that the mitochondria in the 120-min 
ischemic myocardium were swollen with their inner mem-
brane structures partially collapsed, whereas the 30-min 
ischemic myocardium showed no obvious morphological 
changes, with the inner membrane structure well main-
tained (Fig. 4B). These findings indicate that the electron 
transport function and mitochondrial membrane potential 
were impaired in the 120-min ischemia, but not in the 
30-min ischemia. In other words, the mitochondria in the 
120-min ischemic myocardium were irreversibly injured. 
Our observations are in good agreement with previous 
ultrastructural studies in dog hearts: the mitochondria of 
the intact and reversibly injured myocytes were densely 
packed with cristae, whereas those of irreversible ones 
were swollen and exhibited a distorted arrangement of 
cristae [18]. The irreversible ischemic injury results in a 
loss of mitochondrial membrane potentials via the opening 
of mitochondrial permeability transition pore [25], which 
results in cessation of ATP synthesis, influx of solute, and 
swelling of mitochondria [12, 36]. We have previously 
demonstrated that the TMRE fluorescence-based mitochon-
drial membrane potential is rapidly lost about 37 min after 
the globally stopped flow of the coronary arteries [28]. 
Given that the 37-min ischemia is a critical period of no 
return, our present ultrastructural observations of mitochon-
dria are reasonable to explain the difference in Raman 
spectral changes between the two different-period ligation 
models. However, it should be noted that our experimental 
results are not always consistent with the clinical data. In 
practice, patients with myocardial infarction who received 
early coronary arterial reperfusion within 90 min showed 
good clinical outcomes [10, 35], therefore, it is conceivable 
that the critical period of no return in ischemic human 
hearts may be longer than that in the ischemic rat hearts we 
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studied. We assume that the discrepancy is due to the dif-
ferences between experimental and clinical conditions, e.g., 
presence or absence of the blood and/or species differences.

Our study has some limitations. First, we conducted 
experiments by using blood-free perfusates. Second, the 
mechanical contraction was intentionally suppressed by 
BDM to accurately capture the Raman spectra of the 
heart. Such non-physiological experimental conditions as 
conducted here for simplicity’s sake may well have ham-
pered valid evaluation of the genuine myocardial viabil-
ity. Further evaluation is mandatory under blood perfused, 
BDM-free conditions. Third, our evaluation was limited 
only on the subepicardial myocardium less affected by 
coronary insufficiency as compared with the mid or suben-
docardial myocardium. We probed at the depth of 50 μm 
beneath the epicardium, where the Raman signal was most 
efficiently obtained from the surface. We assume that the 
Raman spectroscopic signal detection using 532-nm exci-
tation would be restricted to ~100-μm deep from the sur-
face due to the unavoidable factors in the myocardium, 
e.g., light absorbance and scattering efficiency [4, 30]. 
Despite these limitations, however, it would be safe to 
assume that the spontaneous Raman spectroscopy is appli-
cable to a straightforward assessment of the viability of 
ischemic myocardium.

In conclusion, our study suggests that Raman spec-
troscopy can be used to evaluate the viability of ischemic 
myocardium under label-free conditions. As far as we 
know, clinical application of Raman spectroscopy to car-
diovascular diseases has not been achieved. Recent clinical 
studies show that Raman spectroscopy is applicable to the 
diagnosis of malignant tumors [4, 5], although they are still 
in the developing stage. Our approaches would highlight 
the potential of Raman spectroscopy for the treatment of 
ischemic heart disease.
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