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During the heart surgery there is a possibility to harm the conduction system of the heart (HCS), which 
may cause dangerous obstruction of the heart functionality. The muscular origin makes it complicated to dis-
tinguish HCS from the surrounding tissues; therefore, there is an immense necessity to visualise HCS during 
the operation time. Optical methods carry information about intrinsic properties of the tissue and provide the 
unique possibility to study the objects non-invasively. The experiments were performed on the human heart 
tissue specimens ex vivo. HCS, myocardium (MC), and connective tissue (CT) were preliminary marked by a 
pathologist and histologically approved after the spectral measurements. The spectrometer FLS920 (Edinburgh 
Instruments) was used for steady state and time-resolved fluorescence registration. Fluorescence was exited 
using a 405 nm pulsed laser. Spectral analysis revealed that at least three fluorophores are responsible for the 
emission in the region of 430–550 nm. According to the lifetimes, the fluorescing constituents in all tissues 
should be the same. The fractional components of fluorescence intensity revealed a similar composition of MC 
and HCS; however, quantitative differences were observed between HCS and CT.
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1. Introduction

Cardiac disorders still remain the leading cause of 
mortality and morbidity. In numerous cases the 
surgery is the only way to eliminate the source of 
heart malfunction; however, during the surgical in-
tervention there is a possibility to harm the conduc-
tion system of the heart (HCS), which may cause 
dangerous obstruction of heart functionality. HCS 
is a type of the muscular tissue where a heartbeat 
signal originates and initiates the contraction of 
the ventricles. The muscular origin makes it com-
plicated to distinguish HCS from the surrounding 
tissues; therefore, there is an immense necessity for 
a express method to visualise HCS during the op-
eration time.

Optical methods carry information about in-
trinsic properties of the tissue and provide a unique 
possibility to study the objects quickly and non-in-

vasively. Fluorescence spectroscopy techniques are 
already used in different areas of medicine for di-
agnosis and visualisation purposes [1–3]. Fluores-
cence reflects the general composition of the tissue 
and depends mostly on the present fluorophores; 
however, since many of the intrinsic fluorophores 
in biological tissues have the overlapping spectra, it 
is difficult to identify the selective excitation region 
for the fluorescence-based discrimination between 
two different tissues [4, 5]. Another rapidly evolv-
ing optical technique employs fluorescence lifetime 
measurements. Fluorescence lifetime is the charac-
teristic average time that a fluorophore spends in the 
excited state following excitation from its ground 
energy level. Fluorescence lifetime varies with the 
molecular environment but usually does not de-
pend on fluorophore concentration or signal at-
tenuation caused by absorption or scattering [5–7]. 
Thus, fluorophores with overlapping fluorescence 
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spectra could be distinguished by different fluores-
cence lifetimes. The time-resolved measurements 
can also help to overcome a common spectroscopy 
problem of the variation in the measured signal in-
tensity at different spots caused by uneven fluores-
cence excitation/collection conditions. Furthermore, 
the sensitivity of the fluorescence lifetime to various 
parameters of the biological microenvironment of a 
fluorophore (including pH, ion concentration and 
binding, enzymatic activity, temperature) allows 
these variables to be analysed as well [8].

Fluorescence spectroscopy techniques have been 
chosen to detect elastin, collagen, lipids, and other 
sources of autofluorescence in normal and diseased 
arterial walls [9–14]. Different parts of the heart have 
also been shown to possess different fluorescence 
intensities [15–17]. More recently, the application of 
steady state fluorescence techniques to the ex vivo 
identification of different types of the heart tissues, 
including HCS, has been reported [18, 19]. The main 
fluorophores in the heart were identified as collagen 
and elastin [17, 19–22], and it was inferred that the 
observed differences in fluorescence intensity are 
primarily determined by uneven amounts and the 
specific organisation of structural proteins rather 
than by the presence of specific fluorophores [19]. 
Since none of the types of the heart tissues possess 
distinct fluorescence spectra, the discrimination be-
tween them directly depends on the measurement 
conditions. The earlier proposed method employs 
the ratio of autofluorescence (AF) intensities being 
measured at the same investigation spot [19], thus 
eliminating the effect of uneven excitation/collec-
tion conditions. The unambiguous differentiation 
of the HCS from two other types of the heart tissue 
has been demonstrated ex vivo using this method, 
provided there is a fair possibility to normalise 
the PL signal for the individual-based variation in 
spectral properties of the heart. However, the iso-
lating layer that surrounds HCS is made of colla-
gen and elastin fibres, the same components as CT, 
which affects the spectroscopic contrast between 
HCS and CT. On the other hand, this layer could 
possess a unique structural organisation because of 
the specific function of HSC in the heart. The differ-
ent structure could yield the specific fluorescence 
lifetimes. In such case the combined registration of 
both fluorescence and fluorescence lifetime signals 
could be employed to improve the accuracy of heart 
tissue differentiation.

The aim of our study was to investigate the dif-
ferent heart tissues by means of time-resolved fluo-
rescence spectroscopy, and also to determine the 
number of fluorescing constituents composing the 
registered steady state fluorescence spectra and to 
calculate the fractional components of the fluores-
cence intensity that could help to determine the 
relative amounts of these components in different 
heart tissues, which could be useful for its differ-
entiation.

2. Materials and methods

The experiments were performed on the specimens 
prepared from a single human heart. The samples 
of 2–3 centimetres in size were obtained at autopsy 
(12–24 h post mortem) by a pathologist in the Na-
tional Centre of Pathology according to the meth-
odology described earlier [18]. Preparations were 
fixed in a 10% neutral buffered formalin solution 
immediately after excision and kept in the dark 
at 4 °C prior to the measurements. Spectroscopic 
studies were carried out on the diagnostically most 
important types of the heart tissue: HCS, myocar-
dium (MC), and connective tissue (CT). The speci-
men that contained HCS was prepared from the left 
branch of His bundle. The specimen for MC was 
prepared from the ventricles, and the CT speci-
men was prepared from the aorta. The location of 
particular tissue was marked on each specimen by 
the pathologist. Steady state fluorescence spectra of 
HCS, CT, and MC have been measured from mul-
tiple places on three prepared specimens. In total, 7 
fluorescence spectra were registered from each type 
of specimen.

The spectroscopic measurements were per-
formed by means of a spectrofluorimeter FLS920 
(Edinburgh Instruments). The excitation arm of 
the instrument was equipped with a 450 W xenon 
lamp and a double grating monochromator to se-
lect the appropriate wavelength for the steady state 
fluorescence excitation as well as with a pulsed di-
ode laser (λ = 405 nm, pulse width = 66.9 ps), which 
has been used for the time-resolved measurements. 
A special solid sample holder (Edinburgh Instru-
ments) was installed in the place of a standard cu-
vette holder in order to measure the fluorescence 
spectra and the fluorescence lifetimes of the heart 
specimens. To prevent the tissues from drying out, 
the specimens were fixed between quartz slides and 
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mounted on the holder. It was assumed that the 
measurement conditions arranged in this manner 
did not change for different heart tissues, thus al-
lowing to compare the absolute intensities of the 
registered fluorescence spectra. The detection arm 
of the spectrofluorimeter was also equipped with a 
double grating monochromator and a thermoelec-
trically cooled photomultiplier tube. Lifetime mea-
surements were performed using the time correlat-
ed single photon counting (TCSPC) methodology. 
The fluorescence decay was measured in the spec-
tral region of 430–550 nm with a 5 nm step. The 
fluorescence quantum efficiency of the heart tissues 
is very low; therefore, 1000 counts were collected in 
the peak channel. The fluorescence data were auto-
matically corrected for the instrument response by 
the factory preinstalled correction files.

The fluorescence decay lifetimes (τ) and the 
fractional components of fluorescence intensity (F) 
were calculated using FAST software (Edinburgh 
Instruments). An instrument response function 
was measured from the polymer microspheres 
(Thermo Scientific) suspended in water.

The steady state fluorescence spectra of HCS, 
CT, and MC were registered in the region of 430–
550 nm under a 405 nm excitation.

3. Results and discussion

The averaged fluorescence spectra of every tis-
sue are shown in Fig. 1 together with the standard 

deviation ranges. All spectra are composed of the 
broad band with the peak at around 482 nm. The 
spectral shape is almost identical for all the tissues 
(Fig. 1(b)) implying that the fluorophores in these 
tissues should be the same. Then the observed dif-
ferences in intensity (Fig. 1(a)) could be the result 
of uneven amounts of the fluorophores or their 
different quantum yields that could be affected by 
variations in the surrounding microenvironment. 
The finding that the fluorescence intensity regis-
tered under the same conditions is different for CT, 
HCS, and MC could be useful for the differentia-
tion between these tissues. However, it is not always 
possible to maintain exactly the same measurement 
conditions for all spots of interest in the biologi-
cal system. Uneven excitation/collection conditions 
can distort or blur the registered intensity differ-
ences even though the tissues were the same. Such 
possibly confusing situation could be evaded by ac-
complishing the time-resolved measurements.

The experimental data of the HCS fluorescence 
decay approximated by one and two exponentials 
are presented in Fig. 2. The fitted curves do not cor-
respond to the measured decay that additionally 
could be demonstrated by the residuals and the in-
creased χ2 value. This indicates that more than one 
or two different components are forming the shape 
of the fluorescence decay curve.

The experimental data of MC, HCS, and CT fit-
ted by three exponentials are presented in Fig. 3. 
The fitted decay curves closely correlate with the 

Fig. 1. (a) The mean fluorescence spectra of CT, MC, and HCS registered under excitation at 405 nm. The dotted lines 
represent the standard deviation values. (b) The normalised mean fluorescence spectra.

(a) (b)
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Fig. 2. Fluorescence decay approximated by one (a) and two (b) exponentials.

Fig. 3. Fluorescence intensity decay registered at 482 nm for MC (a), HCS (b), and CT (c).

(a) (b)

(a)

(b) (c)
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measured values as this could be seen from residu-
als and χ2. Thus, according to the mathematical 
analysis, the fluorescence intensity decay that has 
been registered at 482 nm for all three tissue types 
can be accurately approximated by three exponen-
tials indicating that at least three fluorophores are 
responsible for the fluorescence signal. The life-
times of every tissue did not change throughout the 
spectral region of 430–550 nm.

The average lifetimes of the fluorophores cal-
culated through the whole spectral region (430–
550 nm, n = 25) and the standard deviations are 
presented in Table 1. The significance of the differ-
ence between averaged lifetimes of HCS and other 
tissues was evaluated using a paired t-test for the 
null hypothesis τHCS – τCT = 0 and τHCS – τMC = 0.

The main fluorophores in the heart tissue were 
shown to be collagen and elastin [17, 19–22]; how-
ever, collagen is found in the heart tissues in several 
forms. The cardiac collagen of extracellular matrix 
consists of 85% of collagen type I [23]. In addition to 
collagen I, other fibril forming collagen types found 
in the heart are collagen III and collagen V [24]. The 
collagen in a valve, which is composed mostly of the 
connective tissue, consists of collagen I (74%), col-
lagen III (24%) and collagen V (2%) [25]. Therefore, 
the fluorophores that mostly contribute to the reg-
istered fluorescence decay in all three types of tissue 
could be identified as elastin, collagen I and colla-
gen III. The fluorescence spectrum of elastin over-
laps with the fluorescence spectra of collagen III; 
therefore, it could be hardly distinguished by apply-
ing only techniques of steady state spectroscopy.

To determine the contribution of each fluoro-
phore in the fluorescence spectra, the fractional 
components of the fluorescence intensity (F) have 
been calculated. The average contribution values 
of the first, the second, and the third constituent to 
the fluorescence spectra measured in the spectral 
region of 430–550 nm are presented in Table 2. The 
significance of the difference between averaged con-
tribution values of HCS and other tissues was eval-
uated using a paired t-test for the null hypothesis 
FHCS – FCT = 0 and FHCS – FMC = 0.

The contribution did not change significantly 
through the whole spectral region indicating that 
the fluorophores responsible for the fluorescence 
in this region do not change their relative amounts 
significantly. It has to be noted that the fractional 
components reflect the contribution of a particular 
fluorophore to the registered fluorescence spectra 
upon particular excitation and emission wave-
lengths; nevertheless, it could be used to compare 
the relative composition of the fluorophores in the 
heart tissues. Muscular type tissues (MC and HCS) 
had a very similar composition of fluorophores, 
while statistically significant differences were ob-
served between HCS and CT (see Table 2, constit-
uent F1). The first constituent is present in larger 
amounts in an elastic-type tissue (HCS), whereas a 
stiff tissue like CT contains larger amounts of the 
second constituent. According to this analysis, the 
first constituent corresponds to elastin, the second 
to collagen I, and the third to collagen III.

The estimation of the time-resolved autofluo-
rescence data on the lifetimes and fractional 

Table 2. The relative contribution of different fluorophores to the fluorescence spectra. P(H0 = 0) are values of signifi-
cance levels for the null hypothesis.

MC P(H0 = 0) HCS P(H0 = 0) CT
F1 27 ± 3 0.09 28 ± 2 3.34 . 10–8 20 ± 4
F2 46 ± 2 0.57 47 ± 2 1.51 . 10–5 51 ± 4
F3 27 ± 3 0.08 25 ± 3 0.01 29 ± 5

Table 1. The average lifetimes (ns) and their standard deviations obtained for different heart tissues. P(H0 = 0) are 
values of significance levels for the null hypothesis.

MC P(H0 = 0) HCS P(H0 = 0) CT
τ1 0.7 ± 0.1 0.07 0.7 ± 0.1 2.9 . 10–5 0.9 ± 0.1
τ2 3.1 ± 0.2 0.19 3.2 ± 0.3 2.2 . 10–4 3.5 ± 0.4
τ3 10.6 ± 1 0.94 10.7 ± 1.2 0.84 10.7 ± 1.7
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components yielded statistically unreliable dif-
ference between these values from HCS and MC. 
Therefore, these two tissues could not be distin-
guished by fluorescence decay analysis only. On 
the other hand, some differences were observed 
between the time-resolved data from CT and HCS. 
The decay constants τ1 and τ2 of HCS appeared to 
be significantly different from those of CT (Ta-
ble 1). The relative constituents F1–F3 of the spec-
tral composition were also found to be significant-
ly different between HCS and CT (Table 2). Since 
the fibrils of HCS are usually surrounded by the 
connective tissue, and the absolute intensity of the 
fluorescence tends to vary from heart to heart, the 
contrast between these two tissues observed using 
only the intensity ratios of the measured fluores-
cence could be reduced [19]. It seems that in such 
cases the differentiation accuracy could be addi-
tionally improved by performing time-resolved 
measurements that showed the potential of differ-
entiation between HCS and CT on the basis of the 
time-domain data.

4. Conclusions

The time-resolved spectroscopy revealed that at 
least three constituents are responsible for the 
fluorescence of HCS, CT, and MC in the spectral 
region of 430–550 nm under excitation at 405 nm. 
The lifetimes of every tissue did not change 
throughout the measured region, indicating that 
the composing fluorophores are the same. The 
three autofluorescence lifetimes being attributed 
to HCS and MC did not show any statistically 
significant difference, whereas the two shorter (τ1 
and τ2) of HCS appeared to be significantly differ-
ent from those of CT. The fractional components 
of fluorescence intensity did not reveal any sig-
nificant difference in the composition of muscu-
lar type tissues, HCS and MC. On the other hand, 
the relative spectral composition (constituents 
F1–F3) of CT differed significantly from that of 
HCS. The observed differences could be explained 
by relatively larger amounts of elastin present in 
HCS, and of collagen in CT. We suppose that the 
revealed differences could be used for an optical 
method supplementary to the earlier proposed 
differentiation procedure [19] in order to enhance 
the contrast between HCS and CT.
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Santrauka

Širdies operacijų metu yra galimybė pažeisti širdies 
laidžiąją sistemą (ŠLS) ir sukelti nepataisomus širdies 
veiklos sutrikimus. Dėl raumeninės ŠLS kilmės ją sun-
ku vizualiai atskirti nuo aplinkinių širdies audinių, todėl 
reikalingas metodas, padėsiantis atskirti ŠLS operacijų 
metu. Optiniai metodai yra neinvaziniai tyrimo būdai, 
kurių metu registruojami audinio optiniai parametrai, 
atspindintys kiekybinę bei kokybinę audinių sudėtį. 
Eksperimentams naudoti žmogaus širdies audinio pre-
paratai ex vivo. ŠLS, jungiamojo audinio (JA) ir miokardo 
(MK) lokalizacija preparate buvo preliminariai pažymėta 
gydytojo patologo. Po spektroskopinių tyrimų šios vietos 

buvo identifikuojamos histologiškai. Spektroskopiniai 
tyrimai atlikti spektrofotometru FLS920 (Edinburgh 
Instruments). Fluorescencija žadinta impulsiniu lazeriu, 
kurio spinduliuotės bangos ilgis 405 nm. Iš spektroskopi-
nių tyrimų nustatyta, kad mažiausiai trys fluoroforai yra 
atsakingi už širdies audinių fluorescenciją 430–550 nm 
srityje. Užregistruotos gyvavimo trukmės visų audinių 
yra panašios, todėl fluoroforai taip pat turėtų būti tie pa-
tys. Įvertinus fluoroforų įnašus į registruojamą fluores-
cencijos spektrą nustatyta, kad raumeninės kilmės audi-
nių ŠLS ir MK sudėtis yra panaši, o tarp ŠLS ir JA stebėti 
kiekybiniai skirtumai.
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