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INTRODUCTION

ith increasing knowledge about the role of cell death in 
disease and disease management, the need has been ex-
pressed for an in vivo imaging technology that allows 
quantitative follow-up and differentiation between apop-

tosis and necrosis.(1–3) This is emphasized by the recent clinical in-
troduction of novel small cancer treatment strategies which rely on a 
balanced activation of apoptosis and necrosis to ensure efficient can-
cer cell death.(4, 5) Moreover, it was recently suggested that apoptosis 
of retinal cells plays a vital role in the development of ocular diseases 
such as glaucoma and is an early indicator of the development of Alz-
heimer’s disease. (6–8) 

Morphologically, cell death can occur with an apoptotic or necrotic phe-
notype.(9, 10) Necrotic cell death is typically induced spontaneously 
by mechanical or chemical damage of the cellular plasma membrane, 
causing initial cell swelling and membrane rupture and the subsequent 
release of intracellular components into the tissue micro-environment 
that triggers an inflammatory response. The apoptotic phenotype is 
characterized by a dynamic process that includes mitochondrial swel-
ling, cell shrinkage, clustering of chromatin at the nuclear membrane, 
nuclear fragmentation (karyorhexis), and the cellular disintegration 
into apoptotic bodies. In contrast to the spontaneous cellular demise 
via necrosis, apoptosis is typically the result in an imbalance between 
pro- and anti-apoptotic signals, leading to the leakage of cytochrome-c 
from the inner mitochondrial membrane space, subsequent activation 
of proteolytic caspases and nucleases that disintegrate the cytoske-
leton and degrade genetic material. A plethora of environmental and 
intracellular stimuli can activate the apoptotic process, including oxi-
dative stress, DNA damage, and infection. (11–13)

Well known clinical imaging modalities such as high frequency ultra-
sound (HIFU), magnetic resonance imaging (MRI) and optical ima-
ging using fluorescent markers, have been used to image cell death (14, 
15). And, although these technologies are already fully integrated in 
the medical clinic, they lack micrometer resolution and local specifi-
city which is needed for optimal determination of cell death in small 
lesions. Accurate detection of cell death can be carried out with use of 
molecular and cell biological techniques such as fluorescence activated 
cell sorting, histology, assaying genomic disintegration, and protein 
analysis. However, these techniques lack the option for real-time in 
vivo monitoring and require invasive sample harvesting procedures.
(16–18) To overcome these disadvantages. we propose to apply opti-
cal coherence tomography (OCT), an optical imaging technology that 

allows visualization and quantification of micrometer scale tissue mor-
phology (19) including information on cell death and related proces-
ses.(20, 21)

OCT is analogous to ultrasonography, using back-scattered light instead 
of back-reflected sound waves to produce micrometer-scale resolution 
cross-sectional images, in which layered tissue anatomy can be distin-
guished. OCT additionally allows for local quantitative measurement 
of light scattering related tissue properties.(22–25) Light scattering 
causes a decrease of OCT signal magnitude with depth, and limits the 
imaging depth range to approximately 2 mm.(26–28) This rate of OCT 
signal decrease is quantified by the attenuation coefficient μOCT (mm-1) 
that allows for in-vivo differentiation between different tissue types.
(22, 23, 29) This functional extension of OCT is typically determined 
over a >50 µm depth range. Backscattered light can also be measured 
locally, on a single depth position, resulting in a backscattering coef-
ficient integrated over the numerical aperture μB,NA (mm-1) that allows 
for quantitative assessment of optical properties of cellular layers <50 
µm, e.g. as found in the human retina, thin epithelial cell layers and in 
monolayer cell cultures. (30). 

Thus, the characteristic changes in morphology during cell death give 
rise to radical changes in light scattering.(20, 21) It is well known from 
light scattering theory that changes in light scattering intensity de-
pend on changes in size, refractive index and spatial distribution of 
involved particles.(31, 32) Moreover, it has been suggested that during 
apoptosis, light scattering is also influenced by mitochondrial activity 
in the cell through dynamic changes in size and composition.(33–35) 
We therefore hypothesize that OCT, by means of μOCT and μB,NA, is able to 
identify cell death related changes in light scattering. 

Our aim is to investigate functional OCT by means of μOCT and μB,NA to 
quantify alcohol (EtOH) mediated necrotic and apoptotic cell death in 
cultured human retina pigment epithelial cells. Three additional ex-
periments were performed to confirm apoptosis as well as mitochon-
drial activity. First, fluorescence activated cell sorting (FACS) to con-
firm induction of apoptosis. Second, to understand the contribution of 
mitochondria on the changes in light scattering during the process of 
apoptosis, the formation of reactive oxygen species (ROS) was mea-
sured simultaneously with the OCT imaging. Third, confocal fluores-
cence microscopy was employed to confirm increased mitochondrial 
activity during the initiation of apoptosis.



94 95

MATERIALS & METHODS

Cell culturing
human retinal pigment epithelium cell line ARPE-19 
(ATCC®No. CRL-2302) was obtained from the Netherlands 
Institute for Neurosciences (NIN). Cells were maintained in a 
37°C stove with 5% CO2 on DMEM: F12 1:1, containing 10% 

Fetal Bovine Serum, 1% Penicillin/Streptomycin and 2.5 mM L-Gluta-
mine. Cells were washed with 5 ml Dulbecco’s PBS prior to trypsiniza-
tion with 0.05% Trypsin, 0.53mM EDTA (All from Gibco®, Invitrogen, 
Carlsbad CA, USA). Cells were trypsinized 5-10 minutes in 37°C. The 
cells were grown in 75 ml flasks for both FACS and OCT μOCT measure-
ments on a cell pellet (12 ml medium per flask, 1 flask per time point). 
OCT μB,NA measurements, ROS formation measurements and mitochon-
drial activity measurements were done on 6 well plates (2 ml medium 
per well, 1 well per time point). 

Inducing cell death
Cell death was induced by constant exposure to ethanol (EtOH). For 
the induction of apoptosis, culture medium was removed from the cell 
flask or plate and was replaced with serum free medium containing 
10% EtOH. For the induction of necrosis, cells were harvested as de-
scribed in paragraph 2.1 and subjected to a heatshock (for the FACS 
experiments) or 30% EtOH (for all other experiments). Healthy cells 
used for control measurements were incubated with 10 % PBS to keep 
the concentration of medium on cells constant, relative to apoptotic 
conditions. Prior to OCT μB,NA measurements, ROS fluorescence mea-
surements and Mitotracker fluorescence measurements (see para-
graphs 2.6, 2.7), cells were washed with PBS. As a results, necrotic 
cells were readily removed.

Optical coherence tomography imaging
Three dimensional images of 5 mm (x) by 5 mm (y) by 3.72 mm (z, 
based on a refractive index =1.4) were acquired employing  a commer-
cially available 50 kHz swept source OCT system, operating at 1300 
nm (Santec Inner Vision 2000) with an axial (z) resolution of ~10 μm 
and a lateral (x, y) resolution of ~20 μm. To asses μOCT of cell pellets, 
cells were first centrifuged in 15 ml tubes for 5 min at 400g. The super-
natant was removed using decanting and careful pipetting. Secondly, 
the cell pellets were immersed in blank medium to prevent the cells 
from drying. Finally, the cell pellet was placed under the sample arm 
of the OCT system for imaging. For analysis of μB,NA  of a cell monolayer, 
a 6-well plate was centrifuged in a dedicated well centrifuge for 5 min-
utes at 500 g. Hereafter, the whole plate was placed under the scan-
ning interface of the OCT system.

Optical coherence tomography data analysis
Prior to attenuation analysis, the data were corrected for OCT system 
dependent signal roll-off, including the confocal point spread function 
(28, 36). After this correction, based on a calibration measurement 
on samples with accurately known optical properties, Beer’s law des-
cribes the OCT signal as: 

where μB,NA is the backscattering coefficient of the sample, inte-
grated over the detection numerical aperture of the system,  lc is 
the coherence length of the light source which also represents the 
axial resolution of the OCT system, 2z is the round-trip pathlength 
of the light in the sample and μOCT is the attenuation coefficient. The 
square-root accounts for the fact that the detector current is propor-
tional to the field returning from the sample, rather than intensity. 

First, the attenuation coefficient μOCT is extracted from the OCT data by 
fitting Beer’s law to the averaged axial scans from a selected region of 
interest (ROI) in the OCT image (~200 A-scans, each consisting of 400 

Figure 1: OCT measurements and analysis of a cell pellet (a) and a cell monolayer (b). Each 3d 
scan (a1, b1) is build up from 400 consecutive cross-sectional images (B-scans) as shown beneath 
the 3D reconstruction (a2, b2). A single B-scan is build up from 400 adjacent depth profiles (A-
lines), depicted in the graphs (a3, b3). A region of interest (ROI) within a B-scan as shown as the 
red square box in a2 and b2 is selected for analysis of the µoct and μB,NA .
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pixels over 3.73 mm imaging depth, figure 1a). The fit model features 
three parameters, amplitude for scaling, the attenuation coefficient, 
and an offset, which is fixed at the mean noise level. An uncertainty for 
the fitted μOCT is specified as the 95% confidence interval of the mean 
over n number of fits, in which the ROI size is varied within (typically) 
10%. (30, 37)

Second, analysis of the OCT backscattering  μB,NA of the monolayer was 
achieved by calculating the mean of the amplitude of the OCT signal 
within a 3D region of interest in a full OCT dataset (Figure 1b-1). First, 
the ROI in depth (z direction) was indicated by selecting the visible top 
reflection of the bottom of the well that also comprises the cell mono-
layer (Figure 1b2). This ROI also includes reflective pixels originating 
from the plastic well bottom and the cell growth medium on top of the 
cells (± 20 pixels). Secondly, the ROI was extended for the whole 10 
by 10 mm scan range (x= 400 A-lines, y = 400 b-scans, z= 40 pixels in 
depth (figure 1b-2). This finally results in a total backscattering value 
μB,NA of the selected ROI. Normalization was done on the first data point 
of the untreated healthy cells.

Fluorescence activated cell sorting
After trypsinization, samples of ~5*106 cells were taken out of the 
flasks for FACS analysis, while the remainder of the cells was used for 
OCT imaging on a cell pellet. FACS analysis was performed by cell stain-
ing using the Vybrant Apoptosis Detection kit #2 (Molecular Probes 
Invitrogen, Eugene OR, USA) in accordance with the manufacturer’s 
protocol, followed by centrifugation at 400 g for 5 minutes. The super-
natant was removed and the cells were washed using 500 µl cold PBS. 
After a second centrifugation, the cell pellet was dissolved in 100 µl 1x 
Annexin V-Binding buffer following the addition of 10 µl AlexaFluor® 
488-Annexin V. After incubation (15 minutes at room temperature), 
400 µl 1x Annexin V-Binding buffer was added and the stained cells 
were transferred to Becton Dickinson FACS tubes and kept on ice. 
Shortly prior to the FACS measurements, 1 µl of 100 µg/ml propidium 
iodide (PI) was added to stain necrotic cells. FACS analysis was done 
using the BD FACSCanto II™ (Becton Dickinson, Franklin Lakes NJ, 
USA) by measuring the side scattering (SSC), forward scattering (FSC) 
and fluorescence emission at 503 and 535 nm respectively (excitation 
at 488 nm). Data analysis was performed using FlowJo v8.8 (Tree Star 
Inc., Ashland OR, USA). 

Measuring reactive oxygen species formation
Intracellular ROS production was measured by fluorescence with the 
use of dichlorodihydrofluorescein-diacetate (DCFH2-DA). DCFH2-DA 
is able to cross cellular membranes after which it is cleaved by intra-

cellular esterases to from dichlorodihydrofluorescein (DCFH2) that 
is trapped inside the cytosol. DCFH2 is oxidized by ROS to form the 
fluorescent dichlorofluorescein (DCF), of which the emission is meas-
ured at 540±15 nm when excited at 480±20 nm. For this assay, cells 
were seeded in 24-wells plates, grown to confluence, and were allowed 
to mature over a period of 3 weeks. Subsequently, cells were washed 
with PBS and incubated with serum free medium (negative control / 
background), serum free medium supplemented with 25 μM DCFH2-
DA (healthy), serum free medium supplemented with 10% EtOH and 
25 μM DCFH2-DA (apoptosis), or 100 μM H2O2 supplemented with 25 
μM DCFH2-DA (positive control). Cells were placed in a fluorescence 
plate reader (BioTek Synergy HT, Winooski, VT) which was kept at 
37°C for 8 hours, during which the DCF emission was measured every 
30 minutes (for all conditions N=6). In a parallel experiment, the exact 
same culture media were assayed in a 24-wells plate without cells in 
order to confirm the intracellular conversion of DCFH2-DA to DCF. All 
data were corrected for the negative control values at each time point 
(background fluorescence).

Assessment of mitochondrial changes
In order to assess the contribution of mitochondrial changes to diffe-
rences in OCT signal, cells were seeded in 6-wells plates, grown to con-
fluence, and allowed to mature for 3 weeks prior to the induction of cell 
death. Cells were exposed for 0, 2, and 4 hours to serum-free medium 
supplemented with 10% PBS (control) or 10% EtOH (apoptosis). At each 
time point, the medium was removed, and cells received fresh serum-
free medium supplemented with 250nM MitoTracker Green DCF (Mo-
lecular Probes, Life Technologies, Paisley, United Kingdom) and were 
incubated for 30 minutes. After incubation, the medium was removed 
and cells were washed three times with PBS, and immediately there-
after, the Mitotracker Green DCF fluorescence was determined at λex: 
460±40 nm, λem: 560±20 nm in a fluorescence plate reader (BioTek 
Synergy HT). Afterwards, the total protein content in the wells was de-
termined using a bicinchoninic acid assay (Thermo Scientific) and the 
fluorescence intensities per well were corrected for the total protein 
content. Average fluorescence intensities/mg protein and standard 
deviations were calculated. For all measurements at each time point, 
N=6.  

In a similar experiment, cells were seeded onto microscope slides, 
grown to confluence, and allowed to mature for a period of three weeks. 
Cells were incubated for 4 hours with serum-free medium supplement-
ed with either 10% PBS (healthy cells) or 10% EtOH (apoptosis). After 
EtOH exposure, cells were incubated for 30 minutes with 250 nM Mito-
Tracker Green DCF and washed three times with PBS. Cover slips were 
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mounted unto the cells using Vectashield mounting fluid with DAPI 
(Vectashield). Cells were imaged using a Leica SP-2 confocal fluores-
cence microscope (Leica Microsystems CMS GmbH, Mannheim, Ger-
many), at λex: 405 nm, λem: 415-500 nm (DAPI), and λex: 488 nm, 
λem: 498-600 nm (MitoTracker Green DCF). 

results

Establishing in vitro models for apoptotic and necrotic cell death.
n a first set of experiments, we set out to establish a defined 
method to induce apoptotic and necrotic cell death in an in vi-
tro setting. Staining of cells with Annexin-V-AlexaFluor488 
and PI, and the subsequent FACS analysis revealed a stable 

healthy cell population when cells were incubated with normal culture 
medium for 6 hours. As shown in figure 2a and 2c, apoptotic and ne-
crotic cell populations  did not exceed the 5% of the total gated events 
at all time points.

Figure 2: Cellular death profiles based on FACS analysis according to the Annexin-V (FITC-A) 
and PI (PerCP-Cy5-5A ) staining method. Panels a to c show the cell death profiles of untreated 
healthy cells (a), apoptotic cells (b), and necrotic cells (c). Percentages of the cell populations 
show healthy cells in blue lines, apoptotic cells in red lines, and necrotic cells in green lines. Pa-
nels d to f show typical dot plots obtained after 3 hours of untreated healthy cells (d), apoptotic 
cells (e), or necrotic cells (f) respectively. The quadrants show healthy cells in the lower-left quad-
rant (negative for both annexin-V-Alexfluor488 and PI) apoptotic cells in the upper-left quadrant 
(positive for annexin-V-Alexafluor488, not negative for PI), and necrotic cells in the upper-right 
quadrant (PI positive regardless of annexin-V-Alexafluor488 status). The numbers in the quad-
rant represent the percentage per quadrant of the total amount of cell counts.

Typical FACS dot-plots showing FITC-A representing Annexin-V-Al-
exaFluor488 on the y-axis and PerCP-Cy5-5A representing PI staining 
on the X-axis at t=3 hours of incubation are shown in figure 2d-f. FACS 
analysis revealed that the constant exposure of matured ARPE-19 
cells medium supplemented with 10% EtOH induced a steady increase 
in apoptotic cells that exceeded the healthy and necrotic populations 
at 3 hours.

Figure 3: The temporal changes in attenuation coefficient are given as measured with 1300 nm 
Swept Source OCT (3a).  The pattern of the attenuation coefficients of healthy, necrotic, and apop-
totic cell pellets are shown in blue, black, and red lines, respectively. The data points are mean 
values and standard deviations of 3 individual cell pellets. From each experiment, 5 individual 
cross-sectional OCT scans from a single 3D OCT measurement were used for the attenuation ana-
lysis. Three exemplary cross-sectional OCT scans (B-scans) and extracted (3b) corresponding 
A-scans with attenuation profiles at t=3 hours are shown in the adjacent panel 3c. 

The temporal effects of cell death dynamics on light scattering by OCT.
During the second set of experiments, the effects of the different treat-
ments of the cell cultures on patterns of light scattering were tested by 
OCT. Untreated cells (healthy), cells exposed to 30% ethanol (necrotic) 
and cells exposed to 10% ethanol (apoptotic) were pelleted and imaged 
with OCT for 6 hours. Figure 3 illustrates the change in attenuation 
coefficient (μOCT vs. time (hours) measured on cell pellets following the 
method shown in figure 1a. Apoptotic cells show a clear rise in the at-
tenuation coefficient with the highest value after 3 hours (μOCT = 4.9 
± 0.4 mm-1) followed by a modest decrease in attenuation (μOCT = 4.1 ± 
0.3 mm-1 after 6 hours). Healthy cells show a very small increase in at-
tenuation coefficient (μOCT = 3.1 ± 0.1 to 3.5 ± 0.3 mm-1). Necrotic cells 
show a lower attenuation at starting point with a small decline (μOCT = 
2.8 ± 0.1 to 2.3 ± 0.1 mm-1). 
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Figure 4: The change in OCT backscattering (μB,NA) vs. time (hours) measured on healthy and 
apoptotic cell monolayers as shown in figure 1b. The data points are the mean value and standard 
deviation of 3 cell wells. From each experiment, one 3D OCT measurement was used to calculate 
the backscattering value. Two exemplary en-face OCT scans at t=3 hours are shown in the adja-
cent panel 4b. 

To observe whether differences in scattering profiles as a result of cell 
death could also be measured in a cell culture monolayer, cells were 
seeded in 6-wells plates, exposed to either 10% ethanol (apoptosis) or 
30% ethanol (necrosis). Typical en-face scans of the monolayers are 
shown in Figure 4b for healthy and apoptotic monolayers after 3 hours 
of exposure. Because the monolayers were typically too thin to derive 
an attenuation coefficient, only the backscattering coefficient μB,NA, 
normalized to the value of untreated cells at t=0 hour, was taken as val-
ue of interest. As shown in Figure 4a, apoptotic cells display a distinct 
increase of the backscattering measured by OCT (μB,NA = 1.03 ± 0.01 to 
1.17 ± 0.02 mm-1). Healthy cells show a small increase in backscatter-
ing (μB,NA = 1.00 ± 0.01 to 1.030 ± 0.004 mm-1). Necrotic cells could not 
be measured because they were discarded during the washing steps.

3.4 Assessment of ROS production induced by 10% ethanol.
Mitochondria are thought to be major intracellular light scatterers and 
it is known that both size and quantity of mitochondria are influenced 
by oxidative stress.(38) To assay oxidative stress, cells were seeded 
in 24-wells plates and incubated with 25 μM DCFH2-DA which is oxi-
dized by ROS to produce the fluorescent DCF. As a positive control for 
DCFH2-DA oxidation, cells were incubated with 100 μM of H2O2. Re-
sults, shown in Figure 5, reveal a steady increase in DCF fluorescence 

Figure 5:  DCF fluorescence intensity reveals a steady increase, indicating an increase in intracel-
lular ROS, in the cells exposed to 10% ethanol (apoptosis red), a very modest increase in negative 
control cells (healthy blue), and a sharp increase DCF fluorescence in the positive controls (green 
H2O2). 

indicating an increase in intracellular ROS in the cells exposed to 10% 
ethanol, a very modest increase in healthy control cells (auto-oxida-
tion), and a sharp increase in DCF fluorescence in the positive controls. 
In order to determine whether the increase in ROS-catalyzed DCF for-
mation was the result of intracellular ROS formation, and not through 
a direct conversion by ethanol, the same experiment was performed in 
the absence of a cell monolayer. These results (not shown) confirmed 
that the apoptotic cell culture medium (10% EtOH) did not induce a sig-
nificantly different DCF fluorescence pattern compared to the healthy 

Figure 6: a) Clear visual difference is observed between t=0 and t=4 hours in Mitochondrial fluo-
rescence (second image row). No changes were seen for the nuclear DAPI fluorescence (first im-
age row). b) Increase of mitochondrial fluorescence was confirmed by fluorescence spectroscopy 
showing a clear rise in the Mitotracker fluorescence intensity per mg protein of apoptotic cells 
compared to the healthy controls.
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control cells (10% PBS). The DCF fluorescence in the positive control 
medium (1 mM H2O2) showed a similar pattern in the absence of cells 
as in the presence of cells.

Assessment of mitochondrial changes by 10% ethanol.
To confirm the contribution of mitochondrial activity during EtOH in-
duced apoptosis, con-focal microscopy was executed to visualize DAPI 
(blue) stained nuclei and Mitotracker (green) stained mitochondria 
for time points 0 and 4 hours. A clear difference is observed between 
t=0 and t=4 hours in green mitochondrial fluorescence. No aberra-
tions in nuclear morphology was observed. With use of fluorescence 
spectroscopy, Mitotracker green fluorescence was measured during 6 
hours of EtOH exposure in ARPE19 cells. Results (Figure 6a) show a 
clear increase in the Mitotracker fluorescence intensity per mg protein 
of apoptotic cells compared to the healthy controls. Normalization of 
the fluorescence intensity values was done on the first time point (t=0 
hour) of the healthy cells.

Discussion

o our knowledge, this is the first description of the optical 
temporal changes that occur during cellular death by necro-
sis and apoptosis. The observed differences between the ef-
fects of necrosis and apoptosis as measured with the 1300 

nm swept source OCT are directly related to changes in mitochondrial 
activity over the time-course of 6 hours. Because apoptosis or retinal 
pigment epithelial cells is believed to be an early sign of age related 
macular degeneration (AMD), and because OCT is a widespread diag-
nostic tool in ophthalmology, the human epithelial pigment (ARPE 19) 
cells were chosen for our OCT study of cell-death.

Our earlier work on human fibroblasts has shown that OCT is sensitive 
to (intra)cellular changes that occur during cell death. By means of the 
attenuation coefficient, it was possible to discriminate between healthy, 
apoptotic and necrotic cell pellets.(20) Nevertheless, fundamental in-
sight into the time course of the measured signals was still unsatisfac-
tory. In the wavelength range employed in our studies (around 1300 
nm), the probability of light absorption in tissue is much smaller than 
the probability of scattering – consequently the latter process domi-
nates the attenuation coefficient and backscattering coefficient. Light 
scattering is intimately related to the organization of tissue (within 
and between cells). The pathophysiologic pathways of cell death are 
expected to lead to changes in the spatial distribution of refractive 
index of the probed samples, which in turn may lead to measureable 

changes in light scattering. (18, 20, 33, 34, 39)

Here, we used the two light-scattering related parameters that are ac-
cessible through OCT measurements: the attenuation coefficient μOCT 
(describing the loss of signal with imaging depth of a small diameter 
light beam after careful correction of system-dependent losses) and 
the backscattering coefficient μB,NA which quantifies the amount of light 
scattered back into the detection aperture from a given depth. Both 
measures can be expected to yield additional information since the 
first quantifies scattering losses integrated over all scattering angles, 
whereas the latter only probes a small subset of these. Moreover, re-
flection measurements (μB,NA) are more sensitive to small scale (~1/λ, 
where λ is wavelength) morphological variations whereas attenuation 
measurements (μOCT) provide information over larger length scales as 
well. (30)

A second mechanism, related to experimental conditions, may also be 
responsible for the observed differences between μOCT and μB,NA. Attenu-
ation measurements are performed on large volumes of pelleted cells, 
whereas backscatter measurements are performed on cell monolayers.  
It is not immediately clear whether the inter-cellular interaction dur-
ing the apoptotic or necrotic process leads to equivalent organizational 
changes in the sample (and thus equivalent temporal evolution of light 
scattering) in both geometries. Our apoptosis data show a near-linear 
increase of backscattering in time (figure 4), whereas the attenuation 
measurement (figure 3) increases up until three hours after induction 
of cell death, after which a leveling off is observed. Part of this may be 
caused by secondary necrosis of the apoptotic cell which in the attenu-
ation geometry would result in a lowering of the average attenuation 
coefficient; but would hardly influence the measured backscattering 
coefficient since in the monolayer geometry, necrotic cells are readily 
removed by the washing steps. Likewise, mitochondrial swelling may 
be responsible for disintegration of the mitochondrial membrane, lead-
ing to cytochrome-C leakage and apoptosis. Yet, mitochondria are also 
considered to be one of the main scatterers in cells,(34) and mitochon-
drial swelling may increase the surface area of these backscattering 
particles, or alter the refractive index of the mitochondrial membrane, 
leading to an increase in attenuation coefficient. Finally, mitochondrial 
swelling might be a premature step that can ultimately lead to apopto-
sis, explaining the high attenuation coefficient we measure with OCT. 
During the second stage of apoptosis, also called secondary necrosis, 
secondary necrosis of the apoptotic bodies may contribute to the fall of 
the attenuation after t=3 hours. Nevertheless, the backscattering mea-
surements and the fluorescence microscopy, performed to determine 
mitochondrial activity, are carried out in the same (monolayer) mea-
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surement configuration. Correspondence is found between (a) tempo-
ral increase in reactive oxygen species as measured by DCF fluores-
cence (figure 5), (b) mitochondrial activity as measured by increased 
Mitotracker fluorescence (figure 6) and (c) backscattering coefficients 
as measured by OCT (figure 4). These results indicate that mitochon-
drial dynamics play a significant role in the optical properties of cells 
undergoing apoptosis.  

Recently, a fluorescent marker for in vivo detection of retinal ganglion 
cell apoptosis was developed (8), which is reported to have diagnostic 
value in the detection of Alzheimer’s disease. With the study presented 
here, we have shown that the OCT signal is sensitive to apoptosis in a 
human cellular monolayer as found in the retina. This warrants inves-
tigation of the sensitivity of OCT for the detection of similar degenera-
tive diseases in the human eye. 

The sensitivity of OCT for the detection of apoptosis may have a contri-
bution in the field of cancer therapy that uses the apoptotic mechanism 
to induce cancer eradication, i.e., radiation therapy (RT) and photody-
namic therapy (PDT), which both aim to induce controlled apoptosis 
in cancerous cells. In case of photodynamic therapy, the accumulated 
photosensitizing agent in malignant tissue is irradiated with light, re-
sulting in eradication of tumor cells by apoptosis and necrosis.(5, 40) 
Radiation therapy uses photon energy to damage DNA directly which 
leads to apoptosis.(41, 42) Both therapies are usually applied over a 
period of time. This expresses the need for a non-invasive in vivo follow 
up on the resulting therapeutic response. 

One of the main benefits of OCT over ultrasound, a technique that has 
also been able to monitor the apoptotic process, besides the resolution, 
is that OCT does not need contact with the tissue under study. Usu-
ally, this is not a problem in normal ultrasound imaging. However, in 
cancerous (epithelial) tissues that are also over-stimulated by local 
therapy, contact with the lesion is not recommendable. This contact 
can inflict pain in patients and can also result in possible areal activa-
tion and inflammation response. Ultrasound, on the other hand, has 
the obvious advantage of the much larger depth penetration. For larger 
lesions, this might be the preferable technology of choice. For epithelial 
lesions however, OCT has a clear benefit.

Conclusion

ur results confirmed by FACS, DCF and confocal fluorescence 
microscopy experiments, have demonstrated that cellular 
death may be measured in real-time by OCT and that discri-
mination between necrosis and apoptosis is possible. Necro-

sis decreases attenuation coefficient μOCT whereas apoptosis increases 
μOCT compared to healthy cells. The former may be due to complete loss 
of cellular structure; the latter may be related to change of intracellular 
morphology of cells., particular oxidative stress-induced mitochondri-
al swelling could be responsible for the initial increase, while cell bleb-
bing and secondary necrosis subsequently for the observed decrease. 
Additionally, an increased backscattering μB,NA in time was observed 
for apoptotic cells compared to healthy cells. Thus, our results show 
the possibility to image molecular processes of cellular death based on 
changes in cell morphology.  The ability to measure real time cellular 
death could have far reached implications in the field of radiation the-
rapy (RT) of the esophagus. Understanding the dose-effect relation for 
RT of esophageal cancer is not yet understood due to impaired imaging. 
Combining recently developed esophageal OCT imaging with our novel 
analysis methods could provide the dose-effect relation and would im-
prove the clinical outcome greatly.
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