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Abstract: Atherosclerotic plaque composition can be imaged using the 
optical attenuation coefficient derived from intravascular optical coherence 
tomography (OCT) data. The relation between optical properties and tissue 
type has been established on autopsy tissues. In this study, we validate an 
ex-vivo model for the effect of temperature and tissue fixation on optical 
parameters. We studied the optical attenuation of human coronary arteries 
at three temperatures, before and after formalin fixation. We developed an 
en-face longitudinal display of attenuation data of the OCT pullbacks. 
Using the unfixed, body-temperature condition image as a standard, and 
after extensive registration with other condition images, we quantify the 
differences in optical attenuation and the backscattered intensity. The 
results suggest that tissue fixation and temperature do not introduce 
systematic errors in studies of arterial optical properties. 
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OCIS codes: (170.4500) Optical coherence tomography; (170.3880) Medical and biological 
imaging; (170.3010) Image reconstruction techniques; (110.2960) Image analysis. 
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1. Introduction 

Ischemic heart disease is a major cause of death globally and rupture of vulnerable 
atherosclerotic plaques, precipitating myocardial infarction, is the largest contributor to the 
phenomenon [1]. A vulnerable plaque commonly consists of a lipid-rich necrotic core 
contained by a fragile layer of fibrous tissue that can be compromised by inflammation and 
mechanical forces [2]. Release of the necrotic material into the bloodstream may cause 
thrombus formation leading to a myocardial infarction. Hence, the tissue composition of the 
plaque is an important predictor of its vulnerability [3]. Likewise, the presence of a lipid-core 
in a plaque may have an adverse effect on outcome of coronary interventions [4–6]. 
Intravascular optical coherence tomography (OCT) is gaining widespread use in the 
interventional cardiology community for guidance of stent placement and optimization [7–
10]. OCT facilitates high resolution imaging of the atherosclerotic plaque and tissue 
components can be distinguished to ascertain plaque composition [8, 11, 12]. The contrast of 
tissue types derives from differences in optical properties of the tissues in the artery wall, 
which can be quantified for tissue characterization in OCT images. The attenuation 
coefficient has been a popular metric to achieve this [13, 14]: necrotic core and inflammation, 
associated with plaque vulnerability, have high attenuation compared to fibrous and calcified 
tissues [15].This finding is currently being clinically validated and appears to be robust in 
vivo [16]. The analysis has recently been augmented with statistical image metrics to achieve 
better specificity [17]. 

Validation of tissue characterization requires comparison of the optical attenuation against 
histological analysis of atherosclerotic tissue specimens; currently this can only be achieved 
using ex-vivo models. For ease of processing and analysis ex-vivo specimens of 
atherosclerotic tissue are commonly dissected from the myocardium, fixed with formalin and 
kept at low temperature for preservation. The effects of such processing on the acoustic 
properties of tissue have been studied extensively [18–23]. The knowledge of effects of such 
processing on tissue optics in the artery wall however is very scarce [24]. In comparison with 
in-vivo assessment of optical attenuation, refrigeration and fixation of tissue may significantly 
alter the optical attenuation characteristics of lipid and cellular components of atherosclerotic 
plaque. Assessment of the impact of temperature and fixation on the optical attenuation of 
atherosclerotic tissue is necessary to validate our ex-vivo whole heart cadaveric model, 
thereby facilitating translation into the clinical arena. 

The assessment of the effect of temperature and fixation on optical attenuation requires 
co-registration of multiple OCT attenuation data sets, across varying conditions. It is 
important to recognize that accurate co-registration of OCT images is limited by a number of 
factors. Firstly, the helical rotation of the imaging probe during an OCT pullback combined 
with a narrow lateral width of imaging results in longitudinal under-sampling [25]. 
Furthermore, non-uniform rotation of the catheter, catheter movement and anatomical 
distortion can lead to misalignment of data sets. 

The aim of this study is to assess the effect of temperature and fixation on optical 
attenuation in an ex-vivo whole heart cadaveric model, thereby facilitating development of a 
novel method of intra-vascular OCT tissue characterization. 
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2. Materials and methods 

2.1 Tissue handling and imaging procedure 

The ex-vivo model we used consists of a whole heart cadaveric specimen obtained from the 
Valve Bank of West-England within 48 hrs from post-mortem and stored at or below 4°C 
[26]. The heart specimen was mounted in a set up as shown in Fig. 1. A short guide catheter 
was introduced into the right coronary artery and fixed in position with sutures. All tissues 
were handled in accordance with the local ethics regulations. The cadaveric specimen is held 
within a purpose-built Perspex container, with adaptors on both sides of the container’s lid 
allowing connection of the guide catheter internally, and a Y-connector and pressure/injector 
manifold externally. 

The OCT system used for imaging was a C7-XR with Dragonfly catheter (St. Jude 
Medical Inc. St. Paul, MN, USA). Pullback OCT imaging of one of the three major coronary 
arteries was performed at a pullback speed of 20 mm/s. The end of the guide catheter served 
as a reference point to relate the different pullback data sets longitudinally. 

Three different temperature conditions were induced in the vessel by flushing with 
phosphate buffered saline (PBS) solution at 4°C, 20°C, and 37°C, resulting in tissue 
temperatures of 5-8°C (cold), 18-21°C (room temperature) and 35-37°C (body temperature). 
A needle-probe thermometer (Water resistant thermometer, Traceable®, VWR International, 
LLC) was inserted into the peri-adventitial tissue of the coronary artery and imaging was 
delayed until steady state temperature was achieved. During imaging, intracoronary pressure 
was maintained at 100 mmHg. OCT imaging was undertaken at these three temperatures. 
Subsequently, the tissues were pressure fixed with buffered formalin at 100 mmHg for 15 
minutes, preserving vessel morphology, and typically 500ml of formalin was perfused into 
the heart, which was left in situ overnight at 4°C. The next day, a new temperature series was 
collected in the fixed tissue, creating a data set of 6 different conditions. A total of 6 coronary 
arteries were imaged for the study. 

After imaging the formalin fixed series, the study vessel was excised from the heart, fixed 
for a further 24 hours, embedded in paraffin, and cut into 4-mm blocks. The end of the guide 
catheter served as a reference. The end face of each block is serially sectioned into slices of 3 
µm thickness and stained for histologic analysis. In case of extensive disease seen on OCT, 
serial sections through the entire tissue block are generated. OCT data were matched to the 
histology cross-sections based on longitudinal position and general anatomy (side branches 
and presence of plaque). 

In the description of the results in this paper we will adopt the following labels: data 
acquired on unfixed tissues will be designated by “U”; on fixed tissues by “F”. The 
temperatures will be indicated by “C” for cold, “R” for room, and “B” for body temperature. 
For example, our base condition of unfixed tissue at 37°C will be referred to as “UB”. 
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Fig. 1. Whole heart cadaveric model; the arrow points to the guide catheter that is fixed in the 
study vessel. 

2.2 Parameter extraction 

The OCT images are then analyzed, to quantify the attenuation exhibited by the tissues. We 
derive the attenuation co-efficient from the OCT signal by fitting a single scattering model 
[15]: 

 0( ) S(r) I t r
dI T r e μ−  = ⋅ ⋅ ⋅  (1) 

where T(r) is the point spread function of the catheter [27], S(r) is the signal roll-off, and the 
parameter of interest is µt, the attenuation coefficient. The attenuation calculation and the 
model implementation were done in Matlab Release 2012b (The Mathworks, Inc., Natick, 
MA, USA). The model is fitted in the polar image, in every A-line starting from the edge of 
the lumen [15,28], in small windows of varying length to extract the attenuation coefficients. 
The accuracy of the extracted µt is approximately 1 mm−1 [15]. The data analysis results in an 
attenuation image per cross section of the pullback. 

2.3 Image formation and registration 

In every vessel in the study, attenuation data sets are generated in six different conditions, 
resulting in six data sets that need to be registered for comparison. As a first step, the 
variation in the angle of view of a structure due to the different positioning of the catheter in 
different pullbacks should be compensated. 

To do so, the polar attenuation image is converted to the Cartesian domain, the center of 
the image is shifted from the catheter to the centroid of the lumen, and the image is converted 
back to the polar domain relative to the new image center. Figure 2 depicts the OCT and the 
attenuation images with the lumen border, the centroid and the corresponding polar image 
before and after the origin shift. 
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Fig. 2. Top left and right: OCT and attenuation images with lumen border and the centroid. 
Bottom left and right: Polar image before and after the shift of origin. 

In the next step, we make a longitudinal attenuation map of the vessel. This mapping 
display of OCT attenuation depicts tissue optical properties in the entire pullback, sampling a 
user specified depth window from the lumen border, which at different conditions can be 
compared to quantify any difference. Such a map image is shown in Fig. 3. 

 

Fig. 3. Longitudinal attenuation map of a vessel sampled at a depth of 100-200 µm depicting 
the highly attenuating features in the entire pullback. 

The attenuation map is made by taking the mean of 20 pixels from the depth of 100 µm 
from the lumen border (100-200 µm) along each A-line in all the frames across the pullback. 
The resulting longitudinal map has dimensions of frame number (x-axis), rotational angle (y-
axis) and color codes the mean attenuation coefficient from 0 to 12 mm−1. Such a map may 
highlight the lipid plaques and other high attenuating features in the entire pullback. 

Even though the OCT pullbacks at different conditions are undertaken on the same vessel, 
it cannot be expected to exactly match due to factors such as non-uniform rotation, frame 
spacing and catheter orientation. To undertake quantitative comparison the attenuation map at 
different conditions should ideally be co-registered. 
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Fig. 4. Top: The en-face OCT map of pullbacks performed at UB (A0) and FB (B0) conditions; 
before registration. Bottom: The attenuation maps of the same pullbacks (A and B) where * 
indicates the control points used for registration, leading to (B’), the attenuation map after 
registration. 

The registration procedure involves three steps. There is a first step of circularly shifting 
the images in the angular (y) direction. In the next step, an OCT intensity image map, folded 
out in the same manner as the attenuation data is used to select control points at side branches 
and other landmarks. A 2nd degree polynomial is fitted to the control points to derive a non-
rigid transformation, which is then applied to the images. Finally, the data sets are cropped to 
represent the same physical length, as the pullback distal end can vary slightly and to avoid 
the guide catheter. Figure 4 shows an example of the unregistered OCT and attenuation maps 
with the control points and registered attenuation map images. 

2.4 Image analysis 

In order to establish the presence and possible magnitude of the differences between OCT 
data at different temperatures and fixation conditions, we analyzed the images qualitatively 
[11], assessing image appearance, and quantitatively, quantifying the difference in attenuation 
coefficient. 

A quantitative comparison between the attenuation maps will be dominated by 
mismatched data if it depends on pixel-perfect alignment, even with the elaborate registration 
applied here. To avoid this pitfall, the registered images are processed in overlapping kernels 
of 60 × 15 pixels, with a step size of 15 pixels in the angular direction and 5 pixels in the 
longitudinal direction. We analyze the median value of the attenuation coefficient within this 
kernel size. Any difference between tissue optical attenuation in both conditions can be 
studied by analyzing a scatter plot of the median attenuation, comparing a modified condition 
to the the one that most accurately approximates in vivo circumstances (37°C, unfixed tissue). 
Differences in attenuation are quantified by finding the ratio of the median value of the 
kernels of other conditions against unfixed body temperature condition. We fit a line through 
the origin, the slope of which yields the root mean square difference. The size of the kernel is 
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determined by maximizing R2 of this linear fit. The statistical evaluation of the data is 
completed by a Bland-Altman analysis. 

A similar analysis as the one discussed above was performed on the OCT image intensity 
itself, to assess any effect of fixation or temperature on the backscatter coefficient µb, which 
is implicit in I0 in (1) [15]. We studied the mean intensity at a depth of 100-200 µm from the 
lumen boundary, as shown in Fig. 4 (A0 and B0). 

3. Results 

3.1 Qualitative assessment 

The potential similarities and differences of the parametric OCT images of tissues acquired 
under the different conditions are assessed qualitatively and quantitatively. Figure 5 illustrates 
a qualitative comparison of the cross-sectional OCT images before and after fixation matched 
with histology from that site in the vessel. 

The histology shows a prominent streak of macrophages extending from the luminal 
surface into a fibro-lipidic plaque. The macrophage infiltration is evident in the OCT images 
pre- and post-fixation. In support of this observation, the corresponding attenuation images 
demonstrate a highly attenuating region consistent with macrophages [15, 29]. 

 

Fig. 5. (a) H&E and (c) CD68 stained histology image of a cross section. OCT and attenuation 
images of the cross section before (b) and after (d) fixation. The arrows indicate a streak of 
macrophages in the intima overlying a lipid pool. Additionally, luminal macrophage are 
evident on CD68 staining (arrowheads) with associated attenuation. 

Qualitatively, no systematic differences were found between the data acquired before and 
after fixation, neither in the OCT images themselves, nor in the attenuation coefficients. We 
did observe variations in image intensity or attenuation, but these could be attributed to 
position mismatches in the undersampled pullbacks. 

Likewise, we did not find any systematic difference between the OCT images of the same 
cross section acquired at different temperature conditions. Figure 6 shows the CD68 histology 
stain of a different cross section, compared to the OCT and attenuation images of the cross 
section in cold, room and body temperature conditions. The significant plaque feature in the 
cross section, the macrophages, are distinguishable at all temperature conditions. The 
attenuation values are comparable for all temperatures. 
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Fig. 6. (a) CD68 stained histology image of a cross section. The arrow indicate the streak of 
macrophages. OCT and attenuation images (in units of mm−1) of the cross section in (b) UC, 
(c) UR and (d) UB conditions. The arrows indicate the streak of macrophages. 

3.2 Quantitative assessment 

The repeatability of OCT is well established but subject to effects including variation in 
pullback starting point, heart motion and more importantly the lumenal position of the 
catheter. Despite the use of our cadaveric heart rig and sequential imaging without removal of 

guidewire or imaging catheter, comparison of the OCT maps demonstrate variability 
preventing a pixel by pixel comparison. Consequently, comparison was limited to the median 
attenuation values in 60 x 15 pixel kernels in the longitudinal en-face map. The control 
condition for comparison is unfixed tissue at 37°C, considered to most closely match in-vivo 
conditions. 

 

Fig. 7. (a) Attenuation map of a vessel with the considered kernels (b) the part of the map (in 
(a)) highlighted in green depicting the overlapping kernels (c) scatter plot of the medians of the 
kernels in UB and UR conditions with the fitted straight line through origin (red) and the line 
with slope 1 (black) and the lines with +/− 1 mm−1 (dotted). 
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When comparing the medians from all other conditions to control, ideally they should 
have identical values. So the reasonable quantities to be checked are the ratio of the median 
attenuation coefficient in matching regions in different conditions, and the slope of the line 
through the origin of the scatter plot of medians (the coefficient of proportionality). 

Figures 7(a) and 7(b) show the attenuation map of fresh body temperature of a vessel with 
the considered kernals of 60 × 15 pixels and the moving kernel step size. Figure 7(c) depicts 
the scatter plot of the median of the kernels between the two conditions with the fitted line 
through the origin and the R2 value. 

Figure 8 shows the box plot of the ratio of the median attenuation values of all conditions 
against UB condition and the resulting coefficient of proportionality in each case. 

Bland-Altman analysis produced mean differences close to zero for all comparisons 
(ranging from 0 to 0.2 mm−1) and 95% confidence intervals between 0.5 and 1.5 mm−1, which 
is consistent with the accuracy of the attenuation algorithm. No statistically significant trends 
were found. 

 

Fig. 8. (left y-axis) Box plot of the ratio of the median values of OCT intensity and attenuation 
in 60 x 15 kernels, plotted as median (red), 25th and 75th percentile (blue box), and 1.5 times 
the interquartile (whiskers). (right y-axis) Black squares: coefficient of proportionality 
extracted from the slope of the fit line for all the conditions. 

In an analysis of the OCT image intensities, we found that the scatter in the data is much 
larger than for the attenuation coefficient, with typically R2 ≈0.4 for the linear fit and a 
median intensity ratio interquartile range of 0.6. One finding which appears to be robust, 
however, is that the image intensity is 11% higher in the OCT data of fixed tissue compared 
to unfixed, as measured by the ratio of the region medians as shown in Fig. 8. 

4. Discussion 

This study quantifies the effects of common tissue preparation steps on the optical properties 
of the artery wall. As new OCT analysis techniques are routinely developed on ex vivo 
tissues, it is important to know how temperature and tissue fixation affect the parameters that 
can be quantified from the OCT images. We extract the attenuation coefficient from the OCT 
images, a parameter that is relevant for tissue type. In our data, we see very small differences 

#202313 - $15.00 USD Received 5 Dec 2013; revised 24 Jan 2014; accepted 1 Feb 2014; published 3 Mar 2014
(C) 2014 OSA1 April 2014 | Vol. 5,  No. 4 | DOI:10.1364/BOE.5.001038 | BIOMEDICAL OPTICS EXPRESS  1047



induced by temperature and fixation: relative to unfixed tissue at 37°C, the attenuation 
coefficient differs by a few percent at most in other conditions. 

We studied the ratios of median attenuation values in different conditions, and the 
coefficient of proportionality. The ratios are scattered in a narrow range around unity, while 
the coefficient of proportionality, which is more sensitive to outliers, is around 0.95. A 5% 
deviation converts to 0.5 mm−1 error on 10 mm−1 attenuation. We typically find that the 
attenuation of a single tissue type varies within a range larger than 0.5 mm−1, so the variation 
in the condition is not resolvable. This result supports the main conclusion of this work: tissue 
attenuation in coronary arteries ex vivo can be studied in fixed tissues, without special 
precautions for temperature, which may greatly facilitate data collection. The image intensity 
itself does appear to be affected by fixation. In the absence of attenuation changes, this 
suggests that the scattering phase function is modified by the microstructural changes in the 
tissue, leading to a larger backscattering coefficient. This observation is consistent with our 
experience that OCT images in fixed tissues appear brighter than matched unfixed images. 

We base our attenuation comparison partially on linear fits through the scatter plots of the 
median attenuation in different conditions. However, the influence of temperature and 
fixation on the optical properties of different tissues need not be the same, which potentially 
causes a regression to the mean. In general, a linear relationship cannot be expected between 
the maps of different conditions, but we did not find any evidence for deviations from simple 
proportionality. This finding is further supported by the absence of trends in the Bland-
Altman analysis. We chose to minimize the number of degrees of freedom by fitting a line 
through the origin. 

We compare the median, and not the mean, because it is less sensitive to skewed 
distributions of the attenuation values in a region of interest. Other signal or image statistics 
could be studied as well: it is conceivable that changes to the tissue microstructure caused by 
handling or preservation affect the intensity variation or the scattering phase function. Such 
changes could show up in higher order intensity statistics, or the backscatter coefficient, 
respectively. The latter is proving to be a parameter that is surprisingly resistant to 
quantitation. As we have demonstrated the relation between attenuation and tissue type [15], 
while other parameters are less studied, we chose to restrict the present study to attenuation 
only. 

We have developed an analysis method that is robust against common registration errors. 
The OCT pullback has a large frame pitch relative to the width of the point spread function 
(the “frame thickness”) that can make it difficult to find the same cross section even in 
pullbacks of the same region of a vessel. Each frame of the OCT pullback is effectively made 
up of a spiral image of 200 µm through the vessel and therefore may not be accurately 
represented by a 3 µm thick histology section. This is essentially a sampling problem, that we 
deal with by constructing a longitudinal representation of the pullback to make quantitative 
comparisons. This has several advantages over analysis in cross section images. A 
longitudinal map brings out tissue features as a whole, along the vessel, while in a cross 
section only a part of it can be located. It also allows for non-rigid registration to correct for 
non-uniform rotation and variations in effective pullback speed (due to cardiac motion in 
vivo). The longitudinal representation remains a two-dimensional cross section through a 
three-dimensional data set, and sacrifices depth resolution. For detailed analyses, several 
longitudinal maps at different depths from the lumen boundary can be extracted. In order to 
eliminate sensitivity of the comparison to pixel-perfect alignment, we studied the median 
values of kernels of 60 × 15 pixels. This is necessary to extract meaningful differences, as any 
parametric difference between the various conditions would be obscured by large differences 
introduced by mismatches. The size of the kernel 60 × 15 pixels was chosen by maximizing 
the R2 values of the fit. 

The accuracy of the non-rigid registration step depends on the number of landmarks that 
are usable as control points. We attribute the remaining scatter in the data sets to persisting 
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registration errors. These introduce a variance that is not explained by the analysis model and 
affect the R2 of the fit for the medians. We find R2 ≈0.6, which still represents significant 
accuracy of the fit. 

4.1 Study limitations 

Co-registration of multiple OCT images acquired at varying conditions, and comparison 
against histology is challenging. Despite careful reproduction of OCT imaging at all 
conditions and computational co-registration we concede that exact matching of images is not 
possible. However, we believe our methods of matching generate accurate comparisons. The 
inherent differences in longitudinal resolution between OCT (200um) & histology (3um) 
highlight OCT’s tendency to under-sample the vessel. We have overcome this by undertaking 
extensive histological preparation of vessel segments containing plaque of interest, allowing 
‘best-fit’ matching with the lower resolution OCT images. Maintenance of steady-state 
temperature in the cadaveric heart model required prolonged infusion of PBS, incubated to 
the selected condition temperature. Despite measurement of vessel temperature with a needle-
probe thermometer, it is possible that a temperature gradient existed from the vessel lumen 
into deeper tissue but not expected to be very significant considering the penetration depth of 
the OCT. The ultimate aim of this work is to facilitate translation into the clinical setting; 
however, we must concede that despite evaluation of variations in attenuation generated by 
temperature and fixation, other significant differences exist between the ex-vivo & in-vivo 
environment. Particularly, the influence of cardiac motion on image acquisition and the 
potential influence of luminal blood on image quality. 

5. Conclusion 

The results show that the ratio of the median attenuation values of kernels and the coefficient 
of proportionality or the slope of the line through the origin fitted for the medians is close to 
unity for every condition against the base condition. The largest deviation in slope from one is 
0.06, leading to a change in tissue attenuation of less than 1 mm−1, which is the approximate 
accuracy of the algorithm. The results suggest that fixation and room temperature conditions 
in the ex-vivo OCT experiments do not induce a systematic error. 
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