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Abstract

A single-channel high-resolution cross-polarization (CP) optical coherence tomography (OCT) 

system is presented for multicontrast imaging of human myocardium in one-shot measurement. 

The intensity and functional contrasts, including the ratio between the cross- and co-polarization 

channels as well as the cumulative retardation, are reconstructed from the CP-OCT readout. By 

comparing the CP-OCT results with histological analysis, it is shown that the system can 

successfully delineate microstructures in the myocardium and differentiate the fibrotic 

myocardium from normal or ablated myocardium based on the functional contrasts provided by 

the CP-OCT system. The feasibility of using A-line profiles from the 2 orthogonal polarization 

channels to identify fibrotic myocardium, normal myocardium and ablated lesion is also discussed.
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1 | INTRODUCTION

Garnering the knowledge of myocardial structure and tissue composition is crucial for 

understanding the cardiac mechanical and electrical function. In clinical settings, the 

myocardium is assessed by various techniques, including histological analysis of 

endomyocardial biopsy (EMB) or autopsy samples, and noninvasive imaging modalities 

such as cardiac magnetic resonance, echocardiography and computed tomography [1–3]. 

EMB is currently the gold standard for transplant rejection monitoring, as well as prognosis 

and treatment of some specific myocardial disorders like unexplained ventricular 

arrhythmias and heart failure [4]. During EMB, multiple biopsy samples, typically 1 to 2 

mm in depth, are taken from the right ventricular septum (RVS) on a routine basis [4]. 

However, this destructive procedure has been shown to be associated with clinical 

complications, potential long-term sequelae, and importantly, can suffer from sampling 

artifacts in the case of focal disease [4–6]. On the contrary, most noninvasive imaging 

modalities have low resolution, and some may require a long imaging duration. Therefore, 

there is a need to develop new tools to assess myocardial substrates with HR.

As a high-resolution (HR), high-speed and nondestructive imaging modality, optical 

coherence tomography (OCT) has been demonstrated in myocardial imaging in both ex vivo 

[7–16] and in vivo settings [17–19], and holds promise to be translated to the clinics [20]. It 

has been reported that myofiber orientation within the myocardium, which has been seen in 

Magnetic resonance imaging (MRI) images [21, 22], can be well identified by using OCT 

intrinsic intensity contrast [7–9, 12], too. By increasing the resolutions of OCT system, more 

features in myocardium like Purkinje fibers may be unveiled in the intensity contrast [10]. 

However, it is difficult to differentiate fibrotic myocardium against normal myocardium 

solely from the OCT intrinsic contrast. Recently, we have developed an automated 

classification algorithm for human endomyocardial OCT images, in which thickened 

endocardium and adipose tissue could be well identified through automated method [23]. 

Yet, the classification accuracy of fibrotic myocardium is less than satisfactory, due to the 

subtle difference in OCT intensity and texture contrasts between normal myocardium and 

fibrotic myocardium. Therefore, additional features that can depict tissue composition are 

still desired to further improve the classification performance for fibrotic myocardium.

Polarization contrast could very well serve this purpose, since it is known that normal 

myocardium manifests tissue birefringence. By using polarization sensitive techniques, it is 

possible to provide additional polarization-based contrast for the structure and tissue 

composition of myocardium [13, 14, 24, 25]. Changes in the myocardial tissue composition 

may disrupt the normal organization of myofiber bundles, which are reflected through the 

polarization contrast. This change of the polarization contrast can be used for 

characterization of myocardial infarction [16], and lesions created by radio-frequency 

ablation (RFA) [17, 20, 24]. A few second harmonic generation imaging studies on fibrotic 

myocardium have indicated that increased amount of entangled and less orderly collagen 

fibers deposition were found within the myofibers, resulting in the interruption of the 

birefringence of the normal myocardium [26, 27]. Disruption of birefringence artifact within 

the intrinsic intensity OCT images was also observed when imaging fibrotic myocardium by 

using a regular HR spectral domain-OCT system without polarization selective detection 
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[10]. These findings suggest that myocardial fibrosis may be differentiated in OCT with the 

addition of polarization-based contrast.

As one of the polarization sensitive techniques, crosspolarization (CP) OCT system provides 

an alternative to access the tissue polarization properties in a simplified fashion. CP-OCT 

system uses linearly polarized light to interrogate the sample, usually nonbirefringent, and 

the loss of polarized backscattering is analyzed by comparing the signal strength from CP 

and co-polarization channels [28–32]. The loss of polarization, or depolarization effect, can 

be thus used as a contrast to localize the origin of depolarizers presented in tissue. It is worth 

noting that for the original CP-OCT system proposed by Schmitt and Xiang [28], the 

measurements were taken by a single detector in a time-multiplexed manner, where the 

reference arm was sequentially switched between the co- and cross-polarization states with 

respective to that of the sample arm. CP-OCT systems using similar schemes have been 

applied in oral tissue characterization [29], bladder cancer screening [30], atherosclerotic 

plaque assessment [31] and biofilm characterization [32]. These systems demonstrated the 

feasibility of qualitatively characterizing depolarization effect. However, the imaging speed 

was limited due to the switching, and the tissue birefringence property was not directly 

addressed in these CP-OCT systems.

In this work, we present a HR CP-OCT system that can provide functional contrast of 

human myocardial tissue in one-shot measurement. The system is implemented based on our 

previously reported HR-OCT system with minimal modifications. It features a broadband 

supercontinuum source, single-channel and one-shot detection. The system has an axial 

resolution of 3.07 μm, and lateral resolution of 5.52 μm. The intensity contrast together with 

the functional contrasts, including channel intensity ratio and cumulative retardation, can be 

reconstructed by using the complex Aline information from the cross- and co-polarization 

channels. Myocardium tissue specimens from fresh human hearts are imaged to demonstrate 

the CP-OCT contrasts. We show that tissue polarization properties, including the retardation 

and depolarization, can be quantitatively and qualitatively assessed by the CP-OCT system, 

respectively. By utilizing the functional contrasts of fresh human myocardial tissues, fibrotic 

myocardium can be successfully differentiated from normal myocardium and acute-ablated 

lesions. We also suggest the possibility of using A-line features from the 2 orthogonal 

polarization channels to distinguish normal myocardium, fibrotic myocardium and ablated 

lesions. This may serve as a rapid and cost-efficient solution for assessment of myocardium 

and further facilitate automatic tissue classification.

2 | METHOD

2.1 | HR CP-OCT system

Figure 1 shows the schematic of the HR CP-OCT system. It is constructed based on the 

Ultra-high resolution (UHR) system developed in our lab [10], which features a super‐

continuum source (SuperK EXTREME, NKT Photonics, Birkerød, Denmark), and has an 

axial resolution of 2.72 μm, a lateral resolution of 5.52 μm and a large imaging range of 1.78 

mm. The supercontinuum is spectrally filtered to produce a broadband input spectrum with 

bandwidth larger than 150 nm. The focusing lens in the spectrometer is customized to 

accommodate a wavelength range of 200 nm with optimized focusing performance, and a 

Yao et al. Page 3

J Biophotonics. Author manuscript; available in PMC 2018 October 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2048-pixel Charge-coupled device (CCD) line scan sensor is employed as the spectrometer 

detector, which features a maximum line rate of 70 kHz. The sensitivity of the system is 93 

dB at 70 kHz. To transform it into a CP setup, the input supercontinuum source is vertically 

polarized by a thin-film linear polarizer (Thorlabs LPNIR050, Thorlabs, Newton, NJ, USA). 

The reference arm is split into 2 orthogonal polarization channels using a nonpolarized beam 

cube (Thorlabs BS011, Thorlabs, Newton, NJ, USA). An achromatic quarter wave plate 

(Thorlabs AQWP05M-980, Thorlabs, Newton, NJ, USA) is inserted into one of the 

reference arm, with its fast axis aligned at 45° with respect to the input polarization. The 2 

reference mirrors RM1 and RM2 are offset by 0.87 mm in free space (equivalent to around 

500 pixels) to optimize the imaging range of a single channel while maintaining a good 

image quality. The newly inserted optics are chosen to support broadband light as to 

maintain the original bandwidth of the light source.

Assuming the incident beam is linearly polarized at y direction as E = [0.1]T, the 

interferometric signal detected by the spectrometer after linear-k interpolation can be written 

as Eq. (1) [33]:

IOCT(k) = ∑
n

Sx(zn)cos[2k(zn − zrx) + φx(zn)] + ∑
n

Sy(zn)cos[2k(zn − zrx + d) + φy(zn)],

(1)

where, Sx(zn), Sy(zn) are the cross-correlation strengths of the backscattering signals from 

the sample depth zn and the respective reference arms, φx(zn), φy(zn) are the phase terms of 

the signals from the respective polarization channels, zrx is the single optical path length of 

the CP reference arm, and d is the single path length difference between the cross- and co-

polarization reference arm. Both Direct current (DC) terms and the autocorrelation from the 

sample arm are ignored. After Fourier transform of IOCT (k), the depth dependent magnitude 

Ax(z), Ay(z), and phase Φx(z), Φy(z) of the 2 orthogonal channels can be extracted from the 

processed complex A-line signals Icr(z) and Ico(z) as

Icr(z) = Ax (z − zrx)exp[i Φx (z − zrx)]
Ico(z) = Ay(z − zrx + d)exp[i Φy (z − zrx + d)] (2)

The A-line signals in Eq. (2) can be well separated in the spatial domain if the offset d 
between the 2 reference mirrors is large enough. Practically, because of the limited 

penetration depth in the myocardium for 800 nm light, the offset is set to be 0.87 mm (500 

pixels), which is sufficient to avoid overlay of channel information while maintaining a good 

image quality.

It should be also noted that it is difficult to fully polarize the originally unpolarized 

broadband supercontinuum output by a thin-film linear polarizer. This leads to the cross-talk 

between the orthogonal polarization channels. The crosstalk is represented by a delta-
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function at the location d in the spatial domain after inverse Fourier transform of IOCT(k) 

without dispersion compensation. Therefore, it can be easily filtered out in advance.

The complex A-line information of the 2 polarization channels can be individually extracted 

in the spatial domain by using a rectangular window with N pixels: the CP channel occupies 

the first N pixels, and the co-polarization channel occupies from (d + 1)th to (d + N) th 

pixels. Because of the finite pixel size, the actual offset d falls between the Mth and (M 
+ 1)th pixels, and a subpixel adjustment is necessary to well align the 2 polarization 

channels. This can be done by adding a calibration step, which will be discussed in detail in 

the next session.

To further understand the magnitude and phase information of the 2 orthogonal polarization 

channels in Eq. (2), the signals detected by the cross- and co-polarization channels can be 

reconstructed following the method adopted in polarization-sensitive (PS) OCT techniques. 

For the 800 nm wavelength region, where the signal penetration depth is usually limited to a 

few hundreds of microns into the tissue, the biological samples that manifest birefringence 

can be modeled as an arbitrary wave retarder with uniform optic axis along the depth. The 

tissue birefringence can be modeled by the Jones matrix of a general retarder of retardation 

δ and optic axis orientation θ as [34]

J(δ, θ) = cos2θ + sin2θexp( − iδ) cosθsinθ(1 − exp( − iδ))
cosθsinθ(1 − exp( − iδ)) sin2θ + cos2θexp( − iδ)

, (3)

where, δ and θ represent the cumulative retardation and optic axis orientation from the 

sample surface to the imaging depth, respectively. In CP-OCT configuration, the linearly 

polarized light directly interrogates the sample. The Jones vector of the backscattered 

sample beam Esn  from depth zn at the exit of the interferometer can be written as Eq. (4), 

where R(zn) represents the reflectivity at the sample depth zn. As shown in Eq. (4), the 

cumulative retardation δ and optic axis orientation θ of the birefringent tissue mutually 

affect the complex signals of the cross- and co-polarization channels. Therefore, rotational 

adjustment of the polarization state alignment with respect to the tissue can be carried out to 

optimize the CP channel contrast for imaging birefringent tissues.

2.2 | Signal processing

The flow chart of signal processing steps is presented in Figure 2A. Generally, the CP-OCT 

signals are extracted by following the OCT signal processing steps as described in Ref. [10], 

including background subtraction, linear-k interpolation, spectral shaping and numerical 

dispersion compensation. Because of the existence of the cross-talk between the orthogonal 

polarization channels (RM1 and RM2) due to the imperfection of the linear polarizer, the 

autocorrelation of the reference arm is filtered out from the raw spectra prior to the 

dispersion compensation process.

The linear-in-k, dispersion-free spectra Ik′ (n) are duplicated into 2 copies: one as the CP 

channel IIk_cr′ (n) and the other as the co-polarization channel Ik_co′ (n). After inverse Fourier 
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transform, a window size of 450 pixels (equivalent to around 0.78 mm in depth) is used to 

select the imaging range of each channel at their respective locations, and generate the 

complex A-line signals that can be used to create intensity and functional contrasts. To 

conduct subpixel alignment of the 2 channels, the interferogram Ik_co′ (n) from the co-

polarization channel is multiplied by a linear phase term exp(iξ · 2πn/N), where N is the 

total pixel number of the spectrum and ξ (|ξ| < 1) is a constant coefficient used to provide 

subpixel displacement adjustment δz in the spatial domain, according to the Fourier 

transform shift theorem. In the discrete Fourier transform, subpixel displacement is 

manifested as a phase change of the complex A-line signal without significantly altering its 

magnitude [35]. It thus can be used to align the initial phases of the 2 channels. The 

calibration coefficient ξ is determined by an iterative process: a mirror is placed in the focal 

plane of the sample arm to create a single reflector. Its intensity profile will be at the same 

location in the cross- and co-polarization channels after windowing, and ξ is adjusted until 

the phase difference at the single reflector location from the 2 channels reaches a minimum 

value, as illustrated in Figure 2B. It should be noted that this is a one-time calibration step 

and the coefficient ξ will be fixed if the path length offset between RM1 and RM2 is not 

altered.

Esn =
R(zn)
2 J(δ, θ) ⋅ J(δ, θ) ⋅ E =

R(zn)
2

cosθsinθ[1 − exp( − i2δ)]
sin2θ + cos2θexp( − i2δ)

=
R(zn)
2

sin 2θsinδexp i π
2 − δ

cos2δ + cos22θsin2δexp −i tan−1 sinδcos2θ
cosδ + δ

,
(4)

Furthermore, due to the signal fall-off at the spectrometer, the magnitude of co-polarization 

A-line signal Ico(z) is modified by a constant gain of 6 dB. This gain is determined 

according to the sensitivity fall-off measurement of the system, which indicates a 6-dB fall-

off range of 0.89 mm, and a 12-dB fall-off at around 1.6 mm.

2.3 | Reconstruction of functional contrasts

CP-OCT produces a qualitative contrast describing the depolarization of the incident linearly 

polarized light, calculated by taking the ratio between the cross- and co-polarization 

channels as Iratio = Ax/Ay. According to Schmitt and Xiang [28], the depolarization effect is 

characterized by a significant intensity drop in the co-polarization channel, which gives rise 

to a higher ratio between the cross- and co-polarization intensity signals along the A-line 

profile. We therefore construct the ratio image to qualitatively present the tissue polarization 

property. The ratio image is thresholded from 0.3 to 2 for presentation. Due to the imperfect 

polarization of incident light from supercontinuum source, the lower bound of the threshold 

for Iratio is determined by the extinction ratio of the 2 channels as indicated in Figure 2B. 

The upper bound is determined based on empirical observation.

In addition to the ratio image, 2 auxiliary parameters α and β are defined based on Eqs. (2) 

and (4):
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α = sinδcos2θ
cosδ = cot( Φy − Φx ),

β = cos2δ + cos22θsin2δ
sin 2θsinδ =

Ay
Ax

.
(5)

They are used to compute the cumulative phase retardation δ and optic axis orientation θ as

δ(z) = sin−1 α2β2 + α2 + 1
(α2 + 1) ⋅ (β2 + 1)

,

θ(z) = 1
2sin−1 α2 + 1

α2β2 + α2 + 1
.

(6)

The ambiguity for δ is 0 to π/2 and is 0 to π/4 for θ. It should be noted that the ambiguity of 

the cumulative optic axis orientation θ is one-fourth of what is offered by the conventional 

PS-OCT system. Moreover, Eq. (4) also indicates θ will become unmeasurable when δ 
reaches 0. Hence, we neglect the cumulative optic axis orientation, θ, in our study, and only 

extract the cumulative retardation. The retardation image Iret is color-coded from 0 to π/2 to 

compare with the intensity contrast image Itot = Ax
2 + Ay

2 1/2
.

2.4 | Sample preparation and imaging protocol

OCT datasets were generated ex vivo from fresh human heart specimens. Human hearts (n = 

10) were acquired from the National Disease Research Interchange (NDRI) protocol within 

24 hours of donor death. The inclusion criteria for the NDRI protocol are based on the 

following diagnosis: end stage heart failure, cardiomyopathy, coronary heart disease, 

amyloid, atrial fibrillation and myocardial infarction. The age, mean ± SD, of the human 

donors was 62 ± 9, with medical histories including diabetes (30%), cardiomyopathy (60%), 

hypertension (40%) and heart failure (20%). Three hearts were used to create RFA lesions ex 

vivo. The RFA treatment follows the procedures described in Ref. [36]. Briefly, all tissues 

were supra-perfused with temperature-maintained (37° C) phosphate-buffered saline under 

pulsatile flow. Ablations were performed with temperature regulation by using a commercial 

RFA system (Stockert 70, Biosense Webster, Diamond Bar, California), and the RFA 

catheter was placed in contact with the tissue surface. The ablation power was set at 30 W 

and the target temperature was 65°C to ensure tissue necrosis.

The right ventricle septum is a typical location to acquire EMB samples [6]. For each heart 

sample, 2 to 3 tissue wedges with 1 cm3 in size were excised from RVS upon specimen 

delivery, and OCT imaging was conducted immediately from the endocardium side. The 

incident power on the sample was 10 mW. All measurements were completed within 48 

hours of the donor death.

OCT datasets were acquired at a line rate of 32 kHz using a customized software written in 

LabVIEW, and later processed in MATLAB (MathWorks, Natick, MA, USA). A single OCT 
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B-scan contains 800 pixels, covering 3 mm laterally. After processing, there will be 5 output 

images in total, including cross- and co-polarization OCT images Icr and Ico, the reflectivity 

image or intensity contrast Itot, the cumulative phase retardation image Iret and the ratio 

image Iratio. The image depth is reduced to 450 pixels due to windowing, covering a depth 

range of around 0.78 mm in air. All OCT datasets are averaged by 5 times to reduce noise, 

and the arithmetic means are used to present as B-scans. And all OCT images are presented 

without scaling for the tissue refractive index.

2.5 | Histology

After imaging, samples were excised into blocks and put into 10% formalin for 24 hour 

fixation. Histology slides were prepared in the same orientation as a single B-scan. Three to 

5 levels were taken from each sample block, and were processed with Masson’s Trichrome 

stain. The slide thickness was 5 μm and spacing between levels was 250 μm. A Leica 

SCN400 (Leica microsystems, Wetzlar, Germany) slide scanner with ×40 magnification was 

used to scan and digitize all histology slides. The digitized slides were analyzed by a 

cardiovascular pathologist blinded to the OCT images using ImageScope (Leica, Wetzlar, 

Germany). Histology slides were matched with OCT intensity contrast by looking for the 

similar features within first 300 μm beneath the tissue surface.

2.6 | Statistics

CP-OCT ratio images from the RVS of 6 heart samples that have been confirmed to have 

corresponding histology slides were included in the statistical study. For every ratio image 

(800 pixels in lateral direction and 450 pixels in axial direction), every 20 A-lines were 

grouped and averaged to smooth out the noise. The selected ratio images covered 3 different 

tissue types in myocardium, including normal myocardium (n = 14), mild myocardium 

fibrosis (n = 4) and RFA lesion (n = 5). A-line features were extracted from a least-squared 

fitting process for pixels ranging from the tissue-air interface to the noise floor. The resulted 

fitting parameters, including the slope, intercept and R-squared value, were used as A-line 

features. Analysis of variance (ANOVA) with Tukey’s multiple comparison test was 

performed on these features using a commercial software (GraphPad Prism 7.0a, GraphPad 

Software, Inc, La Jolla, CA, USA), and P−value less than .05 was considered statistically 

significant.

3 | RESULTS

3.1 | System characterization and validation of polarization measurement

The axial resolution of the system, which is defined as the Full-width half-maximum 

(FWHM) of the axial Point-spread function (PSF), is measured to be 2.72 μm and drops to 

3.07 μm at 0.8 mm. Since 2 polarization channels are multiplexed in depth and the total 

reflection image Itot is generated based on both channels, the resulting axial resolution of Itot 

is 3.07 μm.

To validate the accuracy of the polarization measurement performed by the CP-OCT system, 

we inserted an achromatic quarter wave plate (Thorlabs AQWP05M-980, Thorlabs, Newton, 

NJ, USA) into the collimated beam of the sample arm and following the steps mentioned 
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elsewhere [33]. As shown in Figure 3, by rotating the quarter wave plate from 0° to 90°, the 

measured retardation is 86.6° ± 2.2° for different quarter wave plate settings. The measured 

optic axis orientation also appears approximately linear against the preset values, while 

showing an ambiguity of 45°. The results agree with the expectations with minor deviation, 

which indicates the reconstruction of the polarization properties is working properly. The 

inaccuracy mainly stems from the channel cross-talk, which is due to the partially polarized 

light of supercontinuum output after passing through the thin-film linear polarizer.

3.2 | Ex vivo functional CP-OCT imaging of fresh human myocardium

Different tissue types found in the endomyocardial side of RVS are presented in Figures 4 

and 5. For each case, 4 images, including the total intensity image, cumulative phase 

retardation image, ratio image and corresponding histology are presented. The functional 

OCT images were all thresholded by an intensity mask to remove the background (gray 

color). As a qualitative contrast, the ratio image is overlaid with the corresponding intensity 

image. During the experiment, the intensity contrast of the CP channel was optimized by 

rotating the tissue specimens before taking the images.

At 800 nm window, the photon penetration depth is small within the myocardium. In some 

cases where the endocardium layer is too thick, only the features in the endocardium layer 

can be resolved in OCT. Figure 4 shows different features of endocardium. In Figure 4A–D, 

the endocardial scar in the endocardium layer, which is pointed out in the histology slide in 

Figure 4A, is well delineated from the normal myocardium in both the structural and 

functional OCT images (Figure 4B–D). In the retardation image (Figure 4C) and the ratio 

image (Figure 4D), the fibrosis region that contains, appears to possess a very strong 

birefringence in comparison with the neighboring normal myocardium. Figure 4E–H 

illustrate a thickened endocardium region with underlying fibrotic tissue. Differing from the 

localized endocardial fibrosis, the thickened endocardium does not manifest strong phase 

retardation. The difference within the CP-OCT-derived images suggests a different tissue 

composition of the thickened endocardium from endocardial fibrosis, which are hardly 

noticeable from the intensity images alone. In this case, because the thickened endocardium 

layer and the underlying mild subendocardial fibrosis scatter most of the light, the signal 

penetration becomes limited, and it barely reaches the myocardium. Figure 4I–L present an 

example of localized dense endocardial fibrosis on top of normal myocardium. The 

endocardial fibrosis is marked by the blue and fibrillar content in the histology slide. The 

dense collagen content of the fibrotic tissue induces strong retardation, which makes it more 

visible in functional images but not in the intensity images. It should be noted that the OCT 

images are not scaled by the refractive index of the tissue, and have asymmetrical scale bars 

along the A-line and B-scan direction.

Figure 5 shows different tissue types presented in the myocardium. Thanks to the HR 

provided by the system, microstructures such as the thin endocardium in Figure 5F and the 

elastic fibers in Figure 5J in the myocardium are clearly visible. In Figure 5A–D, the 

myocardium is intentionally treated by RFA procedure to create lesion. The lesion region 

can be delineated by the deep purple region in the histology in Figure 5A. From the intensity 

image in Figure 5B, we can identify the lesion region by the microtears presented in the 

Yao et al. Page 9

J Biophotonics. Author manuscript; available in PMC 2018 October 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



myocardium. Moreover, from the retardation image in Figure 5C, we can see that the lesion 

region barely manifests birefringence. Similarly, the ratio image shows a very low Cr/Co 

value in the lesion area, which could be hardly separated from the intensity image 

background in Figure 5D. It indicates that the polarization state of backscattered light almost 

maintains the same as that of the incident light, suggesting isotropic tissue architecture of the 

lesion area. Figure 5E–H demonstrate an example of mild diffuse interstitial myocardial 

fibrosis. It is marked by a diffuse distribution of fibroblasts within normal cardiomyocytes in 

the histology. In contrast to the constantly low ratio in the acutely created RFA lesion, the 

increased signal in the ratio image (Figure 5H) implies that the polarization state of the 

backscattered light is altered by the fibrotic myocardium. The tissue composition of the 

fibrotic myocardium could be clearly distinguished from that of the normal myocardium as 

shown in Figure 5I–L. The normal myocardium manifests birefringence, which results in a 

gradual increase in the cumulated retardation along the depth (Figure 5K), as well as an 

increased contrast toward the deeper region of the myocardium in the ratio image (Figure 

5L). This observation is consistent with what is depicted by right side of the B-scans in 

Figure 4C,D,K–L.

3.3 | A-line-based analysis of necrosis, fibrosis and normal myocardium

We have presented that different tissue types found in endocardium and myocardium 

manifest distinctive functional contrasts within CP-OCT images. Particularly, the ratio 

image could provide similar contrast as the cumulative retardation image, while it is much 

easier to obtain. We further explore the contrasts for different myocardial tissue types from 

the perspective of A-line signals. A-line features of those tissue types are depicted in Figure 

6. Figure 6A shows a transition area from an RFA-created lesion to the normal myocardium. 

Representative A-lines are taken from the green and yellow regions in Figure 6A to illustrate 

the difference in the signal strengths of cross- and co-polarization channels between the 

lesion area and the normal myocardium as in Figure 6C,D, respectively. In these 2 cases, the 

signal strength of the co-polarization channel is in general higher than that of the CP 

channel. RFA-treated myocardium contains necrotic tissue, which is more isotropic. As a 

result, the signal ratio between the 2 polarization channels approximately stays constant 

along the depth, as seen in Figure 6C. On the contrary, in the normal myocardium, due to 

tissue birefringence, the gradual increase of ratio between the cross- and co-polarization 

intensities along the depth in Figure 6D. This is also in accordance with the retardation 

contrast. More interestingly, A-line signals in Figure 6E taken from the blue region in Figure 

6B present some unique patterns that are associated with fibrotic myocardium: A-line 

signals from the 2 channels are almost comparable; and there is a drop (~10 dB) on the co-

polarization channel signal strength, which is not presented in previous 2 cases. Moreover, 

the ratio contrast barely changes during the rotational alignment between the sample and the 

incident polarization state. According to Schmitt’s report on the behavior of cross-polarizers 

[28], which also resulted in a profound decrease in the signal strength of the co-polarization 

channel as well as a raise in the ratio, this phenomenon may suggest that the fibrosis region 

of the myocardium contains CP scatters that depolarize the incident light.

Quantitatively, we extract A-line features, including the slope, intercept and R-squared 

value, from a least-squared fitting process. The fitting includes pixels from the tissue-air 
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interface to the noise floor. A-lines with over exposure are excluded from the analysis. In 

this preliminary study, 3 different A-line features from normal myocardium (n = 517), 

fibrotic myocardium (n = 152) and RFA lesion (n = 183) are used to perform ANOVA test. 

The fibrotic myocardium can be well distinguished against normal myocardium based on the 

all 3 features with P < .0001. For example, the intercept is significantly higher (P < .0001) 

for normal myocardium (0.43 ± 0.23) than that for areas of fibrotic myocardium (0.12 

± 0.11) and ablation lesions (0.18 ± 0.08). The intercept also shows difference (P < .05) for 

lesion areas compared with that for fibrotic myocardium. And the R-squared value is much 

lower (P < .0001) for fitted A-lines in normal myocardium (0.61 ± 0.24) than those in 

fibrotic myocardium (0.73 ± 0.08) and ablated lesions (0.77 ± 0.08).

4 | DISCUSSION AND CONCLUSION

In summary, we presented a single-channel HR CP-OCT system. This system can provide 

intensity and functional contrasts of human myocardium in one-shot measurement. The co- 

and cross-polarization channels can be extracted from one single OCT measurement by 

windowing. The system is characterized to have an axial resolution of 3.07 μm. In addition 

to the intensity contrast, 2 functional contrasts are reconstructed from the complex A-line 

signals that are recorded from the cross- and co-polarization channels, including the 

cumulative retardation and intensity ratio. The cumulative retardation is obtained by using a 

method adopted in PS-OCT, and the accuracy of the polarization measurement is calibrated 

by measuring a quarter wave plate at different fast-axis orientations. The intensity ratio 

between cross- and co-polarization channel intensities is correlated with the depolarization 

effect. If we compare the cumulative phase retardation image with the ratio image case-by-

case, the 2 images offer similar contrast. It suggests a possibility to solely use the ratio 

image as functional contrast. This could substantially reduce the computational cost caused 

by the reconstruction of retardation and fulfill the needs for real-time process of large 

volumetric data. Different tissue types from the endomyocardial side of the RVS are 

analyzed using the contrasts provided by CP-OCT. We show that the functional contrasts 

successfully depict the differences in structures and tissue compositions, including localized 

dense endocardial fibrosis and scar, thickened endocardium, ablated lesion, fibrotic 

myocardium and normal myocardium. Compared with the intensity image alone, functional 

contrast may provide additional information regarding the tissue composition in terms of 

tissue polarization properties. Specifically, fibrotic myocardium is differentiated against the 

normal myocardium and acute ablated lesion, based on the CP-OCT contrasts.

Previous investigations have reported that normal cardiomyocytes would be destroyed 

following successful RFA treatment, making the myocardial substrate more homogenous 

and leading to the absence of phase retardation [7, 20, 24, 36]. In our CP-OCT study, we 

have observed the same phenomenon from the ablation lesions created within fresh human 

myocardium samples. More interestingly, the intensity ratio analysis from CP-OCT indicates 

that diffuse interstitial myocardial fibrosis may manifest depolarization effect based on 

previously reported phantom study by Schmitt and Xiang [28]. Although further 

investigation is needed, this observation suggests that the increased fibroblasts in the 

myocardium may serve as cross-polarizers that eventually lead to the depolarization of light. 

Moreover, we also demonstrate that the differences between the A-line signals from 2 
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orthogonal polarization channels can be used to distinguish normal myocardium from the 

ablated lesion and fibrosis regions. It could be further fed to the tissue classifiers as a new 

input feature [23], and could offer a rapid and cost-efficient solution to tissue classification 

for the myocardium.

Nevertheless, there are also some limitations of the proposed CP-OCT system. First, the CP-

OCT contrast for birefringent tissue is based on the assumption of uniform optic axis 

orientation along the depth. This assumption may not hold in the case of complicated tissue 

composition such as myocardial fibrosis, where multiple types of birefringent tissues are 

mixed and randomly aligned. As a result, the cumulative retardation reconstructed from CP-

OCT may lose its quantitative meaning. Moreover, because of the coupling of retardation 

and optic axis orientation in the CP channel, the reconstructed optic axis orientation has a 

degree of ambiguity and hence discarded in our study. This information, however, can be 

very useful in extracting myofiber orientation as offered by HR PS-OCT-based optical 

tractography [14, 37, 38]. In addition, it might be very complicated to extract local 

birefringence based on the CP-OCT measurements, which otherwise can be readily obtained 

in PS-OCT [39]. Second, due to the coupling between the retardation and optic axis 

orientation as shown in Eq. (4), rotating the sample or the incident polarization state is 

necessary to optimize the ratio contrast for birefringent tissue. In addition, the depth range of 

the resulted CP-OCT images is reduced to 0.78 mm due to channel multiplexing. It may 

limit the feasibility of this system in other biological tissue imaging applications where a 

large image range is desired. Techniques like full-range OCT [40] can be applied to extend 

the image range to overcome this limitation. In this preliminary study, only 2 heart samples 

manifested myocardial fibrosis. The limited size of dataset hinders a more comprehensive 

statistical analysis and classification of tissue types based on different Aline features, 

however, suggests potential for CP-OCT-derived A-line features. In the future, with 

increased sample size, we will develop classification algorithms to improve detection of 

fibrotic myocardium with added information provided by multicontrast CP-OCT. In 

addition, we will explore the role of CP-OCT to provide contrast to identify amyloids, which 

is an important feature to detect within endomyocardial biopsies [4].

In conclusion, we develop a HR CP-OCT system at 800 nm to differentiate different tissue 

types in the myocardium by using the polarization-related functional contrasts. This system 

features a single detection channel and one-shot measurement, and offers qualitative 

contrasts for differentiation of different human myocardial substrate. The HR CPOCT 

system provides a new form of polarization-related contrast to differentiate myocardial 

fibrosis, which is an important substrate to identify during diagnostic and therapeutic 

procedures.
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FIGURE 1. 
Schematic of HR CP-OCT system. C, Collimation lens; P, polarizer; NBS, nonpolarized 

beam cube; DCG, dispersion compensation glass; VA, variable attenuator; RM, reference 

mirror; SMF, single mode fiber; QWP, quarter wave plate; DQ, Data acquisition. The fast 

axis of QWP was aligned at 45° with respect to the input polarization. Tissue samples are 

mounted on a 3-axis translation stage with rotating platform
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FIGURE 2. 
(A), The signal processing flow chart. A calibration coefficient ξ is introduced to the co-

polarization channel spectra to perform subpixel alignment of the 2 orthogonal channels, and 

a 6-dB gain is applied to the co-polarization intensity to compensate for spectrometer 

sensitivity fall-off. (B), A-line signals with a single reflector in the sample arm before and 

after fine-alignment. The extinction ratio is about 0.3 resulting from the channel cross-talk, 

and the alignment does not impact the A-line intensity profile. Inset: Phase adjustment of co-

polarization channel. The initial phase mismatch at the location of single reflector (marked 

by green star) is corrected after alignment
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FIGURE 3. 
Validation of birefringence measurement by using a quarter wave plate manually aligned at 

different angles. The measured retardation is 86.6° ± 2.2°, and the optic axis orientation 

follows linearly with the preset values, with an ambiguity of 45°
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FIGURE 4. 
Different features of the endocardium of right ventricular septum from fresh human heart 

specimens. (A), (E), (I) are the histology slides corresponded to the OCT intensity images. 

(B), (F), (J) are OCT intensity images that provide structural information. (C), (G), (K) are 

the cumulative phase retardation images, color-coded from 0 to π/2 with low-SNR regions 

marked as gray area. The endocardial scar in (C) shows strong cumulative phase retardation 

due to the presence of densely packed collagen fibers, while the thickened endocardium in 

(G) barely presents the same feature. Another example of endocardial fibrosis is shown in 

(K). The dense endocardial fibrosis induces strong retardation because of its collagen 

content. (D), (H), (L) are the ratio images offering the qualitative contrast, which match well 

with the retardation contrast. The ratio images are thresholded and color-coded from 0.3 to 

2. (A), (E), (I) scale bar: 200 μm. (B), (F), (J) scale bar: (vertical) 100 μm, (horizontal) 200 

μm
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FIGURE 5. 
Different tissue types in the myocardium of right ventricular septum from fresh human heart 

specimens. (A), (E), (I) are the histology slides corresponded to the OCT B-scans. (B), (F), 

(J) are OCT intensity images that provide structural information. (C), (G), (K) are the 

retardation images showing the quantitative polarization property of the tissue, color-coded 

from 0 to π/2 with low-SNR regions marked as gray area. The ablated tissue shows very low 

cumulative phase retardation in (C), while the normal myocardium manifests increased 

retardation along the depth shown in (K). The fibrotic tissue, shows an increased Cr/Co ratio 

over the depth without an apparent gradient in (H), which is quite distinctive compared with 

the other 2 cases. (D), (H), (L) are the ratio images offering the qualitative contrast, showing 

good correspondence with the retardation images. Scale bar dimensions are the same as in 

Figure 4 on p. 26
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FIGURE 6. 
Different A-line signatures of both CP-OCT channels in the ablated lesion, normal 

myocardium, and fibrotic myocardium regions. Histology slides and the corresponding ratio 

images are presented for (A) transition region from an RFA-created lesion to normal 

myocardium, and (B) fibrotic myocardium. Representative A-lines in logarithmic scale from 

both the cross- and co-polarization channels are selected from (C) the lesion, (D) normal 

myocardium and (E) fibrotic myocardium, respectively. Five consecutive A-lines are 

averaged to produce a smoothed profile
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