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SUMMARY

Standard-of-care endoscopy is prone to image-quality degradation from specular reflections and 
surgical smoke as well as misdetection of lesions lacking color features, which diminish precision and 
pose risks for surgery. Integrating polarization-resolved imaging with endoscopy holds great promise 
to address these challenges, but conventional endoscopes have complex polarization properties 
that interfere with polarization-resolved imaging. Here, we demonstrate a polarization-maintaining 
endoscope (PME) that maintains the polarization state of the incident light under broadband illumination. 
The PME resolves the conflict between maintaining polarization and incorporating sapphire windows— 
an important element for ensuring clinical compatibility but polarization disruption. We show that 
using the PME can enhance surgical imaging in vivo by eliminating specular highlights in real time, 
enhancing the visibility of images affected by surgical smoke by a factor of 1.7, and improving the accu-

racy of polarimetric endoscopy 3-fold, aiding in the characterization of tissues beyond color for tumor 
detection.

INTRODUCTION

Surgical endoscopes are essential instruments that provide vi-

sual information within body cavities such as the abdomen and 

enable surgeons to observe the surgical field, identify anatomical 

structures, and locate lesions during minimally invasive sur-

geries. Conventional endoscopy, known as white-light endos-

copy (WLE), utilizes white-light illumination and color imaging 

that closely mimics human vision. As a color-resolved technique, 

it provides intuitive and informative visuals. However, the quality

of WLE images is often degraded by the complex surgical envi-

ronments, such as specular reflection, known as ‘‘specularities,’’ 

and surgical smoke. The specularities arising from smooth and 

moist tissue surfaces may obstruct important information and 

introduce confusing features that may be falsely interpreted. 

The smoke caused by electrified surgical instruments deterio-

rates visibility and obscures targets. Quality degradation of the 

WLE images poses risks in minimally invasive surgery (MIS) 1–3 

and limits the capability of computer vision and AI algorithms 

that are important for the support of surgery approaches

THE BIGGER PICTURE Endoscopic imaging is crucial during minimally invasive surgeries. However, conven-

tional endoscopy may produce poor-quality images due to the glare from moist tissues and smoke from sur-

gical ablation. It also suffers from difficulty detecting abnormal tissue that lacks color contrast. These issues 

make it difficult for surgeons to see clearly as well as increase risks for patients. Polarization imaging offers a 

promising solution to address these issues, but standard endoscopes introduce optical effects that interfere 

with polarization imaging. Here, we develop a polarization-maintaining endoscope that is compatible with 

polarization imaging methods. We demonstrate that polarization imaging based on this endoscope can re-

move glare in real time, improve image clarity by 73% in smoky conditions, and achieve a 3-fold increase 

in accuracy for tissue-polarization measurements, thus enhancing the ability to detect lesions with low color 

contrast.
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including augmented-reality and robotic surgeries. 4–6 The WLE 

method is often insufficiently accurate for detecting early-stage 

cancer tumors and lesion margins, due to the lack of discernible 

color contrast or texture features. 7,8

To overcome challenges caused by image degradation, ef-

forts have been concentrated on computational approaches 

for image restoration. These approaches leverage correlations 

in different domains: spatial, which are within the neighborhood 

of specularities; temporal, which utilize neighboring frames 

where specularities appear at different locations; or color space, 

where the dark channels are used for smoke-thickness estima-

tion. 4,6–9 However, learning-based restoration approaches 

encounter challenges including a lack of training data, absence 

of ground truth, and lack of interpretability, while the model-

based methods rely on manually tuned parameters, which are 

susceptible to local minima and result in low output quality. To 

enhance tissue characterization and lesion detection, several 

techniques have been developed by leveraging the properties 

of light beyond color, including optical coherence tomogra-

phy, 10,11 endoscopic light-scattering spectroscopy, 12,13 laser 

scanning confocal endomicroscopy, 14,15 and non-linear micro-

scopy. 16 These methods require a long scanning time, which 

poses challenges for intraoperative imaging of dynamic and de-

forming surgical scenes.

Integrating polarization-resolved imaging techniques with the 

standard-of-care WLE holds great potential for addressing the 

aforementioned long-standing challenges, considering that po-

larization can be utilized to differentiate reflected light from mul-

tiple scattered light (based on the polarization gated imaging 

technique), enhance obscured targets within turbid media 

(based on computational polarization imaging techniques), 

and examine anisotropic structures such as collagen that serve 

as key imaging biomarkers for tumor detection (based on the 

polarimetric imaging technique). 17–22 However, the complex 

polarization effects of conventional endoscopes disrupt polari-

zation-resolved imaging modalities. These polarization proper-

ties, associated with the birefringent sapphire windows in the 

endoscopes, are not yet well understood and are not easily 

compensated by calibration in polarimetry. Substituting sap-

phire with non-birefringent materials has been carried out to 

obtain proof-of-concept endoscopes suitable for polarization-

resolved imaging. 21,23 Nonetheless, sapphire is important to 

ensure reliable tightness, required by clinical devices involving 

the harsh conditions of sterilization and chemical erosion, 24 

because it is weldable and thereby suitable for permanent 

sealing. 25 A viable solution to achieve a clinically compatible 

polarization-maintaining endoscope (PME) with minimal inter-

ference to polarization-resolved imaging has not yet been

developed. 21,23,26–31

In this study, we explored the origin of the polarization effects 

in conventional endoscopes. Based on a better understanding of 

the mechanisms, we demonstrate a broadband prototype PME 

that resolves the conflict between maintaining polarization and 

incorporating sapphire windows. With the PME, polarization-

resolved imaging can then be conducted in real time with high 

definition. It is shown that using the PME can enhance surgical 

imaging in vivo by removing specularities, improving the image 

visibility affected by surgical smoke, and enabling accurate

polarimetric endoscopy for tissue characterization, supporting 

precise detection and intelligent operation during MIS.

Background

Conventional surgical endoscopes exhibit significant retardance 

and depolarization effects, which interfere with polarization-

resolved imaging techniques, leading to image artifacts and 

polarimetric errors (for details about the interference to polariza-

tion-resolved imaging, refer to Note S1). As a result, polarization-

resolved imaging cannot be effectively implemented using con-

ventional endoscopes. Through experimental analysis (see Note 

S2), it can be concluded that the retardance and depolarization 

originate from the sapphire windows of the endoscopes. Key 

factors deciding the magnitude and spatial distribution of these 

effects include the thickness of the sapphire window, the orien-

tation of its optical axis (OA), its position within the optical sys-

tem, and the angular field of view (AFOV) of the endoscope.

A model that explains the origin of the retardance of conven-

tional endoscopes are provided in Notes S3 and S4, and a com-

parison of the results from experiments and simulation are pre-

sented in Figure 1. The retardance patterns with C-, A-, and 

R-cut windows (referring to OA directions perpendicular, parallel 

to window surface, and in between) were simulated and are 

shown in Figure 1B, and they agree with those obtained experi-

mentally (Figures S1A–S1C). Other factors including the thick-

ness, AFOV, and wavelength were examined (Figures 1C–1E), 

and the patterns obtained from simulations were consistent 

with the experiment (Figures S1H–S1M). The retardance order 

and phase are dependent on wavelength (Figure 1G). Therefore, 

the incoherent superposition of light affected by wavelength-

dependent retardance over the spectrum would result in depo-

larization (Figures 1F and 1H). In this study, this was termed 

chromatic depolarization. Previously, bandwidth-dependent de-

polarization has been observed but not fully understood. 26 The 

model provided here explains the formation mechanism and 

the featured distribution of chromatic depolarization. Based on 

the model, the chromatic depolarization for both C- and A-cut 

windows under broadband illumination (full width at half 

maximum [FWHM] = 200 nm) were simulated. The simulation 

(see Note S5) generated radially increasing depolarization for 

the C-cut window and homogeneous depolarization for the 

A-cut window, in agreement with the experiments (Figure 1I). 

Besides the chromatic depolarization, there is also bandwidth-

insensitive depolarization in the field of view (FOV). Here, we pro-

pose a complementary depolarization formation mechanism 

termed aperture depolarization. As shown in Figure 1J, the aper-

ture depolarization is defined by the entrance pupil of the endo-

scope. The entrance pupil allows a cone of rays from a specific 

object point that transmit through the endoscope. Each individ-

ual ray within the cone propagated along a different angle with 

respect to the OA direction and underwent slightly different 

retardance. Subsequently, when these rays converged into an 

image point, their incoherent superposition led to bandwidth-

insensitive depolarization. Based on the model, the aperture 

depolarization with both C- and A-cut sapphire windows was 

simulated (see Note S6), and the results agreed with the exper-

iments. As shown by the results (Figure 1M), the C-cut window 

featured a radially increasing aperture depolarization with
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concentric rings indicating relatively lower depolarization, while 

A-cut windows featured a relatively lower depolarization strip 

perpendicular to the OA direction. The depolarizations of three 

representative points along the radius (Figure 1K) were exam-

ined. For the C-cut windows, since the retardance variation fre-

quency in the cross-section of the ray cone increased radially 

(Figure 1L), the aperture depolarization was stronger in the pe-

ripheral region (compare C ′ and A ′ in Figure 1L). However, in

A B C D E

F G H I

J K L M

Figure 1. Underlying mechanism causing polarization effects in conventional endoscopes

(A) Formation of retardance due to sapphire-window birefringence.

(B–E) Simulated retardance patterns based on our model with the following conditions: (B) T = 1 mm, λ = 532 nm, AFOV = 80 ◦ , and different OA directions; (C) T =

2 mm for C-cut and 2.8 mm for A-cut windows, λ = 532 nm, AFOV = 80 ◦ ; (D) T = 1 mm, λ = 532 nm, AFOV = 65 ◦ for C- and A-cut windows; (E) T = 1 mm, λ = 630 nm, 

AFOV = 80 ◦ for C- and A-cut windows.

(F) Formation of the chromatic depolarization.

(G) Retardance patterns of the experimental endoscope with 1-mm C- and A-cut sapphire windows and 80 ◦ AFOV depending on the wavelength of the light 

source (center wavelength [CWL] = 532 nm and 630 nm; FWHM = 10 nm).

(H) Incoherent superposition of light affected by the wavelength-dependent retardance over the spectrum.

(I) Comparison between the measured and simulated chromatic depolarization.

(J) Formation of aperture depolarization.

(K) Simulated retardance for C- and A-cut windows based on our model with T = 1 mm, λ = 532 nm, AFOV = 80 ◦.

(L) Retardance variation in the cross-section of the ray cone.

(M) Comparison of the measured and simulated aperture depolarization.
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regions where the frequency was moderate, the aperture depo-

larization became weaker and signature rings appeared. For the 

A-cut window, the aperture depolarization marked a weak depo-

larization stripe owing to the low fringe frequency, and the depo-

larization was weaker at the peripheral region (C ′ ) than at the 

center (A ′ ) because the aperture angle was smaller in the periph-

eral region. The aperture depolarization accounted for approxi-

mately 37% of the total depolarization despite being generally 

weaker than chromatic depolarization (Figures S5J and S5K).

RESULTS AND DISCUSSION

Maintaining polarization using birefringence 

compensation

According to investigation of the polarization effects of the con-

ventional endoscope, it is clear that the birefringence of the sap-

phire windows causes inhomogeneous retardance in both 

spatial and spectral domains and that this inhomogeneous re-

tardance further results in chromatic and aperture depolariza-

tion. Therefore, by suppressing the retardance, the undesirable 

polarization effects of the conventional endoscope can be miti-

gated. Owing to the requirements for clinical use, the solution 

should address the issue with the sapphire windows retained 

in the endoscope.

To suppress the polarization effects at the proximal end, we 

proposed using a C-cut sapphire plate as the proximal window, 

as it induced negligible polarization effects (Figure S2F). To miti-

gate the polarization effects at the distal end, we inserted a 

compensating plate made from a crystal with the opposite bire-

fringence to sapphire between the sapphire window and the 

objective (Figures 2A and 2B). Given that sapphire has 

negative birefringence, magnesium fluoride (MgF 2 ), with positive 

birefringence, was selected for the compensation, since their 

birefringence spectra are highly complementary (Figure S6). 

Moreover, the compensation plate should be in the OA direction 

parallel to the sapphire window. Two compensation options 

were possible, the A-cut (A-cut sapphire and MgF 2 ) and C-cut 

(C-cut sapphire and MgF 2 ), with optimal thickness ratios be-

tween the sapphire and MgF 2 plates determined via simulation 

to be 2.29 and 2.43, respectively.

Considering that OA and thickness mismatches between the 

sapphire and MgF 2 plates are inevitable during production 

(Figure 2C), tolerance to the mismatches is calculated (see

Note S7) as presented in Figures 2D–2G, and the threshold 

for the remaining retardance and depolarization were set to 

0.26 rad and 0.02, respectively, which are determined 

based on the experimental endoscope without sapphire win-

dows (i.e., non-depolarizing). The tolerances to the OA mismatch 

were 2 ◦ and 1.5 ◦ for C- and A-cut windows, respectively, 

regarding the retardance (Figure 2D), and about 5.2 ◦ and 8.8 ◦ 

for C- and A-cut windows, respectively, regarding the depolari-

zation (Figure 2F). For the thickness mismatch, the tolerance 

was about 0.03 mm and 0.02 mm for C- and A-cut windows, 

respectively for retardance (Figure 2E) and was about 0.10 mm 

and 0.02 mm for the C- and A-cut windows, respectively, for de-

polarization (Figure 2G). All the tolerances here well exceed the 

typical precision of optical manufacturing and assembly, but 

the C-cut compensation is generally more tolerant to mis-

matches and is thus preferred.

To validate the proposed solution, a prototype PME was con-

structed with C-cut sapphire windows and MgF 2 compensation 

plate. A 1.60-mm MgF 2 plate was paired with sapphire windows 

whose thickness ranged from 3.16 to 3.84 mm at the distal end of 

the experimental endoscope, and the resulting polarization ef-

fects of the endoscope (Figures 2H–2K) were measured with 

the benchtop Mueller imaging system (see Notes S8 and S9). 

Among the sapphire windows, the 3.68-mm window was the 

optimal match to the MgF 2 plate, and they had a thickness ratio 

of 2.30, close to the theoretical optimum of 2.29. To build the 

PME prototype, we employed this pair at the distal end of the 

endoscope and a 1-mm C-cut sapphire window at the proximal

end, and the AFOV was limited to 70 ◦ .

The polarization effects of the PME prototype were measured 

with light sources of different spectral bandwidths and were 

compared to those of the experimental endoscope without sap-

phire windows and a representative conventional endoscope 

(ShenDa, Figures 2L–2O and S5). The Mueller matrices of the 

PME were close to the identity matrices under both narrow 

and broad bandwidths, indicating its superior performance in 

maintaining polarization. The decomposed results quantitatively 

revealed that the PME had average retardance below 

0.18 rad and average depolarization below 0.03 in the FOV, 

reaching a level similar to that in the experimental endoscope 

(Figures 2P–2R). Contrarily, the average depolarization and re-

tardance of the conventional endoscope were nearly ten times 

higher than those in the PME. To assess the quality of

Figure 2. Proposed birefringence compensation method for constructing the polarization-maintaining endoscope and its subsequent po-

larization effects

(A) Optical structure of a polarization-maintaining endoscope (PME) with sapphire windows in place.

(B) Distal end optics of the PME.

(C) Possible OA mismatches in the compensation.

(D–G) (D and E) Simulated retardance of the endoscope with OA (D) and thickness (E) mismatch between the sapphire window and the compensation plate. (F and 

G) Simulated depolarization of the endoscope with OA (F) and thickness (G) mismatch. The dotted lines indicate the tolerance for the remaining retardance and 

depolarization of the endoscope after compensation.

(H–K) Residual retardance (H and I) and depolarization (J and K) in the endoscope when the 1.60-mm MgF 2 compensation plate was paired with sapphire 

windows of varying thickness. The dotted line indicates the tolerance for retardance and depolarization of the compensated endoscope. The blue boxplots show 

the benchmark results from the experimental endoscope without sapphire windows.

(L–O) Mueller matrices and retardance and depolarization images measured from the PME prototype and the experimental endoscope without sapphire. 

(P–R) Average retardance, depolarization, and extinction ratios of the experimental endoscope without sapphire windows, the PME, and the conventional 

endoscope as the FWHM of the illumination light varies. These experiments were conducted with 70 ◦ AFOV and light sources whose CWLs were 532 nm and 

FWHMs 10 nm and 200 nm (white-light source).
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polarization-gated (PG) imaging using the PME (see Note S10), 

we calculated the average extinction ratio (ER) based on their 

Mueller matrices (Figure 2R and Note S11). The PME achieved 

extinction ratios comparable to those of the experimental endo-

scope and around 30 times higher than those of the conventional 

endoscope, even with white-light illumination. Overall, the PME 

demonstrated consistent polarization-maintaining capability 

with both broad- and narrowband illumination, indicating that 

the proposed solution can suppress the unwanted polarization 

effects as intended.

Imaging enhancement in the presence of specular 

highlights and surgical smoke

With the PME exhibiting excellent polarization-maintaining per-

formance in the visible band, it is now possible to develop a po-

larization-gated white-light endoscope (PG-WLE) suitable for 

repeated clinical use. We demonstrate that using the PME, 

endoscopic color images degraded by specularities and surgical 

smoke can be restored with high quality. The setup of the PG-

WLE system is presented in Figure 3A (for more details, see 

Notes S9 and S11).

To compare the PG-WLE with the computation-based ap-

proaches typically used for specular-highlight removal, the latent 

diffusion model (LDM) 32 was implemented as a representative 

method, as the LDM outperforms other popular methods and 

considered state of the art (see Figure S8). The PG-WLE offered 

the following advantages. The PG-WLE with PME can remove 

the specularities, whereas computation-based methods typi-

cally cannot detect all highlights and would leave areas unre-

stored, as indicated by blue arrows in Figures 3D–3H and 3L. 

To evaluate the highlight-removal performances, we calculated 

the percentage of highlight pixels (PHP, see Note S13). As the re-

sults show, the PHPs were reduced from 2.57%, 1.53%, and 

3.79% to 1.1%, 0.21%, and 0.52%, respectively for the three 

scenes using the computation-based method but reduced to 

0% by the PG-WLE with the PME. The PG-WLE can accurately 

capture the scene, while the computation-based approaches 

can only estimate the areas occluded by highlights from neigh-

boring areas and often fail to reproduce the actual texture (see 

regions indicated by green arrows in Figures 3B–3D, 3F–3H, 

and 3J–3L). The PG-WLE can physically eliminate the specular 

reflections and capture specular-free images without computa-

tion, thereby minimizing the processing time. Consequently, 

the specular highlights can be removed in vivo in real time by 

the PG-WLE system with the PME (Video S1). In contrast, the 

LDM took approximately 2 s to restore each of the presented im-

ages (NVIDIA GeForce RTX 3090). Moreover, the cross-polariza-

tion channel of the PG-WLE removes highlights and enhances 

the contrast of deeper tissue targets (compare the vessels indi-

cated by red arrows in Figures 3B–3D, 3F–3H, and 3J–3L). 

Furthermore, the microstructures near the tissue surface that 

were not visible in WLE (e.g., microcirculation indicated by the 

red arrow in Figure 3N) were revealed by calculating the polariza-

tion difference (PD) image with the co- and cross-polarization im-

ages (detected with polarizers aligned parallel and perpendicular 

to the polarization state of the incident light, respectively, see 

Note S12 for PD image processing). 33,34

To validate the role of the PME in the PG-WLE system, we re-

placed the PME in the system with a conventional endoscope 

(ShenDa) and performed control experiments with it. Consider 

the region indicated by blue arrows in Figure 3O. Although the 

specular highlights are reduced in this region when the conven-

tional endoscope is integrated into the system, a considerable 

amount of specularities remain due to the co- and cross-polari-

zation channel crosstalk induced by the endoscope. The PHP of 

the scene decreased from 2.2% to 0.71%. Artifacts also ap-

peared in the PD image, particularly at the corners, indicated 

by the green arrows in Figure 4P arising from the retardance of 

the endoscope. These artifacts can readily disrupt the observa-

tion of tissue. For example, the shadowy region indicated by the 

red arrows in Figure 3P can interfere with the interpretation of su-

perficial microcirculation.

To evaluate the performance of smoky image restoration using 

the PME, we imaged the abdomen of a mouse covered by surgi-

cal smoke in vivo with the PG-WLE. The blood vessel, the disrup-

tive structure on the rib cage, and the boundaries between the 

colon parts (indicated by red, green, and blue arrows in 

Figure 3Q) were unidentifiable in the smoky image (Figure 3R). 

Restoring the smoky images often requires estimation of param-

eters for the so-called image-degradation model. 35 The refined 

polarization difference (RPD) method developed earlier 36 was 

employed for parameter estimation in this study (see Note 

S14). The RPD method exploits both color and polarization infor-

mation obtained by the PG-WLE with the PME to estimate the 

model parameters. Comparing Figures 3S and 3R, it is obvious 

that the visibility of obscured targets was substantially 

improved (peak signal-to-noise ratio [PSNR] of the image 

increased about 73%). The features indicated by the red, green, 

and blue arrows were restored and became identifiable 

(compare Figures 3S and 3Q). For comparison, we also applied 

the well-known dark channel prior (DCP) algorithm, a represen-

tative de-smoking technique utilizing only color information. 35

Figure 3. Specular-highlight and surgical-smoke removal in vivo using the PME

(A) Using the PME to set up the PG-WLE system.

(B–M) WLE images of the oral vestibule (B), retromolar trigone (F), and buccal mucosa (J); the corresponding specular-highlights-removed images obtained using 

the PME (C, G, and K) and LDM algorithm (D, H, and L); and PHP of the WLE images and the specular-highlights-removed images (E, I, and M).

(N) The WLE image of the retromolar trigone and the corresponding PD image obtained with the PME.

(O) Specular-highlight removal results using the PG-WLE with the conventional endoscope.

(P) The WLE image and the corresponding PD image obtained using the PG-WLE system with the conventional endoscope.

(Q–U) Images of the abdomen of a mouse obtained with the PME. Ground-truth (GT) image (Q), smoky image (R), and dehazed images restored by the RPD 

method (S) and the DCP method (T), and the PSNR graph comparing the quality of the smoky image and the restored images (U).

(V–Z) Images of the mouse abdomen obtained with the conventional endoscope. GT image (V), smoky image (W), and dehazed image restored by the RPD (X) and 

DCP method (Y), and the PSNR graph comparing the quality of the smoky image and the restored image (Z).
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As shown in Figure 3T, the color accuracy of the restored image 

was damaged, and targets such as the disruptive feature on the 

rib cage (indicated by the green arrow) were still difficult to iden-

tify. The images restored by the DCP are generally inferior in re-

gard to detail recovery, with PSNRs approximately 10% lower 

than by RPD with the PG-WLE (Figure 3U). In comparison, the 

combination of color and polarimetric information obtainable 

by the PG-WLE with the PME results in enhanced accuracy in 

parameter estimation and better image restoration.

In the control experiment, the PME in the PG-WLE system was 

replaced by a conventional endoscope (ShenDa). The crosstalk 

between the co- and cross-polarization channels caused by the 

polarization effects of the conventional endoscope led to poor 

restoration performance with the RPD method. The feature on 

the rib cage and the boundaries between the colon sections 

were unidentifiable (indicated by green and blue arrows in 

Figure 3X). The reconstructed images lacked details and had a 

PSNR approximately 14% lower than the benchmark DCP result 

(Figures 3Y and 3Z). This is because the conventional endo-

scope failed to provide high-quality PG images, which are essen-

tial for the RPD method to effectively restore the image.

These experiments demonstrate that the PME is crucial for 

enabling PG-based endoscopic imaging techniques. It ad-

dressed challenges posed by specular reflections and surgical 

smoke in WLE.

Performance comparison with conventional endoscope 

To demonstrate the enhancement to polarimetric endoscopy us-

ing the PME, we integrated it into the endoscopic Mueller imag-

ing system and tested the system by performing Mueller imaging 

with linear polarizer (LP) and quarter waveplate (QWP) targets 

(see Notes S15 and S16). As shown in Figure 4A, the diattenua-

tion and depolarization of the LP target measured by the system 

with the PME match the benchmark results obtained with the 

experimental endoscope. In contrast, the conventional endo-

scope introduced serious artifacts to the FOV, especially in the 

peripheral region. To provide quantitative analysis, we chose 

five representative regions of interest (ROIs A–E in Figure 4A) 

within the FOV and examined the mean and standard deviation 

of the diattenuation and depolarization in the ROIs (Figures 4B 

and 4C). It was demonstrated that the conventional endoscope 

can cause depolarization errors ten times higher than the PME 

in the peripheral region (ROIs A, B, D, and E). For the QWP target,

we compared the retardance and depolarization (diattenuation 

was negligible—available in Figure S9) measured with the three 

endoscopes (Figure 4D) and quantitatively examined their results 

in ROIs A ′ –E’. As shown in Figure 4E, the retardance obtained by 

the PME and the experimental endoscope (benchmark) were 

almost equal (both exhibited less than 0.09 rad offset from the 

nominal π=2 rad in the peripheral region and around 0.01 rad 

standard deviations in the ROIs), whereas the results from the 

conventional endoscope largely deviated from the benchmark 

(e.g., in ROI A ′ the retardance had about 0.14 rad offset from 

the nominal and 0.07 rad standard deviation). For the depolariza-

tion (Figure 4F), the results obtained using the PME were aligned 

with the benchmark, both with mean values below 0.02 and stan-

dard deviations below 0.01 in the ROIs, as expected with the 

QWP. In contrast, the conventional endoscope severely dis-

torted the reconstructed depolarization image, especially in the 

peripheral region (e.g., in ROI A ′ , the depolarization mean value 

falsely reached 0.16 with standard deviation reaching 0.06).

Ex vivo and in vivo demonstrations

To validate the role of the PME in reducing noise for polarimetric 

endoscopy, we imaged the porcine liver tissue ex vivo using the 

endoscopic Mueller imaging system with the three endoscopes 

adapted sequentially. The results are presented in Figures 4G–4J 

and S10. It was reported that the hepatic lobules and the surround-

ing connective tissue exhibit polarimetric contrast. 37 The system 

using the PME clearly resolved this contrast, matching the bench-

mark (compare Figures 4H and 4I), while the system with the con-

ventional endoscope produced noisy polarimetric images 

(Figure 4J). To quantitatively evaluate the quality of the recon-

structed polarimetric images, we used a no-reference image-qual-

ity metric named the perception-based image-quality evaluator 

(PIQE; see Note S17), which assigns higher scores to noisier im-

ages. In the representative ROI (Figures 4H–4J), the PME and 

the experimental endoscope (benchmark) achieved similar PIQE 

scores of 8.46 and 8.94, respectively. In contrast, the conventional 

endoscope scored 25.51, indicating that its quality was three times 

poorer than those of the PME and the benchmark.

To validate the PME for polarimetric endoscopy, we imaged 

the oral vestibule in vivo with the three endoscopes and 

compared their performances. The oral vestibule was selected 

because it is not distinguishable from the neighboring tissues 

by color information with the WLE (Figure 4K) but exhibits

Figure 4. Endoscopic polarimetric imaging results

(A) Diattenuation and depolarization of the LP target measured by the experimental endoscope without sapphire windows, the PME, and the conventional 

endoscope, respectively.

(B and C) Mean and standard deviation of the measured diattenuation (B) and depolarization (C) in the ROIs denoted in (A).

(D) Retardance and depolarization of the QWP target measured by the experimental endoscope without sapphire windows, the PME, and the conventional 

endoscope, respectively.

(E and F) Mean and standard deviation of the measured retardance (E) and depolarization (F) in the ROIs denoted in (D).

(G) WLE image of the ex vivo porcine liver tissue.

(H–J) Diattenuation, retardance, and depolarization and the representative ROI images obtained by the endoscopic Mueller imaging system with the experimental 

endoscope without sapphire windows (H), the PME (I), and the conventional endoscope (J) incorporated into the system.

(K) WLE image of the human oral vestibule.

(L–N) Retardance and depolarization images obtained by snapshot endoscopic Stokes imaging system with the experimental endoscope without sapphire 

windows (L), the PME (M), and the conventional endoscope (N) incorporated into the system, and the corresponding ROI images.

(O–Q) Intensity (O), retardance (P), and depolarization (Q) images and the ROIs (bordered by the red lines) of the oral vestibule when it was stretched and relaxed. 

In (L)–(Q), the areas circled by the green lines are invalid due to saturation by specular highlights.
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considerable retardance owing to the rich connective tissues. 21 

Since the in vivo target was constantly moving, a snapshot 

endoscopic Stokes imaging system was constructed for the 

experiment (see Notes S18 and S19). As the results show 

(Figures 4K–4N and S12), the PME provided polarimetric images 

(PIQE scored 37.99 and 44.98, respectively for retardance and 

depolarization images, Figure 4L) with qualities close to the 

benchmark experimental endoscope (PIQE scored 38.05 and 

41.87, respectively for retardance and depolarization images, 

Figure 4M). In contrast, the quality of the retardance and depo-

larization images obtained with the conventional endoscope 

was 22% and 7% poorer, respectively (PIQE scored 46.53 and 

48.68, Figure 4N). In Figures 4L–4N, the images were captured 

at different times. The discrepancy observed in the depolariza-

tion images between Figures 4L and 4M arise from changes in 

specular reflection regions, resulting from movement of the tis-

sue and the endoscope. Note that the image-quality evaluation 

was not affected. Additionally, we utilized the PME to charac-

terize the polarization properties of the oral vestibule in vivo 

when it is stretched and released. Our results indicate that the in-

tensity remained essentially unaffected by the applied tension, 

as evidenced by the consistent intensities in the tracked region 

(Figure 4O). Meanwhile, the depolarization slightly increased 

with the applied tension, arising likely because of stronger tissue 

birefringence induced by the tension (Figure 4Q). Retardance ex-

hibited a remarkable rise (Figure 4P), suggesting better align-

ment of the connective tissue induced by the increasing tension. 

These results were consistent with those reported by previous 

research. 37

These experiments demonstrate that the PME is crucial for 

reducing errors and improving the quality of polarimetric endos-

copy. The technique enables consistent and reliable character-

ization of tissue from a perspective beyond color, potentially 

enhancing lesion-detection precision.

Conclusion and outlook

An endoscope with sapphire windows that maintains polariza-

tion in the visible spectrum has been investigated for potential 

clinical translation of polarization-resolved imaging techniques. 

Here, we present a viable solution to the conflict between ‘‘main-

taining polarization’’ and ‘‘sapphire windows.’’ The constructed 

PME prototype addresses challenges in the color-resolved 

WLE including image degradation caused by specularities and 

surgical smoke as well as improving the quality of polarimetric

imaging.

Compared to previous studies, 24 a deeper insight into the po-

larization effects of conventional endoscopes is provided in this

work, encompassing all factors influencing these effects and 

their formation mechanisms. Based on the study, it is found 

that depolarization in conventional endoscopes is essentially 

the secondary effects of retardance inhomogeneity and can 

thus be suppressed by manipulating the retardance via birefrin-

gence compensation. Additionally, the influence of the endo-

scope aperture (i.e., entrance pupil) on depolarization is not 

negligible, given its small diameter (sub-millimeter magnitude). 

This finding explained the remaining depolarization observed 

with quasi-monochromatic illumination, which was shown but 

not noted or explained in previous literature. 23

The proposed approach based on birefringence compensa-

tion to achieve the broadband PME requires minimal modifica-

tion to the standard optical design and fabrication process of 

the conventional endoscope. Therefore, the optical design of 

the endoscope and the key fabrication procedures are mini-

mally affected. The tolerance for thickness mismatch is in 

the range of tens of micrometers, and tolerance for OA 

misalignment is in several degrees. These tolerances are 

several orders of magnitude higher than the typical machining 

and alignment precision in optics. As a result, the approach 

imposes minimal additional burden on the process of endo-

scope fabrication.

The polarization-maintaining performance of the PME in the 

visible band enables seamless fusion of the polarization- and 

color-resolved imaging modalities. This approach not only 

avoids the limitations of color-only imaging, such as visual 

obstruction and confusing features caused by specularities, 

but also obtains the standard color-resolved image equivalent 

to WLE. The polarimetric endoscopy experiments here demon-

strated that polarimetric properties of tissue related to tissue 

histopathological features 38–40 can be obtained with better ac-

curacy using the PME. Nevertheless, based on this study, for 

applications that tolerate more errors and noise, it is feasible 

to conduct polarimetric endoscopy with conventional endo-

scopes whose polarization effects are mitigated by, for 

example, reducing sapphire thickness or AFOV followed by nu-

merical calibration.

As a key component for polarization-resolved endoscopy, the 

PME keeps the sapphire windows, which makes it safe and du-

rable for use and removes a major barrier for the clinical transla-

tion of polarization-resolved endoscopy. We also show that po-

larization-resolved endoscopy based on the PME can effectively 

address the challenges of standard color-resolved WLE and 

pave the way for precision and intelligent MIS.

We also note some limitations of this work. The proposed so-

lution for achieving a PME will lead to higher costs, primarily 

due to the inclusion of an additional compensation plate and 

the extra alignment efforts during assembly. The PME was 

modified to have negligible polarization effects under broadband 

illumination. It was not experimentally validated whether it main-

tains polarization under every wavelength in the visible spec-

trum. However, by inference, the PME should well maintain the 

polarization states for every wavelength within the visible 

spectrum.

METHODS

Details regarding the methods can be found in the supplemental 

information.
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