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Optical coherence tomography (OCT) is a non-invasive imaging technique

which has become the “gold standard” for diagnosis in the field of

ophthalmology. However, in contrast to the eye, nontransparent tissues

exhibit a high degree of optical scattering and absorption, resulting in a

limited OCT imaging depth. And the progress made in the past decade in

OCT technology have made it possible to image nontransparent tissues with

high spatial resolution at large (up to 2mm) imaging depth. On the one hand,

OCT can be used in a rapid, noninvasive way to detect diseased tissues, organs,

blood vessels or glands. On the other hand, it can also identify the optical

characteristics of suspicious parts in the early stage of the disease, which is of

great significance for the early diagnosis of tumor diseases. Furthermore, OCT

imaging has been explored for imaging tumor cells and their dynamics, and for

the monitoring of tumor responses to treatments. This review summarizes the

recent advances in the OCT area, which application in oncological diagnosis

and treatment in different types: (1) superficial tumors:OCT could detect

microscopic information on the skin’s surface at high resolution and has

been demonstrated to help diagnose common skin cancers; (2)

gastrointestinal tumors: OCT can be integrated into small probes and

catheters to image the structure of the stomach wall, enabling the diagnosis

and differentiation of gastrointestinal tumors and inflammation; (3) deep

tumors: with the rapid development of OCT imaging technology, it has

shown great potential in the diagnosis of deep tumors such in brain tumors,

breast cancer, bladder cancer, and lung cancer.
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Introduction

OCT is a noninvasive optical imaging technique, that can

capture high-resolution and three-dimensional (3D) images on

biological tissues with label-free. Huang et al., in 1991 (1), first

proposed a concept of OCT. Through the weak coherent light

interferometer theory, images of biological tissues with excellent

axial resolution (<10 mm) can be obtained in real-time utilizing

near-infrared (NIR) light waves reflected by microstructures within

the tissue (2). Based on the above advantages, OCT is widely used in

a variety of biomedical fields, including ophthalmology, dentistry,

dermatology, oncological and cardiovascular, among others.

In biomedical fields, optical imaging technology is

extensively used such as Laser scanning confocal imaging

(LSCI), Two-Photon imaging, Fluorescence imaging (FI), Laser

speckle imaging (LSI), Laser doppler imaging (LDI) and OCT,

etc. Although LSCI and two-photon imaging techniques could

provide high spatial resolution images of biological tissues,

imaging under aqueous or oily objectives requires contact with

tissues, while the relatively small imaging view field and low

penetration depth make them impractical for clinical application

(3, 4). In terms of LSI, it is also difficult to perform depth-

resolved in vivo 3D imaging due to depth limitation, even though

it can offer high-resolution, non-contact imaging (5). A

millimeter- resolution LDI can only monitor microcirculatory

vessels (6). FI involves the use offluorescent materials as imaging

labels (7), which may cause adverse effects like allergies. In

contract, OCT offers a non-invasive method for imaging tumor

tissue at multiple scales, with high contrast and resolution in

vivo, as well as displaying high endogenous contrast in biological

tissues (8). Moreover, OCT allows for deep penetration of tissue

up to 2 mm and can rapidly produce 3D images with high

temporal resolution (9, 10).

After the development of OCT, it was widely used in ocular

imaging for glaucoma (11–13), macular degeneration (14–16),

retinal vein obstruction (17–19), diabetic retinal microaneurysm

(20, 21), uveitis (22–24), etc. The advances in OCT imaging

applications for ophthalmology were detailed in relevant reviews

in 2018 (25), 2019 (22), 2020 (26), and 2022 (27). OCT has also

contributed to the fields other than ophthalmology due to its

miniaturization and integration with catheters and endoscopes

(Figure 1). Hence, an overview of OCT imaging technology will be

given in this article, along with its recent developments in

oncological diseases: (1) superficial tumors: OCT could detect

microscopic information on the skin’s surface at high resolution

and has been demonstrated to help diagnose common skin

cancers; (2) gastrointestinal tumors: OCT can be integrated into

small probes and catheters to image the structure of the stomach

wall, enabling the diagnosis and differentiation of gastrointestinal

tumors and inflammation; (3) deep tumors: with the rapid

development of OCT imaging technology, it has shown great

potential in the diagnosis of deep tumors such in brain tumors,
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breast cancer, bladder cancer and lung cancer. In addition, the

possible future development direction of OCT is prospected.
Development of the OCT

Low coherence interference of light is the basis for OCT,

which is similar to ultrasound imaging in principle. Based on the

Michelson interferometer, the OCT imaging equipment

architecture obtains tissue reflection signals with depth

resolution characteristics by detecting an interference signal

formed between the reflected light of the reference lens and

the backscattered light of the sample objective. By changing the

relative position of the reference mirror, the intensity of the

backscattered light of tissue can be detected at different depths.

In the axial direction, echo sequences with different depths form

an intensity distribution (A-scan). Multi-points A-Scan

reconstruction results in a two-dimensional (2D) cross-

sectional image of the tissue, called B-Scan. And then the 3D

structure of the tissue can be obtained by reconstructing the B-

Scan at different locations (28, 29).

OCT imaging technology has gone through three generations,

namely time-domain OCT (TD-OCT), spectral-domain OCT

(SD-OCT), and swept OCT (SS-OCT), with the advancement of

laser and computer technology and the optimization of imaging

algorithms (Figure 2). The first-generation OCT system based on

time-domain detection relied on time delay measurement of the

reflected signal from tissue relative to the reflected signal from the

reference mirror. The optical signal reflected from the target tissue

superimposes and interferes with the optical signal reflected by the

reference mirror, resulting in the formation of the OCT. This

procedure requires mechanically shifting the reference mirror,

thereby changing the depth of the tissue being scanned (31, 32).

However, with the advancement of technology and technology

and for different needs, TD-OCT has emerged many variants,

such as line-field confocal OCT (LC-OCT) (33, 34), full-field OCT

(FF-OCT) (35), polarization-sensitive OCT (PS-OCT) (36), etc.,

to achieve more efficient and wide applications in the clinic.

Unlike TD-OCT, the reference mirror of the reference arm is

fixed in the second-generation SD-OCT structure. The

interference of the optical signal can be achieved by varying

the frequency of the light source, and the data acquisition rate

can be raised by 45-100 times (37). Simultaneously, SD-OCT can

measure the spatial and structural information on all echo delays

(axial pixels) by evaluating the interference spectrum between

the light signal from the rest-reference mirror and the light

signal reflected from biological tissue (38).

Though SD-OCT and SS-OCT use Fourier domain

techniques, spectrometers and high-speed line scan cameras

are utilized to measure the interferometer spectra of the SD-

OCT. On the other hand, SS-OCT detects OCT signals with

sweep light sources and photodetectors. Moreover, the SS-OCT
frontiersin.org
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has a high-speed scan rate and a tunable scanning laser, resulting

longer wavelengths than traditional spectral-domain OCT (20,

39). Therefore, the third-generation SS-OCT has faster scan

speeds, higher scan densities, less deeply dependent signal-to-
Frontiers in Oncology 03
noise ratios, and higher resolutions. These properties enable

them to reduce the impact of motion artifacts and better

visualize tissues such as blood vessels while imaging larger

areas, improving the quality of OCT in vivo imaging, and
FIGURE 1

Application of OCT in the field of oncology.
B

C

A

FIGURE 2

Structural diagrams of three generations of OCT systems. (A) TD-OCT; (B) SD-OCT; (C) SS-OCT (30). Copyright 2022, www.opticsjournal.net.
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expanding its usage in biomedical research. Toward Pi Company

has recently developed an SS-OCT system with 400,000 cycles

per second that can rapidly reach an imaging depth of 6 mm.

Simultaneously, the scanning length of a single image reaches 24

mm, and the axial resolution reaches as high as 3.8 mm. The

images shine in the commercial field of ophthalmic OCT

because of its excellent imaging parameters in both local and

foreign markets (40).

Optical coherence tomography angiography (OCTA) is a

kind of vascular imaging technology, belonging to the SS-OCT,

which can visualize and quantify the morphological information

of blood vessels by detecting the red blood cell (RBC) movement

of the intravascular dynamic scattering signal (41). It has become

the “gold standard” in the field of ophthalmic diagnostics.

Currently, applications in the field of oncology are also

widely studied.
Application of OCT in oncology

Cancer is a leading cause of death worldwide and most

patients are in the middle and advanced stages of treatment due

to the subtle onset of early cancer and the inconspicuous

symptoms. Traditional medical imaging methods focus on

morphological tumor diagnosis, however, association of the

imaging characteristics with early cancer is not apparent.

Therefore, achieving multi-angle, all-round imaging and

diagnosis of early cancer occurrence and progression from

structural and functional levels, and providing timely radical

treatment, is a significant component in the long-term survival

of cancer patients. OCT has become a novel approach to early

cancer diagnosis due to its rapid development.
Application of OCT in superficial tumors

The skin is not only the largest and most accessible organ of

the human body, but it also has relatively clear layered

structures. Therefore, the microstructural information of the

skin surface can be easily visualized using the OCT of near-

infrared light. OCT not only generates micron-level images of

living skin with a depth of 2 mm, but also is convenient, real-

time, dynamic, great repeatable, and inexpensive. Hence, it is

widely used in the diagnosis of superficial tumors. It was first

used in 1997 to diagnose skin lesions as an additional tool for

diagnosing and monitoring skin lesions (42). The high-

resolution OCT detects the epidermis, dermis, appendages,

and blood vessels of the skin, as well as evaluates the response

to treatment of some diseases. OCT has already been

demonstrated to help diagnose common skin cancers.

OCT is considered to be an advantageous diagnostic method

for non-melanoma skin cancer, offering potential for diagnosis

in the early stages of the disease. Non-melanoma skin cancers
Frontiers in Oncology 04
are generally classified as basal cell carcinoma (BCC) and

squamous cell carcinoma (SCC) (43).

In 2021, an international consensus statement on Basal cell

carcinoma (BCC) OCT, including BCC term sets for different

subtypes was proposed. The publication of this statement helps

implement OCT imaging of basal cell carcinoma in clinical and

research settings (44). Adan et al. used the established diagnostic

value of OCT features in 99 patients to determine whether OCT

features could accurately distinguish BCC from non-BCC and

BCC subtypes. The results showed that a limited number of OCT

features were able to distinguish superficial BCC from non-

superficial BCC and non-BCC lesions. The diagnostic method

was able to detect 97.8% of BCC lesions, 84.3% of superficial

BCC lesions and 98.8% of non-superficial BCC lesions (45). The

LC-OCT technique, which combines reflex confocal microscopy

with OCT technology, explains the basal cell carcinoma

characteristics under LC-OCT examination and offers a

theoretical basis for the diagnosis, classification, and treatment

of later basal cell carcinoma (33, 34).

Cutaneous squamous cell carcinoma (SCC) is another

common non-melanoma skin cancer that, unlike BCC, has the

potential to metastasize. Early recognition and treatment are

critical to reducing this risk, and actinic keratosis (AK) is

considered a precursor lesion in SCC (46). Zhou et al., used an

SD-OCT to image AK lesions of varying degrees in mice, which

showed that the irregular wavy dermal-epidermal junction (DEJ)

and persistent thickening of the epidermis are useful diagnostic

parameters for AK. It demonstrates the great potential of OCT

for non-invasive diagnosis of precancerous lesions (47). Cinotti

et al. imaged 158 patients preoperatively using LC-OCT devices

and performed histological examinations postoperatively.

Conclusions show that LC-OCT is a new non-invasive

imaging technique that can identify the main features of AK

and SCC, which can help clinicians detect cellular and structural

changes in keratinocyte skin tumors in real-time (48). Ho et al.

based on a convolutional neural network (CNN) developed a

mouse skin SCC classification model that integrates a FF-OCT

device. This model provides a rapid, non-invasive, and accurate

SCC classification, achieving 87.12% and 90.10% classification

accuracy at the image level and tomography image level,

respectively (35).

Conventional OCT is considered to be less sensitive for

detecting early-stage melanoma, but it has the highest sensitivity

compared to other techniques such as confocal microscopy,

ultrasonography, and multispectral imaging. The imaging

results of high-definition OCT (HD-OCT) and speckle

variance OCT (SV-OCT) for melanoma are more positive

than conventional OCT. However, due to the limited data

available, more reports are needed to draw conclusions about

their effects (49).

OCT technology offer changes in tumor microvascular before

and after treatment to assess tumor microvascular response to

nano therapy. This creates the theoretical and technical base for
frontiersin.org
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developing new tumor-specific diagnostic and treatment

approaches (50). Welzel et al. observed blood vessels in skin and

malignant melanoma using Dynamic optical coherence

tomography (D-OCT) D-OCT and proposed that increased

blood vessel density and irregular vascular patterns were more

common in melanoma and more common in higher-stage

melanoma (51). OCT can visually exhibit microscopic

characteristics within tissues and distinguish lymph node tissue

and surrounding adipose tissue, revealing changes in nodular

microstructure during metastatic tumor invasion (Figure 3). Si

et al. generated “flow-gated” spectral OCT images using a dual-

band signal processing algorithm that demonstrates lymphatic
Frontiers in Oncology 05
drainage pathways for melanoma blood vessels and peritumoral

tissue at micron-scale resolution (Figure 4) (52). Table 1

summarizes the imaging capabilities of OCT in superficial

tumors of the skin.

The introduction of non-invasive, efficient, and cost-effective

screening tools will enhance the early detection of oral cancer

and hence, the patient’s lifespan. A Local Residual Adaptation

Network (LRAN) model based on deep learning technology was

developed for qualitative and quantitative analysis of oral cancer

OCT image datasets with high accuracy and sensitivity (58).

Furthermore, a 3D technique of SD-OCT was developed for

evaluating the structural changes in oral epithelial cells, which
FIGURE 3

(A) Schematic of subcutaneous tumor-bearing nude mice dorsal window imaging; (B) Subcutaneous tumors of nude mice with tumors enlarge
the skin window chamber images; (C) The zoom-in skin window chamber image in the healthy nude mice; (D) The corresponding enface
microvascular image in vivo is shown in (C); (E) Representative tissue cross sectional structural image (gray) and blood flow image (red border);
(F) The zoom-in skin window chamber image in the subcutaneous tumor-bearing nude mice; (G) The corresponding enface microvascular
image in vivo is shown in (F) (50); Copyright 2021, Wiley. (H) Normal vascular OCT images; (I) OCT images of angiogram and lymphangiography.
The dotted line indicates the position of the cross-section image in A-B. (J, K) normal angiography and lymphangiography OCT en-face images.
The red arrow indicates a large blood vessel, and the yellow arrow indicates the lymphatic vessel. (L) Melanoma vascular OCT image. (M) OCT
images of melanoma angiography and lymphangiography. The dotted line indicates the position of the cross-section image in (E–F).
(N, O) Melanoma angiography and lymphangiography OCT en-face image (52). Copyright 2020, American chemistry society.
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improved the time efficiency and quality of diagnosing epithelial

lesions (59). Automatic image processing algorithms in OCT

images can differentiate between heterotypic oral potentially

malignant lesions (OPML) and malignant lesions, resulting in
Frontiers in Oncology 06
high sensitivity. Evidence is provided by using reliable and low-

cost OCT instruments as point-of-care devices in resource-

constrained settings and potential clinical applications in oral

cancer screening and surveillance (53).
B

C

D

A

FIGURE 4

(A-C) ANN-SVM based image analysis pipeline (53); Copyright 2021, MDPI. (D) The overview of LRAN (58) Copyright 2022, Springer.
TABLE 1 The imaging capabilities of OCT in superficial tumors.

Cancer Authors Main Findings

Cutaneous
melanoma

Von Knorring et al. (2022) (54); Schuh
et al. (2022) (55)

OCT can distinguish benign and malignant pigmented cutaneous tumors

Cutaneous basal
cell carcinoma

Gust et al. (2022) (56); Suppa M et al.
(2021) (33); Verzì et al. (2021) (57)

LC-OCT can describe the characteristics of basal cell carcinoma at the bedside for differential diagnosis
of basal cell carcinoma and for typing of basal cell carcinoma and assessment of response to treatment of
BCC.

Squamous cell
carcinoma of
the skin

Ho et al. (2021) (35) FF-OCT can provide fast, non-invasive, and accurate SCC classification with high accuracy.

Oral cancer Yuan et al. (2022) (58); Trebing et al.
(2021) (59); Ilhan et al. (2020) (60); Chen
et al. (2020) (61)

OCT can assess structural changes in oral epithelial cells, distinguish oral cancer from precancerous
lesion tissue, and conduct noninvasive screening, detection, evaluation of differentiation, and staging oral
dysplasia and early cancer.
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Application of OCT in gastrointestinal
tumors

OCT has shown significant potential in cavity organ tumors

using techniques, such as endoscopy, catheterization, and

laparoscopy. OCT imaging can distinguish between the four

layers of the stomach wall structure, namely the glandular

epithelium, mucosal muscle layer, submucosal layer, and

muscle layer, where the submucosal layer is visible to the

blood vessels. Jansen et al. used prospective research to

investigate 26 patients with esophageal cancer. Calculate the

contrast of plaques in an M-mode scan to distinguish between

blood flow areas and resting tissues. This study is the first to

confirm the OCT imaging of gastric tissue and blood flow

detection in vivo during surgery in esophageal cancer patients,

reducing the occurrence of anastomotic leakage after operation

and improving surgical outcomes for patients (62).

OCT imaging of the esophageal and gastrointestinal parietal

structures can detect various digestive tract diseases because
Frontiers in Oncology 07
tumors and normal tissues exhibit different light scattering

patterns on OCT images. Lee et al. used volumetric OCTA

imaging and corresponding histological diagnosis of 52 dysplasia

patients who received Barrett’s esophagus (BE) monitoring or

endoscopic eradication of dysplasia, which can differentiate

between low-grade dysplasia, low-grade dysplasia (LGD), and

high-grade dysplasia (HGD) with the ability to visualize LGD/

HGD-associated microvascular features with high accuracy (63)

(Figure 5). Rodriguez et al. reviewed 14 studies, including

endoluminal laser microscopy and OCT imaging of Barrett’s

esophagus, and found that endoscopic imaging of Barrett’s

esophagus with OCT and laser intraluminal microscopy could

perform targeted biopsies and improve the probability of early

detection of esophageal tumors (64).

OCT’s ability to image the layers of the gastrointestinal wall

can be used to diagnose cross-wall inflammation in Crohn’s

disease (CD) and differentiate it from ulcerative colitis (UC).

Shen et al. used colonoscopic OCT to express the lamellar

structures of colon wall disintegration. They discovered that
FIGURE 5

(A) Schematic diagram of a commercial OCT; (B) Gastric tube perfusion areas and (C) ROI region OCT grayscale image, cross-sectional OCT
image showing vessels shadow (62); Copyright 2018, MDPI. OCTA vascular imaging of (D-F) non-dysplasia and (G-I) dysplasia BE (63).
Nanoparticles targeting the hypoxic tumor microenvironment. Copyright 2017, ELSEVIER.
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the destruction of colon wall layers on OCT is a reliable indicator

of CD transmural inflammation (65).

OCT has a critical role in achieving qualitative real-time

analysis and targeted biopsy. Ding et al. used OCT images to

differentiate dysplasia and cancer from normal colonic tissue

(66). For the first time, Hariri et al. used endoscopic OCT and

laser-induced fluorescence (LIF) OCT-LIF to demonstrate

repetitive, minimally invasive, cross-sectional colon imaging in

mice, observing the development of adenoma with atypical

hyperplasia of the colonic mucosal epithelium, mucosal

thickening. The mucosal/submucosal barrier can be uplifted

and disrupted by mucosal cancer tissue (67). Harpel et al. used

OCT to track the onset and development of colorectal cancer in

mice. They discovered that OCT could be used to allow for the

monitoring of morphological changes in the distal colon due to

tumor development and the presence of lymphoid aggregates. In

addition, the role of inflammation on tumor development and

the immune system can be elucidated. So, they could be used as

novel therapeutic agents to prevent disease progression and

increase the efficacy of anti-cancer agents. OCT can also be

useful for initiating early therapy and assessing the benefit of

combination therapy targeting inflammation (68).

Overall, OCT imaging is useful in the early differential

detection of gastrointestinal tumors. The intraluminal optical

tomography scanner (62, 69)could become a helpful reference

for rapid, low-cost, non-invasive light biopsy, early differential

diagnosis, and treatment of gastrointestinal cancers (Table 2).
Application of OCT in deep tumors

Many research groups (71) have developed new OCT

technologies to perform extensive studies in deep tumors with

the rapid growth of lasers and computers.

OCT enables fast, wide-field, and label-free imaging of the

living brain. In 2019, Katta et al. (72) used OCT to coagulate blood

vessels and performed laser ablation of brain tumors (Figure 6).

Yecies et al. published a new in vivo imaging approach using

speckle-modulating OCT (SM-OCT) for label-free in vivo nerve

and tumor edge identification in the same year. SM-OCT was

used to show the white matter bundle and cortical layer structure
Frontiers in Oncology 08
in the brains of live mice. They identified the edges of glioblast

tumors in situ in a mouse brain at an imaging of 10 mm (10).

Rapid and accurate evaluation of the intraoperative margin

is vital for minimizing the resection rate in breast cancer. Using

OCT images, Singla et al. used an active reverse-learning pre-

trained inception-v3 CNN to distinguish between healthy and

cancerous breast tissue. The method is highly sensitive, specific,

and accurate (73). Likewise, Mojahed concluded that using

CNN-based algorithms, it is possible to accurately identify

malignant spots in OCT images (74).

Kansal et al. also developed a high-resolution automated

full-field polarization-sensitive optical coherence tomography

(FF-PS-OCT) system that was utilized to visualize 12 breast

tissue samples, including four healthy tissues and eight

malignant (cancerous) tissues. They used 106 OCT pictures to

extract various phase features. This system can detect breast

cancer models with up to 90.90% sensitivity and 85.0%

specificity (75). Yang et al. analyzed the resection of normal

breast tissue, breast cancer tissue, benign breast lesions, and

axillary lymph nodes using FF-OCT and dynamic cell imaging

(DCI). The findings reveal that FF-OCT and DCI have high

accuracy in diagnosing breast cancer and have good diagnostic

potential in breast surgery (76). Many research organizations

have developed deep learning technology to improve qualitative

leaps in image recognition and diagnostic characterization. More

recently, Chen et al. created a computer-aided diagnosis (CADx)

method that designs a contrastive texture learning strategy, with

a sensitivity of 91.17% ± 4.99% for OCT image plaques. The

specificity was 93.96% ± 4.72%, providing better interpretability

based on texture features, which could lead to immediate clinical

treatment (77).

Bladder cancer patients may benefit from OCT in addition

to endoscopy for staging and grading. A prospective multicenter

phase II trial revealed that OCT-assisted cystoscopy is a real-

time, noninvasive, and maneuverable facility that increases the

accuracy of bladder cancer staging and tumor invasion

prediction (78). Xu et al. used intracellular motion (IM) as a

dynamic contrast agent to track the distribution of urinary celiac

cells. This contrast could provide a novel mechanism for OCT to

accurately depict urothelial cancer cells’ the depth and kind of

invasion to stage bladder cancer (79). Wurster et al. offered a
TABLE 2 The imaging capabilities of OCT in gastrointestinal tumors.

Cancer Authors Main Findings

Esophageal
adenocarcinoma

Rodriguez et al.
(2019) (64); Lee et al.
(2017) (63)

OCTA can distinguish between LGD and HGD while showing LGD/HGD-related microvascular features with high accuracy.
Endoscopic imaging using OCT and laser intraluminal microscopy allows for targeted biopsy to improve the probability of
early detection of esophageal tumors.

Colon cancer Kendall et al. (2022)
(70)

OCT can show the “texture” of tissue well and is an excellent way to assess the mucosal thickness and the number of layers for
quick identification and classification of tissues.

Gastric cancer Jansen et al. (2018)
(62)

OCT can perform real-time visual blood flow detection imaging in a surgical setting to evaluate the efficacy of surgery or drugs
by using Vivo microcirculatory perfusion destined data.
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piezoelectric fiber-optic scanner-based forward-imaging

endoscope for OCTA. The ins t rument combines

morphological tissue comparison with qualitative dynamic

blood flow information to improve the early diagnosis of

diseases like bladder cancer (80).

For the time being, OCT is primarily used as a bronchoscopic

auxiliary tool to display the microstructure of each layer of the
Frontiers in Oncology 09
bronchial wall and achieve a similar histopathological diagnosis

without tissue biopsy, which helps to reduce the invasive

examination and improve the early diagnosis rate of lung

cancer, which is critical for the diagnosis and treatment of lung

cancer (81). According to Shostak et al., ultra-high resolution

images provide essential microstructural information that

effectively distinguishes lymph nodes from adjacent airway walls
FIGURE 6

(A) Pretreatment of cerebral surface vascular construction (red) and tumor area (green) in mice. (B) Renders an image in 3D with an attenuation
rate threshold mask superimposed on the OCT intensity (blue). (C) Maximum intensity projection after coagulation. (D) Maximum intensity
projection after ablation. (E) After overlapping the tumor margins (blue) before ablation, stain the corresponding area with the post-ablation b-
scan (gray) (F) H&E stained of the corresponding region (72); Copyright 2019, Theranostics. (G) FF-OCT image of normal and (H) cancerous
hepatic cell. (I-K) Boxplot of selected features for the Mean, Kurtosis, and FracDim. mean and kurtosis are not sensitive in distinguishing
between normal and cancerous hepatocytes, the mean and kurtosis are not sensitive in distinguishing between normal and cancerous
hepatocytes, when the liver becomes cancerous, the value of the fractal parameter increases (88). Copyright 2020, Wiley.
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through the characteristics of these microstructures and reveals

lymphoid follicles, adipose tissue, pigment-laden histiocytes, and

blood vessels information based on needle-based OCT-guided

lymph node sampling for lung cancer staging (82).

Hohert et al. used a combination of OCT and autofluorescence

imaging (OCT-AFI) to improve diagnostic rates for areas of the

lungs not accessible by more extensive imaging methods (83).

Furthermore, OCT can aid in determining the tumor’s depth of

invasion (84). In malignant lung disease, discriminate between

normal and malignant sections of the central airway, lung

parenchyma, lymph nodes, and pleura by visualizing illness-

related anatomical partitions of the lungs in real-time (85). The

results of an in vitro scan of 64 specimens of lung nodules suggest

that PS-OCT may be able to distinguish between tumors and

fibrosis and can be used to guide intraoperative tissue sampling in

vivo or to assess sufficiency for rapid biopsy in vitro (36). Nandy

et al. came to a similar conclusion (86).

Presently, the use of OCT in liver cancer is under-reported.

In 2015, Zhu et al. performed rapid and high-resolution

tomography of human liver specimens using an FF-OCT

scanner (87). Nuclear atypia and thicker fibrous bands of

hepatocellular carcinoma can be observed on en-face

tomography images of FF-OCT. They proposed the support

vector machine (SVM) for classifying normal liver tissue and

cancerous liver tissue using en-face tomography images. They

used the label-free human liver tomography stack to extract

seven quantitative parameters, including mean, variance,

skewness, kurtosis, energy, entropy, and fractal dimension

(FD). The value of FD grows as the liver becomes cancerous,

signifying that a divided-dimensional classifier can be utilized

for label-free quantitative tumor detection (88).

These encouraging research results suggest that OCT

technology will become an important imaging method for
Frontiers in Oncology 10
deep tumor clinical applications. Table 3 summarizes the

imaging capabilities of OCT in the deep tumor.
Conclusions and perspectives

As a mature imaging method being used in new fields, OCT

has its unique advantages. Firstly, OCT can provide non-invasive,

high-quality detailed images. Through optical, electrical and

image processing, OCT can provide micrometer-resolution

images of tissues, as well as high-resolution 3D imaging, which

can be used for early diagnosis and treatment of diseases. The high

soft tissue contrast that OCT can provide facilitates detailed

analysis of soft tissue anatomy, which is of great significance for

early diagnosis of cancer. In addition, OCT can be integrated into

small probes and catheters, making it suitable for entering internal

organs for cancer imaging and diagnosis. Due to the limited

penetration depth and visual field of OCT itself, it is difficult for an

oncologist to diagnose from an image of small area tissue. Besides,

the imaging depth is limited in evaluating intraoperative tumor

margins, usually within 2mm, which greatly limits its application

in surgery. Moreover, it is difficult to fix the probe or imaging

module well when imaging with small probes and catheters, so it is

difficult to obtain clear images. Therefore, the first step in the

future development of OCT is to improve the imaging depth, and

combining artificial intelligence algorithms and a variety of

imaging methods, so that it can perform imaging at a relatively

large depth and field of view. Secondly, under the advantages of

ultra-high sampling speed and high resolution of OCT itself, the

multi-frame synthesis technology is used to improve the stability

of sampling. Finally, OCT will integrate with other disciplines and

technologies in the future, such as artificial intelligence, medical

image analysis, intelligent machinery manufacturing, safe and
TABLE 3 The imaging capabilities of OCT in deep tumors.

Cancer Authors Main Findings

Brain cancer NyúlTóth et al. (2021) (89); Hartmann
et al. (2020) (90); Yecies et al. (2019) (10);
Tsai et al. (2018) (91)

OCT can not only identify and quantify cerebrovascular morphology and degree of relaxation in vivo but
also conduct long-term monitoring of cerebrovascular dynamics in dilated. It can also show hidden brain
microanatomy to identify brain tumor margins, improving intraoperative safety.

Breast cancer Mojahed et al. (2020) (74); Kansal et al.
(2020) (75); Yang et al. (2020) (76)

FF-OCT has good diagnostic potential in breast surgery and enables real-time assessment of intraoperative
margins.

Bladder cancer Sung et al. (2021) (78); Xu et al. (2021)
(79)

OCT can show the depth and type of invasion of urothelial cancer cells, accurately grading and staging
bladder cancer. Assist in intraoperative decision-making through real-time disease staging for more
accurate diagnosis, resection, and reduced recurrence rates.

Cervical
cancer

Chen et al. (2022) (77); Ren et al. (2021)
(92); Placzek et al. (2020) (93); Ma et al.
(2019) (94); Zeng et al. (2018) (95)

OCT can identify cervical morphological features and lesions noninvasively in real-time.

Lung cancer Ding et al. (2021) (81) Endobronchial OCT (EB-OCT) combined with machine learning algorithms can identify malignant lung
nodules at a low cost.

Hepatocellular
carcinoma

Zhu et al. (2020) (88) FF-OCT can quantitatively detect hepatocellular carcinoma without markers.
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environmentally friendly newmaterial processes, et. It can be used

not only in early disease diagnosis and facilitating scientific

research to provide a more objective and precise imaging

measurement basis, but also for the routine detection of diseases

to provide safer, faster, and inexpensive technology solutions.
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Line-field confocal optical coherence tomography of basal cell carcinoma: a
descriptive study. J Eur Acad Dermatol Venereol (2021) 35:1099–110. doi:
10.1111/jdv.17078

34. Monnier J, De Carvalho N, Harris U, Garfinkel J, Saud A, Navarrete-
Dechent C, et al. Combined reflectance confocal microscopy and optical coherence
tomography to improve the diagnosis of equivocal lesions for basal cell carcinoma.
J Am Acad Dermatol (2022) 86:934–6. doi: 10.1016/j.jaad.2021.03.066

35. Ho CJ, Calderon-Delgado M, Lin MY, Tjiu JW, Huang SL, Chen HH.
Classification of squamous cell carcinoma from FF-OCT images: Data selection
and progressive model construction. Comput Med Imaging Graph (2021)
93:101992. doi: 10.1016/j.compmedimag.2021.101992

36. Hariri LP, Adams DC, Applegate MB, Miller AJ, Roop BW, Villiger M, et al.
Distinguishing tumor from associated fibrosis to increase diagnostic biopsy yield
with polarization-sensitive optical coherence tomography. Clin Cancer Res (2019)
25:5242–9. doi: 10.1158/1078-0432.CCR-19-0566

37. Titiyal JS, Kaur M, Nair S, Sharma N. Intraoperative optical coherence
tomography in anterior segment surgery. Surv Ophthalmol (2021) 66:308–26. doi:
10.1016/j.survophthal.2020.07.001

38. Yaqoob Z, Wu J, Yang C. Spectral domain optical coherence tomography: a
better OCT imaging strategy. Biotechniques (2005) 39:S6–13. doi: 10.2144/
000112090

39. Huber R, Adler DC, Fujimoto JG. Buffered fourier domain mode locking:
unidirectional swept laser sources for optical coherence tomography imaging at
370,000 lines/s. Opt Lett (2006) 31:2975–7. doi: 10.1364/OL.31.002975

40. Toward pi medical received another 200 million yuan of b round financing
this year, leading the rise of domestic ophthalmic equipment . Available at: https://
www.shangyexinzhi.com/article/4440235.html.
Frontiers in Oncology 12
41. Si P, Yuan E, Liba O, Winetraub Y, Yousefi S, Sorelle ED, et al. Gold
nanoprisms as optical coherence tomography contrast agents in the second near-
infrared window for enhanced angiography in live animals. ACS Nano (2018)
12:11986–94. doi: 10.1021/acsnano.8b03862

42. Welzel J, Lankenau E, Birngruber R, Engelhardt R. Optical coherence
tomography of the human skin. J Am Acad Dermatol (1997) 37:958–63. doi:
10.1016/S0190-9622(97)70072-0

43. Sattler E, Kastle R, Welzel J. Optical coherence tomography in dermatology.
J BioMed Opt (2013) 18:061224. doi: 10.1117/1.JBO.18.6.061224

44. Fuchs CSK, Ortner VK, Mogensen M, Rossi AM, Pellacani G, Welzel J, et al.
2021 international consensus statement on optical coherence tomography for basal
cell carcinoma: image characteristics, terminology and educational needs. J Eur
Acad Dermatol Venereol (2022) 36(6):772–8. doi: 10.1111/jdv.17969

45. Adan F, Mosterd K, Kelleners-Smeets NWJ, Nelemans PJ. Diagnostic value
of optical coherence tomography image features for diagnosis of basal cell
carcinoma. Acta Derm Venereol (2021) 101:adv00607. doi: 10.2340/
actadv.v101.421

46. Dreyfuss I, Kamath P, Frech F, Hernandez L, Nouri K. Squamous cell
carcinoma: 2021 updated review of treatment. Dermatol Ther (2022) 35:e15308.
doi: 10.1111/dth.15308

47. Zhou C, Zhang H, Wang P, Shi L, Wen L, Chen Q, et al. Optical
coherence tomography-based non-invasive evaluation of premalignant lesions
in SKH-1 mice. J Biophoton (2021) 14:e202000490. doi : 10.1002/
jbio.202000490

48. Cinotti E, Tognetti L, Cartocci A, Lamberti A, Gherbassi S, Orte Cano C,
et al. Line-field confocal optical coherence tomography for actinic keratosis and
squamous cell carcinoma: a descriptive study. Clin Exp Dermatol (2021) 46:1530–
41. doi: 10.1111/ced.14801

49. Rajabi-Estarabadi A, Bittar JM, Zheng C, Nascimento V, Camacho I, Feun
LG, et al. Optical coherence tomography imaging of melanoma skin cancer. Lasers
Med Sci (2019) 34:411–20. doi: 10.1007/s10103-018-2696-1

50. Huang D, Wang G, Mao J, Liu C, Fan Z, Zhang Y, et al. Intravital whole-
process monitoring thermo-chemotherapy via 2d silicon nanoplatform: a macro
guidance and long-term microscopic precise imaging strategy. Adv Sci (Weinh)
(2021) 8:e2101242. doi: 10.1002/advs.202101242

51. Welzel J, Schuh S, De Carvalho N, Themstrup L, Ulrich M, Jemec GBE, et al.
Dynamic optical coherence tomography shows characteristic alterations of blood
vessels in malignant melanoma. J Eur Acad Dermatol Venereol (2021) 35:1087–93.
doi: 10.1111/jdv.17080

52. Si P, Shevidi S, Yuan E, Yuan K, Lautman Z, Jeffrey SS, et al. Gold
nanobipyramids as second near infrared optical coherence tomography contrast
agents for in vivo multiplexing studies. Nano Lett (2020) 20:101–8. doi: 10.1021/
acs.nanolett.9b03344

53. James BL, Sunny SP, Heidari AE, Ramanjinappa RD, Lam T, Tran AV, et al.
Validation of a point-of-care optical coherence tomography device with machine
learning algorithm for detection of oral potentially malignant and malignant
lesions. Cancers (Basel) (2021) 13(14):3583. doi: 10.3390/cancers13143583

54. Von Knorring T, Israelsen NM, Ung V, Formann JL, Jensen M, Hædersdal
M, et al. Differentiation between benign and malignant pigmented skin tumours
using bedside diagnostic imaging technologies: a pilot study. Acta Derm Venereol
(2022) 102:adv00634. doi: 10.2340/actadv.v101.571

55. Schuh S, Ruini C, Perwein MKE, Daxenberger F, Gust C, Sattler EC, et al.
Line-field confocal optical coherence tomography: a new tool for the differentiation
between nevi and melanomas? Cancers (Basel) (2022) 14(5):1140. doi: 10.3390/
cancers14051140

56. Gust C, Schuh S, Welzel J, Daxenberger F, Hartmann D, French LE, et al.
Line-field confocal optical coherence tomography increases the diagnostic accuracy
and confidence for basal cell carcinoma in equivocal lesions: a prospective study.
Cancers (Basel) (2022) 14(4):1082 doi: 10.3390/cancers14041082.

57. Verzì AE, Micali G, Lacarrubba F. Line-field confocal optical coherence
tomography may enhance monitoring of superficial basal cell carcinoma treated
with imiquimod 5% cream: a pilot study. Cancers (Basel) (2021) 13(19):4913.
doi: 10.3390/cancers13194913

58. Yuan W, Cheng L, Yang J, Yin B, Fan X, Yang J, et al. Noninvasive oral
cancer screening based on local residual adaptation network using optical
coherence tomography. Med Biol Eng Comput (2022) 60:1363–75. doi: 10.1007/
s11517-022-02535-x

59. Trebing CT, Sen S, Rues S, Herpel C, Schöllhorn M, Lux CJ, et al. Non-
invasive three-dimensional thickness analysis of oral epithelium based on optical
coherence tomography-development and diagnostic performance. Heliyon (2021)
7:e06645. doi: 10.1016/j.heliyon.2021.e06645

60. Ilhan B, Lin K, Guneri P, Wilder-Smith P. Improving oral cancer outcomes
with imaging and artificial intelligence. J Dent Res (2020) 99:241–8. doi: 10.1177/
002203452090212
frontiersin.org

https://doi.org/10.1007/s10792-017-0568-5
https://doi.org/10.1007/s10792-017-0568-5
https://doi.org/10.1073/pnas.1500185112
https://doi.org/10.1007/s10384-018-0570-0
https://doi.org/10.1136/bjophthalmol-2018-313078
https://doi.org/10.1016/j.oret.2019.08.012
https://doi.org/10.1016/j.oret.2019.08.012
https://doi.org/10.1016/j.ajo.2021.11.023
https://doi.org/10.1016/j.preteyeres.2018.04.002
https://doi.org/10.1097/IJG.0000000000001463
https://doi.org/10.1038/s41377-022-00740-9
https://doi.org/10.1007/s00216-011-5008-1
https://doi.org/10.1007/s00216-011-5008-1
https://doi.org/10.1007/978-3-319-95046-4_3
https://doi.org/10.3788/LOP202158.2400002
https://doi.org/10.1364/AO.44.001806
https://doi.org/10.1111/j.1365-2818.2012.03619.x
https://doi.org/10.1111/jdv.17078
https://doi.org/10.1016/j.jaad.2021.03.066
https://doi.org/10.1016/j.compmedimag.2021.101992
https://doi.org/10.1158/1078-0432.CCR-19-0566
https://doi.org/10.1016/j.survophthal.2020.07.001
https://doi.org/10.2144/000112090
https://doi.org/10.2144/000112090
https://doi.org/10.1364/OL.31.002975
https://www.shangyexinzhi.com/article/4440235.html
https://www.shangyexinzhi.com/article/4440235.html
https://doi.org/10.1021/acsnano.8b03862
https://doi.org/10.1016/S0190-9622(97)70072-0
https://doi.org/10.1117/1.JBO.18.6.061224
https://doi.org/10.1111/jdv.17969
https://doi.org/10.2340/actadv.v101.421
https://doi.org/10.2340/actadv.v101.421
https://doi.org/10.1111/dth.15308
https://doi.org/10.1002/jbio.202000490
https://doi.org/10.1002/jbio.202000490
https://doi.org/10.1111/ced.14801
https://doi.org/10.1007/s10103-018-2696-1
https://doi.org/10.1002/advs.202101242
https://doi.org/10.1111/jdv.17080
https://doi.org/10.1021/acs.nanolett.9b03344
https://doi.org/10.1021/acs.nanolett.9b03344
https://doi.org/10.3390/cancers13143583
https://doi.org/10.2340/actadv.v101.571
https://doi.org/10.3390/cancers14051140
https://doi.org/10.3390/cancers14051140
https://doi.org/10.3390/cancers14041082
https://doi.org/10.3390/cancers13194913
https://doi.org/10.1007/s11517-022-02535-x
https://doi.org/10.1007/s11517-022-02535-x
https://doi.org/10.1016/j.heliyon.2021.e06645
https://doi.org/10.1177/002203452090212
https://doi.org/10.1177/002203452090212
https://doi.org/10.3389/fonc.2022.953934
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Yang et al. 10.3389/fonc.2022.953934
61. Chen PH, Lee HY, Chen YF, Yeh YC, Chang KW, Hou MC, et al. Detection
of oral dysplastic and early cancerous lesions by polarization-sensitive optical
coherence tomography. Cancers (Basel) (2020) 12(9):2376. doi: 10.3390/
cancers12092376

62. Jansen SM, Almasian M, Wilk LS, De Bruin DM, Van Berge Henegouwen
MI, Strackee SD, et al. Feasibility of optical coherence tomography (OCT) for intra-
operative detection of blood flow during gastric tube reconstruction. Sensors (Basel)
(2018) 18(5):1331. doi: 10.3390/s18051331

63. Lee HC, Ahsen OO, Liang K, Wang Z, Figueiredo M, Giacomelli MG, et al.
Endoscopic optical coherence tomography angiography microvascular features
associated with dysplasia in barrett's esophagus (with video). Gastrointest Endosc
(2017) 86:476–84.e473. doi: 10.1016/j.gie.2017.01.034

64. Rodriguez MAC, De Moura DTH, Ribeiro IB, Bernardo WM, Morita FHA,
Marques SB, et al. Volumetric laser endomicroscopy and optical coherence
tomography in barrett's esophagus: a systematic review and meta-analysis.
Endosc Int Open (2019) 7:E1078–e1091. doi: 10.1055/a-0965-6487

65. Shen B, Zuccaro G Jr., Gramlich TL, Gladkova N, Trolli P, Kareta M, et al. In
vivo colonoscopic optical coherence tomography for transmural inflammation in
inflammatory bowel disease. Clin Gastroenterol Hepatol (2004) 2:1080–7. doi:
10.1016/S1542-3565(04)00621-4

66. Ding J, Li Q, Lin J, He S, ChenW, He Q, et al. Optical coherence tomography for
the early detection of colorectal dysplasia and cancer: validation in a murine model.
Quant Imaging Med Surg (2021) 11:371–9. doi: 10.21037/qims-20-13

67. Hariri LP, Tumlinson AR, Besselsen DG, Utzinger U, Gerner EW, Barton
JK. Endoscopic optical coherence tomography and laser-induced fluorescence
spectroscopy in a murine colon cancer model. Lasers Surg Med (2006) 38:305–
13. doi: 10.1002/lsm.20305

68. Harpel K, Leung S, Rice PF, Jones M, Barton JK, Bommireddy R. Imaging
colon cancer development in mice: IL-6 deficiency prevents adenoma in
azoxymethane-treated Smad3 knockouts. Phys Med Biol (2016) 61:N60–69. doi:
10.1088/0031-9155/61/3/N60

69. Liu R, Zhang Y, Zheng Y, Liu Y, Zhao Y, Yi L. Automated detection of
vulnerable plaque for intravascular optical coherence tomography images.
Cardiovasc Eng Technol (2019) 10:590–603. doi: 10.1007/s13239-019-00425-2

70. Kendall WY, Bordas J, Mirminachi S, Joseph A, Roper J,Wax A. Spectroscopic
optical coherence tomography for classification of colorectal cancer in amouse model.
J Biophoton (2022) 15(7):e202100387. doi: 10.1002/jbio.202100387

71. Fan Y, Xia Y, Zhang X, Sun Y, Tang J, Zhang L, et al. Optical coherence
tomography for precision brain imaging, neurosurgical guidance and minimally
invasive theranostics. Biosci Trends (2018) 12:12–23. doi: 10.5582/bst.2017.01258

72. Katta N, Estrada AD, Mcelroy AB, Gruslova A, Oglesby M, Cabe AG, et al.
Laser brain cancer surgery in a xenograft model guided by optical coherence
tomography. Theranostics (2019) 9:3555–64. doi: 10.7150/thno.31811

73. Singla N, Dubey K, Srivastava V. Automated assessment of breast cancer
margin in optical coherence tomography images via pretrained convolutional
neural network. J Biophoton (2019) 12:e201800255. doi: 10.1002/jbio.201800255

74. Mojahed D, Ha RS, Chang P, Gan Y, Yao X, Angelini B, et al. Fully
automated postlumpectomy breast margin assessment utilizing convolutional
neural network based optical coherence tomography image classification
method. Acad Radiol (2020) 27:e81–6. doi: 10.1016/j.acra.2019.06.018

75. Kansal S, Bhattacharya J, Srivastava V. Automated full-field polarization-
sensitive optical coherence tomography diagnostic systems for breast cancer. Appl
Opt (2020) 59:7688–93. doi: 10.1364/AO.396592

76. Yang H, Zhang S, Liu P, Cheng L, Tong F, Liu H, et al. Use of high-
resolution full-field optical coherence tomography and dynamic cell imaging for
rapid intraoperative diagnosis during breast cancer surgery. Cancer (2020) 126
Suppl 16:3847–56. doi: 10.1002/cncr.32838

77. Chen K, Wang Q, Ma Y. Cervical optical coherence tomography image
classification based on contrastive self-supervised texture learning. Med Phys
(2022) 49(6)3638–53. doi: 10.1002/mp.15630

78. Sung HH, Scherr DS, Slaton J, Liu H, Feeny KL, Lingley-Papadopoulos C,
et al. Phase II multi-center trial of optical coherence tomography as an adjunct to
white light cystoscopy for intravesical real time imaging and staging of bladder cancer.
Urol Oncol (2021) 39:434.e423–434.e429. doi: 10.1016/j.urolonc.2021.03.026
Frontiers in Oncology 13
79. Xu Z, Zhu H, Wang H. Segmentation of the urothelium in optical coherence
tomography images with dynamic contrast. J BioMed Opt (2021) 26(8):086002. doi:
10.1117/1.JBO.26.8.086002

80. Wurster LM, Shah RN, Placzek F, Kretschmer S, Niederleithner M, Ginner
L, et al. Endoscopic optical coherence tomography angiography using a forward
imaging piezo scanner probe. J Biophoton (2019) 12:e201800382. doi: 10.1002/
jbio.201800382

81. Ding M, Pan SY, Huang J, Yuan C, Zhang Q, Zhu XL, et al. Optical
coherence tomography for identification of malignant pulmonary nodules based on
random forest machine learning algorithm. PLoS One (2021) 16:e0260600. doi:
10.1371/journal.pone.0260600

82. Shostak E, Hariri LP, Cheng GZ, Adams DC, Suter MJ. Needle-based optical
coherence tomography to guide transbronchial lymph node biopsy. J Bronchol
Interv Pulmonol (2018) 25:189–97. doi: 10.1097/LBR.0000000000000491

83. Hohert G, Myers R, Lam S, Vertikov A, Lee A, Lam S, et al. Feasibility of
combined optical coherence tomography and autofluorescence imaging for
visualization of needle biopsy placement. J BioMed Opt (2020) 25(10):106003.
doi: 10.1117/1.JBO.25.10.106003

84. Gupta A, Harris K, Dhillon SS. Role of bronchoscopy in management of
central squamous cell lung carcinoma in situ. Ann Transl Med (2019) 7:354. doi:
10.21037/atm.2019.04.36

85. Goorsenberg A, Kalverda KA, Annema J, Bonta P. Advances in optical
coherence tomography and confocal laser endomicroscopy in pulmonary diseases.
Respiration (2020) 99:190–205. doi: 10.1159/000503261

86. Nandy S, Helland TL, Roop BW, Raphaely RA, Ly A, Lew M, et al. Rapid
non-destructive volumetric tumor yield assessment in fresh lung core needle
biopsies using polarization sensitive optical coherence tomography. BioMed Opt
Express (2021) 12:5597–613. doi: 10.1364/BOE.433346

87. Zhu Y, Gao W, Zhou Y, Guo Y, Guo F, He Y. Rapid and high-resolution
imaging of human liver specimens by full-field optical coherence tomography. J
BioMed Opt (2015) 20:116010. doi: 10.1117/1.JBO.20.11.116010

88. Zhu Y, Gao W, Guo Z, Zhou Y, Zhou Y. Liver tissue classification of en face
images by fractal dimension-based support vector machine. J Biophoton (2020) 13:
e201960154. doi: 10.1002/jbio.201960154
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