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Abstract Cervical cancer is one of the most common and

lethal gynecological malignancies in both developing and

developed countries, and therefore, there is a considerable

interest in early diagnosis and treatment of precancerous

lesions. Although the current standard care mainly based

on cytology and colposcopy has reduced rates of cervical

cancer morbidity and mortality, many lesions are still

missed or overcalled and referred for unnecessary biopsies.

Optical imaging technologies, spectroscopy approaches

and high-resolution imaging methods are anticipated to

improve the conventional cervical cancer screening pro-

viding in vivo diagnosis with high sensitivity and speci-

ficity. Their concept is that morphologic and biochemical

properties of the cervical tissue are altered in response to its

malignant transformation. In addition, contrast agents that

target against specific neoplastic biomarkers can enhance

the effectiveness of this new technology. Due to the

unprecedented growth of these optical techniques accom-

panied probably by favorable cost-effectiveness, the pri-

mary detection of premalignant lesions may become more

accessible in both the developing and the developed

countries and can offer see-to-treat workflows and early

therapeutic interventions.

Keywords Cervical cancer screening � Cervical

intraepithelial lesion � Squamous intraepithelial lesion �
Optical spectroscopy � Optical imaging of the uterine

cervix

Introduction

Cervical cancer is the second most common cancer among

women and the third most common cause of cancer-related

deaths; more than 80% of such cases occur in developing

countries probably due to the inadequate preventative

policy [1]. Invasive cervical cancer is preceded by a state

of dysplasia, or cervical intraepithelial neoplasia (CIN) or

squamous intraepithelial lesion (SIL) which occur in much

younger women [1]. Despite the recent introduction of

FDA [Food and Drug Administration]—approved prophy-

lactic vaccines against high risk HPV types, several factors

as the significant cost of vaccines, its uncertain longevity,

the fact that they do not cover all oncogenic HPV subtypes,

and that older women are not vaccinated, justify the

necessity of routine cervical cancer screening for the

foreseeable future even for vaccinated women [2].

Currently, the Papanicolaou (Pap) examination of

exfoliative cells remains the primary screening tool; while

its specificity is estimated to be 95–98%, the sensitivity is

lower than 50% rather than 60–85% as reported previ-

ously [3]. Abnormal cervical cytology is usually followed

by colposcopy which is efficient in detecting the location

but often inaccurate in diagnosing the severity of the

lesion. A meta-analysis of the diagnostic value of col-

poscopy reported high sensitivity (87–99%) but a rela-

tively low specificity (23–87%) [4]. Biopsy and

histological evaluation of the colposcopically suspicious

(visually abnormal) areas are the next steps in the

diagnostic approach [5], however, this is a subjective,

time consuming, costly and labor intensive procedure.

Visual approaches including cervicography, speculoscopy,

polarprobe, and visual inspection with acetic acid (VIA)

have been introduced to enhance precancer detection

[5, 6].
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Recent advances in fiber optics, sources, detectors and

computer-controlled instrumentation have motivated the

research interest regarding the clinical applications of

biophotonics in the early detection of precancer in several

organs including the uterine cervix. The concept is that a

light with specific properties interacts with a tissue with its

unique characteristics so the light–tissue interaction con-

veys valuable information. Optical techniques provide a

real-time objective diagnosis and detect small lesions

obviating biopsies. The FDA specifies four uses for optical

technologies in the diagnosis and screening of cervical

neoplasia: (1) to localize biopsies as an adjunct to col-

poscopy, (2) to triage patients after an atypical Pap smear,

(3) as an adjunct to cervical or vaginal cytology, and (4) as

a primary screening in the place of cervical or vaginal

cytology [7]. This review presents the current status and the

future perspectives of optical assessment of cervical neo-

plasia with the aid of spectroscopy and direct high-reso-

lution imaging.

Optical properties of the cervix

Cancer-related changes in tissue architecture, cell mor-

phology, vascularization and metabolic activity cause a

broad range of alterations in tissue optical properties

(absorption, scattering and fluorescence properties) that

could function as probing targets [8]. When light strikes a

tissue, it can be absorbed with or without remission or

scattered by surface or subsurface interactions. An exper-

imental study demonstrated that up to 40% of cellular

scattering arises from nuclei and backscattering at angles

greater than 1100 correlates with the DNA content of the

cells [9]. Vessels at different depths of the cervical surface

become visible with the use of different wavelengths,

particularly with green light [8]. The application of acetic

acid elevates the mean scattering coefficient of precan-

cerous tissue approximately three times that of normal

epithelium making abnormal tissue appear whiter than

normal as a result of altered nuclear morphology, optical

density, and changes in chromatin texture [10, 11] (Fig. 1).

Also, cervical premalignancies are characterized by

decreased stromal scattering owed to degradation in col-

lagen fibers by neoplastic cells secreted proteases [8].

Additionally, cervical epithelial cells present cytoplas-

mic autofluorescence on account of electronic excitation of

mitochondrial NADH and FAD observed strongly in basal

epithelial cells, and cytoceratin-induced peripheral auto-

fluorescence upon exposure to certain wavelengths of UV

and visible light [12]. In normal epithelium, basal epithelial

cells show strong cytoplasmic fluorescence, while paraba-

sal, intermediate and superficial cells show only peripheral

fluorescence. During neoplastic process, cytoplasmic fluo-

rescence becomes more dominant than peripheral fluores-

cence and spreads through the total thickness of epithelium

according to the dominant theory of dysplastic develop-

ment in the cervix where abnormal cells originating from

the basal region invade the rest of the epithelium [12].

Stromal fluorescence originating from collagen and elastin

crosslinks is significantly diminished possibly due to

decomposition of the collagen fibers even from the very

earliest stages of carcinogenesis; this reaction is influenced

Fig. 1 Cervical images of a

patient with CIN II, capture

before (a and c) and after (b and

d) acetic acid application.

Elimination of regular reflection

(c and d) enables the

visualization of abnormal

(whitened) areas (d) [33]
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by covariates such as age and menopause [12]. Overall, the

way that light is reflected and scattered is affected by cell

and nuclear morphology and different amounts of fluores-

cent constituents would show semi-quantitative emission

patterns.

In vivo optical spectroscopy

In vivo optical spectroscopy enables a real-time visuali-

zation of cervical tissue by fiber optic probes gleaning

accurate information about structural and metabolic chan-

ges related to carcinogenesis [13]. There are two different

approaches: (i) the point probe interrogation for specific

cervical sites measuring 2–3 mm in extent and (ii) multi-

spectral imaging for the entire cervix [13]. Although, the

majority of clinical studies focus on fluorescence and

reflectance spectroscopy, this review presents additional

variables in data acquisition techniques (Tables 1, 2).

Point-probe optical spectroscopy

Reflectance spectroscopy evaluates the intensity of back

scattered light correlated to illumination wavelength and

provides information about alterations regarding mean

nuclear diameter, nuclear size distribution, refractive index

related to chromatin content and angiogenesis [13]. This

optical approach with the aid of discrimination algorithms

presents high sensitivity and specificity suggesting that it

might be a clinical effective adjunct to colposcopy [14].

The combination of point-probe reflectance with fluores-

cence spectroscopy or the development of novel fiber optic

probes and analysis strategies of spectral data are antici-

pated to offer even better classification accuracy [15, 16].

Another alternative is steady-state diffuse reflectance

spectroscopy in which light delivered to the tissue surface

undergoes multiple elastic scattering and absorption, and

part of it returns as diffuse reflectance carrying quantitative

information about subsurface substances in addition to

surface reflection [17]. In a small trial examining the

combination of diffuse reflectance spectroscopy with

fluorescence spectroscopy, the two techniques seem to

provide complementary diagnostic information [17].

Fluorescence spectroscopy is a viable optical technique

that detects metabolic alterations and epithelial-stromal

interactions with the potential aid of photosensitizing

agents and subsequently evaluates them based on analytic

models of fluorescence spectral data [18]. Precancerous

lesions present lower fluorescence intensity and their peak

emission wavelength is shifted to longer emission wave-

lengths relative to that of normal one, as a result of

increased hemoglobin absorption and mitochondrial fluo-

rescence [19, 20]. Defects of this mode include the false

positive fluorescence measurements derived from inflam-

matory lesions that mimic a precancer-like loss in stromal

fluorescence, and the insufficiency of current optical

algorithms to discriminate precancers at the squamo-

columnar junction as the fluorescence of columnar normal

tissue and metaplasia are lower than that of squamous

normal tissue [20]. A review by Mitchell et al. (1999)

highlighted the predominate diagnostic ability of fluores-

cence spectroscopy over conventional techniques as col-

poscopy and subsequent studies confirmed these results

[19, 21, 22]. A combined fluorescence and reflectance

spectroscopy study demonstrated that fluorescence pro-

vided the best discrimination among normal and precan-

cerous tissue compared to reflectance modality as well as to

the combination of both except in the case of discrimi-

nating HG-SILs from columnar normal tissue where

reflectance mode is optimal [15, 23]. Moreover, Georg-

akoudi et al. [16] showed that intrinsic fluorescence com-

bined with the evaluation of reflectance spectra from the

same tissue area can significantly improve precancer

detection.

In order to overcome some limitations of fluorescence

modality, vibrational spectroscopy including Raman and

Infrared spectroscopy may be beneficial [24]. Mid-infrared

spectroscopy (IR) evaluates the wavelength-dependent

absorption properties by probing vibrating energy levels of

functional groups and molecular interactions with an IR

active dipole. Fourier transform infrared (FTIR) spectros-

copy is the standard IR method today. Neoplastic altera-

tions include glycogen reduction, increased hydrogen

bonding from phosphodiester groups, loss of hydrogen

bonding in alcoholic groups of amino acids and altered

peak ratios of glycogen/phosphate and RNA/DNA [24].

The interpretation of the shape of a spectrum or peak ratios

depends on the experience of the spectroscopist who should

also be familiar with the spectral signatures of immature,

benign cell types that can obscure abnormal cells. Except

from precancer detection, IR spectroscopy could also be

implicated in monitoring cell proliferation or/and drug

response [25]. Novel approaches as the combination of

FTIR microspectroscopy with multivariate spectral pro-

cessing methods that recognize fundamental optical sig-

natures of individual cells may improve further the

differentiation accuracy of the method [26].

Finally, Raman spectroscopy (RS) implies the mea-

surement of inelastically scattered light due to the energies

of molecular vibrations characterizing molecules according

to their change in polarity [27]. Raman signals from tissue

are weak and occur, for applied wavelengths and powers,

statistically only one time for 1010 incident photons.

A recent study demonstrated that in vivo Raman spectra in

the high wave-number region (2,800–3,700 cm-1) yielded

a high diagnostic effectiveness for dysplasia identification

Arch Gynecol Obstet (2011) 284:1197–1208 1199
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[28]. Although near IR light would penetrate deeper into

tissue, a good Raman signal-to-noise ratio from cervical

tissue is only obtained from epithelial layers; also, lack of

photons makes RS a much slower technology than IR [27].

Analysis of characteristic peaks and fingerprint regions

confirms that decreased levels of glycogen and increased

levels of DNA and amino acids in epithelial layers char-

acterize cancerous cells [27]. In contrast to IR spectros-

copy, RS has been applied for both in vivo and ex vivo

measurements of biochemical constituents to identify

dysplastic squamous tissue [29, 30]. Recent in vivo probes

require few seconds for measuring a point spectrum and

can be considered real-time [30]. A RS study of normal or

HPV16-infected keratinocytes and a cervical cancer line

was able to distinguish pairs of these lines with 70–100%

sensitivity and 70–90% specificity [29]. The latest in vivo

study showed that RS was superior to colposcopy regarding

high-grade SILs (HGSILs) detection and the optimization

of statistical algorithms for spectral variations may

improve the classification performance [30].

Multi-spectral widefield imaging

Multi-spectral widefield imaging enables real time, high

resolution imaging of epithelial tissue combining auto-

fluorescence and reflectance at multiple wavelengths across

the entire cervical epithelium, videorate and color charge-

coupled device [CCD] camera, easily available due to

advances in computing and semiconductor technology [8].

Typically, widefield imaging can highlight suspicious

regions of tissue with 50–100 l spatial resolution and a

single approach then can be used to interrogate suspicious

areas with higher spatial or spectral resolution; however,

true signal information is usually blurred due to contribu-

tions from out-of-focus components. Imaging spectroscopy

combines conventional imaging with reflectance spectros-

copy mainly with green wavelength illumination [31–33].

In contrast to conventional imaging where a macroscopic

or microscopic scene is recorded and stored as a series of

intensity values at each image element or pixel, the data

usually take the form of a series of intensity values at

various wavelengths [33]. Several studies have investigated

features of multi-spectral imaging that could offer greater

image contrast. For instance, when the incident light to the

cervical tissue passes through a pair of polarizers with their

polarization axes perpendicular to each other, regular

reflectance component is reduced or eliminated and the

recorded optical signal contains information only for the

subsurface features, mainly for the subepithelial vessels

[32]. Moreover, a multispectral reflectance study imaging

the time course of acetowhitening demonstrated that the

intensity of the backscattered light versus time was greater

and persisted for longer time in HGSILs [33] (Fig. 2).T
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Similarly, tissue autofluorescence particularly in the UV

and blue wavelengths can be imaged in widefield mode

offering a good discrimination between normal tissue and

precancer [8].

A recent meta-analysis reported an unexpected overlap

in the performance of point probe and multispectral devices

though the observed heterogeneity among published stud-

ies regarding study design, selection criteria for recruited

samples, classification system and disease threshold does

not allow a precise comparison [34]. Also, the performance

of these devices decreases as the sample size increases and

clinical trial design progresses from pilot studies to Phase I

to III trials [34]. Results of several large clinical trials

investigating hyperspectral autofluorescence and reflec-

tance imaging are summarized in Table 2. Ferris et al. [35]

used a multimodal hyperspectral imaging device which

combines tissue fluorescence at multiple excitation wave-

lengths with white light reflectance (SpectRx, Inc.) and

noted a sensitivity of 97% and a specificity of 70% com-

pared to colposcopic directed biopsy. In a prospective

multicenter study of women who were scheduled to

undergo colposcopy due to an abnormal Pap test or other

Fig. 2 Representative cases as

displayed in the multispectral

reflectance approach described

by Orfanoudaki et al. [33],

showing images of cervix after

application of acetic acid (left
column), expressed on a color

scale (right column): normal

(a); immature metaplasia (b);

CIN I (c); CIN II (d); and CIN

III (e)
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risk factors, the sensitivity of spectroscopy was 95.1% with

a corresponding 55.2% specificity for benign lesions [36].

Similarly, Huh et al. [37] used MediSpectra, a device

which measures tissue fluorescence and white light back-

scattering, and concluded that spectroscopy using a mul-

tivariate classification algorithm could detect 33% more

HGSILs than colposcopy alone with a relatively small

increase in the false positive rate. A multicenter internally

controlled trial evaluated the performance of a FDA-

approved optical detection system named LUMA (Medi-

spectra Inc., Lexington, MA) that combines native evoked

fluorescence, diffuse reflectance backscatter, and video

imaging, as an adjunct to colposcopy among women with

abnormal cervical cytology [38]. The use of hyperspectal

imaging resulted in a 21.2% relative gain in the true

positive rate of colposcopy, yielding an incremental false

positive rate of 18.1% [39]. A multi-center trial of this

device involving 2,299 women randomized to receive

colposcopy alone or colposcopy in conjunction with

hyperspectral imaging for biopsy site selection showed

similar results [40]. In addition, for women with an atypical

Pap smear or low-grade SILs [LGSILs], the combined

approach increased the true positive rate by 26.8% com-

pared to colposcopy alone with a minimal increase in the

false positive rate. Further large trials are required to

evaluate the use of multispectral spectroscopy for the triage

of patients with atypical Pap smears and its potential

combined use with point optical spectroscopy and high

resolution imaging.

Contrast agents for molecular imaging

Novel contrast agents attractive to use due to their optical

properties and finite size may extend the in vivo diagnostic

accuracy of optical methods. Optically active contrast

agents consist of monoclonal antibodies or peptides against

cancer biomarkers conjugated to an optically interrogatable

label including metal nanoparticles, quantum dots and

organic fluorescent dyes [41, 42]. Specifically, fluorescent

dyes conjugated to monoclonal antibodies can image the

distribution of multiple cell surface receptors over

expressed on tumor cells, such as the epidermal growth

factor receptor (EGFR) [42]. Other options include pep-

tides such as the epidermal growth-factor that can target

receptors, yielding smaller molecular-weight agents ideal

for topical application and probes targeting protease

activity in tumors [42]. Besides, a variety of semiconductor

nanocrystals, named quantum dots, present many interest-

ing properties including their luminescence. Quantum dots

of different sizes that emit fluorescence at different wave-

length can be excited at a single wavelength simulta-

neously providing a unique opportunity to do multi-color

imaging experiments, however, concerns exist about their

cytotoxicity [43].

Alternative contrast agents incorporate optically active,

biocompatible metal nanoparticles as gold and silver bio-

conjugates which supply a strong source of backscattered

light in widefield and high resolution imaging [42]. The

enhancement of the electromagnetic field near the surface

of the particles affects many optical phenomena including

but not limited to Raman scattering and fluorescence

intensity. Studies based on both cervical cancer lines and

fresh cervical biopsies reported that gold nanoparticles

increase the scattering cross section per particle when the

particles agglutinate; indeed, the aggregation-induced

increase in signal yields a contrast ratio of 10–20 fold

between images of normal and HGSILs labeled with anti-

EGFR gold nanoparticles [41]. The combination of gold

nanoparticles or quantum dots with structure illumination

microscopy or other technologies such as diffuse optical

tomography that allow optical sectioning at a sub-cellular

resolution may become the ideal modus operandi for the

early precancer detection.

High resolution imaging

Direct high-resolution imaging technologies including

confocal microscopy and optical coherence tomography

build a two-dimensional picture of cervical tissue micro-

anatomy with excellent spatial resolution in real-time

obviating sectioning and staining [44] (Tables 1, 2).

Confocal microscopy

Confocal microscopy (CM) enables exceptional high-res-

olution imaging at the cellular level at varying depths in the

cervical epithelium, in histological detail. A confocal

microscope is able to isolate light returning from the

defined focal plane only, and to create a representative

image of the reflectance values of each focal region after

scanning it in axial and radial dimensions [44]. Reflectance

CM allows the visualization of the increase in nuclear-to-

cytoplasmic (N/C) ratio and nuclear density, while fluo-

rescence mode allows mapping fluorophoric metabolites

within subcellular structures [44]. While it is difficult to

image weak autofluorescence in vivo using fluorescence

CM due to photobleaching limits, advances in optically

active contrast agents could further improve the diagnostic

capability and reduce variations in image interpretation

[45]. The application of acetic acid can enhance the nuclear

signal in both normal and abnormal cervical biopsy spec-

imens, seconds after its addition. In a pilot study of ex vivo

cervical biopsies, CM detected the presence of HGSILs
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based on N/C ratio estimation with much higher sensitivity

and specificity compared to colposcopy and the histologi-

cal examination [46].

In vivo confocal endomicroscopy is a new technology

that provides exceptional imaging of tissue microanatomy

of cervical epithelium in near real time [45]. Confocal

endomicroscopy could also be used to visualize dynamic

changes in the microvasculature of the cervix in vivo and

other features of the cervical epithelium including the

squamo-columnar junction, dermal papillae and endocer-

vical glands so as to differentiate tissue states such as

inflammation, metaplasia and dysplasia [45]. However, the

view field of these systems is limited, and it would be

impractical to scan the surface of even a reasonably small

organ like the uterine cervix.

Optical coherence tomography

Optical coherence tomography (OCT) is a non-invasive

imaging technique that uses low coherence interferometry,

to visualize the micro architecture of cervical epithelium

for the identification of precancerous lesions [47]. Indeed

OCT is able to image at depth within cervical tissue beyond

the range of CM, and can yield back-scattering data for

depths of 1-3 mm with a good image resolution, while CM

images tissue within a few hundred microns of the surface

[44]. OCT, first described in 1991, was firstly applied in

ophthalmology and its working principle is similar to

ultrasound pulse-echo imaging with the difference that

OCT evaluates the optical rather than the acoustic reflec-

tivity of the tissue exposed [48]. This novel imaging

method has the potential to function as a real-time optical

biopsy based on the imaging of the different optical scat-

tering coefficients for epithelium and stroma and further

analysis according to specific OCT imaging criteria that

differentiate the patterns of normal form abnormal cervical

microstructure of the various cervical anatomies [47, 49,

50]. OCT typically uses near infrared light sources in the

range of 980–1,320 nm at harmless for the skin powers and

the created contrast results from changes in the refractive

index. Research systems today can measure 106 to 107

A-scans per second, which allows several volumes per

second and so-called 4D OCT [51]. Issues with OCT are

the amount of data generated which may create a need for

computer-assisted data evaluation, limitations in back-

scattering contrast between normal and dysplastic tissue,

the presence of inflammatory changes which could cause

misinterpretation of OCT images, limited field of view, and

limitations in imaging depth [51].

Regarding the clinical performance of OCT, its sensi-

tivity and specificity when blinded to VIA and colposcopy

results, were 56 and 59%, respectively [52]. Interestingly,

an improved specificity was observed when OCT is used

as adjunct to VIA followed by a significant loss in sen-

sitivity or when used as an adjunct to the traditional

management including colposcopy and biopsy; however,

recent clinical trials recruiting large samples and using

real-time OCT present conflicting results [52]. In partic-

ular, Wulan et al. [53], demonstrated that the addition of

OCT to VIA increased the sensitivity for the detection of

greater than or equal to CIN II from 43 to 62% with a

parallel surprising loss in specificity from 96 to 80%.

Gallwas et al. [49] was the only research group that

reported high sensitivity (95%) but low specificity (45%)

of OCT in the discrimination of CIN lesions. They pro-

vided as possible explanations the small sample size,

inexperience in the interpretation of OCT images from

inflammatory tissues and possible bias due to the fact that

biopsies were taken only from suspicious areas. Prior to

the validation of this new technology for the precancer

detection, these trials should be repeated in different

populations with large numbers of patients from both

developed and developing countries.

Further refinement of this technology with the increase

of both lateral and axial resolution and the use of fiberoptic

probes with a disposable sheath, the establishment of strict

diagnostic criteria that will form a computer algorithm, and

the combined application with other imaging modalities

will hopefully enhance the clinical performance of OCT.

An interesting idea could be to combine OCT with fluo-

rescence; until now, measurements for cervical tissue have

not been published maybe due to technical challenges as

OCT requires a focused beam, whereas fluorescence is

designed to provide diffuse wide field illumination [54].

Also, a recent study presented a polarization-sensitive

optical coherence tomography (PS-OCT) technique that

quantifies the polarization changes induced by CIN and

showed that quantifying the degree of circular polarization

decay could discriminate CIN lesions [55]. Other potential

uses of OCT include the imaging of the endocervical canal

by a laser beam in 2-dimensions and the determination of

the margins for a loop electro-excision procedure in a

patient with a wide transformation zone though OCT

readings obtained in this area could potentially contain

angled images influencing the performance of the modality

[52].

Conclusion

Hopefully, the application of the newly-developed non-

invasive optical technology, both the spectroscopic tech-

niques and the direct imaging methods, will offer a

superior and not simply alternative option to current stan-

dard of care for the detection of cervical precancerous
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conditions. Optical technologies not only could serve as an

‘‘optical biopsy’’ to identify high-risk individuals who

subsequently will be followed up closely but they may

provide an automated, algorithm-based diagnosis at a sin-

gle visit helping both developing countries where cost is a

major deterrent to routine screening, and developed coun-

tries where over-treatment is a common observation

(Fig. 3). Future refinements to the device ergonomics and

optical resolution providing high quality optical image and

automate image analysis coupled with the development of

novel exogenous contrast agents could change clinical

workflows in Gynecology. In parallel, the elucidation of

the fundamental structural and biochemical origins of

variations in remitted optical signals of normal and dys-

plastic tissue could facilitate the recognition and classifi-

cation of intraepithelial lesions. Forthcoming methods of

tissue-engineering promise to provide three-dimensional

cell cultures that can help to understand the optical prop-

erties of human tissues in relation to biological events

implicated in carcinogenesis. Multicenter randomized

controlled trials are necessary to confirm the imaging

potential of optical technology and to standardize dis-

criminatory algorithms in order to determine their eventual

implementation in primary screening of cervical cancer.
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