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H

 

ealth care professionals encounter multiple dilem-
mas with the surveillance, diagnosis, and manage-

ment of women with cervical neoplasia. An imperfect
screening test, a lengthy Papanicolaou (Pap) smear col-
lection to notification interval, and a substantial patient
noncompliance rate with recommended practices may
all adversely impact the screening process [1–8]. Cervi-
cal neoplasia is suspected from an abnormal screening
Pap smear or positive triage test for oncogenic human
papillomavirus (HPV) DNA that is localized and de-
tected by specific epithelial features noted during colpo-
scopic examination of the lower genital tract. The diag-
nosis is confirmed by histologic results obtained from
sampling the ectocervix and endocervical canal, when
deemed necessary [9]. When results from these evalua-
tions are considered collectively, optimal management
ensues. Most of the tests involve a subjective appraisal
that varies considerably and depends on specimen or an-
atomic variation, as well as evaluator expertise. Thus,
diagnoses may be influenced adversely by technical is-
sues and are not made consistently at an expert level; the
diagnoses also are not always reproducible.
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Abstract

 

Objective.

 

To determine the ability of Multimodal Hyper-
spectral Imaging (MHI) to noninvasively detect, localize and
diagnose cervical neoplasia.

 

Materials and Methods.

 

The cervical epithelium was inter-
rogated by MHI using tissue fluorescence and reflectance
measurements after the probe was placed on the ectocervix.
A Papanicolaou smear was taken, and a colposcopic examina-
tion was performed and cervical histologic specimens were
collected, when indicated. MHI and Pap smear sensitivity and
specificity data were compared with colposcopic and histo-
logic results.

 

Results.

 

Nineteen patients had CIN2 or higher, 30 had
CIN1, 34 had benign cellular changes or metaplasia, and 28
were normal by both Pap smear and colposcopic examination.
At equal specificity (70%) for both tests, the sensitivity of MHI
was 97%, compared to 72% for the Pap smear.

 

Conclusion.

 

MHI detected cervical cancer precursors at a
rate greater than that obtained by a simultaneously collected
Pap smear. 
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A simple instrument designed to rapidly render an ac-
curate, cost-effective, on-site clinical diagnosis following
a brief noninvasive biophotonic interrogation of the cer-
vical transformation zone may improve cervical cancer
prevention. A noninvasive cervical neoplasia detection
system based on fluorescence spectroscopy has been
shown to perform better than colposcopy, cervicogra-
phy, cervical cytology, and HPV testing, which are all
current methods used to screen, triage, and diagnose
cervical neoplasia [10]. Furthermore, the inclusion of
fluorescence spectroscopy in the diagnosis and manage-
ment of women with cervical neoplasia may be more
cost-effective than current traditional approaches [11].

Fluorescence and reflectance technology depends on
biomolecular and morphologic indicators of disease.
Fluorescence-based systems rely on the propensity of
certain cell components, known as fluorphores (e.g.,
tryptophan, flavins, collagen), to emit light when ex-
cited by specific wavelengths of light, with the peak in-
tensity in a different, but corresponding frequency band
[12, 13, 14, 15, 16]. The actual amount of light emitted
by fluorphores is exceedingly small, on the order of
nanowatts, requiring an extremely sensitive photodetec-
tion system. Theoretically, certain early metabolic changes
may be detected by fluorescence spectroscopy as neopla-
sia develops. Reflectance techniques attempt to charac-
terize tissue by measuring the amount and wavelengths
of light reflected back to a sensitive photodetector when
the tissue is exposed to a broadband light source. In this
way, morphologic features of neoplasia, such as nuclear
content, epithelial thickening, and neovascularization,
may be detected as light is differentially absorbed, scat-
tered, and reflected. Tissue fluorescence and reflected
light measurements are analyzed using computer-based
algorithms to determine whether the tissue is normal or
abnormal; however, these systems have not been studied
extensively [14, 17, 18]. The purpose of this study was
to determine the feasibility of a Multimodal Hyperspec-
tral Imaging (MHI) system to detect, localize, and diag-
nose cervical neoplasia in women.

 

MATERIALS AND METHODS

 

After obtaining internal review board-approved in-
formed consent, nonpregnant women 18 years of age or
older with an intact cervix who presented consecutively
for a colposcopic examination were enrolled at one of
two clinical sites: Atlanta Medical Center, Atlanta, and
the Medical College of Georgia, Augusta, Georgia. Al-
though the majority of women presented with a history
of an abnormal Pap smear within the previous 3 months,

 

some women were included if scheduled for an electro-
surgical loop excision, cryotherapy, hysterectomy, or a
colposcopic examination following prior excisional or
ablative treatment for cervical neoplasia.

The prototype MHI system consisted of a lamp source
and computer-controlled monochromator system for
projecting selected wavelengths of light onto the cervix
through a fiber optic probe (see Fig. 1). The custom fiber
optic probe was encased in a disposable plastic sheath.
The light emission/collection fibers embedded in the
probe were designed to maximize the amount of spatial
coverage of the ectocervix while at the same time mini-
mizing the amount of potential crosstalk between fiber
pairs.

This system employs both fluorescence and reflec-
tance tissue excitation with a multichannel spectrograph
capable of hyperspectral resolution of about 5 nm and
spatial resolution of the ectocervix of about 1 mm. A
CCD camera, spectrograph, and filter wheel assembly,
also under computer control, were used for collecting the
resultant light emitted from and reflected by the cervix.

A video colposcope and attached image management
system (Welch Allyn, Skaneateles Falls, New York) were
used to perform colposcopy and digitally capture cervi-
cal images for annotation and documentation purposes

Figure 1. The Multimodal Hyperspectral Imaging Fiber Optic Sys-
tem Prototype consists of an electro-optic system (Xe-arc lamp
and a detection assembly) and a bifurcated fiber optic probe to
send excitation light in one arm and collect the tissue emission
in the other.
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[19, 20]. A small round paper dot and surgical marking
pen were used to provide temporary landmarks for spa-
tial alignment of colposcopic and spectroscopic images.

 

Study Design

 

Women presenting consecutively for a colposcopic
examination were told about the study and asked to en-
roll. After signing the IRB-approved informed consent
document, affirming nonpregnant status by a urine
pregnancy test and obtaining demographic data, the cer-
vix was visualized using the videocolposcope.

A small round paper dot was applied to the cervix at
12 o’clock and a surgical ink pen was used to mark the
cervix at the 3 and 9 o’clock positions. A digitized col-
poscopic image was then obtained to document these
reference points. After MHI calibration, the end of the
fiber optic spectroscopic probe was applied over the ec-
tocervix and the proximal end was affixed to a custom-
ized vaginal speculum. Thereafter, the cervix was inter-
rogated for approximately six minutes using the MHI
device.

Following the multiple spectroscopic measurements,
a Pap smear was obtained and a colposcopic examina-
tion conducted, including cervical biopsy and endocervi-
cal curettage, when indicated. Pathologic specimens
were interpreted by pathologists at each clinical site. In
the case of women scheduled for electrosurgical loop ex-
cision or hysterectomy, no cervical biopsies were ob-
tained, but rather the postoperative histologic specimen
was examined. Colposcopists recorded whether the ex-
amination was satisfactory or not, and provided a col-
poscopic impression. Biopsy sites were annotated on the
previously obtained digitized cervical images and the
subject was questioned about any adverse events experi-
enced with the MHI procedure.

 

Statistical Analyses

 

The spectroscopic and cytologic results were com-
pared with those of biopsy and colposcopy to determine
the sensitivity, specificity and receiver operating charac-
teristic (ROC) curves of the device and Pap smear. Key
discriminative parameters included measures of central
tendency (e.g., median) and dispersion (e.g., interquar-
tile range) that were calculated for each patient’s spec-
troscopic measurements from each measured point on
the cervix. Principal components analysis was used to
identify key discriminative features in the spectroscopic
data [21]. Linear discriminant analysis of these features,
both for the entire cervix and within defined cervical
quadrants, was employed to determine the effectiveness

 

of MHI to discriminate lesions at two disease thresh-
olds, 

 

>

 

CIN2 and 

 

>

 

CIN1. Confidence intervals and res-
ampling cross validation techniques were used to evalu-
ate the robustness of the results [22]. Subject history
variables (e.g., age, parity, prior surgery of cervix, ade-
quacy of colposcopic examination, colposcopic impres-
sion) were analyzed using Fisher’s exact tests to deter-
mine their effect on MHI diagnoses.

 

RESULTS

 

A total of 136 women were enrolled in the study, and
data from 111 of these women were included for analy-
sis. Of the 25 women excluded from analysis, 18 were
excluded because of an MHI system malfunction (either
the illumination source was not activated or the source
shutter remained closed) and, thus, no resultant spectro-
scopic data were available. The remaining seven were
excluded because no colposcopic or histologic data were
available or the subjects chose to exit the study prior to
data collection.

Subjects ranged in age from 18 to 73 (median 

 

5

 

 30).
Thirty-one percent (34 of 111) of the subjects were nul-
liparous. Fifty-one percent (57 of 111) of subjects had a
prior history of cervical surgery. The colposcopic exam
was satisfactory for 53% (59 of 111) of subjects. Of the
111 subjects included for analysis, 19 had CIN2 or more
severe, 30 had CIN1, 34 had non-neoplastic changes
(e.g., metaplasia, infection, repair) identified either by
colposcopy (

 

n

 

 

 

5

 

 30) or histopathology (

 

n

 

 

 

5

 

 4), while 28
had cytologically and colposcopically normal cervices.

For analysis by cervical quadrant, the lesion location
could be identified both colposcopically and spectro-
scopically for nine 

 

>

 

CIN2 containing quadrants and
21 

 

>

 

CIN1 containing quadrants. These were compared
with 128 nondysplastic quadrants and 102 normal
quadrants. The means and standard deviations for a flu-
orescence index and a reflectance index as a function of
cervical status are shown in Figure 2. Both indices in-
crease with increasing severity of disease. The observed
spectral differences between CIN1 and CIN2/3, and the
normal cervix were statistically significant (Mann–
Whitney U test; 

 

p

 

 

 

,

 

 .001) for both fluorescence and re-
flectance indices.

Figures 3 and 4 provide a visual indication of the
trends that gave rise to the aforementioned statistically
significant results. In Figure 3, a normal cervix is seen
with both an image captured by the video colposcope
(with marking dots on cervix) and a corresponding
false-color fluorescence map of the same cervix. A cer-
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Figure 2. Cervical status based on mean reflectance index versus fluorescence index results, including standard deviations.

 

vix with CIN2 is seen in Figure 4. The white and yellow
areas of the MHI image denote the corresponding areas
of CIN2. These fluorescence maps demonstrate increas-
ing heterogeneity across the cervix and increasing inten-
sity of the “signal” in localized areas of the cervix as se-
verity of neoplasia increases.

Principal components analyses utilizing measures of
central tendency (e.g., median) and dispersion (e.g., in-
terquartile range) that were calculated from the array of
each subject’s spectroscopic measurements were per-
formed for both the whole cervix (“whole cervix analy-
sis”) and for diseased quadrants (“quadrant analysis”).
ROC curves based on logistic regression of these mea-
sures were then generated and compared with the Pap
smear ROC curve. The results of the whole cervix analy-
sis with a positive disease cutpoint set at 

 

>

 

CIN2 are
seen in Figure 5. The area under the ROC curve for the
MHI test was 94.7% compared with 77.8% for the Pap
smear.

At equal specificities for both tests (i.e., 70%), the
MHI test had an area under the ROC curve of 97%
compared with the Pap smear area under the ROC curve
of 72%. Thus, MHI showed an increased detection rate
for 

 

>

 

CIN2 disease of 25% greater than that of the Pap
smear. The results of the whole cervix analysis, with a
positive disease cutoff set at 

 

>

 

CIN1, demonstrated the
area under the ROC curve for the MHI test (at the CIN1

threshold) was 93.3% compared with 71.8% for the
Pap smear (Figure 6). At equal specificities for both tests
(i.e., 70%), the MHI test had a sensitivity of 95% com-
pared with the Pap smear sensitivity of 64%. When
analysis of the MHI test was restricted to diseased ver-
sus nondiseased quadrants, the area under the ROC
curve for the CIN2 threshold was 98.0% and 93.4% for
the CIN1 threshold. Caution should be exercised when
interpreting the quadrant analysis using the CIN2
threshold, since there were only nine cases in the disease
category of 

 

>

 

CIN2. The results of the ROC analyses as
a function of disease threshold and area of cervix ana-
lyzed are shown in Table 1.

We also performed two types of resampling cross-
validation analyses for the whole cervix data (using the
CIN2 threshold) in order to simulate prospective perfor-
mance of the logistic regression model. The bootstrap
cross-validation model produced a 94.8% area under
the ROC curve and cross-validation using repeated sam-
pling of 80% of the data for training and 20% for test-
ing produced an area under ROC curve of 92.4%. Both
values lie within the 95% confidence interval of 90.6%
to 98.9% shown for the CIN2 threshold, whole cervix
analysis summarized in Table 1.

Five subject history variables were analyzed (age,
parity, prior cervical surgery, colposcopic adequacy,
and colposcopic diagnosis) to determine their effect on
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Figure 3. A fluorescence map and colposcopic cervical image of a normal cervix. The small paper dot and ink marks were placed for
referencing purposes.

Figure 4. A fluorescence map and colposcopic cervical image of CIN2. The “X” marks the biopsy site in each image. The white area
represents the area of neoplasia.
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MHI results and only adequacy of the colposcopic ex-
amination at the CIN1 threshold exerted a statistically
significant effect. Specifically, 42.3% of the subjects free
of neoplasia and with a satisfactory colposcopic exami-
nation had a false positive MHI result while only 15.6%
of the subjects with an unsatisfactory colposcopic examina-
tion had a false positive result by MHI, a difference which
was marginally significant (Fisher’s Exact Test; 

 

p

 

 

 

5

 

 .04).
Thirteen of the 134 subjects (9.7%) enrolled in the

study reported some type of minor adverse experience
induced by the MHI procedure. Pressure and a pinching
sensation were the most common complaints recorded.
No serious or unexpected adverse events were reported.

 

DISCUSSION

 

Multimodal hyperspectral imaging was able to dis-
criminate high grade (

 

>

 

CIN2) cervical lesions from less
severe lesions (CIN1) and normal cervical tissue. Fur-
thermore, when the positive disease cutoff was lowered

to 

 

>

 

 CIN1, MHI was still able to discriminate neoplas-
tic from normal tissue. Proper discrimination is critically
important to ensure optimum screening and manage-
ment. Overdiagnosis burdens the health care system
with excessive costs and adversely impacts women with
unnecessary anxiety, morbidity, and wasted time. Col-
poscopists have difficulty discriminating some cases of
CIN1 from immature metaplasia based on similar visual
findings of translucent acetowhite epithelium; fine cali-
ber, closely spaced blood vessels; irregular margins; and
negative iodine staining. Some pathologists also experi-
ence difficulty differentiating the two entities because of
nuclear and cellular similarities. We were unable to de-
termine whether MHI could effectively discriminate
CIN1 from immature squamous metaplasia and larger
trials must eventually address this issue.

When subjected to ROC curve analysis, MHI was
shown to detect CIN better than a simultaneously ob-
tained Pap smear. In fact, MHI increased the detection
of cervical neoplasia by a minimum of 25% when com-
pared with the Pap smear whether a 

 

>

 

CIN2 or 

 

>

 

CIN1
disease threshold was considered. Most importantly,
this increased sensitivity was achieved without a reduc-
tion of specificity. Therefore, MHI may in the future
provide clinical utility by augmenting cervical cytology.
Because of the small sample size and selected popula-
tion, it is unknown from these data whether MHI could
be used for primary screening. If MHI is to be used for
primary screening purposes or as an adjunct test, clinical
trials will need to be conducted in a universal screening
population and not a high-risk-colposcopy clinic popu-
lation. These data are especially impressive considering
the fact that the MHI test examined only the ectocervix,
while the Pap smear sampled both the endocervical ca-
nal and ectocervix. Once an endocervical probe, cur-
rently undergoing early clinical testing, is available, one

 

Table 1. Results of ROC Analysis for MHI

 

Disease Threshold

 

1

 

Area of Cervix

 

2

 

Area under ROC 
curve (95% CI)

 

3

 

Optimized 
Sensitivity

 

4

 

Optimized 
Specificity

 

5

 

CIN 2

 

6

 

Whole

 

7

 

94.7 (90.6, 98.9) 95% 83%
CIN1 Whole 93.3 (89.1, 97.7) 88% 86%
CIN2 Quadrant

 

8

 

98.0 (96.3, 97.6) 100% 95%
CIN1 Quadrant 93.4 (89.3, 97.6) 87% 88%

 

1

 

Positive test cutoff 

 

>

 

 to level of neoplasia

 

2

 

Area of cervix for which diagnostic indices were calculated

 

3

 

Percentage of area beneath ROC curve including 95% confidence interval

 

4

 

Point on ROC curve indicating sensitivity where the sum of sensitivity and specificity are maximized

 

5

 

Point on ROC curve indicating specificity where the sum of sensitivity and specificity is maximized

 

6

 

Cervical Interepithelial Neoplasia 2

 

7

 

Entire cervix considered

 

8

 

Single quadrant of cervix considered

Figure 5. The MHI and Pap smear ROC results of the whole cer-
vix analysis with a positive disease cutoff of > CIN2.
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may anticipate enhanced MHI performance derived
from augmented sampling. However, the ability of MHI
to detect glandular neoplasia located deeply within
gland clefts remains unknown. Of note, few women re-
ported discomfort with use of the MHI fiber optic
probe. Except for the increased time required for inter-
rogation, it would appear that the probe may be no
more uncomfortable for women than collection of a Pap
smear. A noncontact MHI camera system, currently un-
dergoing clinical study, may further minimize cervical
cancer surveillance discomfort.

Fluorescence and reflectance mapping of cervical
neoplasia may have some value as a colposcopy adjunct.
MHI appeared able to identify lesions and determine
their extent as is required during colposcopy. This fea-
ture may be useful when evaluating women with large,
complex lesions, particularly for novice colposcopists.
We are presently working to increase the spatial resolu-
tion of MHI while maintaining the optimal spectral in-
formation required for disease detection. More sophisti-
cated appraisal of mapping with accurate histologic/
spectroscopic correlation is still necessary to determine
the true precision and reliability of this feature.

Although other researchers have used fluorescence
and reflectance mapping of the cervix to detect cervical
neoplasia, those interrogations have been limited by the
use of only a few emission wavelengths, a small and lim-
ited subject population, and in some cases, the interro-
gation of only a small portion of the cervix [14, 15, 17,
18]. In our study, we sought to include a variety of
women with varying disease and nondisease states, in
order to better test the algorithms. Further, we collected
maximum data from the cervix by not only scanning the

 

entire cervix, but also by using a multitude of wave-
lengths, including both UV and visible light. Therefore,
our system may be better able to detect subtle differ-
ences on the cervix that may have been missed by other
systems.

Our conclusions also are limited by a relatively small
sample size that included a minimal number of cases of
high-grade disease and cervical cancer. Moreover, our
population was young, reflecting a group of women in
which the transformation zone was more likely to be
seen clearly on the ectocervix. However, 47% of colpo-
scopic examinations in our population were judged to
be unsatisfactory and false positive rates for MHI were
actually significantly lower in subjects whose colpo-
scopic examination was unsatisfactory compared with
those whose colposcopic examination was satisfactory.
This preliminary finding may reflect difficulty in dis-
criminating immature squamous metaplasia from true
neoplasia.

Other factors in this study which may influence the
ability to estimate the true performance of MHI were
that histopathology was determined by clinical center
pathologists and not an expert panel, and that most dis-
ease was detected based on the skills of colposcopists
and not pathologic evaluation of a larger specimen ob-
tained from conization or hysterectomy. The latter pro-
cess may alter the perceived performance of MHI. The
potential effects of blood and cervical infection on MHI
interpretation are unknown and need further evalua-
tion. Finally, from a clinical perspective, the prototype
equipment was cumbersome in size, slow in interroga-
tion and will require user interface improvements. At-
tention to these ergonomic issues is necessary for such
equipment to be adopted by health care providers.
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