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Abstract. Diagnostic algorithms can classify tissue samples as dis-
eased or nondiseased based on fluorescence emission collected from
the intact cervix. Such algorithms can distinguish high-grade squa-
mous intraepithelial lesions from low-grade squamous intraepithelial
lesions. An understanding of the effects of the values of biographical
covariates, such as age, race, smoking, or menopausal status on the
emission spectra for each patient could improve diagnostic efficiency.
The analysis described was performed using data collected from two
previously published clinical trials; one study measured spectra from
395 sites in 95 patients referred to a colposcopy clinic with abnormal
Pap smears, and the second study measured spectra from 204 sites in
54 patients self-referred for screening and expected to have a normal
Pap smear. For this analysis, data about age, race, menstrual cycle,
and smoking were collected. The principal components from normal-
ized data were compared. There are clear intensity differences ob-
served with age and menopausal status; postmenopausal patients ex-
hibit higher emission intensities. Differences associated with
biographical variables need to be tested in larger studies, which
stratify adequately for these variables. The addition of these biographi-
cal variables in the preprocessing of data could dramatically improve

algorithm performance and applicability. © 2003 Society of Photo-Optical In-
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1 Introduction greater from older womeh.While age-related structural

Diagnostic algorithms can classify tissue samples as diseasec?_hangesn'” collagen are well documented in several
or nondiseased based on fluorescence emission collected frorﬁ'?sues%_ quantitative results of dermal collagen content
the intact cervix~® Such algorithms can discriminate normal With age are quite divergent—indicating an increase, de-
tissue from squamous intraepithelial lesidfLs) and low-  Crease, or no change with afje: Moragas et af.showed that
grade SILs from high-grade SILs with a similar sensitivity dermal thickness and the spatial density of dermal collagen
and significantly improved specificity relative to colposcopy increase progressively until about age 40 and that there is a
in expert hand§ However, it was noted in early clinical stud- Sharp decrease after age 50. Bailey €t atsociate the del-
ies that there is great variability in the fluorescence spectra €terious age-related changes in collagen to the intermolecular
collected from different patients, even within a single histo- Ccross-linking of the collagen molecules within the tissues. Re-
pathological category. For example, peak fluorescence inten-chberger et al’ tested the hypothesis that female stress incon-
sities of normal tissues can vary by more than a factor of 5 tinence is due to weakening of the collagen framework of the
from patient to patient, but within a single patient the standard pubocervical fascia and found that the fascia of women with
deviation is usually less than 25% of the average value. incontinence contained 20% less collagen than normal. While
The potentially important chromophores in the cervix have incontinence is more common in older women, Rechberger’s
been identified in the literature as the metabolic indicators study found no significant change in collagen content with
reduced nicotinamide adenine dinucleoti®ADH) and fla- age or menopausal status.
vin adenine dinucleotidéFAD), the structural proteins col- There are also studies in the literature that describe struc-
lagen and elastin, and the oxyhemoglobin of blood. A model tural differences in tissues among individuals of different
of cervical tissue autofluorescence shows that as diseas@aces. Keloids are benign proliferative growths of dermal col-
progresses, increased contributions from NADH fluorescencelagen that usually result from excessive collagen formation
and oxyhemoglobin absorption are observed, while a de- during dermal wound healing. African-Americans form kel-
creased contribution is seen from the structural protgins. oids more often than Caucasians, with the reported ratios of
It was recognized during early clinical studies that the
measured fluorescence intensity in the cervix was often 1083-3668/2003/$15.00 © 2003 SPIE

Journal of Biomedical Optics ¢ July 2003 * Vol. 8 No. 3 479



Brookner et al.

incidence varying from 2:1 reported by Brenizer to 19:1 re- were multiplied by the appropriate correction factors prior to
ported by Fox?~*Arnold and Grauer found that in Hawaii, the analysis described here.

keloids are five times more likely in Japanese individuals and

three times more common in Chinese individuals than among

Caucasian®’ These racial differences are not fully under-

stood, but there appears to be a relationship between keloids3 Data Analysis

and abnormal melanocyte-stimulation hormone. Meyer &t al. The data from each study were multiplied by the appropriate
described racial differences in the connective tissue compo-correction factors and divided by the peak intensity of the
nents of the aorta and coronary arteries between white andrhodamine standard. From each of the studies described, the
nonwhite South Africans. After the age of 40, calcium con- measurements taken from sites classified as squamous normal
centration in the aorta increased much more rapidly in whites (SN) or squamous intraepithelial lesions were used for the
than in Bantu. The tendency for collagen content to decreasestatistical analysis. The SIL measurements were all obtained
with age was more pronounced in the aorta and coronary ar-from biopsy-proven SIL areas in women seen in the referral
teries of white males than in corresponding Bantu mdles.  setting. The following biographical covariates were included

In addition to the racial and age-related differences that in the analysis: racéwhite versus other age (less than 40
may be expected based on the studies in other tissue typesversus greater than or equal to)4@urrent smokeryes or
fluorescence signals may be affected by the hormonal fluctua-no), menopausal statugre versus post
tions that occur during a normal menstrual cycle and particu-  The data were divided into three sets for analysis: SN sites
larly during pregnancy and menopause. In postmenopausalfrom the screening study, SN sites from the referral study, and
women, the cervical epithelium may become thinner and ap- SIL sites from the referral study. A given patient can thus
pear atrophic? occur in both of the last two studies. The SN and SIL data

Smoking is a known risk factor for various types of cancer, were separated so that we conclude focus on the effects of the
possibly including cervical cancer, and may cause early mor- biological covariates and avoid possible complications caused
phological changes in tissue that still appears normal. The by interactions with disease status. The SN sites from the two
goal of this study was to explore possible correlations be- studies were not combined since even SN tissue in women
tween fluorescence emission spectra and biographical characwith cervical abnormalities may show preclinical changes.
teristics of the patients, including age, race, menopausal sta- The data for each emission spectrum for each excitation
tus, and smoking. wavelength were normalized to have a maximum value of 1.0.

The maximum values of the unnormalized data were also re-

tained for analysis, as were the emission frequencies at which

the maximum occurred. The emission spectra for each excita-
2 Methods tion wavelength were then concatenated into data matrices;
The analysis described here was performed using data col-the rows of the matrices correspond to the spectra from indi-
lected in two previously published studie¥ Ramanujam vidual sites and the columns correspond to specific emission
et al®> measured cervical fluorescericevivo at 337, 380, and  wavelengths. The data from all three datasets were included in
460 nm excitation from 395 sites in 95 patients with a history each matrix. There were therefore three data matrices, corre-
of SIL (study 1. Biopsies were taken from the abnormal- sponding to the three excitation wavelengths.
appearing areas and processed for standard pathologic evalu- The principal components were computed for each data
ation. For these patients, data include age, race, stage in menmatrix; the scores associated with the components necessary
strual cycle, hormonal status, method of birth control, to accountfor 99% of the variability of the data were retained
gravidity, human papilloma viruéHPV) status, and smoking  for analysis: six components were retained for excitation
status were also collected. Brookner et®tollected fluores- wavelength 337 nm, ten for excitation wavelength 380 nm,
cence emissions at the same three excitation wavelengthsand eleven for excitation wavelength 460 nm. Since the maxi-
from 204 sites in 54 female volunteers with no current gyne- mum emission intensity and the position of the maximum
cologic symptoms and no history of dysplagsudy 2. Pap were also retained for each of the three excitation wave-
smears were taken from these women, and any participantsiengths, there are a total of+80+11+6=33 outcomes to
with abnormal test results were referred for further evaluation. compare for each dataset. Although the datasets are analyzed
For each participant, the age, race, stage in menstrual cycleseparately, as explained earlier, the principal components
hormonal status, method of birth control, gravidity, and smok- were computed for the combined data so that the results from
ing status were noted. each dataset could be meaningfully compared.

The spectroscopic system used to measure the fluorescence For each outcome variable, comparisons were based on the
spectrain vivo has previously been described in defail. biographical covariates. The statistic used for comparison was
Briefly, this device consists of two dye lasers pumped by a the Z score computed from the Wilcoxon rank-sum statistic.
nitrogen laser, an optical fiber probe, and an optical multi- The Z score was used rather than the raw rank sum since there
channel analyzer. Minor system modifications were made were missing values for some covariates; the Z score does not
prior to the study involving normal volunteers, and these reflect as strongly the number of cases used in the compari-
changes have also been described previo§$iuorescence  son. The probability values for the rank-sum statistics were
intensity was measured from a standard rhodamine solutionbased on comparison with 10,000 randomly generated permu-
prior to measurement of each patient for calibration tations of the data. All sites for a given patient were permuted
purposes:*® Correction factors were obtained for both ver- as a unit, thus preserving the matching inherent in the data.
sions of the collection system, and the data from each study Multiplicity corrections for the large number &fvalues com-
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Table 1 Number of cases in each dataset by value of biographical

covariates.

Screening study — SN

Current smoker

No 44
Yes 6
Total 50

Referral study — SN

Current smoker

No 47
Yes 44
Total 91

Referral study — SIL

Current smoker

No 31
Yes 33
Total 64

Age > 40
31
19
50

Age > 40
79
12
91

Age > 40
58
6
64

White
11
24
35

White
40
51
91

White
29
35
64

Postmenopausal
40
7
47

Postmenopausal
75
3
78

Postmenopausal
49
2
51

puted used the method of Westfall and Youhghe multiplic-

ity correction was performed separately for each dataset.

4 Results

Effects of biographical variables . . .

Maximum Intensity (Calibrated Units)

10 20 30 40 50
Patient Number

Fig. 1 Maximum emission intensity for an excitation wavelength of
460 nm. Patients to the left of the vertical line are less than 40 years
old; patients to the right are more than 40 years old. The x-axis gives
the patient identifier; points lying on a vertical line come from re-
peated measures of the same patient. The values from patients less
than 40 years differ significantly from the values for patients greater
than 40 (P=0.048).

cal covariates. Since there were so few postmenopausal pa-
tients available in the referral datasets, this variable was not
included in the analysis of those datasets. Table 2 shows the
number of individual sites included in each dataset, broken

down by the values of the biographical variables.

After adjustment for multiplicity, both menopausal status
and age showed significant effects at the 5% level on the
outcome variables in the screening SN dataset. Specifically,
age shows an effect on the maximum emission intensity for an

Table 1 shows the number of patients included in the analyseseXxcitation wavelength of 460 nnjP=0.049, and meno-
for each dataset, broken down by the values of the biographi- pausal status shows a significant effect on the maximum emis-

Table 2 Number of sites in each dataset by value of biographical

covariates.

Screening study — SN

Current smoker

No 93
Yes 13
Total 106

Referral study — SN

Current smoker

No 98
Yes 89
Total 187

Referral study — SIL

Current smoker

No 55
Yes 64
Total 119

Age > 40
67
39
106

Age > 40
163
24
187

Age > 40
110
9
119

White
22
52
74

White
83
104
187

White
48
71

119

Postmenopausal
86
14
100

Postmenopausal
153
7
160

Postmenopausal
97
4
101

sion intensity for an excitation of 460 n(®=0.012 and on

the scores for principal components 2 and 8 for an excitation
wavelength of 380 nn{P=0.012and P=0.030). Since the
eighth principal component accounts for only 0.6% of the
variability of the data, any change in its value is unlikely to be
useful in discrimination; however, the second principal com-
ponent accounts for 22.4% of the variability, and differences
in its score can have substantial effects. For the SN data from
the referral study, none of the covariates showed any signifi-
cant effect for any of the outcomes. For the SIL data from the
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Fig. 2 Mean maximum emission intensity for an excitation wave-
length of 460 nm per patient versus age.
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Fig. 3 Maximum emission intensity for an excitation wavelength of
460 nm. Patients to the left of the vertical line are premenopausal;
patients to the right are postmenopausal. The x-axis gives the patient
identifier; points lying on a vertical line come from repeated measures
of the same patient. The values from premenopausal patients differ
significantly from the values for postmenopausal patients (P
=0.012).
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Fig. 5 Score for principal component 2 of an excitation wavelength of
380 nm. Patients to the left of the vertical line are premenopausal;
patients to the right are postmenopausal. The x-axis gives the patient
identifier; points lying on a vertical line come from repeated measures
of the same patient. The values from premenopausal patients differ
significantly from the values for postmenopausal patients (P
=0.012).

referral study, smoking showed a significant effect on the Mum emission intensity for an excitation wavelength of 460
scores for the sixth principal component from excitation 380 NM. Points to the left of the vertical line are from premeno-
nm (P=0.052; again, this component accounts for only a Pausal patients. Figu.re 4is s.imilar, but thg average intensit_y is
very small proportion(0.9%) of the variability. The lack of plotted for each patient. This both clarifies the trend to in-
significant effects for age and menopausal status in the refer-creased intensity after menopause and illustrates the within-
ral datasets may be due to the small number of older post-Patient variability of the data.
menopausal women contained in those data sets. Figure 5 shows the effect of menopausal status on the
Figures 16 illustrate the effects of the covariates found to Score associated with the second principal component of the
be significant in the screening SN dataset; principal compo- €mission spectra from an excitation wavelength of 380 nm.
nent 8 is not shown because of the small proportion of vari- Figure 6 is similar, but with the mean value plotted for each
ability attributable to it. Figure 1 demonstrates the effect of Patient. The scores are noticeably lower for the postmeno-
age on the maximum emission intensity for an excitation Pausal patients.
wavelength of 460 nm. The data for each sampled site are
plotted; the patient sequence number is given orxthgis so 5 Discussion and Conclusions

that points from the same patient lie on the same vertical line. Fluorescence spectroscopy may be implemented in the future
The points to the left of the vertical line marked on the graph to aid the detection and diagnosis of early-stage disease in
are from patients less than 40 years old. Figure 2 plots the many organ sites. This technique is advantageous because it
average value of maximum emission intensity for excitation may allow tissue classification in near-real time without the
wavelength of 460 nm for each case versus age. The trendremoval of tissue. However, the interaction of light and tissue
toward ianeaSing intensities with increaSing age is clear. is extreme|y Comp|ex and 0n|y par“a”y understood. Changes
Figure 3 shows the effect of menopausal status on maxi- that occur in tissue biochemistry and morphology during the
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Fig. 4 Mean maximum emission intensity for an excitation wave-
length of 460 nm per patient. Patients to the left of the vertical line are
premenopausal; patients to the right are postmenopausal. The x-axis
gives the patient identifier; there is one point per patient.

Fig. 6 Mean score for principal component 2 of an excitation wave-
length of 380 nm per case. Patients to the left of the vertical line are
premenopausal; patients to the right are postmenopausal. The x-axis
gives the patient identifier; there is one point per patient.
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progression of disease can result in changes in the fluores-
cence spectra measured at the tissue surface, and such differ-
ences can be exploited to classify the tissue. However, tissue
biochemistry and morphology can differ among patients for
reasons other than the presence or absence of disease. For
example, the cervical epithelium undergoes changes in re-
sponse to different hormone levels, particularly during preg- 3
nancy and menopause. Age and race-related differences have
been reported in the collagen content of the dermis and other
tissue$ 12 Previously developed algorithms that classify tis-
sue based on fluorescence spectra have not, to our knowledge 4.
considered any patient variable other than the pathological
diagnosis of the site that was spectroscopically interrogated.
The results described in this study demonstrate that statis-
tically significant differences in the principal components that 5,
describe spectral data can arise from factors such as the pa-
tient's age or menopausal status, even when the pathological
diagnosis of the measured tissue is the same. The increased
fluorescence intensity with increasing age and menopausal 6
status is consistent with a large proportion of the signal origi-
nating in the stroma, which contains collagen and elastin.
Older, postmenopausal women are known to experience a
thinning of the cervical epithelium, and may experience /-
changes in collagen cross-linking as welP. Further statisti-
cal work using a larger dataset is necessary to gain a complete
understanding of the effects of biographical variables on fluo- g,
rescence spectra. In particular, a greater number of measure-
ments are needed from older, postmenopausal women. Future
clinical trials are planned in which the participants will be
stratified by their age and race to ensure that the data are from,
a group that is well distributed across these variables. This
will permit development and training of an algorithm that can
account for such interpatient variations. However, the differ- 11.
ences in spectral data presented here may be utilized to de-
velop new, more rational preprocessing techniques. Current,,
preprocessing techniques, normalization and mean scaling,
are limiting because normalization ignores intensity differ-
ences between spectra and mean scaling requires an equdl3.
number of normal and abnormal sites per patient. Alternative
preprocessing methods, which could account for the differ-

normalization, for example, should offer dramatic improve-
ments to algorithm performance and applicability.

16.
References

1. N. Ramanujam, M. Mitchell, A. Mahadevan, S. Thomsen, E. Silva, 17.
and R. R. Richards-Kortum, “Fluorescence spectroscopy: A diagnos-

Effects of biographical variables . . .

tic tool for cervical intraepithelial neoplasi€IN),” Gynecol. Oncol.

52, 31-38(1994.

N. Ramanujam, M. F. Mitchell, A. Mahadevan, S. Thomsen, A. Mal-
pica, T. C. Wright, N. Atkinson, and R. R. Richards-Kortunhn vivo
diagnosis of cervical intraepithelial neoplagi@iN) using 337 nm
laser induced fluorescenceRtoc. Natl. Acad. Sci. U.S.A1, 10193—
10197(1994.

N. Ramanujam, M. F. Mitchell, A. Mahadevan, S. Thomsen, A. Mal-
pica, T. C. Wright, N. Atkinson, and R. R. Richards-Kortum, “De-
velopment of a multivariate statistical algorithm to analyze human
cervical tissue fluorescence spectra acquiredivo,” Lasers Surg.
Med. 19, 46-62(1996.

N. Ramanujam, M. F. Mitchell, A. Mahadevan, S. Thomsen, G. Staer-
kel, A. Malpica, T. C. Wright, N. Atkinson, and R. R. Richards-
Kortum, “Spectroscopic diagnosis of cervical intraepithelial neopla-
sia(CIN) in vivo using laser induced fluorescence spectra at multiple
excitation wavelengths,Lasers Surg. Medl9, 63—74(1996.

N. Ramanujam, M. F. Mitchell, A. Mahadevan-Jansen, S. Thomsen,
G. Staerkel, A. Malpica, T. C. Wright, N. Atkinson, and R. Richards-
Kortum, “Cervical precancer detection using multivariate statistical
algorithm based on laser-induced fluorescence spectra at multiple ex-
citation wavelengths,Photochem. Photobiob4, 720—735(1996.

M. F. Mitchell, D. Schottenfeld, G. Tortolero-Luna, S. B. Cantor, and
R. Richards-Kortum, “Colposcopy for the diagnosis of squamous
intraepithelial lesions: a meta-analysi€Qbstet. Gynecol. (N.Y91,
616-631(1998.

C. K. Brookner, M. Follen, I. Boiko, J. Galvan, S. Thomsen, A.
Malpica, S. Suziki, R. Lotan, and R. Richards-Kortum, “Autofluo-
rescence patterns in short-term cultures of normal cervical tissue,”
Photochem. Photobiolf1(6), 730—736(2000.

A. Moragas, M. Garcia-Bonafe, M. Sans, N. Toran, P. Huguet, and C.
Martin-Plata, “Image analysis of dermal collagen changes during
skin aging,” Anal Quant Cytol. Histol20, 493—499(1998.

9. A. J. Bailey, R. G. Paul, and L. Knott, “Mechanisms of maturation

and ageing of collagen,Mech. Ageing Dev106, 1-56(1998.

. T. Rechberger, K. Postawski, J. A. Jakowicki, Z. Gunja-Smith, and J.

F. Woessner, “Role of fascial collagen in stress urinary inconti-
nence,”Am. J. Obst. Gynecoll79, 1511-15141998.

A. C. Meyer, B. J. Meyer, J. F. Morrison, and W. J. Pepler, “Calcium,
Collagen, Elastin and hexosamine levels in the arteries of whites and
Bantu,” S. A. Med. J39, 1017-1020(1965.

. A. P. Kelly, “Keloids,” in Dermatology in Black PatientDermata-

logic Clinics Vol. 6 No. 3, C. J. McDonald and D. A. Scott, Eds., pp.
413-424, W. B. Saunders, Philadelpki®88.

A. G. Brenizer, “Keloid formation in the NegroAnn. Surg.61, 87
(1915.

H. Fox, “Observations on skin diseases in the American Neglo,”

. : " Cutan. Dis.26, 67 (1908.
ences that are due to patient age or menopausal status withouis.

T. C. Wright, R. J. Kurman, and A. Ferenczy, “Precancerous Lesions
of the Cervix,” in Blaustein's Pathology of the Femaile Genital Tract
R. J. Kurman, Ed., pp. 229-277, Springer-Verlag, New Ydrg94.

C. K. Brookner, U. Utzinger, G. Staerkel, R. Richards-Kortum, and
M. F. Mitchell, “Cervical fluorescence of normal womenl’asers
Surg. Med.24, 29-37(1999.

P. H. Westfall and S. S. Youngesampling-Based Multiple Testing
Wiley, New York (1993.

Journal of Biomedical Optics * July 2003 = Vol. 8 No. 3 483



