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Foreword

The success of public health programs depends both upon the logical
application of proven strategies and also upon a healthy understanding
of what is unknown. The work depicted in this monograph provides an
excellent example of displaying the known and unknown about the
epidemiology of gonorrhea. The authors have modeled their data in a
way that was extremely useful in formulating approaches to gonorrhea
control at the national level. Their efforts are a good example of
how mathematical wodeling has more than just theoretical utility.

The authors' research has helped eliminate a number of misconceptions
which we had about gonorrhea epidemiology. 1In large part because of
this work, we now believe (1) that gonorrhea prevalence adjusts
rapidly to both changes in sexual behavior and also activities of
control programs, (2) that prevalence oscillates seasonally around an
equilibrium state determined by the current social and medical
conditions, and (3) that this equilibrium moves as epidemiological
conditions change. These ideas are important in evaluating the
effects of our programs and in formulating new approaches. The
depiction of a highly sexually-active “core" population, which is
highly infected and causes a large fraction of all new cases of
gonorrhea, has been quite stimulating. This concept of the core, and
the resultant emph331s on "efficient transmitters," was a major factor
which influenced revision of national strategies to control gonorrhea.
Academic experts and practical public health officials alike will find
this monograph to be a very valuable example of the utility of
modelling to influence disease control programs. Public policy
decisions depend on accurate information processed through objective
analytic minds; use of models—~including the discipline of decision
ana1y81s--fac111tates "scientific administration." With programs of
national scope, such as STD control, application of macroscopic
modeling has a broad influence and beneflts large numbers of people.

Ending on a personal note, as past and present directors of the
national STD control program, more than just the product of the
modeling has proven beneficial. It was also the process of
interacting with the authors which helped stimulate innovation and

clarity of thought. We thank them not only for their work but for
their insight.

Paul J. Wiesner, M.D.

Director
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Director
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PREFACE

This monograph describes the resultes of our gonorrhea modeling
project which began in 197%. This research project was Ffunded by
Centers for Disease Control Contracts 200-76-0613 and 200-79-0949, by
Hational Institutes of Health Grant AI-1%233, and by Nationai Sclence
Foundation Grant MCS81-0217. Although sgome results have bheen des-—
cribed in journal articies {(Yorke, Fethcote and Noid, 1978; Heihcote,
Yorke and WNoid, 1982), the details and mathematical basis of many
resuits have not appeared before or have appeared only in reports to
CDC and NTH.

For most communicable diseases 1t ig understood how an infective
can tiransmit the infection hy contacts with others and how a disease
gpreads through a chain of infections. Because of the numerous
complex interactions in a population, 1t 1g difficuit to comprehend
the large scaie dynamics of disease spread without the formal struc-—
ture of a mathemaivicai wmodel. An epidemic model uses a microscopic
description {(the role of an infectious individual) +to predict the
macroscopic behavior of disease spread through a comnunity. The
vurpoge of mathematiical models is to achieve a betver understanding of
how the bioiogical and gocioclogical mechanisms infiuence disease
spread. Fixed parameters which occur in the models must have a welil
understood epidemiological interpretation such as a contact rate or a
duration of infection.

Comparisons can lead to a better understanding of the process of
disease spread. It may be possibie to compare different diseases in
the same popuiation, the same disease in different populations or the
same dliseage av different vimes. One way of making tvhese comparisons
is to formuiate modeis for the variocus situations and then to compare
the parameter values. We have made comparisons Involving measlies,
rubellia, mumps, chickenpox and policvmyelitis in several papers (London
and Yorke, 1973; Yorke and Tondon, 1973; Yorke, Nathanson, Pianigiani
and Martin, 1979; Hethcote, 1983).

Although planned experiments can be used to obtain information in
many sciences, experiments with infectious diseases in human popula-
tions are generalily not possible for ethical and practical reasons.
The only data usually available is from naturally occurring epidemics
or from the natural incidence of endemic diseases; unfortunately, even
these data are not compiete since many cases are not reported. Hence
the must basic facts of transmission may be in doubt. Since repeat-

abie experiments and accurate data are usually not available in epide-
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mioilogy, mathematical models can be used to perform needed theoretical
experiments with different parameter values and different data sets.

In order to use epidemic modeis for a particular disease, the
capabilities and iimitaticons of the modelis must be realized. Tt 1is
often not recognized that many important questions cannoi be answered
using a given class of models. The most difficult problem for the
modeler 1s finding +the right combination of available data, an
interesting guestion and a mathematical mcdel which can lead 1o the
arnswer.

Since Infectious disease models furnish a means of assessing
quantitative conjectures and of evaiuating control procedures, they
can be the on.iy practical approvach to answering questions about which
control procedure is the nmost effective. Quantitative predictvions of
communicable disease models are always subject to some uncertainty
since the modeis are ideaiized and the parameger values can only be
estimated. Predictions of the relative merits of several control
methods are often robust in the sense that the same conciusions hoid
for a breoad range of parameter values and a variewy of models.
Varlious controi methods for gonorrhea are compared in Chapvers 4, 5
and 6 of thls monograph.

Although some of the results described in this monograph may be
useful for other sexually transmitvted diseases (STDs), we have focused
our attentvion here on gonorrhea. The incidences of other STDs such as
genitai herpes, caused by herpes simplex virus, and nongonococcal
urethritis, often caused by Chlamydia +trachomatis, are Iincreasing
dramaticaiiy in North America and Europe. Because practical diag-
nostic wools, control methods and specific treatments are oftven
lacking for <these other S8TDs, their incidence is lIncreasing faster
than the Incidence of gonorrhea. There has alsoc been an increase in
the sexual transmission of diseases with agents such as hepatitis B
virus, cytomegalovirus and Group B streptococcus (NIAID, 1980). The
incidence of syphilis has decreased dramaticaily so that it is wmuch
leas than the incidence of gonorrhea. The models used here would
generally not be suitable for syphilis since individuals with syphilis
gu through several stages.

We hope that the unified presentation in this monograph wiil bhe
of use zto epidemioiogists, scientists, mathematiciansg and sgstudents
interested 1n sexuaily transmitted diseases or in how mathemavical
models can contribute to the understanding of disease transmission and
controli. We also hope +that this monograph willi encourage other

studies of specific diseases using mathematical models.,
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CHAPTER 1

BACKGROUND AND BASIC CONCEPTS

It is obvious that the characteristvics of a specific disease
must be understood thoroughly in order to modei that disease,
Gonorrhea incidence, transmission, symptoms, complications and treat-
ments are described in sections 1.1 and 1.2. Various current and
potential control procedures for gonorrhea are deseribed in section
1.3. Among the several basic types of models for infectious diseases
described in section 1.4, it is apparent that one type is suitable for
gonorrhea. A brief description of yprevious work on the mathematical
modeling of gonorrhea ig given. The concepts of the contact number

and the infectee number are described in section 1.5,

1.1 The Magnitude of the Probliem

As seen in figure 1.1, gonorrhea is the most freguently reported
disease in the United States. TFigure 1.2 shows that reported gonor-
rhea Iincidence in the United States tripiled between 1965 and 1975.
The increase of reported cases in this period is thought to represent
an actual increase in gonorrhea Incidence as well as improved proce-
dures for case detectlon. Incidence is the number of new cases In a
time interval such as a year, a month or a week. Reporting of gonor-
rhea, particuiariy by private health care providers, is inconplete in
the 1nited States so that reported incidence can oniy be used for
determining trends or for comparing segments of the population.

Since 1975 the number of reported cases of gonorrhea has been
about 1 million cases per year. Supplementary information such as
extenslive survelllance gtudies or polis of practvicing physicians have
been used to estimate that the aetual incidence of gonorrhea is now
approximately two miilion cases per year inm the United States. The
leveiing off of reported cases after 1975 may be due to the gonorrhea
control activities initiated in 1973 (CDC, 1981a).

Many countries have had rapid increases in +the incidence of
gonorrhea. The incidence of gonorrhes in sgeveral western countries
including the United B3tates, Canada, Denmark, Finland, Norway and
Unitved Kingdom was approximately level from 1955 to 1965 and generalily
increased from 1965 to 1975. PFactors which may be responsible for the
increased rateg include: more frequent changes of sex partner,
increased population mobility, increasing use of oral contraceptives,

decreasing use of the condom and the diavhragm for contraception and
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GONORRHEA, UNITED STATES, CALENDAR YEARS 1950-1982
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Figure 1.2. Reported cases of gonorrhea in the United States from 1950
te 1982. PFigure and permission from Statistical Services Section,
Division of Venereal Disease Control, Centers for Disease Control.
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increasing gonococcal registance to antibioticse (wHO, 1978,
Reporting is relatively accurate In the United Kingdom where most
cases are geen Iin clinics and in Denmark where most cultures are
proceasased in a gingle laboravory. In the developing countries of
Agla, Africa and Tatin America, the reporving of gonorrhea is often
very incompiete, butv annual incidences as high as 26% have been
reported. In those countries where extramarital sexual intercourse is
common for men but not for women, a high proportion of men with gonor-
rhea are infected by prostitutes (WHO, 1978).

The demographlc factors that correiate best with gonorrhea inci-
dence are age, race, marital status, socioceconomic status and urban
regidence. Individuals who are single, have a lower gocioeconomic
status and reside in a large clty are more Llikely to be infected by
gonorrhea. As seen in figure 1.3 the age-specific incidence rates in
the Unived States are highest for young adults (20 to 24 years of age)
and second highest for teenagers {15 to 19 years of age). In 1978
young adults (ages 20-24) accounted for 39 percent and teenagers for
25 percent of reported gonorrhea cases. Approximately one of 30 teen-
agers will acquire gonorrhea this year (NIAID, 1980).

The great concern about the high incidence of gonorrhea results
from the severe complications that some women suffer. Peivic
Inflamatory Disease (PID) is the most important complication. About
10 wo 20 percent of women with gonococcal infection willi suffer from
PID. Data from the National Center for Teaith Statistics show that
approximately 1 million women are treated for PID each year including
212,000 who are Thospitalized (about 50,000 reguired abdominal
surgery). The direct hospitalization cost of PID in the United States
has been estimated to be more than $600 million annualily (Curran,
1980;° NIAID, 1980). Infertility, ectopic pregnancy and chronic peivic
pain are important delayed consequences of gonococeal infection. in
1976 approximately 80,000 women were made sterile by gonococcal PID.
The incidence of ectoplec pregnancy rose from about 13,200 cases in
1967 to more than 41,000 cases in 1977 (NIAID, 1980; CDC, 1980b).

PTD occurs when the falloplan tubes become swollen and inflamed
due to infection. In many women who are unaware that they are
infected with gonorrhea, the gonococci rise from the vagina and cervix
into the uterus and then during menstruation spread up the sides of
the uterus and into the fallopian tubes. When the inflamed fallopian
tubes heal, the scarring may block the faliopian +tubes causing
involuntary}&ertility. Women with one evlisode of gonococcal PID have

a 6% chance of becoming infertile and the iikelihood of infertiiity
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increases with each subsequent episode. Since partial obstruction of
the failopian tubes can iead to ectoplc pregnancy, women who have had
PID are 6 to 10 times as 1iikely tuv have an ectopic pregnancy as those
who have not had PID. Adhesions on the ovaries, bowei or other tender
pelvic structures that occur during the healing of acute PID cause
chronic peivic pain in 10% to 20% of patients (NIAID, 1980; Rein,
1977; WHO, 1978).

Some women are more iikeiy to gt PID than others. Women who use
intrauterine devices (IUDs) are estimated to be avout 3 times as
iikely to get PID from a gonococcal infection as those who use no
contraceptive measures. Women who have multiple sexX partners and
women who have had PID before are nmore likely to get PID. Women who
use oral contraceptives are leses Llikely to get PID. Women who use
barrier methods of contraception such as diaphragms, condoms, spermi-
cidal foams, Jjellies or creams, are a2lso somewhat protected against
PID (WHO, 1978).

Penicillinase-producing Neisseria Gonorrhoeae (PPNG) consists of
straing of gonocoecli which are resistant to all forms of peniciiiin.
Peniciiiinase 1s an enzyme thatv destroys penicillin. PPNG has now
spread throughout the world and 2 1o 6 fold increases in PPNG have
oceurred in some countries in the last few years (CDC, 1982). Despite
severai early successtful efforts in eliminating PPNG when it was
introduced in the United States, it now appears tvo have becone
permanently established. TFigure 1.4 shows that the number of reportved
cases of PPNG Infection in the United States has increased every year
since 1976. Not only are there more cases of PPNG infection imported
from BSoutheast Asilia, but also there 18 now sustained domestic
transmission in major cities such as Los Angeles, New York City and
Miami (CDC, 1982).

The standard treatment for gonococcal infection is the adminis-
tration of peniecillin. Because more expengive antibiotics are needed
to cure PPNG, the treatment of gonorrhea could rapidly become more
difficult and generaily less effective sv that incidence rates could
increase. Hfforts to control PPNG transmission in the United States
include testing some gonococcal isolates for PPNG, rapid identifica-
tion and +tracing of sexual partners of PPNG patlients, screening of
groups who are at high risk of PPNG infection, and treatment of the
foilowing with spectinomyein: PPNG  patients and their sexual
partners, patlents who were infected in countries with high PPNCG pre-
valence, and patients for whom penicillin, ampicillin, amoxiciliiin or

tetracyciine was not effective treatment for gonorrhea (CDC, 1980).
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Tn areas where more than 5% of gonococcal isolates are PPNG, it is
recommended that the more expensive drug spectinomycin be used as the
initial treatment for all cases (CDC, 1980a). Selection for drug
registant strainsg continues; recently, spectinomycin-resistant PPNG
was found (CDC, 1981b).

1.2 The Infected Person

The gonococcus bacteria that causes gonorrhea grows weil only on
mucous membranes and dies 1in seconds outside the human bvody. The
probability of transmission of gounococcal infection during a single
sexual exposure from an infectious woman to a susceptible man is esti-
mated to be from .2 to .3, while the probability of transmission from
an infectious man is approximately .5 w0 .7 (Wiesner and Thompson,
1980) . If sexual intercourse occurs with an infected partner several
times, the probabliity of rtransmission of infection 1is increased.
Taking these repetitions into account, 1t seems that in casual liasons
an infectious man s roughly twice as likely to infect a susceptible
woman as when the roles are reversed.

Gonococcal infection does not seem o confer immunity; more
precisely, none of the immunologic defense mechanisms has been shown
to consistently prevent reinfections (NIAID, 1980). This may be due
to the great antigenic diversity of gonococcal surface antigens. In
order for an individual to beconme infected, the gonococei must attach
themselves to mucosal surfaces so that they will not be washed away by
urine and mucosal flows, The gonococcl have hair-like appendages
calied pllli on +their surfaces which facilitate their attachment.
hocal antibodies to MWNelsseria gonorrhoeae have been found on  the
mucosal surfaces which inhibit atvachmentv of gonococci to evithelial
cells; Thowever, these antibodies disappear after the gonococeal
infection ends. Humoral antvibodies <two W. gonorrhoese have been
demonstrated by a number of assays, but the presence of these
antibodies has not been shown to correlate in any way with protection
from reinfection. Lymphocyte activation and production of migration
inhibition factor +to various gonococcal antigens has been showng
however, the presence of a celliular immune response does not protect
against reinfection. In individuals with Pelvic Inflamatory Disease
the presence of bactericidal antibody does not vrotect individuals
from either subsegquent reinfection or PID. Although gonococeal
infections usually remain localized on mucosal surfaces, some strains
of  gonoccoccl can cause dissenminated gonccocecal infection. Theze

strains seem to have a surface antigen which binds an IgG antidody
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capablie of biocking killing of the gonococci by normal human serum.
Fven disseminated gonococcal infection does not lead to humoral or
celluiar immunity that protects against reinfection (NIAID, 1980).

In men, the initial infection is in the anterior urethra so that
some of the infecting organismg are removed with each urination
Approximately 90 percent of all men who have a gonococcal infection
notice symptoms within a few days after exposure and promptly seek
medical treatment. Another 5 percent have mild or transient symptoms
and the remaining 5 percent have =totally asymptomatic infections.
These latter two groups of men often fall 1o seek treavment and,
consequently, are responsible for much of the transmission of disease
TO  women, As many as half of the women with complications of
gonorrhea were infected by asymptomatic men (NIAID, 1980). It has
been estimated that approximately 5% of the incidence in men are
agymptumatic and asymptomatic men account for 60-80% of the prevalence
and hence 60-80% of the transmissions (Wiesner and Thompson, 1980).
Compiications of gonorrhea in men are rare today.

Studies of the course of the infection in women have been found
to be dangerous since an infected woman 1s 1likely to develop PID
during such a study. Consequently, investigations conducted before
peniciliin became avalilable are often the most definitive studies
available,. One 1942 study analyzing prolonged untreated gonococcal

infections among 73 inmates of the New York City House of Detention

for Women is summarized below (Mahoney et al., 1942).
Most of the women were prostitutes. Bach woman initially had a
positive culture test for gonoccccl, and each was symptomatic. TBach

patient was cultured two or three times a week, when possible, for
three wo four months. Ten To twenty culture plates were used on each
exam for each patient, instead of the customary wwo. Three patiterns
were gobserved. In each type the clinical symptoms usually renained
without appreciable alteration throughout the observation pericd. Wo
treatment was administered during the study; however, at least some
patients were freated after the study before being released.

Type 1 (46% of the patients) remained positive. Usually each
plate at an examination yielded approximately equal numbers of
colonies,

Type 2 (42%) became and remained culture negative, though sympto-
matic.

Type 3 {(12%) reverted to negative and after numercus consecusvive
negative findings had one or more positive findings sporadically

appearing.
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Due 1o the continued symptoms of all fypes, the investigators
feit strongly that gonococcal infecticn remained despite the negative
cuitures. Menstrual periods had a negligible effect on the posivivity
or negativity of the examinations.

Although  some Teports indicated that the use of oral
contraceptives affected +the susceptibility of women, studies in
venereal disease and family planning clinics show that the prevalence
vl  gonocgceecal 1iInfections 1s not Increased in  women using oral
contraceptives. However, hormonal factors do influence the clinical
appearance of gonorrhea so that half of women with gonococecal PID seek
medical attention in the first week of tThe menstrual cycle (WHO,
1978).

One recent estimate iIs that 50 to 7% perceni of women with gonor-
rhea falli wo have symptoms which cause <them to seek medical care
(WIAID, 1980). Another estimate is that 30-60% of the incidence in
women is asymptomatic and that asymptomatic women account for 80-90%
of the prevalence in women (Wiesner and Thompson, 1980}. Asymptomatic
women often remain untreated either until fthey develop PID or dissen-
inated gonococcal infection or until they are examined and treated
because they are suspected of transmitting infection or until they are
discovered thnrough mass gscreening by culiture testing. Asymptomatic
women and men form a vast reservoir of persons infected with gonor-
rhea. Transmission between homosexual men produces another reservolir
of anorectal and/or pharyngeal infection (NIAID, 1980).

Precise diagnosis iIn both men and women depends on laboratory
testing. The standard laboratory test for gonococei consists of bac-
terioiogical culturing of the patient's secrevions. Serological tests
are no ltonger used because of their low sensitivity and specificity
(wHGO, 1978). Except for PPNG, a single dose of penicillin is very
effective 1in curing gonococcal Iinfeetvlon. Other more expensive

antibiotica are effective for PPYNG.

1.3 Control Procedures

Gunorrhea control procedures are constantly being reevaluated in
order %o achieve the optimal use of available resources. One primary
goal of this monocgraph 1s to compare gonorrhea prevention activities
by means of mathematical models.

Hducational programs either in clinics or in the media might make
the sexually active popuiation more aware of the symptoms and seriocus-
ness of gonorrhea so that people who sugpect that they might Dhe

infected would seek examination and trestment sogner. Fducaticnal
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Irograms can promote post exposure prophylaxis methods such as urina-—
tion, Loecal genital cleansing, douching and local antisepsis afier
intercourse. Individuals who wuse condeoms are less Lilkely to get
gonorrhea. A national canmpalign in Sweden promoting condoms may have
been a factor in the reduction of gonorrhea incidence there (WHO,
1978} .

Screening. RBefore 1972 neariy all sexually transmitted disease
(3TD) controli activitvies at the state znd local level in whe United
States were syphilis case finding and prevention effortvs. The major
dangers o¢f gonorrhea were not generally recogniged before 1972,
Gonorrhea control consisted of diagnosis and treatment of individuals
who came to public clinies. By 1974 neariy all state and local health
departments had established federalliy-assisted gonorrhea control
programs, A primary vpart of these programs involves culture testing
large numbers of women for goncorrhea., Although some of the culture
tests are for patlents with symptoms who have come to clinics, many of
the tests are for women without symptoms who are having a gynecologic
examination. Adding a gonorrhea culture test to a pelvic examination
is relatively iInexpensive since the federal government pays Tfor the
laboratory analysis. The test is administered <to women who are
sexually active and in age groups where gonorrhea 1ls present. Each
year since 1974 there have been over 8 miilion gonorrhea culture tests
on women of which between 4 and 5% were positive for gonococcal infec-
tion (CDC, 1979%a). A goal of this extensive screening program is ihe
identification and treatment of women with asymptomatic disease.

Some of the positive culture tests were diagnostic in the sense
that they verifled infection in women who had symptoms suggesting
gonococeal infection or who had sexual contacts with infected indivi-

duals. Some of the positive culture tests were discoveries of the

screening program in the sense that they occurred when there was no
reason to expect infection or as the result of a routine pelvic exam—
ination. Yorke, Hethcote and Wold (1978} have estimated the effec-
tiveness of the screening program in the United States in discovering
infectives by wusing data from 1967-75. Tt was estimated that in
197375 approximately a third of the reported cases of gonorrhea in
women were discoveries of the screening program and that approximately
a tenth of all actual cases of gonococeal infections in women were
discovered by the screening progran. Reported case rates in men are
targely independent of public awareness or screening campalgns. By
agsuming that the reported incidence in men ig proportional to actual

incidence in men, 1t was estimated that the 1974 screening program for
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women caused the actual male incidence to decreagse so that i1t was
approximately 20% below what it would have been without screening. In
Chapter 6, we use the estimates above to choose a parameter value.
Specifically, we adjust a vparameter value so that discovering {and
treating) 104 of the infected women via the screening program yields a

20% decrease in male incidence.

Contact Tracing and Interviewing. Contact investigation or tracing

atiempts to identify contacts of known infectives and toc encourage
contacts to be checked as soon as possible. Intensive contact
investigation is a very important control method for syphilis.
Convact investigation for gonorrhea sgometimes consists of educating
known infectives about the serlousness of gonorrhea and asking them to
encourage thelr contacts to bhe examined. Some clinics try to obvain
identifications of known contacts, to communicate with the contacts by
phone or in person and %o encourage them to be examined for gonococeal
infecvtion. Farly 1identification of Iinfectives by contact tracing
reduces thelr infectious periocds and, congeouently, can reduce the
chance of +transmitting the infection. During 1982 about 360,000
patients with gonorrhea were interviewed for sex partner referral,
about 335,000 contacts were obtained, about 215,000 partners were
examined and about 172,000 were <treated either therapeutically or
preventively (CDC, 1983%). Many additional patients were counseled
about their infection and advised to refer their sex partners for
examination.

Taccines. Aithough no vaccine which prevents gonorrhea is now
available, many researchers are trying to develov a practical
gonorrhea vaccine (WHO, 1978; WIAID, 19807 Marx, 1980; GShearer,
198%). One vaccine containing gonococcal piil elicited the production
of antibodies both in blood and in the secrevions of the urogenital
tract, where they may prevent bacterial attachment {Marx, 1980).
Another  gonococcal pili  vacecine stimulated the production of
antibodles In the biocod, butv had only a slight, temporary effect on
the secretory antibodies of the urocgenital tract. Since there are
about 1000 identifiable strains of gonococel with different pili, a
gonorrhea vaccine would have to contain a variety of pili. The three
exterior ceilular components of a gonococcus are pili, protveins of the
outer membrane and lipopolysaccharides sc that some scientists suggest
that a gonorrhea vaccine could be based on the latter two components
(WO, 1980). Recause both gonorrhea and meningococcal meningitis are
infections of mucosal surfaces and because the recently developed

vaccine for meningitis oniy provides immunity for several months, it
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is pussible that a gonorrhea vaccine would only provide temporary
immunity. Vaccines that produce permanent Immunity are generally
directed at viral diseases.

The search for a safe and effective gonorrhea  vaceline
continues. A recent news article (Shearer, 1983%) indicates that the
T.5. Army has field-tested an experimental vaccine for gonorrhea in
Korea. Half of the 5000 volunteers in the study were injected with
two doses of the Gonccoccal Pilug Vaccine and the other half were
given 1wo doses of a wplacebo. The usefulness of this vaccine is

unknown since the results of the study have not been announced.

1.4 Modeling Transmission Dynamics

In describing the transmission dynamics of a communicable
disease, 1t 1s convenient 1o divide +the vpopuliation intoe disjoint

classes whose sizes may change with time. The susceptibie class B

contvains vhose can become infected, the exposed class B contalns those
who are in a latent period but are not yetv infectious, the infective
ciass I contalns those who are infectiocus, and the removed class R
contains those who have at least <temporary immunity either from
lmmunization or previous exposure.

There are several basic types of epidemiovlogic models (Hethcote,
1976; Tllethcote, Stvech and van den Driessche, 1981c¢). To model an
epidemic (i.e., a sudden unusual increase in cases) of a disease for
whicn recovery confers permanent immunity, SIR or 3FIR models without
vital dynamics (births and deaths) are approoriate. A sequence of

letters such as SBIR describes the movement of individuals between the

classes: sugceptibles become latent, then infecticus and finally
recover with immunity. To model diseases which confer permanent
immunity and which are endemic (i.e., always present) because of

births of new susceptibles, SIR or SEIR models with vital dynamics are
suitable. Models of SIRS or SETR3 type are used to model diseases
which remaln endemic because the immunity is only temporary. Diseases
for which recovery does not confer Iimmunity are described by SIS or
SIS models.

Gonorrhea has three striking epidemiological characteristics
which must be incorporated inve a2 model. First, as described in
section 1.2, gonococcal infection does not confer protective immunity
so vhat individuals are susceptible again ags soon as they recover from
infection. Indeed, this lack of protective immunity makes gonorrhea
very different from other diseases such as measies, mumps, rubella,

chickenpox, poliomyelivis, diphtheria, whooping cough, and Ttetanus.
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Gonorrhea is a particularly interesting disease to model precisely
because infection does not confer protective immunity. Second,
individuals who acquire gonorrhea become infectious within a day or
two =0 that the latent periocd 1s very short compared to the latent
period of about 12 days for measles, 15 days for chickenpox, and 18
days for mumps. Indeed, the l1atent pericd for gonorrhea is short
enough 80 that it is not necessary to include an exposed class in a
model for gonorrhea. Third, the seasonal osciilations in gonorrhea
incidence are very small (less than 10%). 1In contrast, the incidences
ot diseases such as Influenza, measles, mumps and chickenpox often
vary seasonally by factors of 5 to 50 or more. Thus, models which use
constant vajues Ffor parameters such as the contact rates provide good
approximations for gonorrhea.

Because the three characteristics of gonorrhea described in the
previous paragraph seem to imply that 3STS wmodels with constant para-
meter values are suitable for medeling gonorrhea, we now investigate
this issue further. Time delays can be introduced to model the time
required for a person to pass from one disease state to ancther.
Since periodic solutions can arise in SIRS models with time delays
even though the parameter valunes are constant {llethccte, Stech and van
den Driessche, 1981a), one might wonder if periodic solutions can
arise in BEIS models with time delays and constant parameter values
since SEIS models are also cyclic with 3 classes; however, it has been
shown that these BRIS models have stable equilibrium points so that
they do not have periodic soliutions arising by Hopf bvifurcation
(Hethcote, Stech and van den Driessche, 1981b)., Indeed, for both SEIS
and SIS models with constant parameter values, time delays do nov
change the general nature of thresholds or asymptotic stability; in
all constant parameter models (i.e., without seasonal variation) the
disease either diles out or approaches an endemic steady state (Cooke
and Yorke, 1973; Hethcote, Stech and van den Driessche, 1981c).
Because the essential behavior of SEIS models is the same as for 819
models, SIS models with no latent pericd are accurate approximations
to SEIS models with very short latent periods. Since time delays do
not affect the asymptobtic behavior and since we will be interested in
the behavier near the eguilibrium points or in how the equilibrium
points change when parameter values or control procedures change, the
ordinary differential equation models without time delays are suffi-
ciently general (Hethcote and Tudor, 1980). In conclusion, SIS models
using ordinary differential equations without seasconal variation and
without time delays are satisfactory for describing the transmission
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dynamics of gonorrhea.

The firsty mathematical model explicisly for gonorrhea was
developed by Cocke and Yorke (1973%). They studied the asymptotic
behavior of solutions of an invegral eguation model for a single
homogenecous population which used time delays to represent variation
in the infecticus periocd. Cooke (1976) considered the effects of
immigration on this mnmodel. Reynolids and Chan (1974) considered a
Linear differential equation model for gonorrhea, estimated <the
parameters, and projected the prevalence for women and men, both with
and without terms modeling control procedures. Because the model is
Ltinear, the prevalence can grow exponentially without saturating the
populations. Constable (1975) discussed the vuroblems of gonorrhea
modeling and formulated a model with five groups for each sex.
Methcote (1973} showed that all endemic solutions of an ordinary
differential equation SIS model with a periocdic contact rate approach
an explicitly given periodic solution. A two group differential
equation model for gonorrhea has been analyzed by Hethecote
(1974,1975,1976).  Bailey (1975, Chapter 11) showed how SIS models
developed for otvher diseases can be used for gonorrhea.

A model for gonorrhea with an arbitrary number of interacting
groups was formulated and analyzed by Lajmanovich and Yorke (1976) and
Woid (1980). The section on gonorrhea in the differential equations
text by Braun (1975) is based on material (used without acknowledg-—
ment)} from a preprint of the paper of TLajmanovich and Yorke (1976).
Aronsson and Mellander (1980) showed that if the Lajmanovich and Yorke
model 1s modified <to include seasonal variation in the contact and
removal rates, then 1in the endemic case, there is a nontrivial
periodic solution which is globally asymptovically stable. Wallaswamy
and Shukla (1982) modified the Tajmasnovich and Yorke model to include
spatial diffusion and analyzed the stability of the endemic equilib-
rium state. Thieme (1982) showed <that the TLajmanovich and Yorke
glLobal stability results still hold if short periods of incubation or
imnunity are 1included. Hirsch (1984) chtained the Lajmancvich and
Yorke global stabllity results for a more general model.

Yorke, Hethcote and Nold {(1978) argued that gonorrhea prevalence
responds rapidiy to changes in social behavior and control procedures.
They also showed that the equilibrium prevalence moves as soclal and
medical conditions change. They introduced concepts such as satura-
tion, preemption and the core subpopulation inio gonorrhea analysis.
These resuits are described in more detall and justified mathemats-
ically 1in this monograph. Kemper (1978,1980) studied SIS models for
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one population with asymptomatics (infectives without sympvoms) and
with superspreaders (highly infectious individuals). Bailey (1979)
reviewed tihe current state of modeling gonorrhea and formulated some
new models with symptomatvics and asymptomatics. The local stability
of these wodels was analyzed by Wichmann (1979).

Xramer and Reynolds (1981) used a stochastic computer simuiation
model to evaluate gonorrhea  vaccination and other control
strategies. Hethcote, Yorke and Wold {1982) used an eight group model
for gounorrhea to compare the effectlveness of six prevention methods
for gonorrhea involving vpopulation screening and contact tracing of
selected groups. The population was divided according to sex, sexual
activity and symptomatic or asymptomatic infection. Thesgse results are
presented and explained 1in Chapter 6. A news article about the
results in this paper of Hethcote, Yorke and Nold (1982) appeared in
Nature (May, 1981). Cooke (1982) proved global asymptotic stability
for an BIZ model involving symptomatics and asymptomatics. See Cooke

(1984) for a survey of infectlous disease mocdels with agsymptomatics.

1.5 The Contact WNumber and the Infectee Number

The contact number for an infectious disease in a population is

defined as the average number of adequate contacts of a typlcal infec-—
tious person during vhe infectious pericd (Jlethcove, 1976). An

adequate contact is a direct or indirect contact that is sufflicient

for transmission of infection if the individual contacted is suscep-
tible. The concept of an adequate contact ig necessary since trang-—
mission of infection sometimes does not cecur during sexual inter-
courge between an infective and a susceptible. Morecgver, the proba-
bility of transmission from an infectious man to a susceptible woman
is greater than the probability when the roles are reversed. TIf all
people contacted were susceptible, then the contact number would be
the average number of people infected by one 1infective during the
infeectious pericd. The contact number for gonorrhea depends on the
sexual bhehavior of the population being considered. The contacy
number has also been called the reproduction rate (Dietz, 1975).

Jome of the adequate contacts of 1lnfectious individuals do now
result in twransmission of the infection since these contacts are not
with susceptibles. An infectee 1s someone infected by an adequate

contact. The infectee number for an infectious disease is the average

number of actual transmissions by an average infective during the
infecvious period. The infectee number may vary with time, for exam-

ple, seasonally. The infectee number 1ig the product of the contact
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number and the susceptible fraction at the given time, The infectee
number has also been called the replacement number {Hethcote, 1976),
the infector number ({(Yorke, Hethcote and Nold, 1976) and the
reproduction rate (Anderson and May, 1982).

4 basic principle for all diseases is that the infectee number is
one when the disease is at an endemic equilibrium {i.e., a vositive
steady state) (Hethcote, 1976; Yorke, Hethcote and Nold, 1978; Nold,
1979). This principle 1s an average resuit since some infectives
might infeect several susceptibles and other infectives might infect no
suscepiibles. It is assumed that each transmission igs the result of a
person 1o person contact (i.e. there are no vectors) and that the
population is closed (i.e., there is no immigration of infected
pecple}. The principle above is intuitively reascnable since if the
average infective passed the disease on w0 more than one susceptible
person, then the prevalence would increase. TIf the average infective
passed the disease on to Lless than one individual, the prevalence
would decrease.

Cne consequence of the principle above 1s that at an endemic
equilibrium the average infective has two adequate contacts during the
course of the infection: a contact with an infector or source of the
infection and a contact with an infeectee to whom the infection isg
transmitted. Thus the average verson with gonccocecal infection would
have at least two sex partners during the period of infection. See
Yorke, Hethcotve and Wold (1978) for a comovarison of this theoretical

resuit with some clinical survey data.



CHAPTER 2

A SIMPLE MODEL FOR GONORRHEA DYNAMICS

The BI5 mwodel 1In section 2.1 where susceptibles become
infectious and then susceptible again is based on the careful descrivp-
tion In Chapter 1 of the characteristics of gonorrhea: there is
negligible protective immunity, negligible latent period and
negligible seasonal oscillations. It is the gsimplest possible model
since 1t assumes that gonorrhea transmission occurs in one uniform,
homogeneous population. The population represented by the model would
necessariiy consist only of those individuals at high risk who are
ailso efficlent transmitters. Thus people who are less active sexually
would not be represented in this model. While the model restricts
attentvion to this group, the model does not indicate the size of this
group. MNovice that this model ignoreg the epidemioclogical differences
between women and men.

This model introduces notation and, like the more refined models
later in this monovgraph, it has a threshold which detvermines whether
the disease dies ont or approaches an endemi¢ equilibrium point. The
incidence at the endemic equilibrium in the model depends on svecific
paraneter values and <this equilibrium will move as <these parameter
values change. The concept In section 2.2 of a moving equilibrium
provides a basis for understanding observed changes and for predicting
changes in incidence resulting from changes in epidemioclogical fac-
torg. In section 2.3 the rapid response of gonorrhea incidence to
epidemiologic changes is justified by both observations and calcula—
tions.

The D18 model considered here gives us a theoretical framework fo
use in drawing simple conclusions. We can now see the fallacies in a
variety of lideas that were widely held. In the seventies some ob-
servers thought that the increase in reported gonorrhea incidence was
similar to exponential growth and that it would continue to increase
exponentially. Tor example, a Sclentific American (1976) news article
stated, "Today gonorrhea is an epidemic disease outv of control.
Reversing the exponential increass 1in gonorrhea calls for a two-
pronged attack: . . " A few people thought that the gonorrhea
epidemic would follow a classic epidemic curve as observed for an SIR
model without vital dynamics; thus they expecved incidence to rise tou
a peak and then decrease. The gonorrhea model presented in this

chapter and the coucepts of 2 moving equilibrium and rapid response
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which follow frowm the model provide a careful analysis and correct the
misconceptions above.

2.1 One Population Model for Gonorrhea

Agssume that the population considered hags a constant size W which
1s sufficiently large that the sizes of each class can he considered
ag continuous variables instead of discrete variables. The fractions

of the population that are susceptible and infectious at time t are

g(t) and 1I(t), respectively. The fraction TI(t) is called <the
prevalence. As noted 1n gection 1.4 the exposed class of latent
individuais is ignored since the lavent period is very short. There

iz no acquired protective immunity.

The contact rate X is the average number of adeouate contacts of

an infective per day. An adequate contact is a direct contact during

sexual Intercourse which ig sufficient for transmission of infection
if the individual convacved is susceptible. Thus the average nunmber
of susceptibles infected per day by the infective class of size NI
is ABNT. Here the contact rate A ls assumed wo be fixed and does not
vary seasonally. We remark +that the population 1is uniform and
homogeneously infected in the sense that each verson having an
adequate contact hag the sgsame probability of contacting an infective
(namely, the probability I{%)).

Here we let d be the average infectious pericd and assume that

the average infective has a 1/d4 chance of recovering on any day,
independent of how long the person has been infected. This assumption
is equivalent 1o the assumption that individuals recover and becone
susceptible agaln at a rate proporticnal %o the number of infectives
NT with proportiocnality constant 1/d. It is also eguivalent to the
assumption that the duration of infection has a negative exponential
disvribution (Hethcote, Stech and van den Driessche, 1981c).

Since S(t) = 1 - I{tv), the initial value problem for the number

of infectives is
%¥(NI(I)) = ANI(t)(1-I(+)) - NI{(%)/a , nNI(0) = T [(2.1]

After division by N, the differential eguation and initial condition

for the prevalence I(t) become

&= ar(-1) -1/, 1(0) = 1 [2.2]

For this model the contact number o defined in section 1.5 is egual 1o
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the product of the daily contact rate x and the average infectious
perivd 4 in days. Figure 2.1 shows the susceptible and infeciive

compartments and the transfer rates between compartments.

50) AT(1-1) -
susceptible /4 I1(t)
fraction of - prevalience
the population

Figure 2.1 TFlow diagram for the model [2.1].

The solution of [2.2] has the explicit form

e(c—1)t/d # 1
(LTI AN /0y v 1/t °
() = © [2.3]
1
F /T o =1

The asymptotic results below follow from this solution.

If the contact number satisfies o < 1 and initially there ig atv
leasti one infective, then the infectee number o3(v) always satisfies
o3{t) < 1 so that the average infective is replaced by less than one
infective. Thus the disease will eventually die out {i.e., I(3) » O
as 1 > =) since the average infective is not being replaced by at
least one new infective.

It the contact number satisfies o > 1 , then the average
infecvive can be vreplaced if +the susceptible fraction of the
population is high. 1In this case, the disease remains endemic and the
prevalence T(t) approaches the positive eguilibrium or steady state
value 1-1/¢ as t approaches = , At the endemic equilibrium point,
the susceptible fraction of the population § is 1/¢ so that the
infectee number satisfies o8 = 1 ag predicted in section 1.5. In
summary we point out that the contact number 1 is the threshold which
determines  whether the disease dies out (o<1) or remains
endemic (o>1) .

The contact number depends on hoth the disease and the population
being considered. A contact number may be greater than 1 in one
population and Zlegs than 1 in another. For example, the male gay
community has a large number of diseases that do not usually propagate
hetervsexually: rectal warts, hepatitis B and AIDS (Acquired Immuno-
deficiency Syndrome).
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In Chapter 1 we defined incidence as the number of new infecvives
per unit tvime. The daily incidence in our model [2.1] is aNI{1-1) .
Since we deal with fractions of the vopulation in our mathematical
models such as [2.2], we have defined prevalence as the fraction I(t)
of the population that is infectiocus at a given time as opposed to the
number NI{t) of veople in the vovulation who are infectious. TFor this
and subsequent models, when the disease is at an equilibrium, the
prevalence times the population size is equal to the incidence times
the duration. Here we see this from [2.1] since the Jderivavive of
NI{(t) is zeroc at an eguilibrium point. We remark that epidemioclogists
usually define prevalence as the number of infectious individuals at a
given time 8o that thelir relationship 1is <tThat prevalence equals

incidence t1imes duration.

2.2 Changes in Incidence: A Hoving Equilibrium

The epidemiciogic factors of a disease are the characteristics of

the disease and its environment that affect wransmission. TEpidemio-
logic factors include sociological aspects such as contact rates among
individuals and among subpopulations, sizegs of the affected vopulation
and subpopuiations, sgccial and economic condivions, psychological
attitudes and control programs. They also include clinical aspects
such as average durations of the incubation, latent and infectious
veriods, virulence of the agents and their resistance to certain
treatments, and availability and qguality of medical care. The
epidemiologic factors at a given +time determine a theoretical
equilibrium or steady state level and if the epidemiclogic factors do
not change, the actual incidence will approach this eouilibrium
level. Tn the model in section 2.1, the prevalence I(%t)} approaches
(1-1/0) and the incidence approaches N(1-1/0)d .

Before the <theoretical eguilibrium level 1is reached, the
magnitude or relative Importance of the epidemiologic factors may
change and thus define a new theoretical equilibrium levei. Although
the theoretical equilibrium levels may never be reached, the acvtual
incidence will be close to the theoretical equilibrium since the
approach to equilibriuwn is rapid iIn comparison 1o changes in the
theoretical equilibrium (gee the nextv section). Thus we can think of
gonorrhea 1incidence as having a moving egquilibrium where the movement
is due to changes in epidemiclogic factors.

Pigure 1.2 in Chapter 1 shows that the reported incidence of
gonorrhea increased each year from 1957 to 1975. Reported incidence

in vhe United States increased by a factor of about 4 between 1960 and
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1975, Recaune of the increased awareness of the seriousnesn of fono-
coceal iafection in women and the screening program sgarted in the
nited 9vates in 1972, the reporting of ronococcal infeciions in wonen
may be betvter in the seventies than n the sixties. Changes  in
reported cases in men wmay correspond better to changes in actunl
‘neidence so that the actual incidence of gonurrrea from 1960 to 1974
may be increased by a factor of approximately 3 insitead of 4 (Yorke,
Tethnewie and old, 1978). The avprroach oresented above would expiain
whig inerease as the resuit of continucus changes In the epidemicaosic
factors. Pactors often mentioned as pussible causes of the increased
‘neidence inciude changes in sexuar behavior and population tobiliuvy,
changes in gonococeal resistance tu antiblovics and changes in methads
of contraception (WHn, 1978).

There is considerable evidence of changed sexual behavior in the
Inited 3tates (and elsewhere). Retween 1967 and 1974, premarital
‘ntercourse rates ruse 300 vercent for whitve wumen =and 50 percent for
white men {(NTAID, 19380). L nationail survey of coliege students in
1976 showed rates of premarital coiwus were 74 percent for both
mexes. Sexnal activity among adosiescents 1s clearly increasing. The
percentage of sexually experienced never-married women who have had
more than one sex partner increased from 3%8.5% in 1971 to 49.9% in
1976 (“TATD, 1930),

T"he demographic  factors that correlate hest with gunorrnea
incidence are age, race, marital status, socloeconumic status and
nrban residence (Ww¥0, 1978, Changes in demograohic factors are Sften
ignored, yet they could cause significant changes 1in incidence. Wor
examnle, 1f all other epidemicliogic factors remained fixed, then a
change in the size of the high case rate age group should cause a
proportional change in gonorrhea incidence. BHince the 18-24 age group
has the highest age specific case rates in the Inited 3tates (Anerican
“ocial Healih Association, 1975; 7aidi et ai, 19%%) the increase in
sime of thigs age group by a facvor of 1.7 between 1960 and 1975
{uyurean of the Census, 1977) couid have been one imrortant cause of
the increase in repurted gonorrhea incidence. Reported incidence 1s
avoroximately ten times as high in the biack popuiation (WED, 1978) on
a wmer capita basis and the black poouiation in the 13-24 age garouc
increased by a factor of 1.9 between 1960 and 1975. Since the size of
the 18-24 age group is projected to decrease by a factor of 0.86 in
the United States from 1975 to 1990 (pPurean of the Census, 1377) a
corresponding decrease 1in gonorrhea incidence might be expected 1if

sther epldemiclogic factors remained cunstnant.
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Since 1975 the reported incldence of gonorrhea has been approxi-
mately constant. Although this suggests that an egquilibrium level may
have been reached, some epidemiologic factors have probably changed
since 1975, Bexual activity among young people has probably continued
to lncrease, The number of people in the high-risk age groups was
expected to reach a wmaximum in 1983 (NIAID, 1980). The screening
program initiated in 1972 has Yhecome larger and ovprobably more
effective. There has also been some indication that the fear of
genital herpes has reduced the number of casual sexual contacts. Thus
the almost constant gbgerved 1ncidence of gonorrhea 1is  alimogs
certainly a balance among factors which tend two increase and to
decrease incidence. Of course, there is no way to measure the changes
in these factors accurately enough to give quantitative predictions of

the movement of the equilibrium.

2.5 Changes in Incidence: Rapid Response

Wot only does the incidence of gonorrhea change as epidemiclogic
conditions change, but, in fact, the 1incidence changes rapidly in
Tresponse to epildemiologic changes. As an example of rapid response,
1f all venereal digease clinics in a region were suddenly closed, then
the actual incidence of gonorrhea in that region would increase
sharply %o =2 new level within a few months. However, 1if the
epidemiclogic change occurred in steps over a period of time, then the
incidence changes would also occur over the period of time. Ag
exampies of rapid response, we clte the regularly observed increases
in natlonal reported cases approximately four weeks after Christmas
and New Year's Day when most 1treatment facilities are closed and
neople have different patterns of interaction. Thesge increases are of
short duration sc that the incidences qguickly drop back to the usual
levels. Another example 1is the seasonal changes In gonorrhea
incidence due to seasonal changes in epidemiclogic conditions (Yorke,
Hethecote and NWold, 1978).

A crude estimate of the contact number can be obvained by using
screening data from 1973-1975. As mentioned in gection 1.3 1t has
been estimated that in 1975 the screening program for women discovered
10% of all gonococeal infections in women. TIf the 10% devected occur
randomiy among those with gonococcal Iinfections, then the average
infectious period is reduced by 10%4. Using a trend line analysis on
the reported incidence in men, it has been estimated that the effect
of the screening program in 1975 was a 20% decrease in incidence in

men (Yorke, Hethcote and Noid, 1978). If the incidence in women is
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also reduced by 20% and their duration is reduced by 10%, +the
prevalence 1is reduced by a factor of (0.8)(0.9) = 0.72 by the
screening progranm. Teing the simple model 1in section 2.1, we can

egquate two expressions for the prevalence with screening
1 - 1/{0.%) = 0.72{1-1/0)

This equality yields a contact number o of 1.40.

This value of o yields estimates of <the rates of response of
I(t). The linearization of [2.2] near I=0 is dI/dv = (o-1)I/4 ,
1{(0) = I,. Thus if the initial infective fraction I, is very small,
then I(t) = Ioe(°_1)t/d so that +the doubling +time for I(%t) is
ty = d(in2)/{s=1) . For example, if the contact number is o = 1.4 and
the average duration 4 is 1 month, then the doubling time 1is 1.7
months, This estimates the doubling time if gonorrhea were introduced
into a new population or 1f a new virulent strain such as PPHNG were
introduced. The concept of rapid response to epidemiologic changes is
consistent with this rapid initial increase of the prevalence.

We can also obtain an estvimate from o of the speed of approach tu
equilibrium. If I{(t) = 1-1/c + ¥{t) , then the Linearization of [2.2]
around the equilibrium point 1-1/0c is av/dt = —(o-1)V/d . This

—{o-1)z/d 8o that the

differential equation has solution V{t) = v e
half life is %, = d(1n2)/({e-1) . Thus the halving time near tue
endemic equilibrium poini {the time a nonegquilibrium prevalence takes
to get half way to the equilibrium from its current position) equals
the doubling time near the trivial equilibrium point. If ¢ = 1.4 and
d = 1 month, then the distance from the endemic equilibrium point is
halved every 1.7 months. Thus the rate of approach to the endemic
equilibrium point is also rapid, which is consistent with the idea of

rapid response.



CHAPTER 3
A REFINED MODEL FOR GONORRHEA DYNAMICS

"me popuiation which needs to be described hy a toler for the
vransmission of gonorrhea consists of those cexually active peopre who
conid be infected by their contacts. The model in Chapter 2 assunes
that thls poobuiation is homogensous and uniformy rowever, TMat mofel
is tuo simple since the population is really quite heterovgeneons. A
anitabie modeil shonid aillow for heterogeneity by incornoratine many
27ouna. The division Into groups couid be done according to differ-
ences in sex, sexual contact rates, sexual behavior, age, geograpnic
location, svciceconomic status, e1C. Por examyplie, zote individaals
are more active sexually than others in the sense that they have more
freguent changes of sex nartners. Jome infected people, especially

Tr

women, are essentially asympromatic and do not seck eaLment whlle

others have symptoms which cause them to seek treatment.

In section 3.1 we develion 2 molel for a povuiation divided nvo n
grouns or subpopaiations. We ghow that either the disease dies out
naturally for all possible initial 1levels or the disease remains
endemic for all future time. ¥Muireover, the nunbers of irnfectives and

susceptlibles 1n each group approuach nonzeroc constant 1evels, which are

independent of initlal l1evels. Mhe effeets of chanees [n the
parancter vaiues (corregsponding to  epliemivliogical changes) on a

diseass can be determined by examining the resulting changes 1in the
endemic egquiribrium levelis.

A method of determining the contaciy raves among groups by using a

propurtionate mixing assumption 1s described in section 3.2. With
this assumption the threshosd guantity which determines whethor tThe
digeane dies out or remains endemic is an average conlact number.
Yodels with different grouns are congiiered In subseauent chapters.

3.1 A Gonorrhea Model with n Groups

Assume that the population s divided into n grouops and Let ¥, bhe
the size of the subpupulation in grouv 1. We agsume that each grouvo
‘s Fkomogenceous in the sense that ali ‘ndividuals in the grour are
simliar. They shouid have the same rates of contact with new sexual
partiners, the same mean durations of infection and the same tikelihood
s acauiring infection daring a sexual encounter withn an infentious
partner. We assume that individuals are either susceptible or

infect ious and that infectious individuals in a group have the oake
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sexual behaviour and activity levels as susceptibles. Let I;{(t)
dencte the prevalence in group i at time t so that the susceptible
fraction in group i is 1-T;(t). We measure time t in days.

Tiet Aij be the average number of adequate contacts (i.e.,
contacts sufficient for transmission) per unit time (one day) of an
infective in group j with persons In group 1. Since the susceptible
fraction in group 1 is 1~Ii(t), the average number of susceptibles in
group 1 infected per unit time by an Iinfective in group J is Aij(T—
T.(t)) and the average number infectved per unit time by N3y
infectives 1is AiijI-(1—Ii(t)).

Let di be the mean duration of infection in days for a person in
group i. As in Chapter 2, we assume that each infective in group i
has a fixed chance of recovering each day and that the probability is
1/di. Thus the removal rate per day from the infectious class is
NiIiXdi. As noted in section 2.1, that this 1is eguivalent to assuming
that the durations of infection in group 1 have a negative exponential
distribution (Hethcote and Tudor, 1980).

The differentvial equations for the model are

d _ |
Fp(MI.) = §£1Aij(NjIj)(1—Ii)) - W.I./d. {3.1]
with initial conditions I.(0) = I, for i=1,2,...,n. The first term

in each differential eqguation is the rate of new infecticns or inci-
dence in group 1 and the second term is the removal rate due +to
recovery. Figure 3.1 shows the susceptible and infective compartments
and the transfer rates between compartments.

n
N
(3 ayMyI50(1-1y)
5 W, 1
group 1 = F}‘oup 1
susceptibles et N1I1 /d1 infectives
I )(1-1 )
A JN.T. )1-I
521 nyJdJ n N T
group n - n.n
- i group h
susceptibles 1 NnIn/dn Tnfeotives

Pigure 3.1 Flow diagram for the model [3.1]
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Lajmanovich and Yorke (1976) proved that the model [3.1] is well
vosed. That is, unigue soiutions of [3.1) exist for all tvime, depend
continuously on the initial dasa, and are always between O and 1.
The nxn coefficient matrix A in the Llinearization of [3.1] is given by
A = L-D where T = [Aiij] and D is a diagonal matrix with W,/d; as the
entry in the ith row and column. Tet s(A) be the stability moduius of
A, 1.e., the maximum real part of the eigenvalues of A. They proved

the following theorem,

THECREM 3.1. Assume that the model 1is 1irreducible, that 1is, the

population cannot be split into two subpopulations that do not contact
each other. The solutions of [3.1] approach the equilibrium point at
the origin if s{A)<O and they approach a unique posltive equilibrium
point it s{A)>0, provided +there is some infection in some Zroup
initially.

Thus gonorrhea will die out if the parameter values are such
that s(A)<0 and will approach an endemic steady state if s(A)>0. One
practical 1implication of the theorem above is that it allows us to
focus on the positive egquilibrium point and to see how it changes when
parameter values change or when control procedures are added. Let
F;>0 be the equilibrium prevalence (the fraction of group 1 that is
infectious at equilibrium). Thug the Ei are the solutions of the n
gimultaneous quadratic equations obtained when the right sides of
[3.1] are set equal TOo ZETOo. From +the guadratic egquations, the
eguilibrium iIncidence in group 1 is equal to the eguilibrium
prevalence F; times the group size Ni divided by the mean duration
d;. Figure 3.2 shows the typical behavior of solution paths as they
approach an endemic egquilibrium point.

One of the striking features of Theorem 3.1 is the gualitative
dynamical conclusion that equations [3.1] nave a unigue eguilibrium
point, either strictly positive or zero, which is the 1imit of every
soiution starting ouv from a state where infection is present. Hirsch
(1984) has shown that this conclusion also holds for a generalizatvion
of equations [3.1]. TIn his differential equations, the incidence and
removal terms are given by functions which satisfy certain
conditions. His model 1s g0 general that 1t is not possible to give a
vrocedure for deciding whether the equilibrium point corresponds to an
endemic steady state or to die out of the digease. However, the
generality of hig model strongly suggests that any observed
filuctuatrions in the incidence are not due to the intrinsic dynamies of

the disease s¢o  that they must be due two flucvuations in
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Figure 3.2. Solution paths approaching the endemic equilibrium point
when s(A) > 0.
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epldemiological or environmental factors or in revporting.

5.2 Proportionate Mixing Among Groups

The cuontact rates Aij in the contact matrix can be determined
methodicaily by using some assumptions regarding the interactions of
the groups. The "proportvionate mixing" approach explained in Woid
(1980) assumes that the number of adequate contacts between two Zroups
is proportional to the relative sexual activities of the two groups.
An encounter will refer tou one or more episodes of sexual intercourse
with a new partner. For examplie, if group 1 has 10% of all encounters
and group 2 has 40% of all encounters, then in a proportionate mixing
mcdel, the fraction of all encounters which are between groups 1 and 2
is .10 x 40, The frequency of encounters 1s a better measure of
sexual activity that is 1likely to transmit infection than the fre-
guency of sexual intercourse, since encounters are new opportunities

to bhecome infected or to transmit the infection.

Let a3 be the activity level of group J, which is the average
number of encounters of a person in group J per unit time. Thus 1/aj
is the average time between encounters for a person in group j. Let

5 be the probability <that an infective in group J transmits the
infection during an encounter with a susceptible, i.e., that there is
an adequate contact. Tet M3 5 be the fraction of encounters made by an
average infective of group jJ with persons in group i. Notice that the
sum of each column in the mixing matrix M is 1. From these
definitions it follows that the average number of adequate contvacts
per unit time of an infective in group J with different partners in
oup 1 is A,. = a,m..q. .

i] J iJ7d
The average number of encounters per unit time is

A = 2 5 I.. The fractional activity level of group i defined by
bi = i /A is a measure of the relative sexual activity of group 1i.
' n
Notice that ) bi = 1. The proportionate mixing assumption is
i=1 -

that the encounters of a person are distributed in proportion to the
fractional activity levels, i.e., mij = b;.

The contact number kj for group J, which is the number of ade-

quate contacts made by a typical infective in group j during the dura-

tion of infection, savisfies kj = qjajdj. If w5 17 is the number of

adeguate contacts with group i of a group j infective during an aver-

age case, then tij = Aijdj = J qu d = mijkj' The n x n matrix T =

[“ij] is called the transmission matrlx. In the propvorticnate mixing

model, tij = bikj-
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The average contact number for this model with proportionate

n
mixing is K = } biki y» which 1s the weighted average of the countact
i=1 '
numbersg of the groups with the fractional activity levels wused asg

weights. It is the average number of persons contacted by an average
infective during the infectious pericd. We now prove that this aver-
age contact number 1s a threshold parameter which determines whether
gonorrhea dies out (E<1) or remains endemic (E>1).

The characteristic equation for +the transmission matrix T is
det(T-al) = (~1)%%" " (a-%) = 0 . We assume below that T is irredu-
cible, which again means that the whole population cannot be split
into two subpopulations which do not interact with each other. The
lemmas below are from Nold {(1980).

LEMMA 3.2, Tf T is a sguare matrix with nonnegative elements, then T
has a real, simple eigenvalue p(T), called the Perron eigenvalue,
which is egual to ivs spectral radius.

LEMMA 3.3. The outbreak eigenvalue m, = s(A) for [3.1] has the same

sign as r(T)-1 where r(T) is the spectral radius of 7.

THEOREM 3.4. 1In the proportionate mixing model the solutions of [3.1]

approach the origin if K<1 and they approach a unique positive eguili-
brium if ©>1, provided there is  sone infection in some group

initially.

PROOF. From the characteristic equation and Temma 3.2, the Perron

eigenvalue p(T) = ¥ is equal to the spectral radius r(7). By Temna
5.3, r{T) = E<1 is equivalent to the outbreak eigenvalue satvisfying
m_ = s(A}<0 . The theorem now follows from Theorem 3.1.

We now develop some relationships that will be useful in iater
chapters. Using several definiticons above, an algebraic manipulation
teads to liij/Ni = (ki/qidi)quj so that [%.1) becomes

at, (E ) ki(1—Ii) I, 521
—— ) b.q_I A - —_ - 3.2
dt =1 37177 qidi di

for 1 = 1,2,...,n. This 1s a convenient form since the parameter

values appearing are often available.
The endemic equilibrium orevalences H; are found by setting the
right sides of [3.2] eoual to gzero so they are the nontrivial

solutiona of
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n
Ch.gLBl )k, (1-E, . = E, .
(‘£1 3% J) 1( 1)/q1 i [3.3]
for 1 =1,2,...,n. Define the average equilibrium infectivity h by
n
h = ) b.g;B: . .
j£1 7957 [3.4]

The fractional infectivity of group ] defined by

o= 1 LH L .
Cs = byayR/h [3.5]

measures tithe relative abilivty of group J to transmit the infection.
From [3.3) and [3.4] we £ind that the endemic equilibrium prevalences
. must satisfy

n,o= hki/(qi+hki) . [%.6]

The equations {%.4]} and {3.6] yielad

n
i£1qib1ki/(qi+hki) =1 [3.7]

which 1ig equivalent to an nth degree polynomial for h. For example 1f
n=2, then the quadratic equation is

K,k h® + Tk, + g ke — (a,b, +0.b )k ko b - a, g (BE=1) = O [3.8]
152 L5 ¥y by %o 4q P rhp Pp /R K 14 : :

The endemic prevalences are found from [3.6] using the positive root h
of [3.8]. ‘

Since the incidence in group 1 1is N; times the summation terms in
[3.2], the total incidence of the population per year divided by the

population size {(i.e., the number of cases per person per year) is

n n
.-r . .
365Li;1Ni(j;1qujﬁj)ki(1—ﬁi)/qidi] |
v _ = =
v = ; : [5.9]
¥ L
i=1
Using {%.3] the number of cases per person per year satisfies
e
365[i£1NiEi/di]
1= W [3.10]
P
i=1 '



CHAPTER 4
MODELING GONORRHEA IN A POPULATION WITH A CORE GROUP

In the eariy 1970s, the prevalent idea was that "gonorrhea is
everybody's problem". Tt was recognized that everyone who was
sexually active could get gonorrhea and, conseguently, the screening
program in the Tnited States started in 1972 wag designed to identify
asymptomatic women by doing culture testing of ag many women as
possibtle. This scereening program has heen described in section 1.7%.

In this chapter we study the core group: the group of
individuals who are sexually very active and are efficient trans-
mitters. The existence of a core group suggests that methods
egpeclally designed to identify and cure core members might be a more
effective uge of the resources available for gonorrhea control since
the real objective of control is to prevent cases. A ecore—noncore
model 1s developed in section 4.2 and parameter values such as sexual
activity levels and average duratvions of infection are estimated. In
the calenlations the core 1is less than 2% of the population and
consists of peoplie who are 10 times as sgexually active as noncore
members, Remember that our measure of sexual activizy 1is the
frequency of new partners and that all individuals modeled are
sexually active. Cases in the core are only 13% of the incidence; vet
16.7% of <the encounters are with core memhers and 60% of all
infections are directly caused by core members. Thus a small core
group can be very important in the transmission of gonorrhea.

Various control procedures such as gcreening and contact—-tracing
are discussed in section 1.3. When screening and rescreening are
compared in section 4.3, the calculations show that rescreening is
approximately four times as effective per number of individuals tested
as screening in reducing total incidence. As described in section 4.3
and in (WHO, 1978, p. 107), the Wational Strategy io Control Gonorrhea
was revised in 1975 to include retesting and rescreening. The two
strategies for contact investigation compared in section 4.4 are
contact-tracing individuals named as infectors and contact-tracing
infectees.

Recall from section 1.3 that if scientistes eventually are able to
develop a vaccine for gonorrhea, then it will probably give only short
term immunity. Because of this limitation it is particularliy valuable
to examine ways of usging a vaccine. The ftwo vaceination strategies

for potential vaccines compared in section 4.5 are vaccinatvion of
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random individuals in the population at risk and vaccination of
persons Just aftver they have been treated for gonorrhea. Calculations
in that sectwtion sghow that post—treatment vacecination is about five
times as effective per number of persons immunized as random
vaccination in the population.

The concept of a core 1is inportant in undergstanding gonorrhea
dynamics from a clilinical perspective. The guotation below 1s by R. XK.
9t. John and J. W. Curran (1978) of the Venereal Disease Control
Division of the Centers for Disease Control.

"Increasing emphasis is being placed on intervention
strategies fTor +the core population described by Drs.
Yorke, Hethcotvte and Wold. Patients who have repeated
infections in relatively short periods {three +to six
months) are clearly part of the core. TRrooks, Darrow, and
Day studied 7,347 patients from venereal disease clinics
and retrospectively 1identified 497 patvients who had had
repeated infections. This small number of patients was
respongible for 21.6% of all cases of gonorrhea in the
local county and 29.4% of all the cases seen in the
clinic. Membership in these high-risk groups constantly
changes as variavions in patlents' sgexual behavior lead
individuals into or out of the group. Tdentification of
thege individuals while thelr risgk of infection is high
may have major dimpact on transmission of the disease.
Studies are under way to determine which risk factors can
be used to identify this group a priori so that attempts
can be made +through pericdic screening to keep these
patients free of disease for longer periocds. [Fmphasis
added. "

The quotation below 1is from a 1978 report of a World Health
Organizasvion scientific group {(WHO, 1978, p. 116).

"The Group observed that, in the USA, the decision to
carry out culture screening of non-symptomatic women was
baged on the assumption that +the major ecause of the
gonorrhoea epidemic was the large reservoir of such
women. Thig assumption is no longer in vogue in that
country, and decisions for control are now based on the
concept o©f core transmitters of disease, which postulates
that a relatively small proporticn of the population is
contributing to the maintenance of the epidemic and that
it 1s precisely this groun of +transmitters that is
particularly important. Further disease models are needed
for the development of innovative approaches t©o the
problem of gonorrhoea control.”

4.1 The Concept of a Core Group

If the contact number is greater than one and the initial suscep-
tible fraction of the population is near one, then the initial
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infectee number 1is greater than one s8¢ that the prevalence for the
disease will initially increase. The yprevalence cannct Iincrease
indefinitely since it is bounded above by one. A factor which iimits

the prevalence of a diseagse ig called a saturation factor. For

diseases whose Infection confers immunity, the saturation facsor is
acqulired immunivy. The average prevalence of such a digease is
limited by the fact that some adeguate contacts of an infective do not
result in transmission since the contacted person is ilmmune. Immunity
acquired by infection or vaccination is the saturation factor for
diseases such as measles, chickenpox, mumps, rubelila, poliomyelitis,
diphtheria and whooping cough. For influenza a mutation %o a new
strain can lead to a new epidemic since individuals may not be immune
to the new sirain.

tonorrhea is an exception; most other directly-transmitted
diseases confer significant levels of immunity. Since gonococcal
infection does not appear to confer protective immunity or subsvantial
resistance, acquired immunity cannot be a saturation factor for
gongrrhea, An adequate contact of an infective will not results in
transmission of gonococcal infection only if the contacted individual

is also an infective. Thisg is calied the preemption effect since an

already infectious individual cannot  be infected by another
infective. Btrictly speaking the infected individual could acquire an
additionasl strain. Preemption seems to be the only possible
saturation factor for gonorrhea since infection does not confer
immunity.

The effects of the screening program were used in our simplistic
one population model 1in section 2.3 to estimate +that 1the contact
number o is 1.40 so that the prevalence 1-1/0 before screening would
be 0.29. If the initial prevalence is below 0.29, then the prevalience
approaches this value monotonically, but does not exceed 0.29 because
of the preemption effect. Thus saturation occurred in that model when
the prevalence reached 0.29.

We now use crude estimates to calculate the prevalence in another
way. We estimate that the actual yearly incideuce of gonorrhea in the
Unived BSwates ig 2.0 million and that the population at risk is
approximately 20 million. If the average duration of infection is one
month, then the number of cases at any given time ig 166,667 which is
less 1% of the at-risk population. Since less than 1% of the contacts
of an average infective are also infectious, preemption is not an
important limiting factor when the population is considered to be one

large, uniform, homogeneously-infected vopulation. Tf preemprion at
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1% were enough to stop incidence from increasing, +then the large
current screening program (which is estimated to discover and cure 10%
of infectious women) would have caused gonorrhea to die out.

Of course, the population 1s not homogeneousiy infected and
uniform since some individuals have more sex partners than others.
Thus the preemption that limits gonorrhea must be occurring in a
subset of <the at-risk population. The sexually =active povulation
could be divided into subgroups according to sex, age, race, sexual
practices, number of sex partners, etvc. The population in the £roups
with high prevalence (with prevalences of at least 20%) are lumped
together and called <the core. There 1is a significant preemption
effect in the core.

There is no sharp division of the population at risk into the
core and noncore since the heterogeneous pooulation is made up of many
groups. However, 1t 1s convenient conceptually and computationally to
think of the core and the noncore as twthe only groups in the sexnally
active population being considered. If half of the infected indivi-
duals (half of 166,667 people) were in the core and the prevalence for
the core were 20%, then the core would have 416,667 members or about
2% of the 20 million people assumed to be at risk. Thus the core can
be a small percentage of the population at risk.

The significance of the core can be determined by a thought
eXperiment. We observe +that prevalence in the noncore is small
(=1%) so that no saturation is occurring there. In addition some
cages there come from contacts with core members. We conclude that
the contact number is less than one in the noncore. Suppose now that
all individuals in the core were instantanecusly cured and permanently
imnunized against gonococecal infection. Since cases infected by the
core wouild no longer occur, the noncore prevalence would decrease and
the infectee number for the entire population would decrease to a
value less than one. Before the immunization the infectee number was
greater than one for the core and less than one for the noncore;
immediately afver +the immunization it is gzero for the core and
lecreased for the noncore. Since there 1is no egaturation in the
noncore, the susceptible fraction of the population is approximately
one so that the contact number is approximately equal to the infectee
number ., Thus the contact number for the noncore is less than one
after the immunization =0 that gonorrhea would die out. In other
vords, since nonzero equilibrium prevalence required saturation in
some group, 1f the core is immunized so that there is no saturation,

then the equilibrium prevalence cannot be nonzero. Thus all cases are
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caused directly or indirectly by the core: +the core causes gonorrhea
1o remain endemic.

Some efforts have been made to identify core groups by theilr
characteristics (Rothenberg, 1982;Potterat, Rothenberg, Woodhouse et
al, 1983). Ilomosexual men (Darrow et ai., 1981; Judson et al., 1980)
and prostitutes {(Darrow and Paulii, 1983) may be core group members
because of their frequent and anonymcus sexual contacts, the social
and legal Impediments <€o <their medical care, and =their liack of
referral of sex partners. An overall infection rate of 27% among
street prostitutes was found in one city studied recently (Potterat et
al., 1979). Gonorrhea was detected in 20% of women arrested for
prostitution in Avlanta, Georgia (Conrad et al., 1981). There is some
evidence that women with gonococcal Pelvie TInflamatory Disease are
core group members because their sexual contacts are often infected
and frequently asymptomatic (Wiesner and Thompson, 1980; Potterat et
ai., 1980). It is possible to identify high risk individuals by
characteristics such as age, sex, race and census tract (Rothenberg,
1982). One study of possible core group members in a small community
showed that 3% of +the vopulation was regponsible for 27% of +the
gonococeal infections (Phillips, Potterat, Rotvhenberg et al., 1980).
Intervention with high risk groups is an efficient use of resources
since their importance in overall disease transmission is
disproportionate to their numbers.

Groups with high rates of infection definitely are geographicalliy
clustered, often in an inner city (Potterat, et al. 1980; Wiesner,
1979;° Rothenberg, 1982). The abstract of a paper, The CGeography of
Gonorrheas Empirical Demonstration of Core Group Transmission, by

Rothenberz (1983) is given below.

"The pattern of reported gonorrhea in Upstate New York
(exclusive of Wew York City) in the years 1975-1980 is one
of intense central urban concentration, with conecensric
circies of diminishing incidence. The relative risk for
gonorrhea in these central core areas, compared 1o
background state rates, is 19.8 for men and 15.9 for
women, but as high as 40 in sgelected census tracts.
Prevalence appears 1o approach 20% in some areas, the

Llevel postulated by current epidemiclogic models for
continuing endemic +transmission. Thegse c¢ore areag are
characterized by high population density, iow
socioceconomic status and a male to female case ratio of
one or lower. Contact investigation data suggest that
gexual contact tends to exhibit geographic clustering as
well. These observations provide gupport for narrow

focusing of epidemioclogic resources as a major disease
control strategy.”
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4.2 The Core-Noncore Model

When part of the population differs from the rest in some

epidemioclogically significant way, it is desireable w0 consider the
simplest model which concentrates on that difference. Here we use a
model with a core group and a noncore group in order to determine the
implications of having one group more active than the other. Two
group models have the addiftional advantage that the equilibrium
prevalences are easy to obtain with a hand calculator. However, the
core-noncore model ignores distinctions between women and men and does
not allow different groups with different durations of infection. A
more refined model involving eight groups is considered in Chapter 6,
There the equilibrium point is more difficult to ecalculate so =
computer is used.

Here we divide the population into +two groups based on +ihe
frequency of new sexual encounters. Let Iy be the prevalence for the
core {the very active group) and I, be the prevalence for vhe noncore
(the active group). In order to do some caleculations with the
vroportionate mixing model [3.2] with n=2, we nmust choose some
parameter values, Let the average number of days between encounters
be 5 days for core members and 50 days for noncore members so that the
activity levels defined in section 3.2 are a; = 1/5 and ar = 1/50.
Assume that the ratioc N1/N2 of the sizes of the groups is 1/50 so that
the «core ig about 2% of the sexually active vopulation being
considered. Let the average durations of infection, d4y and do, both
be 25 days. Here we assume that all new encounters are adeguate
contacts so that gy = ago = 1. Thus the core-noncore model is an
initial vaiue problem with the differeatial equations

dIi ki Ii
T T T, (b, T,+0,I,)0(1-1,) - = [4.1)

i

for 1 = 1,2. A flow dlagram for this model is given in figure 4.1.

(k1/d1)(b111+b212)(1—11)

susceptibles in
the core (1—11)

infectives in

I, /d, the core I,

ol

(kg/d2)(b111+b212)(1—12)

susceptibles in =1 infectives in

) I,/d j
the noncore (1—12) | P/ %o the noncore I,

Figure 4.1 Plow diagram for tne core-noncore model.
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The difference between the groups is that core members are 1C times
ag active as noncore nmembers. Without checking devails, we might
egtimate roughly that a core member ig 10 times asg likely to become
infected and has 10 times as many opportunities to twransmit <the
infection while infected. Hence each core member might be expected vo
infect 100 times as many people as a noncore member., This calculation
is not precise since it ignores the saturation in the core: an
infective core member cannot be infected. We now sece what the model
predicts in detail.

Using definitions and equalities in section 3.2, we find that the
contact numbhers are ky = 5 and kr = 0.5 so that the average core
member has adequate contacts with 5 people during the infectious
period while each noncore person has adequate contacts with an average
of 0.5 persons. The fractional activity levels =are by = 1/6 and
bo = 5/6 so that 1 out of 6 encounters is with a core member and 5 out
of 6 are with =a noncore member. Thus 1/36 of the encounters are
between two core members, 10/36 are between a core member and s
noncore member and 25/%6 are between two noncore members.

The average contact number K is 1.25 so that by Theorem 3.4,
gonurrhea remaing endemic and the prevalences approach the equilibrium
values T, and BE,. From equation [%.8] +the average equilibrium
infectivity h is 0.078 so <that the equilibrium prevaliences are
% = 0.28 and B, = 0.038 from [3.6]. Thus 28% of the encounters of a
sugceptible with a core wenmber result in infection while for
encounters with a noncore member the figure is only 3.8%. Trom [3.5]
the fractional infectivities are Cy = 0.60 and Cr = 0.40 so thas for
this model 60% of all infections are caused by core members. Thus the
coure causes ﬂé times as many infections as the noncore even though he
core is 50 times smaller. Thus for this model a core member causes 75
times as many infections as a noncore member {compare this with our
original estimate of 100). From [3.10] the cases per person per year
is Y = 0.62. (Cases in the core group are 13% of the total incidence
at equilibrium.

The calculatvions above show that a small core group can be very
important in the spread of gonorrhea. The core is less than 2% of the
population abcve and cases in the core are only 13% of the incidencey
yet because core members are 10 times as sexually active as noncore
members, 16.7% of the new encounters are with core members and 604 of

all infections are caused by core members.
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4.5 Screening and Rescreening Strategies

The following guotation is from the report of a World Tlealth

Organization scientific group (WHO, 1978, p. 105).

"The mistaken assumption that every case of gonorrhoea is
egqually important for the spread of disease must Ybe
dispelled. Pailure to treat gonorrhoea cases among groups
with a high rave of disease +transmission gignificantliy
limits the chances of succesg.”

The general fechnique which we use is to change the differential
equation to incorporate a control procedure such as screening. Then
we sovlve for the new eguilibrium. The drops in the eguilibrium
prevalence and incidence are a result of the control vprocedure. We
can also calculate how many cases are prevented for each person
discovered and treated via the secreening program. The number of cases
vrevented inciudes all the cases in the chain of transmissions:
primary, secondary, tertiary cases, eTcC.

First consider a strategy of screening individuals at random in
the sexually active population. Let g be the fraction of the
population being screened for gonorrhea by culture testing per day so
that the yearly fraction screened is 365 twimes g. The fraction of
those l1ldentified and cured by screening is gl; for each group. When

modified to include screening, the model [4.1] for the prevalences

becomes

iii _ g% (b, T, + b,1,)(1-1,) - é% - I, . (4.2]
for i = 1,2, The average contact number becomes

T [6.5)
The equations for the equilibrium prevalences ®y and E, are

Tiég; (b, %y +0,B,) (1-B.) = B, [4.4]

for 1 = 1,2. These equations are similar to [3.3) except that each ks
is replaced by k;/(1+gd).

We now calculate the effect of screening 1/2 of the sexually
active population yper year using the parameter vaiues for the core-

noncore model in section 4.2. Using g = 1/730 the guadratic equation
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yields h = 0.067 so that the equilibrium prevalences are Fy = 0.24 and
B> = 0.031. The cases per person per year calculated from [3.10] {is
Y = 0.53 which is a reduction of 13%.9%. TFor each 5.8 people screened
there is a yearly reduction in incidence of 1 person. The number of
discoveries due to screening is g(N1E1+N2E2) and the number screened
is g(N1+N2) g0 that the percent of those screened who are discoveries
is 3.5%. The percent of people screened who are in the core is 13.2%.

Wow consider a rescreening gtrategy where treated infectives
regurn several weeks after thelir cure to be retested for gonccoceal
infection. These people who are rescreened could be infected by a new
partner or reinfected by the old partner who is still infectiocus. Tet
f be the fraction of infectives who are rescreened and let <the
rescreening raves be proportional to the fractions removed from the
infectious classes several weeks earliier. Since +the several week
delay is unimportant near the equilibrium, we assume that the fraction
removed due t0 rescreening is the fraction f of recoveries screened
times the recovery rate I;/d; times the prevalence T;. The model

[4.1]) modified 1o inciude rescreening becomes

ar.  k, I, fI?
T ~q, (by Ty+b,I,)(1-14) - T, 7 E [4.5]

for 1 = 1,2. The equavions for the eguilibrium prevalences are

Ky (b8 +b,8,) (1-R ) = (148 )7, [4.6]

for 1 = 1,2. These equations cannct be manipulated tc give g
quadratic equation 1ike [3.8] for h, busv they can be golved
numericaily for given parameter values.

Let us calculate the effect of rescreening 1/2 of the infected
individuais using the parameter values given in section 4.2. Using
f =1/2, the equilibrium prevalences are By = 0.206 and ®, = 0.027 so
that h = 0.057. The cases per person per year calculated from [%.10]
is Y = 0.46 which is a reduction of 25.3%. Rescreening 1/2 of the
infectives corresponds to rescreening a number equal to 23.1% of the
toval population per year. For each 1.5 people rescreened, there is a
yearly reduction in incidence of 1 person. The number of discoveries
due to rescreening isg f(E12N1/d1+E22N2/d2) and the number rescreened
is f(E1N1/d1+E2N2/d2) 80 that the vercent of those rescreened who are
discoveries is 5.1%. The percent of people rescreened who are in the
core is 13.2%.

Thus rescreening 1is approximately four times as effective per
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number of individuals tested as screening in reducing incidence. The
intuitive reason why rescreening is more effective than screening is
that eince rescreened individuals were infected before, they are more
likely to be core group members and, consequently, more likely to be
infecticus again when resgcreened. Moreover, discovering and curing a
core member who can spread the infecvion 1o many others is more
effective in reducing prevalence than discovering and curing a noncore
member. Thus rescreening is one method of focusing the culture
testing on members of +the core group, who are the efficient
transmitters.

In 1975 there was a change in the gonorrhea control program in
the United 3tates. It was recognized that there is a core group of
efficient <transmitters and +that they are more 1likely +to beconme
reinfected shortliy after +treatment (Henderson, 1974b). The new

strategies are described below (Henderson, 1974a).

"3. MNational Strategies to Control Gonorrhea

The major thrust of <these gtrategies is  the
rescreening of gonorrhea patients after treatment for
this disease. The elements of this overall strategy
can be summariged into three points:

a., For infected persons both men and women:

(1) Counsel to refer sex  partners  for
examinaticn and treatvment; and

(2) Counsel to return one week after treatment
for a test—-of-cure culture posttreatment
culture) and 4-6 weeks after treatment for a
regcreening culture.

b. TFor all patients with positive posttreatment
followup cultures or with positive rescreening
cultures, special efforts will be made to have
their sexual partners referred for examination
and treatment.

c. Improve clinical and laboratory services in both
the public and private sectors to provide
accurate diagnosis, effective therapy, and
maximum utvilization of services by persons av
high risk of infection."

It is estimated that some of the 5% who are positive for gonor-
rhea on retesting after one week are treatment failures and some are
reinfections (Henderson, 1975b). The first group is important because
they may have PPNG and the second group is important because they and

their sex partners may be more important transmitters, i.e., core
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group members. Rescreening after 4-6 weeks yields about 5-20% posi-
tive cultures 1in clinics. Regecreening 1s designed +to identify
individuals who are rapidiy reinfected and, conseguently, are in the
core group of more efficlent transmitters. The Director of the VD
Control Division of the Center for Disease Control stated that
(lenderson, 1974b) "“the intended impact of these 'new' vprogran
eilements is to shift program rescurces from routine screening in
Zeneral wpopulations to highly targeted testing and counselling in
poputations with reinfectiong of recent origin."

The results of rescreening have varied from place to place. In
those areas where 11 has been found to be effective, i1 has been
continued. The following quotation is illustrative (Miles, 1978).

"Pogt~treatment culturing and rescreening at 4-6 weeks
were first looked at as an acvivity that might be
expendable to reduce laboratory support costs since 1t was
done basically %o monitor the effectiveness of <therapy.
However, it was discovered that a positivity rate of better
than 5-6% was being achieved and that almost none of these
patients were treatment failures. This was a substantially
higher rate than most providers obtained on  initial
culture, much less a reculture. Most notable was the fact
that almost no resources were being expended to identify
these additional infections. This group of patients was
being reinfected Ybetween the +time of treatment and
reculture. Without a doubt, these patients and their gex
partners are among the mwmost important transmitters of
gonorrhea and by identifying them through rescreening and
applying intensive epidemiology, we may more directly
affect the incidence of gonorrhea than by all other control
activities combined. Therefore, our resources in Indiana
were retargeted in 1976 to reach this important group of
patients through rescreening in the venereal disease
clinics.™

4.4 Contact Investigation Strategies

Contact investigation or tracing procedures have been desecribed
in section 1.3. The guotation below is from Rothenberg (1982).

"Regources avalliable for contact interviewing and contact

tracing are Llimited. A ccherent plan for targeting these
regources, selecting priority patients—--is economically
mandated. This approach is founded on a theoretical bhasis

as well: high rigk groups may be directly or indirectly
responsible for most digease transmission (Yorke, Hethcote
and Nolid, 1978)."

Bere we congider the effects of twwo different contacy
investigation strategies. These sirategies are also analyzed using an

elght group model in Chapter 6, One strategy i1is fto contact-trace
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individuals named as potential infectees or people to whom the disease
may have been spread by the cases being considered. The oTher
stravegy is to contact-trace individuals named as infectors, 1.e., the
individuals from whom the cases beling considered obtained their gono-
coccal infection. Anecdotal information suggests that infected indi-
viduals can usually correctly identify the person who infected ihem.

Agsume that the daily number of pecple contact traced, found to
be infectious and cured is a fraction f of the daily incidence. That
is, for each current case, f other cases are cured as a result of
contact tracing. If infectees are contact traced, then they are
typical infectives so that the daily number contact traced are divided
between the core and noncore in proportion tc the incidences of the
core and noncore. If infectors are traced, then those traced are
divided between core and noncore iIn proportion to the numbers of
infections caused by the core and noncore. The infectivity C; defined
in section 3.2 is the probability that the infection came from group
i. The infectors are proven transmitters and so are more likely to be
in the core than a random infected person.

In section 4.2 the calculations showed that the core accounts for
1%% of the incidence so that 1%% of randomly chosen cases would be
core members, Thus 13% of the infectives found by contact tiracing
infectees would be core members. Since 60% of all infections were
transmitted by core members, 60% of the infectives found by contact
tracing infectors would be core members. It is clearly more important
to identify and cure core members since they are the efficient trans-
mitters. The typical noncore infective contacts 0.5 individuals when
infectious while the typical core infective contacts %, so there is a
significant increase in cases prevented by curing a core infector,
even if that individual is 1ikely tc be reinfected soon. The more
detailed calculations below and in Chapter 6 verify this prediction.

If infectees are contact traced, then a fraction f of the inci-
dences in each differential equation are removed by contact tvracing.

Thus the differential eguations for the prevalences bvecome

a4 5 Ty
7 = (1-1) T (b, I, +b,I,)(1-I,) - T, [4.7]
for 1 = 1,2. The equilibrium prevaience equations are similar 1o

[3.3] except that each k; is replaced by (1—f)ki. Using the parameter
values in section 4.2, we model a control procedure in which 1% of the
infectees (f = 0.01) are traced and cured. One reason for choosing T
= .01 is go that it would be implementable in practice. Calculatvions
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show that h = 0.075 so that % = 0.27 and B, = 0.0%6. The cases per
person per year calculated from [3.10] s Y = 0.99 which is a
reduction in incidence of 5.1%. For each infectee contact traced and
cured, there is a reduction in incidence of 5.3%4 people.

1f infectors are traced, then the number traced and cured is f

times the total daily incidence. Thig number 1is divided between the
core and noncaore in proporiion to the infectivities,
C; = b3T3/(b;Ty+bpI5), which measure the relative ability of group i

to transmit the infection (ef. equation [3.6]). Thus the fractional

removal rates for i1 = 1,2 due to contact tracing are

¢ f(incidence) N ﬁlﬁi.(1—1 )+
i by Lo, Ny g 1

2k?

(1-1,) (b111 + ngQ)

2, M, (1-1, ) + a,N,(1-1,)
i1 A

I
o
)
'_b

I, + b1, )]

I,
T DoyTy + 01,001 = (=91, ] - (efky) #F [4.8]

—
[

for 1 = 1,2, The equilibrium fractional prevalences satisfy

ey /G D100, (=208, + b (1-0)8, 11 - (1-£)m.) = (1-£)B,  [4.9]

for 1 = 1,2. These equations are similar 4o [3.3] except that ®. is
replaced by (1-f)B; and k; is replaced by k;/(1+fk;). Thus the quad-
ratic equation approach given in section 3.2 can also be applied

here. Using the parameter values in section 4.2, we find that if 1%

of the infectors (f=.01) are <traced and cured, then h = .069,
-99Ey = .247 and .99E, = .033. The cases per person per year 1s
Y = 0.5 which is a reduction of 11.0%. For each infector contact

traced and cured, there is a reduction in incidence of 12.% people.
For tracing eitvher infectees or infectors, f = .01 corresvonds to
successfully tracing and curing a number of infectives equal to 1% of
the incidence. Thus according to this two group model curing a
certain number of infectors by contact tracing is approximately twice

as effective in reducing incidence as curing the same number of
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infectees by contvact tracing. A model in Chapter & invelving eight
groups shows that tracing infectors is three times as effective as
tracing infectees.

4.5 Vaccination Strategies

The efforts wc develop a gonorrhea vaccine are described in
section 1.7%5. The quotation below 1s from the report of the WHO
scientific group (WO, 1978).

"One potential application of mathematical models for
onorrhoea 1s to predict the impact of preventive measures
%e.g., vaccination) or of changeg in cage-finding or iIn
efficacy of ireatment (e.g., increased failure rates due to
increased prevalence of Bp-lactamase-producing gonococci).
Such  projecticns could be useful in  planning control
programmesg, "

Here we investigate the effectiveness of two wvaccination stra-—
tegieg. The general vaccination strategy ig  wvaccination of
individuals chosen at random from the powvulation at-risk. The post-
treatment strategy is vaccination of persons Jjust after they have been
treated for gonorrhea. Since 1t is likely that those who becone
immune due %o vaccination will have only temporary Jjmmunity, let r be
the average pericd of temporary immunity. Vaccine efficacy, which is
the fraction of those vaccinated who become immune, can be much less
than one.

¥or the general vaccination strategy letv the daily rate of indi-
viduals in <the 1th group becoming immune due +to vaccinavion be
ulls 55 . Let class R; contain the people temporarily removed from the
susceptible-infective interaction by immunity due vo vaccination. The

differential equation model [4.1] becomes

dIi ki Ii
T - F (o Ty + 2pI5)8; - T,
[4.10]

PG (b,T, + b,I.)8, — ug, + D7857Ty) Lo

dz di 171 2 21 i T di
for 1 = 1,2, The fraction of +the population which is temporarily
immune is Ry = 1 - 83 - I;. A flow diagram is given in Figure 4.2.

If we set the right sides of [4.10] equal to zero and add, then
8; = (1-I)/(1+ru) so that the equilibrium points satisfy these equa-

tivns. Thus the equilibrium prevalences satisfy
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1 . _
Lrrrgd (B By + 0B )(1-B,) = B, [4.11]
or 1 = 1,2. These equatvions are gimilar to [3.3] except that each ks

is replaced by ki/(1+ru).

immmunes in the
core (1—11—81)

U.SAI (1—81—11)/1‘

(/4 ) (o) Iy +0515)8y
susceptibles in Lot infectives in
the core Sy » 1,/d the core Iy

immunes in the
nonecre (1—12—52)

uSy, (1~I2—S2)/r
(kz/dQ) (b1 I1 +b212)82
susceptibles in » infectives in
the noncore 3, I5/dy the noncore Ip
5 - 2

Figure 4.2 Flow diagram for the general vaccination strategy.

We now calculate the effect of randomly immunizing 1/20th of the
population per year (u=1/7300) when the average pericd of temporary
immunity is 6 wmonths. HNote thas ur = 0.025 would also correspond to
immunizing 1/40th of the population with average immunity of 1 year or
to immunizing 1/10t%h with average immunity of % months. Using the
parameter values for the core-noncore model in section 4.2, the
equilibrium infectivity h is 0.070 so that the equilibrium prevalences
are Ty = 0.25 and E> = 0.033. The cases per person per year is Y =
0.54 which is a reduction of 12.4%. When 1/20th of the population is
immunized by vaccination per year and the average immunity is 6

months, there 1s a yearly reduction in incidence of 1.53 people for
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each person immunized by general vaccination.

A vaccine could he very effective in controlling gonorrhea. Wote
that for a vaccine which gives an average immunity of 6 wmonths, the
calculations suggest that random immunization of 1/2 of the general
population each year (ur » 0.25) would cause gonorrhea to disappear.
0f course, vacecination would need to be continued forever at the same
or a higher level to prevent an outbreakx from an imported case.

We now analyze the posti-treatment vaccination strategy in which
the fraction f of the people treated are Iimmunized by vacecinaszion
(possibly just after their treatment). We assume that the people
treated are typical of the infectives., Let r be the average period of

temporary immunity. The differential equations [4.1] become

dIi ki fIi

o= = 3:(b111 + byls)8; - T

s, L 1 (-£)1, (1-8,-T.)

T (b, T, + b,I,)8, + T + -
for 1 = 1,2, Again the fraction of <the vpopulation which is
temporarily immune is R; = 1 - 8§ - I;. A fiow diagram is given in
Flgure 4.3,

* %l(b I,+b,1,)8
d1 171 272
susceptibles in w1 infectives in 1, /a immmes in
. - o _ , s —_
the core S, - {1 f)l'1/d1 the core I, 171 | the core (‘|~~S1 11)
(1—\82"12)/1'
I
ag(b111+b212)82
susceptibles in » infectives in £1../4 immunes in
the noncore 3, -‘(T—f)Ig/d2 vhe noncore I,| 72" 2 | the noncore(1—-ﬁ2—12)

Figure 4.3 TFlow diagram for the post-treatment vaccination strategy.

If we set the right sides of [4.12] equal to zero and add, then

the equilibrium points must satisfy Sy = 1-I;(1+fr/d;). Thus the
equilibrium prevalences satisfy
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1+fr _
k. (b B, + ngg)[1—Ei(—H?—)] = B, [4.13]
for 1 = 1,2. These equations can be made similar to the eguilibrium

equations [3.3] except that E; is replaced by (1+fr/d;)®..

Agssume that 1/5 of the infectives are immunized by vaccination
and the average immunity r is 6 months. Note that fr = %6.5 days
would alsoc correspond to immunizing 1/10 of the infectives with an
average immunity of 1 year or to immunizing 2/5 of the infectives with
an average immunity of % months. Using the parameter values in

section 4.2, the average eqguilibrium infectivity h is 0.0%2 so thavu

the equilibrium prevalences are By = 0.11 and Ty = 0.015. From {3.10]
the cases per person per year is Y = 0.25 which is a reduction of
59.4%. Immunizing 1/5 of the infectives corresponds to immunizing a
number equal to 5.0% of the total populaticn per year. TFor each

person immunigzed by vaccination Just after being treated for a
gonococcal infection, there is a yearly reduction in incidence of 7.3
people.

Hence post—ireatment vaccination is approximately 5 times as
effective per person immunized as random vaccination. Of course the
random vaccination is restricted to the population being modeled where
everyone 1s sexually active. Intuitively, post—-tireatment vaccination
i3 better since core members (who are more often infected and are more
efficient transmitters) are more 1ikely to be temporarily immunized by

post—-treatwment vaccination.



CHAPTER 5
MODELING GONORRHEA TRANSMISSIOR IN A HETEROSEXUAL POPULATION

Aithough sexually iransmitted diseases are a major health problem
among homosexuals, there ig little transmission between the homosexuval
popuiation and the hetercsexual population (WHO, 1978; Wiesner and
Thompson, 1980). Here we concentrate on a heterogexual population
subdivided into women and men since the characteristics of gonorrhes
are different for the two sexes. Although the groups of women and men
considered here are highly active sexually, the results are more
general since 11 was shown in Chapter 4 that changes in vprevalence in
the noncore group are directly related to changes in prevalence in the
core group.

From the ouarterly repcrted incidence of genorrhea in women and
men shown in figure 5.1, it 1is seen that gonorrhea incidence has a
small buv distinct seasgnal oscillation. The quarterly incidence
smcothed by using seasonal indices derived from the data ig shown in
figure 5.2, Motice that the seasonail oscillation 1s less than 10
percent. In this chapter we investigate the 1implications of the
epidemiciogical differences between women and men and analyze the
nature of the seascnality.

In the female-male model derived in section 5.1, & contaci number
determines whether +the digease dies out or remains endewmic. In
secticon 5.2 many sources are used to estimate the parameter vaiues and
then the sensitivity of the prevalences and incidences at equilibrium
to changes 1In parameter vaiues is investigated. It 1is shown that the
prevalences depend primarily on the contact number while the yearly
incidences depend on the contact number and the average durations of
infection. When screening programs are compared in section 5.3, it is
found that because women have a langer average duration of infection,
gcreening women is much more efficient than screening men. The
effectiveness of screening women is provortional to the average
duration of infection for women.

Epidemiclogists have not understood why the peak incidence of
gonourrhea c¢ccurs each year 1in August to October. In section 5.4 a
model with small cscillaticns in the contact rates is analiyzed mathe-
matically using a vpertvurbation analiysis. The observed 6% seasonal
oscillations in incidence in women and 10% oscillations in incidence
in men may be due 1o reasonably small (5% to %) cscillations in the
contact rate. From the analysis of the model, it appears that the
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observed peaks in August 1o October may be due to a peak contact rate
about two months earlier. This prediction that the peak contact rate
is probably in the summer months agrees with the data and the intui-

tion of epidemiolicgists.

5.1 The Female—Male Model

Consider the model 3.1 with two groups where group 1 consists of
women and group 2 consists of men. JSince it is assumed that there is
oniy heterosexual +transmission of gonococcal infection, the contact

rates A11 and A22 are gzero. Thus this is not a proportionate mixing

model. Indeed, the model is formally the same as a host-vector model
(Hethcote, 1976). The differential equations for the model are:

a1 A I

= (FH 011, - g

2 1 '
ar, I, [5.1])
T - Doyn) U101y - 57
2

where 1T = N1/W2 ig the ratic of the female to male vpopulation sizes.

A fiow diagram is given in figure 5.73.

(A12/r)(1—11 )12

susceptible - infectiousg
women women
11/d1 I,
natlf
susceptibie (Ag1r)(1—12)11 infectious
merl - min
e 12/d2 -2

Figure 5.3 TFlcow diagram for the femaie-male model.

Let a4y and ap, be the activity levels of women and men, which are
the average daily rates of new encounters by women and men,
respectively. Let q4 be the prcbability that there is an adequate
contact by an infectiocus woman during a new encounter and 4o be the
analogous probability for an infectious man. Using these definiwions,
the countact ratesgs are A12 = 452, and A21 = Qa2 . The contact number
ky for women, which is the average number of adequate contacts by an
infectious woman during her infectious periacd, satisfies

3 _ . ~ g
k1 = A21d1 q1a1r‘1,| . The contact number ko for men satisfies
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k2 = A1?d2 = q2a2d2 .
The second generation contact number ¥ = k1k2 in the theorem
below determines whether the disease fades out. Since K is the

procduct of the female contact rate and the male contact rate, it has
the following interpretation: K 1s the average number of women
(second generation) adequately contacted by men (first generation) who
were adequately contacted by an average infectious woman during her
infectious period. It =alsc has a symmetric interpretation by
switching the rolegs of women and men. See Hethcote (1374) or
Lajmanovich and Yorke (1976) for a proof of the foilowing threshoid

theoren.

THROREM 5.1 If  K<1, then the solutions I,(t) and I,(1) of [5.1]

approach O as t approaches = (i.e., fade out case). If K>1, then for
positive values of T,(0) or I,(0), the solutions 1I;(%) and I,{(%) of
[5.1] approach ®, and E>, respectively as t© approaches o« (i.e.,
endemic case) where the female and male prevalences at the endemic

equiliibrium are

o K1 K~

W, = , £, = . [5.2]
LSS UL 2 T EK+(A 774,

This theorem has an intuitive interprevation. If the average
infecticus woman infects less than one other second generation woman
even at low prevalence levels, <then gonorrhea dies out. It she
infects mwore than one, +then gonorrhea remains endemic and <the
prevalences approach eguiiibrium levels. It c¢an be verified
algebraicaily that at the endemic equilibrium, the infectee number
KS485 = kqko{1-B4}(1-Bn) is 1 as predicted in section 1.5. The female
cages per woman per year at equilibrium Yy is equal to the prevalence
4 times the population size R divided by the duratiocn dy given 1in
years. The definition of Y, is anaicgous.

Since the number of encounters of women must egqual the number of
ericounters by men, ally = a2N2. This relationship can be used 1o
reduce the number of parameters appearing in the four coefficients in
[5.1] from five I Aoys T, 4y, dy) down o four. Define <the
contact effectiveness ratioc e to be q1/q2. Then

A21r q1a1N1r

=~/ = er
A1??r q2a21.\12

8¢ that
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K = (A12/r)(k21r)d1d2 = (l12/r)2(er)d1d2 = [(A21r)2/er]d1d2

and

K{er) /2 B K 1/2 -
k211“ = d1d2 l12/1’ = mm [53J

Thus the fgour coefficients in [5.1] now depend on the four convenient
varameters d,, d,, K and er. Since K, e, and r have a more direct
epidemiclogic interpretation than k12 and Anq betver estimates of

them can be made from svailable data.

.2 Parameter Estimation and Sensitivity Analysis

Jince it is not possible to estimate the ratio of the population
sizes Ny and Ny of the women and men at risk, we simply assume that r
= Ny /N, is 1. As described in section 1.2 +the probability of
transmission of gonoccoccal infection during one sexual intercourse by
an infectious woman is about 0.2 wo 0.% while the corresponding proba-
bility of transmission by an infectious man is 0.5 to 0.7 (Wiesner and
Thompson, 1980; Rein, 1977). Thus the probability of transmission in
n sexual intercourses increases as n increases and can be estimated to
be 1-{0.75)" for an infectious woman and 1-{0.4)1 fgr an infecticus
man though in fact the n events are not truiy independent. It
encounters consisted of exactly one, two or three sexual intercources,
then the contact effectiveness ratic e = q1/q2 would be approximately
0.42, 0.52, 0.62, respectively. Since some encounters involve only
one sexuad intercourse and some involve several, the value used for er
is 0.5.

The average durations o¢f dinfection can be calculated as a
weighted average of <the average durations of symptomatics and
asymptomatics. Bstimates of periocds of infection are 3%-45 days for
symptomatic women, 3-12 months for asymptomatic women, 3-30 days for
symptomatic men and 3-6 months for asymptomatic men. Moregver,
approximately 60% of cases in women are asymptomatic and 10% of cases
in men are asymptomatic (Wiesner and Thompson, 1980; Kramer and
Reynolds, 1981). Realistically, there is no way to obitain highly
reliable estimates o¢f these values. Using average duraticns of
infection of 8 days for symptomatic women and 128 days for
asympromatic women, the weighted average duration for women is 80
days. Using an average duration of 8 days for symptomatic men and 128

for asymptomatic men, the weighted average duraticon for men is 20
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The contact number K 1is greater +than 1 since gonorrhea is
endemic, It cannot be cligse 1o 1 sgince gmali changes in sexual
behavicr or in health care deiivery would then cause large changes in
incidence and large changes have not been observed ({Yorke, Hethcote
and Wold, 1978}, Here the contact number ¥ ig taken to he 1.4 ag in
sectiocn 2.3.

The ratios of reported female cases to reported male cases in the
United States for the calender years from 1964 through 1980 were: .33,
L33, .32, W35, .33, U35, 37, W42, .52, .65, .68, .68, .68 , .68, .70,
.70, and .69 (Biount, 1979). The increase in this ratic in the early
seventies 1s obvious and coincides with the increase in nationwide
gcreening and with the awareness of the importance of finding infected
womarn . Epidemiclogists believe +that the increase is due 1o the
increased searching out and identificatvion of infective women by the
screening program. Studies involving contact investigation have hbeen
used tc estimate the ratic of actual female to actual male cases, but
the estimates are not consistent so that the ratio of actual
incidences is unknown (Rein, 1977). Consequently, for a model tc be
satisfactory, we require the ratio {using equilibrium values) to lie
between 0.6 and 1.0. The current ratic of reported cases is 0.639. 1In
fact this ratic may vary from popuiation to popuiation. fur besgt
estimate of the parameters of the model is parameter set number 1 in
Table 5.1. The uncertainty in this "baseline" parameter set requires
the examination of the other sets in that table.

The gengitivity of the prevalences and yeariy incidences in the
modei 1in sectvion 5.1 to changes in parameter values 1is now investi-
gated. Table 5.1 shows the vprevalences and incidences for the
baseline parameter set (number 1) and for modified parameter seuvs. At
the endemic equiiibrium for the baseline parameter set 1, 22% of the
women and 8.4% of the men have gonorrhea at a given time so that the
susceptible fracticons are .78 for women and .916 for men. For the
baseline parameter set 1 the contact numbers are ky = 1.67 for women
and ko = 0.84 for men. The average nunmber of tTransmigsiong at the
endemic equilibrium by an infectious woman is 1.53 and by an infeec-
tioug man is .65 g0 that the infectee number is 1. For the baseline
parameter set 1 the prevalence in women is above 0.20 but the preva-
lence in men 1s nct s8¢ that according to the criterion in section 4.1,
the women Tform the core group in this wmodel. For the baseline
varameter set 1 the yearly incidence in women is 0.65 times the yeariy

incidence in men which ig consistent with the ratio 0.69 of revorted
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incidences.

From parameter sets 1-7 we see that the prevalences Iy and F»p
depend primarily on the contact number K and only slightly on dg, do
and er, On  the other hand, the yearly incidences are strongly
dependent on the duraticns. Doubling both durations dq and d> as in
parameter set 2 does not change the prevalences, but it does halve the
yearly incidences. At first glance it may seem girange that the
prevalences are not changed. This 3s because the contact numhber
remains unchanged. In effecw, increasing the duration automatically
decreases the number of contacts per day for both men and women. As
seen 1in parameter set [, the vaiue of the parameter er influences the
distribution of the vrevalence between women and men. Some of the
gualitative observations above can be deduced from equation [5.2] and
[5.3)] and held for all parameter values.

Although the estimates in this section of the parameters are
subject to uncertainty and the model in sgection 5.1 involves
simplifications, the model and baseline parameter set 1 are accurate

enocugh to cobtain comparisons and estimates in subsequent secthions.

TABLE 5.1

Equilibrium Prevalences and Yearly Incidences
for Various Parametser 3eis

Parameter set 1 2 3 4 5 6 7
Duration d g 160 160 80 20 80 80
Duration 4, 20 40 20 40 20 20 20
Contact number K 1.4 1.4 1.4 1.4 2. 1.2 1.4
Parameter er .5 .5 5 .5 .5 5 1.
Aoy T 021 010 015 015 025 019 030
Ao/T 042 .021 .0%0 .0%0 050 .0%9 .0%0
Poquilibrium
Prevalence Ey 220 220 236 201 LA00 126 201
Prevalence 55 084 084 065 06 167 47 06
Yy =yearly 1.004 502 .5%8 916 1.825 575 916
cages per woman
To=yearly 1.538 769 1.190 969 3,042 849 1.9%8
cases per man
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5.3 $Screening Women and Men

We consider the effect of screening as a gonorrhea control
procedure by modifying the female-male model in section 5.1 to inciude
screening. Let C4y and Cp, be the fracvion of the women and men that
are screened for gonorrhea vper day. Assume that the screened fraction
is a random sample so that its mixture of susceptibles and infectives
is typical of the vopulations being considered. Thus we asswune that
the fractions C4yI4 and CoI, are treated and removed per day from the
regspective infective classegs.

When the differential equation model [5.1] is modified to include

screening, it beccomes

ar A I
1 _ 12 1
= (-1, - T, " Yt
[5.4]
a1 T
2 _ 2
T = Opyrd{-101, - @, " G2t
A fiow diagram is given in figure 5.4.
susceptible - =i infectious women
women I,/d T
- 1° 1 1
il

(Ayyv)(1-T)T,

susceptible infecticus men
men 12/d2 I,

Y

Figure 5.4. Flow diagram for the female-male model wiih screening.

Thus +the net effect of screening is to decrease the average
duration of infection and, conseguentliy, the cantact number,
If df and dg dencote the average female and male durations in the

presence of screening, then
S _ 0 -1
a7 = L1/di + ci] .

Jcereening  women is much more effective in reducing average
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duration than gcreening men at the same rate because the average

duration of infection 1s longer for women. TFor example, assume thav
25% of the women and men are screened per year S0 that Gy = 0o =
.?5/3%65. If dy = 80 days and d, = 20 days, then d? = 75.8 which is a
5.2% decrease and d; = 19.73 which is a 1.4% decrease. TIn this case
the percentage decrease in average duration is about 4 times greater
for women than for men. The average duration ¢f women is larger than
for men since more women are asymptomatbic. Indeed, the naticnal

screening program in the United States screens only wonen in  an
atvempt to identify asymptomatic women. In the remainder of this
section we will only consider screening of women.

Table 5.2 shows some calculated values of prevaliences at
equilibrium and yearly incidences for varicus yearly screened
fractions 365 ¢y of women. Parameter sets 1 and 3 from Table 5.1 were
used as baseline parameter sets 1in computing the percentage changes.
For parameter set 2 in Table 5.2 interception and cure of 5.5% of the
female infectives in each 80 day periocd {the average duration in
women) shortens the average duration in women by 5.2% so that the
prevaience in women is reduced by 14.8% and the prevalience in men is
reduced by 13.7%. Since both the prevalence and durations are
decreased in women, the female cases per woman per year is reduced by
only 10.2%. Since the average duration in men is unchanged, the male
case per man per year is reduced by 13.7%. In parameter set 5,
screening women an average of 2 times per year causes gonorrhea to die
out. It is clear in Table 5.2 that screening a given fraction of
women 1s more effective in reducing prevalences and incidences when
the original average duration for women is 160 days than when it is 80
days.

Ag degeribed in section 5.2 the ratic of female to male revorted
cases increased from .3% to about .69 when the screening program was
started. We now investigate possible causes of this increase.

It is estimated that 7 our of the 8 million culture tests each
year are screening tests and the balance are diagnostic tests (Yorke,
Methcote, and Nold, 1978). The number of women in the United States
between ages 19 and 29 i1is about 28 miliion g¢ that the female
population at risk is prcbably less than 28 million. It could he
something 1iike 7 mwiliion or 14 millicn. Thus the fraction of the
female population at risk screened each year might be about 25% or 50%
or 100%. 1In the caiculatiocns for parameter sets 1-4 in Table 5.2, the
ratio of Y4 to Y, increases from 0.65 with no screening to 0.68 with
25% screening to 0.71 with 50% screening to 0.76 with 100%
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screening. These calculations suggest that a screening program for
women could cause a slight increase in the ratic of incidences in
women to men, but could not cause this ratio wvo double. Hence, the
explanation of the observed doubling of this ratic is probably that
given by most epidemioclogists; namely, that the doubliing of the ratio

of incidences 1in women 1o men 1is due to increased case finding in

women.
TABL® 5.2
Equilibrium Prevalences and Yeariy Incidences for Various
Yearly Screened Fractions 365C, of Women.

Parameter seft ! 2 3 4 5 6 7 8
duravion dj 80 80 80 80 80 160 160 160
duration do 20 20 20 20 20 20 20 20
contact nmumber K 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4
paramneter er 5 5 N 5 .5 ) 5 5
3650 0 .25 5 1 2 0 .25 5
prevalence Ey .220 187 56 .09% 0 236 168 103
prevaience T, 084 073 061 038 0 .065 047 029
Ty=yearly 1.004 L9022 180 oy G 538 LA25 .286
cages per woman

Yo=yearly 1.533 1.%27 1.117 .695 O [1.190 .864 538
cases per man

% change in Yy 0§ 10.2% | =21.4% | =47.5% | —100% 0| -21.0% |-46.6%
% change in Y, O | -13.7% | -27.4% | -54.8% | -100% 0| =27.4% | -54.68%

5.4 Seasonal Oscillations in Gonerrhea Incidence

The reported incidence of goncorrhea in the United States has
oscillated seasonally ever since data ccllection was started in 1919
(Cornelius, 1971; Jones, 1978). Seasonality of reported incidence hag
also been observed in Austria, Sweden and Bulgaria (Rein, 1977). The
maximum incidence in the United States, which has always cccurred in
August to Dctober, is at least 20% higher than the minimum incidence,
which has always occurred in February to May (Wiesner and Thompson,
1980). Cornelius (1971) used guarterly data from 1950 through 1968 1o
calculate seasonal indices for gonorrhea incidence. The seasonality
cf reported incidence using quarterly data from 1946 to 1977 is shown

in figure 5.1. The smoothness of the quarterly incidence data
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corrected by seasonal indices in figure 5.2 shows the regularity of
the seasconal variation of gonorrhea incidence. The median of the
weekly reporved cases for 1966-1980 are shown in figure 5.5. Even
though the median is very erratic the low point seems to be in the
winter or spring and the peak is between August and Qctober.

The reascn for <the seascnaiity of reported gonorrhea is

unknown. It does not seem to be due to variations in reporting
(Cornelius, 1971; Rein, 1977). Legitimate and illegitimate concep-
tions show the opposite seasonal vyattern as gonorrhea. lthough

syphilig incidence does not seem vo vary sgeasonally, incidence of
nonspecific urethritis has the same seasonal pattern as gonorrhes
(Rein, 1977). Similar seasconal case patterns have been obgerved for
both sexes, for pubiic and private cases, for large and small cities,
tor rural areas, and for cities with {femperate and severe winters
(Cornelius, 1971). The seasonalitiy could refiect seasonality in sus-
ceptibilivy to gonorrhea o¢r in the virulence of the gonococcus or
increased use of antibiovics in wintver months (Wiesner and Thompson,
1980). W. W. Darrow at the Centers for Disease Control predicted that
the peak contact rate for gonorrhea should occcur in the summer when
students and other pecple cften move and change sex partners. Why the
peak incidence of gonorrhea c¢ccurs in August to October has baffled
epidemiclogists. This late peak is explainable by this wodei.

A perturbation analysis is now used to determine an approximate
solution for a small oscillation in the contact rates. Some readers
may wish to skip the detailed mathematical analysis and go directly to
the conclusions at the end of the gection. Note that Aronsson and
Mellander (1980) showed that if the general model [3.1] is modified so
that the contact rates and removal rates are periodie, then above the
threshold there is a unicue nontrivial vperiodic sclution, which is
Ziobally asymptotically stable. Our analysis below yields estimates
and further information regarding the unique periodic scluticon of the
femaile-male model.

Seasonality is intrcduced into the model [5.1] by assuming that
the contact rates vary seasonally 8o thas Ajp and Ay, are bovh
multipled by 1 + e sin wt where e 1s the relative amplitude of <the
perturbation and the frequency w corregponds to a pericd of one
gear. The model [5.1] becomes

dI1 k12 11
at = ( T )(1 + £ gin WT;)(1"‘I1 )12 - 6-1-'

[5.5]
d12 I?

T (;\211~)(1 + € sin ww‘;)(1—12)11 - *d‘;’

1
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MEDIAN OF WEEKLY REPORTED CASES OF GONORRHEA
FROM 1976 TO 1980 IN THE UNITED STATES
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The dimensioniesgss and scaled form of this model is

at,
= = (1 + € sin wT)(1—11)I2 - I
[5.6]
o = zv(1 + € sin vr){1 - I.)TI, - I
SER nov 2 “t2

where the dimengionless time is 1 = t/d1 and the dimensioniess para-—
neters are u = 112d1/r, vo= wdy, v = Ay dor and ¢ o= d1/d2

When the equilibrium point |5.2] is translated to the origin by
letvting Iy = By + U and I, = B, + V, the model [5.6] becomes

dai

= —{u/R)U + BT — ulVW + p € sgin ¢t [R/U—U][E2+v}
[5.7]
F = (¢/R)U = gvRV - £V + gve sin gt [1/vB=V ][E,+U]
where E, = (uv=1Y/v(1+u), B, = (pv=1)/u(t+v) and R = E1/Ep . Note
that pv > 1 since K > 1. It is reasonable to expect that the small

periodic forcing in system [5.7} ieads to a small periodic scliution
around the equiiibrium point. 1In fact we show that there is a unique
periodic solution which is uniformly asymptotically stable and then we
analyze the asymptotic behavior of the first two terms in the power
gseries exXpansion in e .

System [5.7] is of the form x' = f(1,X,e) where x is a vector
function of dimensign 2 and f is periodic in t with period 2=/y
The system [5.7] with & = O has no nonzero 2n/y periocdic solution. By
a theorem based on the implicit funetion theorem {(¥iller and Michel,
1982, p. 313), for sufficiently smail ¢ , system [5.7] has a unique
solution ¢(1,e) which is 2n/y periodic and continuous, and such
that ¢(1,0) is the trivial solution. Since the characteristic roots
of the linearization of [5.7] with € = 0 are negative real numbers,
the scluvion ¢{t,e) is uniformly asymptotically stable.

The preceding paragraph shows that a regular perturbation
analysis for small e can be used and that there is no danger of para-
metric resonance or secular terms. In contrast, Dietz (1976} showed
numerically that in a measles model with a spiral egquilibrium point,
seasonal ogscillaticons in the contact rate lead to bienniai o¢scillia—

ticons in incidence because of subharmgnic resgnance.
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We expand an arbitrary soiution in powers of ¢ with the form

U(1,e)

0 (0) + e U (1) + 2 U (1) + ...

2

[5.8]

Vit,e) = VO(T) + € V1(T) + el V2(T) + ..

The terms U_(t) and ¢ (1) savisfy [5.7] with ¢ = O so that they are
hounded., Since the eigenvalues of the linearization of [5.7] with
e = 0 are negavive real numbers, Uo(t) and Vo(t) approach the origin
exponentially (Miller and Michel, 1982, p. 261).

A straight-forward calculation shows that U1(T) and ?1(1) satisfy

ay
1 _ M . ! n
5T = —(u/R)U1+RJ1 - U(U0v1+vou1) + ¥ sin wt [R/quOJ[L2+UO]
[5.9]
dV1
T = (c/R)U1 ~ EVRV, - cv(UOV1+VOU1) + zv sin wT[1/vﬂ—ﬂJ[E1+UO]
The matrix form of [5.9] is
x'(t) = [a + B(o)]x + £(1) + glx) [5.10]
where
U, (1) -u/R R
(1) = A =
V1(T) z/R -zvR
—uVO ~uU0 E,| gsin Yt
B(t) = () =
-guvo —;vUO cﬂ?sin YT
(RT, = wByU_ - WUV ) sin ¢t
g{r) =
(UO/R - VE V- uUOVG) z sin YT

Since B(t) and g(1) in [5.10) approach =zero as t approaches
infinity and the solution of the homogeneous eguation is gero, the
soiution of [5.10] for targe time should be determined primarily by
f{t)
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THEOREM 5.2 If 8ll eigenvaiues of the real constant matrix A have

real parts less than -o which is less than 0, R(t) is a real

continuocus matrix on {[O,») | f{t) and g(+t) are real continuous vector
o0

functions on [0Q,=) , (%) ig bounded on [0,=) , [ B(g) ds < =,

® 0
and [ gls) ds < « , then soluticns of x'(t) = [A + B(%)]x + £(1) +
0 1 .
g(t) approach u(t) = | eA(L_S)f(s)ds as t approaches o,
0

PROOF. Let y(w) = x(t) - u(t). Then
v'(t) = [& + B(t)]y + n(v) (p)

where h(s) = B(t)ulz) + g(t). Since u{t) is bounded, the finite

integral of ®B(t) dimplies [ n{t) < =, Tg prove the theorem we need
Q

only show that all solutions y(t) of (P) tend to O as t » ®. Thig

will follow from Strause and Yorke (1968), Theorem A part ii, in three

steps.

First we view the linear system
w' (1) = Aw(t) + B(t)w(s) (1)

as a perturbed form of x'{t) = ax(%). Since O is (uniform)
asymptotically stable, we may apply Theorem A partv ii and conclude O
is "eventually uniform asymptotically svtable" (®vUAS) for (L). We
refer the reader tc¢ the source for a detailed definition, but all
solutions w(t) of (L) tend to O as t + w.

Next we view (P) as a perturbed form of (L) and again apply
Theorem A part 1i to conclude O is EvUAS for (P). This implies that
(P) has some selution yy satisfying y4(t) » O as t » =,

Finally let y,(t) be any other soiution of (P). Then w(t) =

yo(t) - y;(t) satisfies (L) and sc tends toc O as t » ». Since
y1(t) » O, we have y,(t) + O as £ » ». The proof is complete.

ALl of +the assumpticns in Theorem 5.1 are satisfied by
the A,B(r), f(1) and g(t) in [5.10] since UO(T) and VO(T) are hounded
and approach the origin exponentially. The particuiar solution

corresponding to tvhe foreing term f(1) can be found by converting the
system [5.9] to a second order differential gquation. As 1 » « ye
obtain

T _ Cy cosyr + O, sinygt
(1) | Al S)f(s)ds —_— 1 g

O C

[5.11)
3 cosyT + 64 sinygrt
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where
2]2

D= [gluv=-1) - y + {u/R + cvR)2w2

DCT = —ylz + (gAR)2 + z{u/R + zvR) + ¢2}E1

pe, = [(1 + vRY(c7)(uv = 1) + (w/R - ¢)¥°]B,

Doy = —zvlc + (W/R)Z + (/R + pvR) + ¢21B,

pc, = cL(u/R + Dzluv = 1) + (zvr - 1)¢%]E,

Thus 1f the relative seasconal change € in the contact rates is small,
then solutvions of [5.7] approach & times <the periodic solution in
[5.11] for large wime. Soiutions (I,,I,) of [5.5] approach <the
equilibrium pointv (E1,E2) plus e times the periodie solntion in [5.11]
for large time,

We are interested in the size o0of the g¢scillations in  the
prevaiences in women and men and in the relationships between the time

when the peak contact rate occurs and the +times when the peak

, : : _ , 2 205
infective fractions occur. Now Uy(t) has a maximum of (61 + 62)—

1
and a minimum of w(0$ + Cg)/2 at times % = arctan{C,/Cy)/w. The

maximum fractional change in the prevalence in women is

? 2y 156 1
ey +¢5) _ [w2 + g2(1+vR)2] 2
B ¢ D

[5.12]
1

The results for men are analogous with the maximum fractional change

given by
2 2.1/
e(cs + o) 2 2 2 p
3 E4 . ep (Yt (1D+ u/R) ) (5.1%]
o2

Table 5.7 shows the calculaticon results for the same sets of
parameter values as in Table 5.1. The maximum fractional changes are
given by [5.12] and [5.13]. The phase shifts are the number of days
that peak prevalence lags behind the peak contact rate. For exampie,
uging parameter set 1 a 1% oscillation in the contact rate causes a
1.09% oscillation in the prevalence for women and a 1.37% cscillation

in the prevalence for men. The peak prevalence for men cccurs 62 days
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PHASE PLANE PORTRAIT OF PERIODIC SOLUTIONS
CORRESPONDING TO SEASONAL OSCILLATIONS

0.240
0.235
0.230+

0.225 4

[ d
-

RIUM POINT

0.220

PREVALENCE IN WOMEN

0.215

0.2‘0 1

o.zos-: =086

0.200 B s —
0.075 0.077 0.079 0.081 0.083 0.085 0.087 0.089 0.091 0.093
PREVALENCE IN MEN

Figure 5.6. Approximate pericdic scolutions when the contact rate
varies seasonally. For a given ¢ and parameter set 1,
soclutions of (5.5} approach these periodic solutions.
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after the peak in the contact rates and the peak prevalence for women

ceccurs ancther 22 days later. The pattern is similar for the other
parameter sets.
Using parameter set 7, the approximate periodic solution of [5.5]

found from [5.8] and [5.11] is

T4(t) = .220 + €{-.238 cos wt + .030 sin wt)
[5.14]

Izﬁt) = .084 + e{~.101 cos wt + .056 sin wt).

Figure 5.6 shows approximate periodic solutions around the equilibrium
The

mentioned earlier means that for a given e,

point for small values of e, global

all
starting with nonzero initial prevalences approach a pericdic sclution
which
[5.14] and shown in figure 5.6.

agymptoric stability

solutions of [5.5)

18 closely approximated by the periodic scolutions given by

TARLE 5.3

Amplitude and phase shifts of the forced oscillations
for various parameter sets.

parameter set 1 2 3 4 - 5 6 7
duration dy 80 160 160 a0 80 80 &0
duration d, 20 40 20 40 20 20 20
contact number ¥ 1.4 1.4 1.4 1.4 2.0 1.2 1.4
parameter er 5 .5 5 5 .5 5 1.0

€ 01 O O oy .01 Roji N
oseillation (‘women 1.09% | 0.5%% | 0.61% | 0.90% | 0.97% | 1.12% | 1.09%
anplitude { men 1.31% | 0.86% | 1.04% | 1.07% | 1.31% | 1.37% | 1.%4%
phase wamen 84 94 9 86 67 30 24
shift men 62 62 50 T2 50 67 62
(days)

The maximum fractional change in reportved incidences is the

difference bhetween the maximum and minimum

sum of the maximum and minimum incidenceg.

0.989)

0.968,

1.098,

Uasing the seasonal

for all reported cases are given

indices for women and men for the years

incidences divided by the
Seasonal indices (0.942,
in figure 5.2,
1964 1o

1975 the maximum fractional change in reported incidences are (1.064 —

.955)/(1.064 +

.954) =

.054 for women and {(1.107 -

.923)/{(1.107 +
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.92%) = .091 for men. These estimates are crude since they are hased
on quarterly data. The actual osecillatvions in incidence are probably
around 6% in women and 10% in men. It is not possible to estimate the
actual phase shifts; however, the guarterly data shows that the peak
incidernce in women probably occurs about 2 tc 3 weeks after the peak
incidence in men.

Using parameter get 1 in Table 5.% 1t seems that the actual
seasonal oscillations in incidence would be caused by a 5% to T%
geasonal ogseiilation in the contact rate (e = .05 1o .O7) .
Moreover, the actual phase shifts may be about 9 weeks for men and 12
weeks for women. Thus the model suggests that the cbserved peaks in
gonorrnea incidence which occur in August to October are probably due
to peak contact rates in June or July.

Thus the first important conclusion is that the observed seasconal
oscillations in incidence may be due to reasonably small (5% to 7%)
ogcillations in the contact rate. The second conclusion is that the
obgerved peak incidences in August to October may be due 1o & peak
contact rate in the summer months. These results were surprising 1o
the epidemiologists in the VD Controi Division of the Center for

Disease Control when we first announced them.



CHAPTER 6

MODELING GONORRHEA IN A POPULATION
DIVIDED INTO EIGHT GROUPS

In Chapters 4 and 5, <the vopulation was divided into 1wo
groups. Here the population is divided according to sex, the level of
sexual activity and whether +the infections are symptomatic or
asymptomatic. There are eight groups repregenting the eight
combinations, such as the male-highly active-asymptomatic group. This
populatvion dynamics model is used to compare the effectiveness o¢f gix
control methods for goneorrhea inveolving population screening and
contact tracing of selected groups. A condensed version of the
results in this chavpter appeared in a paper {Hethcote, Yorke and Wold,
1982 ).

In section 6.1 the eight groups are described and the system of
eight nonlinear ordinary differentvial equations is given. The number
of independent contvact rates among people in the eight groups is
reduced by using proportionate mixing assumpticns in section 6.2. It
ig shown that a contact number detvermines whether the disease dies out
ur remaing endemic. The six gonerrhea control methods considered
invoive screening of women and men, contact tracing women and men who
are infectees and contact tracing women and men who are infectors.
The six control methods are incorporated into the eight group model in
section 6.73.

¥stimates of parameters used in the eguations are described in
gection 6.4. Some values of parameters are found from current data
and estimates of epidemiologists while other values such as the levels
of sexual activity are found indirectly sc¢ that incidences and
prevalences are consistent with dbservations and so that the effects
of the screening pregram correspond to observed incidence changes. A
computer program finds the endemic eguilibrium levels for a given
parameter set for each of the gix control methods. This program is
described in section 6.5; a listing of the pregram and a sample output
are given in appendices. A table summarizing the calculations for =ix
different parameter sets is given in secticn 6.6.

Since gonococcal infection in a2 woman can lead ta pelvic
intfilammatory disease and sterility, cur criterion for the effective-
ness of a control procedure is the extent to which the equilibrium
prevalence (and hence the number of months of infection) in women is
reduced when the control is added to the equations. The caleculations

in section 6.6 show that discovering {(and curing) an infectious woman
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by tracing infectors of diagnosed men is more effective in this gense
than discevering {and curing) an infectious woman hy screening, and
the latter is more effective +than discovering {and curing) an
infectious woman by tracing contacts of diagnosed men. The calcula-
tiong also show that the relative effectiveness of using the corres-
ponding procedures to discover infectious men instead of women is
approximately the same. O0Of course, it is more difficult to discover
infectious men because male prevalence is mueh lower.

The control procedures are gmall supplements added onto the
current screening progran. The calculations assume that the
supiementary control procedures all discover the same number of
individuals per unit time, namely, a number equal to 1% of the
incidence in women. A1l calculations are made when the prevalences
are at% egquilibrium. In section 6.7 we will consider conclusions from
the model, the relative difficulties of discovering one individual by
gach of the oprocedures and implications for gonorrhea control
strategies. The resultvs of our thecretical mcdeling are meant to

advise gonorrhea control strategists and clinicians.

6.1 The Mcdel for a Heterogeneous Population

Gonorrhea transmission c¢ccurs in a2 population in which some
infectivesg are mare active gsexually than others, in which
probabiiities of transmission per sexual contact are quite different
for men and women, and in which some infectives are asymptomatic with
long duratvions of infection while others are symptomatic with shorter
duraticns. A model with eight groups is needed to incorporate all cf
these essential aspects. Although sexually transmitted diseases are =
major health problem among homosexuals, there dcoes not seem to be much
transmission beuween the homosexual population and the hetercsexual
population. Consequently, we consider a hetercsexual population,
i.e., we assume that all contacts are hetercsexual. The population
caonsidered here is the sexually active women who are the target of the
screening program in the United States and their male partners.

The four groups of women have odd indices (1,3%,5,7) and the four
groups of men have even indices (2,4,6,8). Let N; dencte the size of
the group 1. Since the sizes of the odd (even) index groups can be
divided by the total number of women {(men) in the population, we

assume that N, is the fraction of women or men in group i. Hence

N1 +'\T3 'FN5+N7:1 and N2+N4+N6+N8:1.
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As indicared in Chapter 1, gonococecal infeetion does not confer
resistance or immunity against reinfection so that individuals in each
group are either susceptibie or infectious. As in section 5.1, the
prevaience in groupy i at time t (in months) is I;(x) and the
susceptible fracvion of the population is 1—Ii(t).

If the symptoms of an infecticn are sufficient to cause the
person to seek medical treatment, then +the person is symptomatic;
otherwige, the person is asymptomatic. As before, the sexual activiiy
is measured by the frequency of encounters (cf. section %.2). Group
1{2) consists of very active women {men) who are asymptomatic when
they are infectious. Greoup 3 (4) consists of active women (men) whe
are asymptomatic when infectious. Group 5 (6) consists of very active
women {men) who are sympitomatic when infectious. Group 7 (8) consists
of active women (men) who are symptomatic when infectious. OF course,
the actual population is very diverse so that it does not divide
clearly into groups; however, it 1is convenient conceptually and
cemputationally to assume the existence of these groups se that the
effectiveness o¢f varicus control procedures can be evaluated and
compared.,

The model consists of the differentvial eguations and initial

conditions presented in sectien 3.1 with n=8,

A, .(M=T. IN.I. — WN.T./D. [6.
1 13( 1) 377 i 1/ L 1]

|£>4
.
=
-
|._|
H.
o
I
Ho—r 0

J
T.(0) = 1, i=1,2,...,8. [6.2]

Wote that here Aij = 0 if i+j 1is even since there are cnly hetero-
sexual contacts in the model. We assume that the kij are fixed and dc
not vary seasconally. Tlere we use one month as the unit iime so D; is
the mean duraticn of infecticn in months. 8 flow diagram for this
medel is given in figure 6.1. Medificaticns of the equations [6.1] to
inciude contrel preocedures will be described in section 6.3.

The first chalienge in dealing with a model of this complexity is
cheesing the parameters in a sgimple and rational way, in a way
suffricientiy clear that the reader can feel confident that =a
reascnable ccliection of parametver chcices has been tested. There
are, afver all, thirty two nonzero Aijs, eight N;s and eight D;s.
Reducing +1he number of parameters will be a major concern in this
chapter.

In 1ihe model, we have separated wemen inte groups accerding te

whether ¢r not their infections are asymptomatic. Wiesner and
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Thompson (1980) state that the infected individual's ability to
recognize sgymptoms of geoncceoccal infection and then get medical
treatment may vary significantly from perscn to persen. Hewever, it
is alsgo reasonable to assume that very active women are distributed
between being asymptcematic and symptomatic when infectious in a randem
manner. Our mcdel is consistent with this assumpticn if we assume that
the susceptibies among very active women are scmetimes asynmptematic
and scmetimes symptematic. Similar remarks alsc apply to the cther
SZTOUps. Other mcdels invelving asymptematics have alsc been
censidered (Xemper, 1978; Bailey, 1979; Cccke, 1982).

Az in the earlier models we will consider the poesitvive equili-
brium point and hcw it changes when parameter values change cor when
control procedures are added. Tet E; be the endemic equilibrium preva-
lence in greoup i. Then the ®; are the scluticns of the 8 simultanecus
quadratic equations cbvained by setting the right sides of [6.1] egual
Lo zero. Since the firgt term in each differential equaticn corres-
pends te the incidence (number of new cases per unit time), the egui-
librium incidence in grceup i is equal tc the equilibrium prevalence B
times the group size Ny divided by the mean duraticn Dy (cf. secticn
2.1).

6.2 The Contact Matrix

The ccntact matrix has %2 gzerc entries and 32 positive entries
which must be determined. As in secticn 3.2, we will initially use a
preperticnate mixing approach te determine these contact rates, i.e.,
we assume that the number of encounters hetween groups of wemen and
men 1s preporticnal te the relative sexuasl activities of the groups.

Let Aj be the activity level of group J which is the average
number of encounters (with different partners) cf a perscen in group
per unit time. Tet Qj be the probability that an infective in group j

transmits the disease during an enccunter with a susceptible, i.e.,

that there 1is an adeguate contact. Let Mij ke the fracrvien of
enceunters made by an average infective of greoup J with perscns in
group i. Hence Zijj = {1 fer each j. The mawrix M ig called the

mixing matrix. Using these definiticns it fecileows that the average
nunmber c¢f enccunters per unit time of an infective in group J with
different partners in group i is Ajmij = kij/Qj .

The Tfact that each sexusal encounter invelves cone man and c¢ne
woman requires that the average number of enccunters per unitv time fer
women {sum of ANy over cdd indices) must equal the average for men

{(gum of AiNi over even indices); we dencte this value by A. We define
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vhe activity fraction By of greups i by By = AyN;/A. THence
B4| + Bj + BB + B7 = 1 and B2 + _B4_ + B6 + B8 = 1.
We assume all A; > O so that all By > 0. The propecrticonate mixing

agsgsumpticn 13 that the encounters cof a perscen are distributed in
prepertien te the activity fracticons of the groups of the copposite

gex, il.e., Mij = By for all i and J such that i + J is cdd. Wete

that the preoporticnate mixing feormulation here ig different from that
in secticn 3.2 since there are groups of wemen and men here with
hetercsexual ccntacts.

We let Kj > O denote the ccntact number for group j, which is the
nunber o¢f adequate contacts made by a typiecal infective of group j

during the duraticn of infecticn sc that Kj = QjAij. The number c¢f

adequate contacts T cf a group j infective with grecup i during an

1]
verage c¢agse aatisfi T.. = Ax..D. =AM .Q.D, = WM. .¥
average isfies i3 303 3 13Q3 j 1353
matrix [Tij] the transmissicn matrix. Prepertionate mixing means that

We call the

Tii = B;jKs

1) J
for i+j odd and Tij = O for i+j even. MNctice that the matrix [Tij} is
determined by 16 values, the B.s and K:s.

35 j
The second generaticn contact number for this model with

proporticnate mixing is

K=( )y BxO( ) B.K.),
icdd Y j even 9 Y

where the first facter 1s the average number of men adequately
contacted by an average infecticus woman during her infectious period,
and the second factver is the average number of weomen adequately
centacted by an average infecticus man. Thus X is the number of women
centacted in twe generaticns, that is, by an infecticus weman threugh
her contacts with men (first generation) and their contacts with cther
wemen {secend generation). The theorem belew means that this secend
generaticn contact number is a threshold parameter which determines
whether the disease dies ocut (K < 1) or remains endemic (X > 1)}. 7The
second generaticn contact number has the same intuitive interpretation
as in secticn 5.1,

The charactegistic equation for the transmisgsicn wmatrix [Tij] is
de‘t([TijJ—aI) = a (

calculaticn using properties c¢f determinants. Notice that ETij]

a2~K) =0 . This equaticn folleocws from a detailed

1s
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irreducible since ail Bjs and st are mwositive. Recall +that
irreducibility implies that the whole pcpulaticon cannct be spiit into

twe Subpepulaticng which de not interact with each cther.

THEQRBM 6.1 1In the preperticnate mixing model, the solutions of egua-

tions [6.1] apprcach the c¢rigin 1if K < 1 and they apprcach a unigque
pegitive equilibrium if K > 1.

PROOCE. Frem the characterisvic equaticn and TLemma %.2, the Perrcn
eigenvalue p(T) = k!/2 g equal to the spectral radius r(T). By Lemnma
3.3, r(T) = K1/2 < is eguivalent <teo the outbreak eigenvalue

satisfying m = s{V) < 0 . The thecrem now follcws from Thecrem 3.1.

The preperticnate mixing assumption is netv always coempletely
reaschable, since a very active person may be mere likely to have an
enccunter with a very active perscn. Very active pecple may know how
to seek very =active pecple. In the extreme case where very active
{active) people only have enccunters with very active (active) pecple,
then the encounters cof a perscn are distributed in propertion to the
fracticnal activity levels of the cvppesite sex group with the same
activity level. Thus there is preopertionate mixing within the very
active subpepulaticn and within the active subpepulaticn, bui there is
ne interacticn between these subpepulations., The mixing matrix for
this medel has 48 gzerc entries and 16 pesitvive entries.

Jince the actual mixing ig prcbably scmewhere Dbetween the
extremes cf prepertionate mixing in the entire pepulation and propor-—
ticnate mixing in the activity ievels, we use a wmixing matrix M which
ig 1-G times the mixing matrix for preoporticnate mixing plus G times
the mixing matrix feor proportionate mixing in the activity levels.

The fracticn G between 0 and 1 is called the selectivity constant.

6.3 Six Control Methoeds

The reduction of pelvic inflammatery disease (PID) 4is a primary
geal of goncerrhea contrel activities. scme infected women develop
PID; consequently, it is reascnable tc assume that a reducticn in the
menths of infectien of wemen in the pepulaticon would cause a corres—
ponding reducticn in PID. Therefore our criterion for the effective—
ness cof a centrel precedure is the percentage reduction in prevalence
for wemen. This is equivalent t¢ measuring the percentage reducticn
in tetal menths of infection for women each year. Reducticn in

incidence is a less useful critericn, because ccntvrel precedures can
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cure pecple and make them available for new infectionsg, sc¢ that two
cagses might cccur where there would cotherwise have been cne case of
long duraticn,

The six controel methods are screening and targeted contact
tracing procedures which are designed to discever infecticus women and
men sc that they can be cured. Let C be precperticonal tc the number of
women being screened per unit time. The R; are the relative rates at
which wemen are discovered and cured by screening in the various
groups. C 1s an adjustable parameter measuring the effert put inte
the screening pregram so  that CRy 1is the rate at which wemen are
discovered and cured in group 1i. For each of the six supplementary
centrel precedures, there are analogous terms that we dencte by B and
Pi. FTguaticons [6.1] are medified wto include C and ¥ as fellows:

8
a 5 _ _ _
E€(Nili) = _E1Aij(1—zi)wj1j NiIi/Di CR, qp.

: [6.3]
; _

Qur c¢bjective 1is to compare the effects of the six control
metvheds when they are implemented at low levels as supplements to the
exXlsting screening proegram. Te be comparable we chcese the value of E
for each methed so that the discoveries are 1% of the incidence 1in

women, i.e.,

8
P. = (.01) ) oa (- oNLT, .
(I i odd j=t odd

it~ {0
[&a)]

The six ceontrel methods are described below.

Type 1W: BScreening cf Wcmen

Screening of women consists of eculture teating of wemen at
certain health facilities. Screening of wemen is  currently the
primary contrel method in the United 3tates. The number of infecticus
women discevered by screening is properticnal tc the prevalence. ITf
the prevalence 1is deubled in a greoup, then twice as many will be
digcovered by screening. Thus

R] = I]N] fOI" j_ Odd
and Ry = O for 1 even. Since the type 1W supplementary pregram alsc
correspends to screening, Py = LijNy fer i odd and P; = O for i even.

Type 1M: Screening of Men

This precedure is analogeus tc type 1W with reles reversed sc
that Py = I,N; fer 1 even and P; = O for 1 cdd. (We remark that

screening cof men prcduces sc few discoveries that it is generally
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impractical.}

Type 2W: UContact Tracing Wemen Who Are Infectees

An infectee is a perscon tc whem the genccececal infection has been
spread by the reference case (the patient who has come in for
treatment) and the infector is the scurce of the gengeoceal infecticon
in the reference cage. The supplementary contrel precedure 2W
censists of discevering women infectees by tracing and culture testing
women who are named as contacts {(but net as the infecter) by diagnesed
men. Infected men of greup j are diagncsed (and cured) at rate
Iij/Dj and the average wman in greup Jj during the duratien of his

infecticn infectg X, (1_11>Dj wemen in group i. Therefore, the number

ij
of female infectees per unit time in group i is
Poo= y Aij(1—Ii)Iij for 1 odd
] even
and P, = O for i even. Hence type 2W disccveries are disctributed in

preperticen te the rate at which new cases cccur in the female greups,

i.e., in prepertien to the incidence.

Type 2M: Contact Tracing Men Whe Are Infectees

This preccedure is analogous to type 2W with roles reversed sc

that P, = .. (1-1.)I.N
i 5 o%d 13( 1) i

that 2W and 2M involve tracing contacts and dc net inelude twracing the

fecr i even and Pj = O for 1 cdd. MWote

named infecter or aource ¢f the infecticn.

Type 3W: Cecntact Tracing Women Whe Are Infecters

In this preccedure, infecticus women are identified ihrcugh the
men they infect. The precbability that =2 diagnesed man has been
infected by a woman in group i is prepertienal te the rate at which
infecticns are caused by women in greoup i. Hence the disccoveries are

distributed using

Poo= Nizixji(1—1j) for i cdd
j even
and Pi = 0 for i even.

Type 3M: Contact Tracing Men Who Are Infectors

In this precedure, the discoveries are distributed using

P. = yON.I.a..(1-I.)
i odd iTiv g1 ]

fer i even and Pi = O for i cdd.
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dcreening and control types 1% and 1Y change the usual remgevalj
terms  in [6.3) a0 that [6.3] is like [3.1], but with medified
Zuratioens. tentrel wypes 2W and 2¥ chanee the incilence terrs ir
[6.%) so that [6.3] is iike [3.1] when the terms in [6.3] are
cembined, but with a different contact matrix. The signs of the
enLries are  uanchanged  for  amall SUpPLiementary controi efforts,
Centrel types 3W and  3M modify the linear and quadratic terms 1in
(6.5, but for smaii F OL6.3] is iixe [3.1] with a different contact
natrix and different duraticns. Jince the models with contreis are
forms of [2.1], they are covered by Thecrem %.1. Thus we can examine
the cceerdinates Yy of whe endermic equilibrium point coerresvonding Lo
specific epidemicicgic and contrel parameters. As dndicated 1in the
intreducticon te this chapter, contrel precedures  are  ccompared  hy

ccrparing tneir effect con the equilibrium prevalence in women.

6.4 Parameter Estimation

The foilowing three criteria are used as reascnahliec restricticona
on the parameter sets for the medel:s

1. the incidence fer men must be slightly larger than the ince-
dence for wemen;

2. the prevalence feor wemen must be approximately 3% of the
populaticen of women at risk;

%. disccvering 10% cf the infective women by pcpulaticn
screening must result in a 20% decrease in incidence in men.

The first critericn is based on observed generrhea incidence
(Wiesner and Thompson, 19303 N, 1991a) The seccnd criverion is used
because prevalences exceeding 3% seem unrealistic as discussed in
sectivn 4.1, Yerke, Hetheocete and Yoid (1978) estinate? using a 1renid
analysis that appreximately 104 of all aectual cases of gonerrhea in
wemen in the United Sivates were discoverieas of the culture-screening
prearat.  Uhey alse estimated that the resuit of this discovery of 10%
¢f infecticous woemen was an approximately 20% decrease in actual
incidence in men. The third critericn ccrresnends to these estinates,

The syster (6.3! contains 42 parameters: 32 nesitive AL, 2 T,
f . .‘ - . L]

1. :J a
and 8 W,. Tnder scme simplifying assumprions described below, the 48

parameters can be reduced tc the following 8: the AdAuraticon of

infecticen fer all asynptomatics (D the duaraticn ¢ infection for

al
all oymptematics (DS), the fractien cf men whe are asymptematic when

infecyicus (Am}, the  fracticn of wemen whe are asymrpiematie  when

infectious (A the ratio (J) of the +transmissicon prchabilities

wo
durine an enccunter by an infecticus man and hy an infecticus woman,
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the fractivn (®) of the wemen cr men whe =are in the very active
arcuns, The ratic (7)) ¢f the sexual zactivity ¢f the very active 1¢ twne
active persons, and the selectivity constant (G). These censtants and
2stimates for them are discussed below.

We agssume that there is cne typical mean duraticen fur the four
groups of asymptematics and ancther fer the four greups of sympto-
TaTies. The Aduraticn ranges for asymptematic wemen and nen  are

estimated to be 3-12 menths and 3-6 months, respectively (Wiesner and

"hempscn, 1680}, The duraticn raanges fur sympromatics are egrimated
e be %-45 days for women and 2-30 days for men {Wiesner and
Themnsen, 1930 . Fence we use N, = A menths and Ny = .25 or .G
month. The resuits depend primarily c¢n the ravic D,/Dg sc that
halving c¢r dcubling both Da and Ne has cnly 2 slight effect ¢n the
relative merits <f 1he centrcel orccedures. We agsume  that  1he
fracticns which are asymptctic when infectiocus are A, = .6 fer wemen
and A, = .1 for men. These vparameter values lead te resulis which are

censistent with esvimates in Wiesner and Thompsen (1980) that: 30-60%
of the incidence 1in wemen are asymuptcematics; asyaptoematics are 80)-98%
of the prevalence in wemen and, ccnsequently, are rssponsible for 20—
98% «f the transmissicns; 2-5% of the 1incidence in men are
asymotomatics  and  asymptomatic  men  account  for 60- 30%  of <the
prevalence in men and hence 60-80% of the transmissicns.

Nuring sexusl intercourse the nrebability c¢f transmissicn from an
infecticus wcman te a susceptible man is estimated te be .2 1o A
while the probability ef transmission frem an infecticus man  1is
appreximately W% to W7 (Wiesner and Thezpscn, 13805, Recause  an
encounter invelves cone or mere sexual interccurses, the transmissicn
prebability fer wemen might be .5 while the iransmission o chability
for men cculd be 9. The medel requires an estimate cof the ratic J ¢f
the transmissicn prebahility fer men te that for wemen. This ratic &
is taken t¢ be 2 cr 1.

Assume that the fracticn F whe are in the very active grcups and
the ratic 7 of sexual activity of the very =active 1¢ the acitive
perzscns is the same for wemen and men. In cur medel, we agsgume that 1

to %% of the populaticn is very acivive and that very active peopie are
pet K 3 Fell

w1

1o 10 times an Sexually active as acltive necple. The cpulation
¥ ' r

size fracvicns Ny can be caiculated by usinm Wy = (r)(a,),

Tz = (1—?)(Aw}, e = W{i—ﬁw), REEE [1—?)(1—Aw) and analcrcus fornulas

fer No, Ny, Wg and Wg.

"he pontact numbers Ki (reiative ¢ K1) are found Ffrom the

durations Dg, the pcoulaticn sizes W, the transmissicn orcbability
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ratic J and the activity level ratic 4 by using

K, D,d N+ N, +HN
_ 12 30T 48
K, = 5, (N1 Ny + =5 2/(W, + Ng + =3
Ks = K4Dz/(D4H), Ky = KoDg/(DpH), Kg = KyDg/(Dy), ¥g = KsDg/(Ds),

Ky = K4Dy/(MH), and Kg = K,Dg/(DoH). These relationships are derived
by using K; = 045D, Ay = HA3 = Ag = HA7, Ap = HAy = Ag = HAg, and
the censervation cf enccunters. The contact number Ky determines the
absclute level of sexual ccontacts and is chesen sc¢ that the third
critericn iz satisfied as explained in the next paragraph. The
centact numbers and the duraticns are used fc determine the actvivity
ilevels, These activity levels and the pecpulatien sigze fracwicns are
used to determine the mixing matrices for the preporticnate mixing

medel and fer the model with preportionate mixing within activiuy

levels. The selectivity constant G which ccembines these twe mixing
matrices i1s chesen so that the seccend critericen is satisfied. Tf G is

zere, prevalences in the medel are usually unrealistically high. The
selectivity constant G measures the correlaticn between the activity
levei o¢f the infecticus perscn and the activity level ¢f the sexual
partner. The correlaticn coefficient can be ghown te be

1- -1/2

- gl
ro= Gy T+FI-F

In the proportionate mixing model (when ¢ is =zerc), the correlation
cecefficient r is zerc.

The censtant € in [6.3] is adjusted sc that 10% of the equili-
brium incidence in women is discovered by vopulation screening. The
third criterien requires that the absciute level of sexual centacts is
adjusted sc that the resnlt is a 20% decrease in incidence in men. If
the absolute level were tco low, then the prevalences would be zerc or
the addition o¢f C could be sufficient to drive the prevalences vc
Zero. It the absclute level were tcc high, then the addition of
population screening would cause only a small change in incidence in
men. The ccrrect absclute level of sexual contacts is determined by
an ilterative prccess using a separate computer program.

The extra cure rate is supplementary since it is a smail contrcl
effoert added contc the existing pepulation screening pregram. Feor the
supplementary contrel procedures, B is chesen s¢ that the number cof
extra discoveries are equal tc 1% of the equilibrium incidence in
women, Hence the supplementary contreol procedures are directly
cemparable since they all invelve the same number cof discoveries.
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6.5 The Computer Pregrams

Cemputer programs have been written to find the endemic equili-
brium peint from the simultanecus gquadratic equaticns cbtained by
setting the right sides of [6.3] equal ve zerc. The input requested
by the pregrams are values related tc the eight essential parameters
described in the previcus secticn. The pregrams first construct the
contact matrix [Aij] , and then sclve the differential equaticns [6.3]
numerically using Fuler's methed until the prevalences are near the
gguilibrium levels. Pinally +these gcod appreximations are used as
starting values in Wewwzon's methed te find +the ccordinates cof the
equilibrium peint. Although a medel with 8 groups is congidered here,
similar cemputer programs have been used te compare centrol preocedures
for wodels witvh 4 and 12 grcups.

The computer preogram FINDK uses an iterative procedure to find
the value of the contact number Ky of the first greoup sc that if the
number c¢f women discevered by general pepulation screening is 109 of
the incidence in women, then there is a 20% decrease in the incidence
in men, The computer pregram GCCONT requests input parameter values
and then preduces cutput tables consisting of prevalences,
incidences, percent changes and preventicns for five cases: the
medel with ne centrol preocedure, the medel with general pepulation
screening and then the medel with general pepulation screening plus
one cf the three supplemeniary contrel precedures 1W, 2W or 3W for
women. The cemputer pregram SCRMEN is similar except that it preduces

cutpat fer the 3 supplementary contrel prccedures 1M, 2M cor 3M for

men., Appendix 1 centains the listing of the computer bpregran
GCCONT. This program ceontains many remark statements which explain
the stieps in the prcgram. The pregramg FINDK and SCRMEN are medifi-

caticns of the GCCONT. These computer programs were written in the
BASIC language by Annett Woid and Herb Hethcote.

Appendix 2 contains a sample run of GCCONT showing inovut para-
meter values and output tables. This sample run prcduces the data for

W, 2W and 3W in Table 6.1 ccrrespending te parameter set 1. Tote
that Ny + Nz = .60 and Ny + Wy = .10 so that .6 of the wemen and .1 of
the men are asyaptematic when infecticus. Since Ny + N = .02 and
Mo + Ng = .02, 2% of the wcmen and men are very active. The average
duraticns are D, = & menths fer asymptomatics and Dg = .5 menths fer
symptematics. The gexually active groups are 10 times ags active as

the less active greups, the transmissien prebability ratic is 2 and
the selectivity censtant is .2. HNetice that the three critveria given

in the previcus secticn are gatigfied, In particular note that the
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value Ky = 9.238 determined by FIVDK causes a 20.0018% decrease in the
menthly  incidence in men due t¢ general pepulation screening of
WOomer . Althcugh the ocuvput tables contain detailed infermaticn, the
sentences at the bettem cof each cutput table contain the most useful
infermation. The percentage decreasges and cases prevented
cerrespending vo 1W, 2W and 3W for parameter set 1 were cbtuained from

thege gentences.

6.6 Comparison cf the Supplementary Centrel Procedures

In Table 6.1 we present the results of calculations with six
different parameter gsets. 8ix c¢f +the vparameters are somewhat
arbitrary, namely, the fracticn ¥ of the pepulation in the very active
groups, the selectivity ccenstant G, the ratic H of sexual activity of
5 Of
asymptematics, the duraticn Dy of symptematics and the transmissicn

very active perscns  tce active  persens, the duration D

prebability rasvic J. Therefore we ccmpute the equilibria with several
sets of values ©f these parameters. Thus the paranmeters ¥, G, H, J,
Dgy Dg take on a variety of values, while the cther essential
parameters are fixed at the values given in secticn 6.4. The three
criteria given in section 6.4 for a varameter set tc be reascnable are
satiasfied for these parameter =sets.

As described earlier, we use the percentage decrease in the
pepulaticn prevalence in women as the measure of the effectiveness of
a supplementary control procedure. Tn Table 1 the percentages can be
cempared directly since each of the six supplementary precedures
resulis in the same number of discoveries. TFor parameter set number
1, type 3W control (supplementary tracing of infectors of diagncsed
men) is 1.9 times as effective per disccvery in reducing prevalence as
type 1W contrel (supplementary population screening) and is 2.8 times
as effective ver discovery as type 2W contrel (supplementary tracing
of contactees of diagnosed men). Centrel procedure type 3M is 2.2
times as effective per discovery as type 1M and is 5.4 times as
effective per discovery as type 2M. Types 1M and 3M are slightly mcre
effective than 1W and 3W, respectively, while 2M ig less effective
than 2W.

Another measure of the effectiveness of a supplementary centrel
prccedure is the number of cases in wemen and men prevented by the
disccvery and cure of one infectious perscen threugh this precedure.
Te evaluate the number prevented, the new equilibrium is found when a
certain number cf cases per day are cured. Then we can determine how

much incidence has dropped, that is, how many fewer wemen and men are
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TARLE 6.1

Summary cof Output From the Ccomputer Program
for Various Input Parameter 3Bets

Parameter Bet Number ! 2 3 4 5
F = fracticn in very active grouns 02 01 03 02 02
H = sexual activity ratic 10, 10. 5. 10. 10.
G = selectivity constant o2 .2 5 .2 2
r = correlation ccefficient O3 08 .5 08 .08
D, = duration of asymotomatics 6. 6 6. 6. 6
DS = duration of symptomatics .5 . 5 25 5
J° = transmissicn probability ratic 2. 2. 2. 2. 1
population prevalence with {women 028 031 027 028 026
general popalation screeningl men O N2 ROIN 010 015
vopulaticon incidence with women 009 00 009 010 008
general population screeningl men .01 .N2 .2 014 015
W 4.4 4.2 4.1 4.5 4.3 4.%
percentage decrease in 24 3.0 2.9 2.7 2.7 2.9 2.7
prevaience in women due teo W 8.4 5.1 h.5 7.9 8.3 7.9
suoplementary control 1M 4.8 4.7 4.5 5.9 2.9 5.9
precedure 2N 2.0 2.0 1.8 1.6 1.% 1.6
B 10.7 9.8 6.% 12.9 6.1 12.9
W 6.5 6.0 5.1 6.8 8.% 6.8
cages in women and men pre-~ | 2W 4.5 4.2 4.2 4.4 5.7 4.4
vented per perscn and cured ¢ 3W 16.3 15.3 9.9 16.7 20.6 16.7
by the supplementary gl 8.7 8.2 8.1 1.4 6.4 1.4
control procedures M 3.8 2.6 3.5 2.3 3.0 3.3
M 19.9 17.9 1.9 25.7 13.9 25.7
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heing infected each day. Using parametver set number 1, the cases in
women and men prevented by the discovery of cne infecticus weman by
type W are 2.5 times the preventicns by type 1W and 3.6 times the
preventicns by type 2W centrol. The cases prevented by the discovery
of cne infecticus man by type 3M control are 2.% times the preventions
by type 1M and 5.2 vimes the preventicns by type 2M. Thus the centrel
precedures have the same relative merits using this measure cf effec-
tiveness.

The hetercgeneity of the pepulaticn is a result of the sexual
activivy vatio W, the ratic D,/Dg of durations of asymptomatics and
symptematics, and +the relative 1ikeliheoed Aw/Am ¢t a case being
asymptematic., Since parameter sews 2 and 5 describe pepulations which
are appreximately as hetercgeneous as that of parameter set 1, the
percentages are appreximately the same. Since parameter sget 3
describes a less hetercgenecus povulaticn than parameter set 1, the
percentage decreases in prevalence in wemen are lcwer and the ratics
are leower than for parameter set 1. Parameter sets 4 and 6 describe
mere heterogenecus pepulaticns than parameter set 1 and the ratics of
the percentage decreases in prevalence in women are greater for M, 1M
and 2M. In a hcmogenecus pepulation where all pecple have the same
sexual activity levels (11 = 1) and the same duratbions (D, = Dg), the
precedures 1W, 2W and 3W are equally effective per discovery and the
metheds 1M, 2M and 3M are equally effective. Froem the data in Tabie 1
and other calilculaticns, we cconclude that the mere hetercgenecus the
populations, the larger the ratio of the effectiveness of the contrel
precedures.

Types W and 3M are more effeciive because they have a high like-
lihcod of iddentifying very active pecple and a high likelihood of
identifying asymptcmatics. Although types 1W and 1M tend tc identify
aymptematics, they are nct very effective in finding very active
pecple. Centrol types 2W and 2M are not very effective in finding
either very active or asymptematic persons. Fer example, for para-
meter set 1, the prebability that a discovery is a very active vperson
is .20, .23 and .71 for types 1W, 2W and 3W, respectively; and the
prebability that a discovery is asymptematie is .93, .57 and .91 for
types 1W, 2W and 3W, respectively.

In section 6.4 we assumed that .6 of the women and .1 of the men
are in groups where individuals are asymptcematic when infecticus. Tor
parameter get 1, asymptomatic wemen are 57% of the incidence and are
9%% of the prevalence: asyupvematic men are 8% of the incidence and

are 63% of the prevalence. Hence asymptomatic wemen (men) acccunt for
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93% (53%) of +the <transmissions. Althcugh <the vercentages for
asymptematic men are nct quite in the estimated ranges specified in
section 6.4 they are cicser to the ranges fcr this paramneter set than
fer the many cther parameter sets attempted. Hence fthese values

Justify a pesteriori the above choices of these twe parameter values.

6.7 Discussicn

The eight greup model is mere realistic than the two group models
cengidered in earlier chapvers. The compariscn of the strategies
studied in this chapter seemed t¢ require a model in which all eight
groeups interact. Use c¢f the eight group medel reveals that tracing
infecters i1s approximately three +times as effective as +tracing
infectees, This result is mere realistic than that cobtained in
section 4.4 using the twe group medel.

Barlier we defined the core as the union of those groups whose
prevalence exceeds 20%. Frem the calculaticens for parameter get 1
with screening in Appendix 2, we gee that the prevalences cof the very
active asymptematic grcups are 41% for women and 50% for men. These
prevalences are much higher than for the other six groups. Thus the
model suggests that the ccre sheould consist of very active wcemen and
men whe are asymptomatic when infecticus. However, sgince it is net
understced why scme cases are asymptematic and others are symptomatic,
1t 18 alsc useful to calculate prevalences when asyunptematics and
symptomatics are merged. The epidemiclogist who is trying to idenwvify
the core weuld net be able to tell whether a vyarticular persen is
petentially symptomatic or asymptomatic and, consequently, would look
at these merged pcpulatvicns. Ry using the data in Appendix 2, we find
that the prevalence for all very active women is 27% and the
vrevalence for all very active men is 12%. Frem this vantage peint,
the cecre would consist eof all very active women.

Results which are consistent over a range of acceptable parameter
values can be considered tc be robust predicticns of the medel. An
example of a rcbust result is that the relationship between the effec-—
tivenesses cf the supplementary centrol procedures is always the same
for this model; specifically, infecter tracing (type 3W or 3M) is mcre
effective per discovery than populatien screening {(type 1W or 1M) and
pepulaticn screening is mere effective per discovery than infectee
tracing (type 2W or 2M). Although the magnitude of the ratios of the
effectivenesses are not rcbust since they depend on the particular
parameter set, we cbserve that the greater the hetercgeneity of the

pepulation in terms of the differences in sexual activity and the
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differences in duraticns between asymptomatics and sympromatics, the
larger the ratics cf the effectivenesses of the contrel tvypes.

The relationship between the effectiveness of the supplementary
centrel types 1is explained as fellcws. Asymptematics are more
impertant transmitters than symptomatics because they are infecticus
longer. Very active perscns are more important transmitters becaunse
they ccntact more pecple while they are infecticus. Infector tracing
(types 3W and 3M) is the most effective contrecl preocedure because it
ig mere likely to identify beth asymptomatics and very active peopnle;
population screening (types W and 1M) is next in effectiveness
because 1t 1s more likely to identify asymptomatics; and infectee
tracing (types 2W and 2M) is the least effective contrel procedure per
discovery because it is net more likely tco ddentify either
asymptcmatics or very active pecple.

The disccveries by the supplementary contrel procedureg are all
set equal to 1% of the incidence in women s¢ that all of them are
comparable. Since there are appreximately 1.0 millien women infected
each year, each supplementary contrel proecedure would have to identify
and cure an extira 10,000 people. We estimate that type W would
require sgcreening at least an additicenal 500,000 women per year
(Yerke, Hethcote and Nold, 1978). Contrel types 2W and %W weuld
require testing ccntacts of the appreximately 600,000 infectious men
reported annualily. It would therefeore be necessary te identify and
cure one extra infecticus ccntact for each 60 reperted men for type 2W
centrel eor cne mere infecter for each 60 reported men for type 3W
control. Bince about 400,000 wemen are reperted annually, it weuld be
necessary tc identify and cure cne extra male infectee for each 40
reperted wemen for type 2M contrel or one mere male infector for each
40 reported women fcr vype 3W ceontrel.

In constructing the meodel it is assumed that infectors can be
clearly distinguished freom contacts so that type %W is distinct frem
type 2W and t{ype 3M is distinct from type 2M. Even though
identifications c¢f infectors versus coentactees will net alwaye be
accurate, we still feel that concentrating cn tracing pecple named as
infectors is a reascnable practical geal. If only the most recent
centacts of the reference cases are traced, then the infecters might
be consistently missed. A contrel program which takes advantage of
the findings here 1is c¢ne Dbased on interviewing, in which the
interviewer raises the question about the infecter and whether this
persen might be breught in for treatment. ield studies ccoculd give

valuable ideas on conducting interviews tc identify infecters.
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Tracing persons named as infectcrs would scmewvimes lead to infecteesy
however, the pregram wculd still bhe more effective than a progran
which puts nc emphasis eon finding infectors. The program prepesed is
medest in scale since it only reguires that cne extvra infector be
identified for every 40-60 cases of the cpposite sex.

The relative wmerits of the varicus centrel preocedures depend netw
cnly on the effectiveness per discevery in reducing prevalence, but
alse on the cests of disceovering an infective by the procedures. Some
invegtigaters believe that infectives can often identify their
infecters, Hence the perscon named as the infector is coften the actual
jnfector and this perscen {(especially an asymptomatic) is often still
infectiocus when contacted and checked. It might bYbe necessary 1o
contact and check mere than cone perscn identified as a contact (net
the infector) of +the reference case in order +to find ancther
infective. Since c¢nly a few pecple would have tc be ceontacted, the
cost ¢f a digecvery and cure by tracing infecters and infectees might
be low. Yerke, Hethcote and Neid (1978) estimated that about fifty
wemen must be checked by general pepulatien screening (type 1W) in
order to discover cne infecticus woman (excluding vecple whoe would be
identified witheut culture screening). Hewever, an add-on culture
test for scmeone who is already being examined ig substantially
cheaper than the cost ¢f tracing and examining a suspected infector orv
infectee. Since the prevalence in men is very low, the cost of
discovering an infecticus man by populaticn screening could be so high
that type 1M centrol is impractical. The results of cur analysis of
this model are meant +tc advise gonorrhea contrel sirategists and
clinicians.

1f the cost in dollars or the relative costs ceculd be estimated
for the discevery and cure of cne person by each of the preocedures,
then the cecst per prevention of a new case could be computed for each
¢f the contrel precedures. Cemparison of the costs per preventicn
would shew which of the six procedures is the most efficient use of
the resources available for genorrhea control. Different cities or
states may find that different contrei preocedures are mere effective

because of the special characteristics of their vpopulatien.
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APPENDIX 1

LISTING OF THE COMPUTER PROGRAM GCCONT

THIS PROGRAM, GCCONT, FINDS PREVALENCE AND INCIDENCE OF GONORRHEA
FOR SEVERAL CONTROL SITUATIONS.TO MAKE A RUN, ENTER PARAMETERS WHEN
THEY ARE REQUESTED.

THE MODEL EQUATIONS ARE COMPUTED IN THE 'RATE' SUBROUTINE AND THE
"CONTROL' SUBROUTINE, USING THE CONTACT MATRIX WHICH THE 'PATTERN’
SUBROUTINE CALCULATED.

THE PROGRAM IS ORGANIZED AS FOLLOWS:
AFTER WL ENTER DATA,THE PROCRAM MAKES PRELTMINARY CALCULATIONS WHICH
INCLUDE CALLING THE PATTERN SUBRCUTINE TO FORM THE CONTACT MATRIX.
THEN THE MAIN PROGRAM LOOP BEGINS:DURING A RUN THE LOOP VARIABLE R1
STEPS THROUGH THE FOLLOWING VALUES:
R1=1 FOR THE UNCONTROLLED CASE
R1=2 FOR POPULATION SCREENING (WOMEN)
R1=3 FOR POP SCREENING PLUS SUPPLEMENTARY POP SCREENING
Ri=4 FOR POP SCREENING PLUS SUPFPLEMENTARY INFECTEE TRACING
R1=5 FOR POP SCREENING PLUS SUPPLEMENTARY TINFECTOR TRACING

FOR EACH CASE, THE MAIN PROGRAM CALLS THE 'SOLVER' SUBROUTINE WHICH
USES ITERATION PROCEDURES TO FIND PREVALENCES. THE MAIN PROGRAM ALSO
MAKES SUMMARY CALCULATIONS FOR EACH CASE AND PRINTS OUT A TABLE OF
RESULTS. THE 'SOLVER' SUBROUTINE ORGANIZES THE ITERATION PROCESS.
THE 'RATE' SUBROUTINE ACTUALLY COMPUTES THE DIRECTION FIELD V(I,1):
IT CALLS THE 'CONTROL' SUBROUTINE TO FIND THE CONTROL RATE PORTION.
RATE ALSO STORES THE PREVIOUS VALUE OF THE DIRECTION FIELD IN V(I,2)
AND COMPUTES THE DIFFERENCE V(I,3)=V(I,1)-V(I1,2). (OTHER NUMERICAL
METHODS MIGHT REQUIRE MORE BACK VALUES WHTICH COULD BE STORED IN
OTHER COLUMNS OF V.) 'SOLVER' USES AN EULER STEP METHOD TC BEGIN,
THEN CALLS THE 'NEWTON' SUBROUTINE FOR NEWTON'S METHOD.THE MATRIX OF
PARTIAL DERIVATTVES IS FOUND BY THE 'FDERIV' SUBROUTINE. WHEN THE
RMS RATE IS SMALL ENOUGH, 'SOLVER' STOPS THE ITERATION PROCESS, AND

THE MAIN PROGRAM SUMMARIZES RESULTS, THEN STEPS TO THE NEXT CONTROL
CASE.

DIMENSIONS OF VECTORS AND MATRICES:
IF THE NUMBER OF GROUPS € IS NOT 4, REPLACE & BY G IN DIM STATEMENTS
AND ALSO MODIFY PRINT LINES IN WHICH WE LABEL 4 GROUPS EXPLICITLY.
N(8),Y(8),D(8),K(8),P(8)
R(8),Z2(8},W(8),U(8),E(8)
M(8,8),B(8,8),T(8,8),L(8,8)
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02140
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DIM A(8,8),V(8,3),F(8,1),X(8,1),H(8,1)

DIM S(5,8),Q(11,8),0(1,8)

REM

REM - - - - - - - - ENTER DATA - - - - = = - = - = - - - - - - - -
REM

REM INDEXING:  WOMEN OND, MEN LVEN

REM ORDERING: GCPl WOMEN, GP2 MEN, GP3 WOMEN, GP4 MEN

REM G=NUMBER OF GROUPS

G=8

PRINT' INPUT G1=SELF INTERACTION FRACTTION'

INPUT G1

REM G2 SELECTS PRINTOUT: G2=0 FOR SUMMARY ONLY: G2=1 FOR ITERATION INFO
G2=0

REM N(I)=RELATIVE SIZE OF GROUP I,IN ANY UNITS

PRINT 'INPUT GROUP FRACTIONS N(I)'

MAT INPUT N

PRINT'INPUT ACTIVITY RATIOS OF GROUPS:WOMEN AND MEN'

INPUT R&,R9

REM  Y(I)=INITIAL GUESS OF PREVALENCE, THE INFECTIVE FRACTION OF GROUP I
FOR I=1 TO G STEP 1

READ Y(I)

NEXT I

DATA .5,.5,.1,.1,.1,.1,.1,.1

REM  D(I)=DURATION OF DISEASE (AVERAGE) FOR GROUP I,IN ANY UNITS (MONTHS)
PRINT 'INPUT DURATIONS D(I)’

MAT INPUT D

PRINT'INPUT PROB OF TRANS BY TNF MAN/PROB OF TRANS BY INF WOMAN'

INPUT R7

REM K(I)=NUMBER OF EFFECTIVE CONTACTS OF EACH GROUP I INFECTIVE

REM DURING THE INFECTIOUS PERIOD.

PRINT'INPUT K(1)'

INPUT K(1)

K(2)=K(1)*D(2)/D(1)*R7*(N(1)+N(5)+(N(3)+N(7))/R8) /(N(2)+N(6)+(N(&4)+N(8)}/RI)
K(3)=K(1)*D(3)/D(1)/R8

K(&4)=K(2)*D(4)/D(2)/R9

K(5)=K{1)*D(5)/D(1)

K{6)=K(2)*D(6)/D(2)

K(7)=K{1)*D(7)/D(1)/R8

K(8)=K(2)*D(8)/D(2)/R9

REM - = - = = = = = = = = ¢ & & o - e L oo - e Ll o h e oo
REM PRELIMINARY CALCULATIONS

MAT A=ZER(G,G)

MAT F=ZER(G,1)

MAT X=ZER(G,1)

MAT H=ZFER(G,1)

MAT V=ZER(G,3)

PRINT

PRINT '##{}#  RUN NUMBER ikt

PRINT

PRINT ' '," GONORRHEA CONTROL MODEL'

PRINT ' 11 e e '

REM

REM GO BUTLD CONTACT MATRIX B

REM

GOSUB 8680

REM

RE M LR o T A U AU P M A I N PROGR AM LOOP e e T e e e e e e e e e et
REM

REM R1 INDEXES THE CONTROL METHOD: R1=1 BEFORE THE CONTROLS ARE USED
R1=1




02160
02180
02200
02220
02240
02280
02300
02320
(32340
02360
02380
02400
02420
02440
02460
02480
02500
02520
02540
02560
02580
02600
02620
02640
02660
02680
02700
02720
02740
02760
02780
02800
02820
02840
02860
02880
02900
02920
02940
02560
02980
03000
03020
03040
03060
03080
03100
03120
03160
03180
03200
G3220
03221
03222
03223
03224
03225
03230
03235
03260

REM
GOSUB

IF G2z=0 THEN 2280
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GO TO THE SOLVER SUBROUTINE TO FIND THE SOLUTION

4560

PRINT Y(1),Y(2),Y(3),Y(4),W5

PRINT 'SOLUTION APPROACHED IS ON ABOVE LINE','
IF R1>3 THEN 2680

REM

52=0
53=(0
84=0
55=0

", "RMS RATE'

SAVE VALUES FROM ORIGINAL CASE, BEFORE APPLYING CONTROLS

FOR I=1 TO G STEP 1
S(1,1)=Y(1)

S(2,1)=Y(I)*N(T)
=D(I)

S(3,1)

5(4,1)=5(2,1)/D(I)

Z(1)=8§
NEXT I

(4,13

FOR I=1 TO G-1 STEP 2
S2=82+Z(1+1)
$3=83+Z(1)
SL=S4+S (2, 1+1)
§5=85+5(2,T)

NEXT 1

REM STORE VALUES FOR PRINTING IN MATRIX Q

Q2=0
Q3=0
Q4=0
05=0

FOR I=1 TO G STEP 1
Q(1,I)=Y(I)
Q(2,1)=(Q(1,I)-S(1,1))*100/8(1,1)

Q(3,1)=Y(I)*N(1)

Q(4,1)=(Q(3,1)-5(2,1))*%100/5(2,1)
Q(5,I)=D(I)
QC6,1)=1/(1/D(I)+C*R(I)/ (Y(IY*N(I))+. 1¥C*¥P(1)/ (Y(I)*N(I)))
Q(7,1)=Q(3,I)/Q(6,I)

Q(8,I)=(Q(7,13-5(4,1))*100/5(4,1)

QCY,1)=CHR(I}+. 1%C*P (1)

Q(10,I
Q(11,1
NEXT I

)=N(I)
)=K(I)

FOR I=1 TO G-1 STEP 2
Q2=Q2+Q(7,1+1)
Q3=Q3+Q(7,1)
Q4=0Q4+Q(3,1+1)
Q5=05+Q(3,1)

NEXT I

ON R1 GOTO 3180,3220,3230,3260,3320

PRINT

LI R VO LT
O S - T Tt

GOTC 3340

PRINT
PRINT
FRINT
PRINT
PRINT
GO TG
PRINT
GO TOC
PRINT

rr1r\.\.

'SET EQUAL TO 10%

LI
ot

RESULTS WITH NO EXTRA CURE RATE APPLIED

LI 0 O O, S
W h

'"NUMBER I8 CHOSEN SO THAT THIS POPULATION SCREENING CAUSES'
'APPROXIMATELY A 20% DECREASE IN INCIDENCE IN MEN.'

3340

LY L T DN
Fiarikiariy

~“RESULTS FOR SUPPLEMENTARY POPULATION SCREENING

RESULTS FOR SUPPLEMENTARY INFECTEE TRACING

¥

ol
b

RESULTS FOR POPULATION SCREENING %ot eidededs
'"THE NUMBER OF WOMEN DISGOVERED BY POPULATION SCREENING 18!
OF THE INCIDENCE AND THE EFFECTIVE CONTACT'

LU L, TN T O W O T
Flr D b Dt by

RN, USRS D
El b T T iy

[
okl

t



03280
03300
03320
03330
03340
03440
03460
03480
03500
03540
03560
03380
03600
03620
03640
036860
03680
03700
63720
03740
03760
03780
03800
063820
03840
(3860
(33880
03900
03920
03930
03940
03960
03980
03990
(4000
04040
04060
04080
04100
04105
04110
04116
04120
04124
04126
04130
04132
04134
04135
04136
04138
04140
04144
04146
04148
04150
04152
04154
04158
04160
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PRINT 'TRACE WOMEN REPORTED AS CONTACTEES OF DIAGNOSED MEN'
GOTD 3340

PRINT 'k RESULTS FOR SUPPLEMENTARY INFECTOR TRACING  eiriiicdss

PRINT 'TRACE WOMEN REPORTED AS INFECTORS OF DIAGNOSED MEN'

PRINT ' ','GP1 WOMEN','GP2Z MEN','GP3 WOMEN', 'GP4 MEN'

FOR I1=1 TO 11 STEP 1

FOR I=1 TO G STEP 1

0(1,1)=Q(11,I)

NEXT 1

ON T1 GOTO 3560,3600,3640,3680,3720,3760,3800,3840,3880,3920,3960
PRINT 'PREVALENGE,FRAC':

GOTO 3980

PRINT 'CHANGE (% '
GOTO 3980

PRINT 'PREVALENCE, POP':
GOTO 3980

FRINT 'CHANGE (%) s
GOTOD 3980

PRINT 'DURATION,ORIG ':
GOTO 3980

PRINT 'DURATION, NEW ':
GUTC 3980

PRINT '"INCIDENCE,POP':
GOTO 3980

PRINT 'CHANGE (%) "
GOTO 3980

PRINT 'EXTRA CURE RATE':
GOTO 3980

IF R1>] THEN 4040

PRINT 'POPULAT. RATIOS':

GOTO 3980

PRINT 'CONTACT KUMBERS':

PRINT 0(1,1),0(1,2),0(1,3),0(1,4)

PRINT' GPS 5,6,7,8',0(1,5),0(1,6),0(1,7),0(1,8)

NEXT I1

PRINT ' WOMEN,PCP PREVALENCE =',Q5,'CHANGE (%)= ',(Q3-S5)%100/S5
PRINT ' MEN, POP PREVALENCE =',Q4,'GHANGE (%)=',(Q&4-S4)*100,/S4
PRINT ' WOMEN,MONTHLY INCIDENCE =',Q3,'CHANGE (%)=',(Q3-83)%100/$3
PRINT ' MEN, MONTHLY INCIDENCE =',Q2,'CHANGE (%)=',(Q2-82)*100/S2
IF Ri=1 THEN 4200

PRINT ' WOMEN,DISCOVERED BY POPULATION SCREENING=':C

IF R1=2 THEN 4124

PRINT ' WOMEN,DISCOVERED BY SUPPLEMENTARY CONTROL=':.1+C

PRINT 'THE PROBABILITY THAT A WOMAN DISCOVERED BY POPULATION SCREENING'

PRINT ' IS A GP1 MEMBER IS':R(1)
IT R1>2 THEN 4136

E2=Q2

E3=0Q3

E7=05

IF R1=2 THEN 4200

PRINT 'THE PROBABILITY THAT A WOMAN DISCOVERED BY THE SUPPLEMENTARY'

PRINT ' PROCEDURE IS A GP1 MEMBER IS':P(1)
IF R1>3 THEN 4148
C1=(E7-Q5)/E7%100
C2=(E7-Q5)/E7%100

PRINT 'IF THIS SUPPLEMENTARY CONTROL PROCEDURE INCREASES THE NUMBER OF'

PRINT ' DISCOVERIES OF INFECTIOUS WOMEN BY 10%, THEN THE % DECREASE’
PRINT ' IN PREVALENCE IN WOMEN 1S':C2:'WHICH IS':C2/C1:'TIMES THE %
PRINT ' DECREASE IN PREVALENCE IN WOMEN DUE TO SUPPLEMENTARY POPULATIION'
PRINT ' SCREENING.'



04170
04172
04174
04176
04178
04200
84210
04212
04214
04215
04220
04240
04280
04300
04320
04340
04360
04380
04400
04410
04420
04440
04460
04480
04500
04520
04540
04560
04580
04600
04780
04800
04820
04840
04860
04880
04900
04920
04940
04960
04980
05000
05020
05025
05030
05040
05060
05080
05100
03120
05140
05160
05180
05200
05220
05240
05260
05280
05300
05320
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E4=(E2-Q2)/(.1%C)
E5=(E3-Q3)/ (. 1%C)
PRINT 'THE DISCOVERY AND CURE OF ONE INFECTIOUS WOMAN BY TH{S '

PRINT ' SUPPLEMENTARY CONTROL PROCEDURE PREVENTS':E5:'CASES IN'
PRINT ' WOMEN AND':E4:' CASES IN MEN.'

PRINT "- - - - - = - = - = = o - o o L L oL oL oLl
IF R1<>1 THEK 4214

PRTINT

IF R1<>3 THEN 4220

PRINT

R1=R1+1

TF R1>35 THEN 4300

GOTO 2180

PRINT "END OF PROGRAM'

REM sefsrdeddedidel END OF MAIN PROGRAM LOOP vl dede ey e b e e e e e e
STOP

EEM 5% % v % 9 & & %o SUBROUTINES E A R SR
REM

REM T R R R A R L
REM

REM SOLVER SURROUTINE

REM  THE PROCEDURE TO FIND PREVALENCES Y(I) BEGINS HERE

REM

REM J2 COUNTS THE NUMBER OF ITERATIONS MADE SO FAR

REM J3 SELECTS THE METHOD:  J3=0 FOR EULER STEPS ALONG TRAJECTORY :
REM J3=1 WHEN WE USE THE NEWTON METHOD
REM J5=0 IF WE DON'T WISH TO COMPUTE DIFFERENCES IN THE DIRECTION FIELD
J2=0

J3=0

J5=0

IT G2=0 THEN 5000

PRINT 'PREVALENCES, AS FRACTTONS OF EACH GROUP'

PRINT 'CORE WOMEN','CORE MEN', 'NONCORE WOMEN', 'NONCORE MEN', '"RMS RATE'
PRINT Y{(1},Y(2),Y(3),Y(4)

GOTO 5000

REM THE ITERATION LOOP BEGINS HERE

IF G2=0 THEN 5000

PRINT Y(1),Y(2),Y(3),Y(4),Ws5

REM

REM DECIDE WHICH SOLUTION METHOD TO APPLY NEXT

REM

1F J3=1 THEN 5400

IF J4=G THEN 5030

GO TO 5160

IF J2>9 THEN 5060

GOTO 5160

J3=1

IF G2=0 THEN 5160

PRINT 'NEWTON METHOD BEGINS AFTER NEXT STEP'

REM THIS ITERATION PROCEDURE MAY BE USEFUL BEFORE NEWTON METHOD BEGINS:
REM GO TO THE RATE SUBROUTINE TO USE THL MODEL EQUATIONS

GOSUB 6880

J5=1

FOR I=1 TO G STEP 1

REM Y(I)=(W(I)Y-S51*R(I))*D(I)/(1+D(I)*W(I))} IS AN ALTERNATIVE
REM EULER STEPS ALONG TRAJECTORY:

Y(I)=Y(I)+.25%V(I,1)

IF Y(I)>0 THEN 5320

Y(I)=0

NEXT I



05340
05360
05380
05400
05420
05440
05460
05480
05500
05520
05540
05560
05580
05600
05620
05640
05660
05680
05700
05720
05740
05745
05750
05755
05760
05780
05800
05820
05840
05860
05880
05900
05920
05940
05960
05980
06000
06020
06040
06060
06080
06100
06120
06140
06160
06180
06200
06220
06240
06260
06230
06300
06320
06340
06360
06380
06400
06420
06440
06460
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GOTO 5720

REM WE GO TO THE NEWTON SUBROUTINE AFTER SAVING THE OLD SOLUTION IN E
REM AND THE OLD RMS RATE IN W7

MAT E=Y

W7=W5

GOSUB 5820

1F W5<W7 THEN 5720

1¥ G2=0 THEN 5520

PRINT 'USE ONLY HALF OF TNCREMENT SINCE THE RMS RATE=",W5
MAT Y=E+Y

MAT Y=(.3)*Y

GOSUB 5820

IF W><W7 THEN 5720

MAT Y=E

J3=0

IF G2=0 THEN 3680

PRINT 'USE STARTER AGAIN SINCE RMS RATE=",W5

GOTO 5160

REM STEP UP 1ITERATION COUNTER
J2=J2+1

IF W5»1E-06 THEN 5750

RETURN

IF J2<300 TIEN 4900

PRINT 'WARNING: 300 ITERATIONS'

RETURN

REM e e e B S
REM

REM NEWTON SUBROUTINE STARTS HERE
REM
REM WE WILL SOLVE F(X)=0, WHERE X CONTAINS PREVALENCES AND F CONTAINS

REM THEIR DIRECTION FIELD.

REM

FOR I=1 TO G STEP 1

X(I,1)=Y(I)

F(I,1)=V(I,1)

NEXT I

REM GO TO SUB TO FORM PARTIAL DERIVATIVE MATRIX A

GOSUB 6420

REM

REM  FIND NEW PREVALENCES X BY NEWTON METHOD, THEN STORE THEM IN Y
REY

MAT L=INV(A)

MAT H=L*F

MAT X=X-H

REM

FOR I=1 TO G STEP 1

Y(1)=X(I,1)

NEXT I

GOSUB 6880

RETURN

REM  NEWTON ALGORITHM ENDS HERE

REM

REM R e L R 23 2 I S e T ST 2 = 2
REM

REM SUBROUTINE FDERIV: TFORM APPROXIMATE PARTIAL DERIVATIVE MATRIX A
REM

REM

H9=.001

J9=1

Y(J9)=Y(J9)-H9



06480
06500
06520
06540
06560
06580
06600
06620
06640
06660
06680
06700
06720
06740
06760
06780
06800
06820
06840
06860
06380
06920
06940
06560
06930
07000
07020
07040
07060
07080
07100
07120
07140
07160
G7180
G7200
07220
07240
07260
07280
07300
07320
07340
07360
07380
07400
07420
07440
07460
07480
07500
07520
07540
07560
07580
07586
07590
07600
07620
07640
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GOSUB 6880

J5=1

Y(J9)=Y{J9)+2*H9

GOSUB 6880

REM STORE PARTIALS: MATRIX A APPROXIMATES DY

FOR I=1 TO G STEP 1

A(T,J9)=V(1,3)/(2%H9)}

NEXT 1

Y(J9)=Y(J9)-1I9

Jo=J9+1

J5=0

IF J19=<=C THEN 6460

RETURN

REM

REM S R R R R AR SR
REM

REEM wREERNEO SN Y ey RATE SURR QUTINE R e A E ey LS SR AT T
REM

REM WE COMPUTE THE DIRECTION FIELD V(I,1) USING THE MODEL EQUATIONS
REM

FOR I=1 TO G STEP 1

W1=0

FOR Ji1=1 TO G STEP 1

WI1=WI1+B(L,J1)*Y(J1)

NEXT J1

W(I)=wi

NEXT T

REM

REM GO TO SUB TO FORM EXTRA CURE RATES R(I)

REM

GOSUB 7580

REM

REM COMPUTE V(1,1), TIME RATES OF CHANGE OF FREVALENCES Y(I)

REM

W5=0

J4=0

FOR I=1 TQ G STEP 1

BEM  sedefedediodeddededodnt: MODEL E QU ATIONS - e e L R R X

VL, 1)=(1-Y(I))*W(I)-(Y(I)/D(I))-C* R(I)K”(I)- 1% P(I)/N(I)

IF J5=0 THEN 7400

REM CALCULATE CHANGES IN SLOPES

V(1,3)=V(1,1)-V(I1,2)

IF J3=1 THEN 7400

IF SGN(V{1,3))=SGN(V(I,1)) THEN 7400

J4=J4+1

V(I,2)=V(I,1)}

Wo5=W5+V(1,1)%V(1,1)

NEXT I
W5=SOR (W5)
RETURN
REM Y bR W vy et
REM ¥ weirdeed FONTROL SUBROUTI\E ’ ’
REM THESE LOOPS FORM EXTRA CURE RATES R(I) AND P(I)
REM

IF R1=1 THEN 7770

IF R1»2 THEN 7720

T1=C

G=0

FOR I=1 TO G-1 STEP 2

AZCL=Y (DN )= (1/D(I)+TISR{I) / (Y(I)*N(I)))




07660
07680
07700
07710
07720
07740
07760
07770
07780
07800
07810
07820
07860
07880
07900
07920
07940
07960
07980
08000
08020
08040
08050
08052
08054
080586
08060
08080
08100
08120
08140
08160
08180
08200
08220
08240
08260
0B280
G8300
08320
08340
08360
08380
08400
08420
08440
08460
08480
08500
08520
08540
08560
08380
08600
08620
08640
08660
08680
08700
08720
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C=C+% (1)

NEXT I

C=. 1%C

REM € IS THE DISCOVERY RATE DUE TO POPULATION SCREENING
IF R1<4 THEN 7880

IFT Ri=4 THEN 8080

IF R1=5 THEN 8360

REM UNCONTROLLED CASE

FOR I=1 TO G STEP 1

R(1)=0

P(I)=0

NEXT I

RETURN

REM POPULATION SAMPLING, WOMEN
REM

A3=0

FOR I=1 TO G-1 STEP 2
A3=A34Y (1)*N(I)

NEXT T

FOR I=1 TO G-1 STEP 2
R(I}=Y(I)*N(I)/A3

NEXT I

IF R1=2 THEN 8060

FOR I=1 TO G-1 STEP 2
P(I)=R(I)

NEXT I

RETURN

REM INFECTEE SAMPLING, WOMEN
A5=0

FOR I=1 TO G-1 STEP 2

AL=0

FOR 19=2 TO G STEP 2
AG=ALAM(T, T9)* (1Y (1))*Y(I9)*N(I9)*K(19)/D(I9)
NEXT I9

P(1)=A4

AS=AS4P (1)

NEXT I

FOR I=1 TO G-1 STEP 2
P(1)=P(I)/AS

NEXT I

RETURN

REM INFECTOR SAMPLING, WOMEN
A5=0

FOR I=1 TO G-1 STEP 2

AL=0

FOR 19=2 TO G STEP 2
AG=A4HM(TO  T)*(1-Y(I9))

NEXT I9
P(I)=A4*N(I}*Y(I)*K(I)/D(I)
AS=AS+P (1)

NEXT I

FOR T=1 TO G-1 STEP 2
P{I)=P(T)/A5

NEXT I

RETURN

REM THHEEE R R R
REM

MAT M=ZER(G,G)

MAT T=ZER(G,G)

MAT B=ZER(G,G)
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08760 REM SET UP PROPORTIONATE MIXING MODEL
08780 A1=0

08800 A2=0

08820 FOR I=1 TO G STEP 1

08840 U(T)=N(I)*K(I1)/D(I)

08860 NLXT I

08880 FOR I=2 TO G STEP 2

08900 AI=A1+U(T-1)

08920 A2=A2+U(1)

08940 NEXT I

08960 TFOR I9=1 TG G-1 STEP 2
08980 FOR I=2 TO G STEP 2

09000 M(I-1,I9+1)=U(I-1)/A1
09020 M(1,I9)=U(I)/A2

09040 NEXT I

09060 NEXT I9

09080 IF G1=0 TIEN 9440

09120 MAT L=ZER(G,6)

09130 TFOR K8=3 TO 7 STEP &

09140 TFOR R9=1 TO 2

09150 UB=U(K9)+U(K9+4)

09160 L(K9,K&-K9)=U(K9)/U8

09170 L(K9+4,K8-K9)=U(K9+4) /U8
09180 U9=U(KI+2)+U(K9+6)

09190 L(K9+2,K8-K9+2)=U(K9+2) /U9
09200 L(K9+6,K8-K9+2)=U(K9+6) /U9
09210 NEXT K9

09220 NEXT K8

09250 MAT L=(G1)*L

09260 MAT M=(1-G1)*M

09270 MAT M=M+L

09440 FOR I9=1 TO G STEP 1

09460 FOR I=1 TO G STEP 1

09480 T(I,I19)=M(I,I19)#*K(I9)
09500 B(I,I9)=T(I,I9)*N(I9)/(D(I9)*N(I))
09520 NEXT I

09540 NEXT 19

09745 IF G1»0 THEN 9780

09748 PRINT

09750 PRINT 'PROB. OF TRANS. BY INF. MAN/PROB. OF TRANS. BY INF. WOMAN=':R7
09752 PRINT 'SEXUAL ACTIVITY OF GP1 WOMAN/SEXUAL ACT. OF GP3 WOMAN=':R&

09754 PRINT 'SEXUAL ACTIVITY OF GP2 MAN/SEXUAL ACTIVITY OF GP4 MAN=':R9
09756 P1=0

09758 P2=0
09760 FOR I=2 TO G STEP 2

09762 P1=P1+M{I,1)#K(1)

09764  P2=P2+M(I-1,2)*K(I-1)

09766 NEXT I

09768 K4=P1%P2

09770 PRINT'EFFECTIVE CONTACT NUMBER=':K&4

09772 PRINT

09780 IF G2=0 THEN 9880

09800 PRINT 'MIXING MATRIX: M(I,J)=FRAC OF EFF. CONTACTS OF J THAT ARE WITH I'
09840 PRINT 'CONTACT MATRIX B'

09880 RETURN

09900 END



APPENDIX 2

SAMPLE RUN OF GCCONT SHOWING
INPUT PARAMETER VALUES AND OUTPUT TABLES

OK, BASIC GCCONT.8

BASIC REV19.0

INPUT G1=SELF INTERACTION FRACTION

1.2

INPUT GROUP FRACTIONS N{(I)
1.012,.002, .588,.098, .008, .018, .392, .882
INPUT ACTIVITY RATIOS OF GROUPS:WOMEN AND MEN
110,10

INPUT DURATIONS D{I)

'6,6,6,6,.5,.5,.5,.5

INPUT PROB OF TRANS BY INF MAN/PROB OF TRANS BY INF WOMAN
'2

INPUT K{1)
'9.238
###H##  RUN NUMBER I

GONORRHEA CONTROL MODEL

¥kk*k*xkx%%  RESULTS WITH NO EXTRA CURE RATE APPLIED #*k#*4ixx

GP1 WOMEN GP2 MEN GP3 WOMEN GP4 MEN
PREVALENCE, FRAC .497361 .548178 .0496891 .0622565
GPS 5,6,7,8 .0761769 .0918213 .00433837 .00550203
CHANGE (%) 0 0 0 0

GPS 5,6,7,8 O 0 0 0
PREVALENCE, POP .00596833  .00109636 0292172 .00610114
GPS 5,6,7,8 .000609415 .00165278 .00170064 00485279
CHANGE (%) 0 0 0 0

GPS 5,6,7,8 O 0 0 0
DURATION, ORIG 6 6 6 6

GPS 5,6,7,8 .5 .5 .5 .5
DURATION, NEW 6 6 6 6

GPS 5,6,7,8 .5 .5 .5 .5
INCIDENCE, POP .000994722 .000182726 00486953 .00101686
GPS 5,6,7,8 .00121883 .00330557 .00340128 .00970558
CHANGE (%) 0 0 0 0

GPS 5,6,7,8 O 0 0 0

EXTRA CURE RATE O 0 0 0

GPS 5,6,7,8 0 0 0 0

POPULAT. RATIOS .012 .002 .588 .098
GPS 5,6,7,8 .008 .018 .392 .882
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CONTACT NUMBERS 9.238 18.476 .9238 1.8476
GPS 5,6,7,8 .769833 1.53967 .0769833 .153967
WOMEN, POP PREVALENCE = .0374956 CHANCE (%)= O
MEN, POP PREVALENCE = .0137031 CHANGE (%)= 0
WOMEN, MONTHLY INCIDENCE = .0104844 CHANCE (%)= O
MEN, MONTHLY INCIDENCE = .0142107 (%)= 0

e

RESULTS FOR POPULATION SCREENING

CHANGE

R R R EEE S EEE L X

THE NUMBER OF WOMEN DISCOVERED BY POPULATION SCREENING IS
SET EQUAL TO 10¥% OF THE INCIDENCE AND THE EFFECTIVE CONTACT
NUMBER IS CHOSEN SO THAT THIS POPULATION SCREENING CAUSES
APPROXIMATELY A 20% DECREASE IN INCIDENCE IN MEN.

GP1 WOMEN GP2 MEN GP3 WOMEN GP4 MEN
PREVALENCE, FRAC .412828 496635 .0352891 .0497078
GPS 5,6,7,8 .0644987 .0759727 .00357429 . 00434007
CHANGE (%) -16.9963 ~9.4026 -28.9804 -20.1565
GPS 5,6,7,8 -15.3304 -17.2603 -17.6121 -21.1188
PREVALENCE, POP .00495394 000993269 .02075 .00487136
GPS 5,6,7,8 .000515989 .00136751 .00140112 .00382794
CHANGE (%) -16.9963 -9.40262 ~28.9804 -20.1565
GPS 5,6,7,8 -15.3304 -17.2603 -17.6121 -21.1188
DURATION,ORIG 6 6 6 6

GPS 5,6,7,8 .5 .5 .5 .5
DURATION, NEW 5.01689 6 5.01689 6

GPS 5,6,7,8 .491966 .5 .491966 .5
INCIDENCE, POP .Q00987452 .000165545 .00413602 .000811894
GPS 5,6,7,8 .00104883 .00273502 .002848 .00765588
CHANGE (%) -.730848 -9.40261 -15.0633 -20.1565
GPS 5,6,7,8 -13.9478 -17.2603 ~16.2667 -21.1188
EXTRA CURE RATE .000161796 O .000677695 0

GPS 5,6,7,8 1.68522E-05 0 4.57607E-05 O

WOMEN , POP PREVALENCE = .027621 CHANGE (%)= -26.3353
MEN, POP PREVALENCE = .0110601 CHANGE (%)= -19.2876
WOMEN, MONTHLY INCIDENCE = .00902031 CHANGE (%)= -13.9642
MEN, MONTHLY INCIDENCE = .0113683 CHANGE (%)= -20.0018

WOMEN, DISCOVERED BY POPULATION SCREENING= .000902103
THE PROBABILITY THAT A WOMAN DISCOVERED BY POPULATION SCREENING
IS A GP1 MEMBER 1S .179354

***#*%RESULTS FOR SUPPLEMENTARY POPULATION

SCREENING

AkEkEEE XL L

GP1l WOMEN GPZ MEN GP3 WOMEN GP4 MEN
PREVALENCE, FRAC . 400892 . 488705 .0335746 .0480485
GP5 5,6,7,8 .0628551 L0737751 00347012 .00418852
CHANGE (%) -19.3963 ~-10.8492 -32.4308 -22.8217
GPS 5,6,7,8 -17.488 -19.6536 -20.0132 -23.8732
PREVALENCE, POP .0048107 .000977409 . 0197419 .00470875
GPE 5,6,7,8 .00050284 .00132795 .00136029 . 00369428
CHANGE (%) -19.3963 ~10.8492 -32.4308 -22.8217
GPS 5,6,7,8 -17.4881 -19.6536 -20.0132 -23.8732
DURATION, ORIC 6 & & 6
GPS 5,6,7,8 .5 .5 .5 .5
DURATICON, NEW 4.89639 & 4.89639 &

GPS 5,6,7.8 .4%0782 .5 .490782 .5
INCIDENCE,POP .000982498 . 000162902 . 00403192 .000784792
GPS 5,6,7,8 .00102457 . 00265591 .00277168 .00738855
CHANGE (%) -1.22889 -10.8492 ~17.2012 -22.8217
GPS 5,6,7,8 -15.9383 -19.6536 -18.5108 -23.8732
EXTRA CURE RATE .000180716 O .000741609 0
GPS 5,6,7,8 1.88894E-05 0 5.10997E-05 0
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WOMEN, POP PREVALENCE = .0264157 CHANGE (%)= -29.5499
MEN, POP PREVALENCE = 0107084 CHANGE (%)= -21.8541
WOMEN, MONTHLY INCIDENCE = .00881066 CHANGE (%)= -15.9639
MEN, MONTHLY INCIDENCE = .0109922 CHANGE (%)=  -22.649

WOMEN, DISCOVERED BY POPULATION SCREENING= .000902103
WOMEN, DISCOVERED BY SUPPLEMENTARY CONTROL= 9.02103E-05%
THE PROBABILITY THAT A WOMAN DISCOVERED BY POPULATION SCREENING
IS A GP1 MEMBER IS .182115
THE PROBABILITY THAT A WOMAN DISCOVERED BY THE SUPPLEMENTARY
PROCEDURE IS A GP1 MEMBER IS .182115
IFT THIS SUPPLEMENTARY CONTROL PROCEDURE INCREASES THE NUMBER OF
DISCOVERIES OF INFECTIOUS WOMEN BY 10%, THEN THE % DECREASE
IN PREVALENCE IN WOMEN IS 4.36384 WHICH IS 1 TIMES THE %
DECREASE IN PREVALENCE IN WOMEN DUE TO SUPPLEMENTARY POPULATIICN
SCREENING.
THE DISCOVERY AND CURE OF ONE INFECTIOUS WOMAN BY THIS
SUPPLEMENTARY CONTROL PROCEDURE PREVENTS 2.32404 CASES IN
WOMEN AND 4.17013 CASES IN MEN,

*kkkddr*  RESULTS FOR SUPPLEMENTARY INFECTEE TRACING  *#&&kk&tiis
TRACE WOMEN REPORTED AS CONTACTEES OF DIAGNOSED MEN

GP1 WOMEN GP2 MEN GP3 WOMEN GP4 MEN
PREVALENCE, FRAC .404722 491104 .0341616 .0485614
GPS 5,6,7,8 .0628028 .0744338 .00346952 .00423532
CHANGCE (%) -18.6262 -10.4116 -31.2493 -21.9978
GPS 5,6,7,8 -17.5567 -18.9363 -20.027 -23.0227
PREVALENCE, POP .00485666  .000982207 .020087 .00475902
GPS 5,6,7,8 .000502422 00133981 .00136005 .00373555
CHANGCE (%) -18.6262 -10.4116 -31.2493 -21.9978
GPS 5,6,7,8 -17.5567 -18.9363 -20.027 -23.0227
DURATION,ORIG 6 6 6 6
GPS 5,6,7,8 .5 .5 .5 .5
DURATION, NEW  4.93699 6 4.94349 6
GPS 5,6,7,8 .486602 .5 . 486607 .5
INCIDENCE, POP .000983729 .000163701 . 00406333 .00079317
GPS 5,6,7,8 .00103251 .00267962 .00279497 .0074711
CHANGE (%) -1.1051 -10.4116 -16.556 -21.9978
GPS 5,6,7,8 -15.2867 -18.9363 -17.8259 -23.0227
EXTRA CURE RATE .000174287 O .000715494 0
GPS 5,6,7,8 2.76677E-05 O 7.48653E-05 0O
WOMEN, POP PREVALENCE = .0268062 CHANGE (%)= -28.5085
MEN, POP PREVALENCE = .0108166 CHANGE (%)= -21.0645
WOMEN, MONTHLY INCIDENCE = .00887454 CHANGE (%)= -15.3545
MEN, MONTHLY INCIDENCE = .0111076 CHANGE (%)= -21.8366

WOMEN, DISCOVERED BY POPULATION SCREENING= .000902103
WOMEN, DISCOVERED BY SUPPLEMENTARY CONTROL= 9.02103E-05
THE PROBARILITY THAT A WOMAN DISCOVERED BY POPULATION SCREENING
Is A GP1 MEMBER I3 .182115
THE PROBABILITY THAT A WOMAN DISCOVERED BY THE SUFPLEMENTARY
PRCCEDURE I5 A GP1 MEMBER IS .11084%9
IF THIS SUPPLEMENTARY CONTROL PROCEDURE INCREASES THE NUMBER OF
DISCOVERIES OF INFECTIOCUS WOMEN BY 10%, THEN THE % DECREASE
IN PREVALENCE IN WOMEN IS 2.95006 WHICH IS .£676024 TIMES THE ¥%
DECREASE IN PREVALENCE IN WOMEN DUE TO SUPPLEMENTARY POPULATIION
SCREENING,
THE DISCOVERY AND CURE OF CNE INFECTIOUS WOMAN BY THIS
SUPPLEMENTARY CONTROL PRCCEDURE PREVENTS 1.61584 CASES IN
WOMEN AND 2.89047 CASES IN MEN.
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RESULTS FOR SUPPLEMENTARY INFECTOR TRACING

TRACE WOMEN REPORTED AS INFECTORS OF DIAGNOSED MEN

kkxkkFEEE %

GP1 WOMEN GP2 MEN GP3 WOMEN GP4 MEN
PREVALENCE, FRAC .377769 .474841 .0322703 .045732
GPS 5,6,7,8 .0600718 .0700691 .00332028 .00397775
CHANGE (%) ~24.0453 -13.3783 -35.0557 ~26.5426
CPS 5,6,7,8 -21.1417 -23.6898 -23.4671 ~27.704
PREVALENCE, POP .00453323  .000949681 .0189749 00448174
GPS 5,6,7,8 .000480574 .00126124 .00130155 .00350838
CHANGE (%) -24.0453 -13.3783 -35.0557 -26.5426
GPS 5,6,7,8 -21.1417 ~23.6898 -23.4671 -27.704
DURATION, ORIG 6 6 6 6
GPS 5,6,7,8 .5 .5 .5 .5
DURATION, NEW 4.63736 6 4.91406 6
GPS 5,6,7,8 .488171 .5 . 49092 .5
INCIDENCE, POP .000977546 .00015828 .00386135 .000746956
GPS 5,6,7,8 .000984439 00252249 00265124 .00701675
CHANGE (%) -1.72675 -13.3783 -20.7038 -26.5426
GPS 5,6,7,8 -19.2308 -23.6898 -22.0516 -27.704
EXTRA CURE RATE .000222008 0 000698867 0
GPS 5,6,7,8 2.32913E-05 O 4.8147E-05 0
WOMEN, POP PREVALENCE = .0252903 CHANGE (%)= -32.5514
MEN, POP PREVALENCE = .010201 CHANGE (%)= -25.5566
WOMEN, MONTHLY INCIDENCE = .00847458 CHANGE (%)= -19.1693
MEN, MONTHLY INCIDENCE = .0104445 CHANGE (%)=  -26.5029

WOMEN, DISCOVERED BY POPULATION SCREENING—= .000902103
WOMEN, DISCOVERED BY SUPPLEMENTARY CONTROL= 9.02103E-0S
THE PROBABILITY THAT A WOMAN DISCOVERED BY POPULATION SCREENING
IS A GP1 MEMBER IS .182115
THE PROBABILITY THAT A WOMAN DISCOVERED BY THE SUPPLEMENTARY
PROCEDURE IS A GPl MEMBER IS .639851
IF THIS SUPPLEMENTARY CONTRCL PROCEDURE INCREASES THE NUMBER OF
DISCOVERIES OF INFECTIOUS WOMEN BY 10%, THEN THE % DECREASE
IN PREVALENCE IN WOMEN IS 8.43827 WHICH IS 1.93368 TIMES THE %
DECREASE IN PREVALENCE IN WOMEN DUE TC SUPPLEMENTARY POPULATIION
SCREENING.
THE DISCOVERY AND CURE OF ONE INFECTIQOUS WOMAN BY THIS
SUPPLEMENTARY CONTROL PROCEDURE PREVENTS 6,04948 CASES IN
WOMEN AND 10.2412 CASES IN MEN.

END OF PROGRAM

STOPPED AT LINE 4340
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