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Abstract

Background—In a largely rural region of North Carolina during 1998–2002, outbreaks occurred 

of heterosexually-transmitted syphilis, tied to crack cocaine use and exchange of sex for drugs and 

money. Sexual partnership mixing patterns are an important characteristic of sexual networks that 

relate to transmission dynamics of STIs.

Methods—Using contact tracing data collected by Disease Intervention Specialists, we estimated 

Newman assortativity coefficients and compared values in counties experiencing syphilis 

outbreaks to non-outbreak counties, with respect to race/ethnicity, race/ethnicity and age, and the 

cases' number of social/sexual contacts, infected contacts, sex partners, and infected sex partners, 

and syphilis disease stage (primary, secondary, early latent).

Results—Individuals in the outbreak counties had more contacts and mixing by the number of 

sex partners was disassortative in outbreak counties and assortative non-outbreak counties. 

Whereas mixing by syphilis disease stage was minimally assortative in outbreak counties, it was 

disassortative in non-outbreak areas. Partnerships were relatively discordant by age, especially 

among older White men, who often chose considerably younger female partners.

Conclusions—Whether assortative mixing exacerbates or attenuates the reach of STIs into 

different populations depends on the characteristic/attribute and epidemiologic phase. 

Examination of sexual partnership characteristics and mixing patterns offers insights into the 

growth of STI outbreaks that complement other research methods.
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Introduction

In a largely rural region of southeastern North Carolina during 1998–2002, outbreaks 

occurred of heterosexually-transmitted syphilis tied to widespread crack cocaine use and 

exchanging sex for drugs and money. (1) (2) The outbreaks were concentrated in counties 

with high endemic syphilis rates before the outbreak that subsequently exceeded incidence 

levels rarely observed in the United States at the time. The statewide incidence of primary, 

secondary, and early latent syphilis hovered below 20 cases per 100,000 person-years. 

Incidence during 1998–2002 in Robeson County grew from 87/100,000 person-years to 

116/100,000 and from 8/100,000 to 46/100,000 in Moore County. Columbus County 

experienced a 600% fold increase in new diagnoses, from 15/100,000 (1998) to a peak of 

99/100,000 by 2000 while the incidence in Montgomery County also peaked at nearly 

200/100,000, after several years of rates less than 12/100,000.(3)

The trajectory of outbreaks of sexually transmitted infections (STIs) is determined, in part, 

by the structural characteristics of the social and sexual networks, and risk behaviors of 

persons within such networks.(4, 5, 6) Sexual mixing patterns are an especially important 

characteristic of sexual partnerships and networks. Assortative mixing refers to sexual 

partnerships among people with similar characteristics and risk behaviors. Assortative 

mixing among high risk persons sustains transmission within the group and impedes STIs 

from diffusing into the lower risk populations. Discordant or disassortative sexual mixing 

connects populations with higher prevalence of STIs to those with lower prevalence.(7, 8, 9) 

The extent of assortative sexual mixing varies by population and by attribute of interest, 

including age, race/ethnicity, education, number of sex partners, concurrent sex partners, 

and drug use. (4, 10, 11, 12, 13, 14, 15, 16) For example, adolescent females who have older 

male sex partners are at greater risk for infections of chlamydia or gonorrhea(17), herpes 

simplex virus-2(18), and HIV(19). When characteristics of each person and his or her sex 

partners are known, the extent of assortative mixing can be assessed with quantitative 

measures.(20, 21, 22)

Using state health department data, previous in-depth analysis of structural and other 

characteristics of the network that developed in Columbus County demonstrated the 

contribution of the cases' social contacts to the outbreak.(2) Social contacts and possible 

cases linked otherwise disconnected cases, creating a dense network conducive to rapid 

spread of infectious diseases.(2) In this analysis, we assess and compare sexual mixing 

patterns among persons residing within counties experiencing syphilis outbreaks to patterns 

of those residing outside the outbreak counties. We hypothesize that mixing patterns in the 

counties where the outbreak occurred will be more disassortative with respect to age,(17, 18, 

19) and number of sex partners (10, 11, 15) and more assortative with respect race/ethnicity 

(15) than in areas not affected by the outbreak.

Materials and Methods

All newly diagnosed cases of syphilis and HIV infection are reported to the state Division of 

Public Health and STD/HIV Prevention & Treatment Branch. Disease Intervention 

Specialists (DIS) routinely interview persons newly diagnosed with syphilis or HIV to 
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identify sex partners who are contacted interviewed, tested, and if infected, are brought to 

health care provided for treatment. DIS also elicit names of the case's friends and others in 

his or her social network whom the case believes would benefit from testing, might have 

symptoms suggestive of disease, or engage in behaviors that place them at risk for infection.

(23) Some of the people referred to DIS may actually be the sex partners of cases, whom 

they do not want to disclose as such, because disclosure may implicate them in illegal or 

proscribed behaviors.(23) The social and sexual connections are tracked electronically, 

permitting construction of sexual networks among cases and contacts directly and indirectly 

connected to each other.

Contact tracing data for a contiguous region of central and eastern North Carolina spanning 

64 of the state's 100 counties, over a ten-year period (1993–2002), were initially chosen to 

maximize the possibility of tying together seemingly unrelated cases into larger sexual 

network components. Furthermore, Interstate 95, which crosses through the region, is a drug 

trafficking route from Florida to the northeast, which has been hypothesized to increase drug 

use, exchange of sex, and elevated STI rates for those live in close proximity to the highway.

(24) From this expansive dataset, we selected the observation period of October 1998 – 

December 2002 and classified Robeson, Columbus, Montgomery and Moore Counties as the 

outbreak counties on the basis of: 1) annual surveillance reports of syphilis incidence (3); 2) 

the frequency distribution of the month and year of dates of syphilis diagnoses by county; 

and 3) network analysis that revealed large cyclic connected sexual networks indicative of 

outbreaks. (25)

The analysis included cases diagnosed with primary, secondary, or early latent syphilis and 

their sex partners and social contacts irrespective of infection status. We excluded cases 

younger than 14 years of age (newborns diagnosed with congenital syphilis) and patients 

with late latent syphilis diagnoses (indicative of prolonged subclinical infection). Non-cases 

were classified as uninfected if negative syphilis tests were documented. Sex partners and 

social contacts who either refused testing or could not be located by DIS were classified as 

having unknown disease status.

In social network analysis, node degree refers to the number of connections an individual 

(i.e., node) has to other people.(26) We calculated four node degree values for the cases: 1) 

All types of partnerships including infected, uninfected, and unknown infection status, of sex 

partners, social contacts and possible cases; 2) Infected sex partners, social contacts and 

possible cases; 3) Sex partners irrespective of disease status; and 4) Infected sex partners 
only.

We used Newman's assortativity coefficient (21, 22) to measure the extent of assortative 

sexual mixing.(21, 22) The assortativity coefficient is calculated from the mixing matrix – 

the proportional cross-tabulation of partnerships by the attribute of interest. The formula is:
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where r is the assortativity coefficient, e is the matrix whose elements are the cell values, eij, 

of the mixing matrix; Tr e is the trace of the matrix; and ||e2|| is the sum of all cells of the 

square of the mixing matrix.

The assortativity coefficient (r) ranges from −1.0 to 1.0, corresponding from perfectly 

disassortative mixing (where no one in the population partners with anyone sharing the same 

characteristic), to completely assortative mixing (i.e., all partnerships are concordant for the 

characteristic). Although the r value zero refers to random mixing (the characteristic has no 

influence on pairing), positive r-values close to zero can be interpreted as disassortative 

mixing because random mixing more likely results in partnering of two individuals who do 

not share the same attribute.

Before Newman derived the assortativity coefficient, studies assessed sexual mixing patterns 

with a less robust assessment, referred to as the Q-statistic.(20) Its primary limitation is that 

it can change dramatically if the rows and columns of the mixing matrix are transposed. We 

previously computed Q-statistics, which were roughly comparable to Newman's assortativity 

coefficients, for a case-control study of heterosexual HIV infection(10) to permit 

comparison of the results to other studies that used Q-statistics.

One analysis of mixing with respect to number of sex partners for the general US population 

yielded a Q-statistic of approximately 0.35.(11) A study of couples attending an STD clinic 

in Seattle, Washington was highly assortative (Q=0.44) by age, but less assortative with 

respect to education (Q=0.23) and number of sex partners (Q=0.16).(8) On the basis of these 

studies, our past work(10), and the findings from the analysis presented here, we have 

broadly classified assortativity coefficients ≥0.35 as highly assortative, 0.15–0.34 as 

assortative, 0.10–0.15 as minimally assortative, and <0.10 as disassortative. (Note: This 

classification scheme is a modification of our previous publication(10).)

We assessed and compared heterosexual mixing patterns within and outside of the outbreak 

counties with respect to race/ethnicity, age and race/ethnicity combined, the four measures 

of node degree, and syphilis disease stage. The analysis was restricted to heterosexual 

partnerships because they composed 75% of all social and sexual ties documented by DIS; 

about two thirds of ties between people of the same gender involved social connections. For 

age mixing, we calculated the age of each person on January 1, 2000 and used five-year age 

categories 14-19, 20–24, 25–29, 30–34, 35–39, 40–44, 45–49, and ≥50 years in the cross-

tabulations. We assessed mixing with respect to syphilis disease stage (primary, secondary, 

and early latent) for partnerships in which both members were infected.

The NC Department of Public Health granted us access to these data for secondary analysis, 

which is exempt from approval of the Institutional Review Board at the University of North 

Carolina at Chapel Hill.

Results

DIS identified a total of 5299 cases, uninfected persons, and people with unknown disease 

status; 37% resided in one of the four outbreak counties. Most cases occurred among 

African Americans (64%) and they accounted for 50% and 72%, respectively, of persons in 
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the outbreak and non-outbreak counties (Table 1). Native Americans composed 31% of 

cases in the outbreak counties and were virtually absent from non-outbreak counties. (Note: 

Native Americans and African Americans accounted for approximately 38% and 31%, 

respectively, of the Robeson County population.(27, 28)) Ten percent were adolescents 

(14-19 years of age) from the entire region, but they accounted for more people in the 

outbreak counties (12%) than non-outbreak counties (8%). Furthermore, 45% of the 448 

adolescents resided in outbreak counties.

Primary syphilis cases composed 22% of cases in outbreak counties yet only 13% in the 

non-outbreak counties (Table 2). Of the 329 primary syphilis cases from the entire region, 

about half (161) resided in one of the four outbreak counties.

Cases residing in the outbreak counties generally had more contacts and sex partners than 

did those who lived elsewhere (Table 3). The mean All Degree (i.e., all types of 

partnerships, sex partners, social contacts, and possible cases) was 3.51 partners per case 

(standard deviation[sd] 3.63) among outbreak county residents, approximately one 

additional contact per case than cases from non-outbreak counties (2.69, [sd 3.86]). 

Although the median numbers of sex partners for cases in outbreak and non-outbreak 

counties were comparable (~ two partners), 27% of cases residing in outbreak counties had 

at least three sex partners in contrast to 20% of cases living elsewhere (Table 3).

Partnerships and Mixing patterns

Race/ethnicity—Mixing with respect to race/ethnicity was highly assortative in both 

outbreak (r=0.513) and non-outbreak counties (r=0.382). The remarkable difference in r-

values between outbreak and non-outbreak counties is likely driven by 1) the increase in 

absolute number of partnerships involving at least one Native American in the outbreak 

counties (n=849) as compared to the non-outbreak counties (n=68); and 2) 54% of the 

partnerships in the outbreak counties involving at least one Native American were race-

concordant, whereas of the total 68 partnerships in the non-outbreak counties, Native 

Americans primarily partnered with whites (22%) or Blacks (19%).

Age and race/ethnicity—Preliminary analyses indicated that the distribution of age 

differences between men and women did not vary by residence (outreak vs. non outbreak 

county) and therefore was not pursued further (results not shown). To assess mixing with 

respect to age and race/ethnicity simultaneously, we computed assortativity coefficients for 

age, stratified by the race/ethnicity of the male (Figure 1). Age mixing for all race/ethnicities 

was minimally assortative (r=0.119) and men were an average of 6.6 years older than their 

women partners. The point estimates for r values suggest important variations in age mixing 

by race/ethnicity. Age mixing among white men was disassortative (r=0.088) in contrast to 

minimally assortative for Black (r=0.113), Hispanic (r=0.146), and Native American 

(r=0.136) men. Furthermore, the mean age difference for white men and their women 

partners (10.2 years) is higher (ANOVA p-value <0.001) than Black (6.5 years), Hispanic 

(4.9 years), and Native American men (5.3 years).

Node degree—Mixing with respect to the number of contacts generally exhibited greater 

assortativity in the non-outbreak counties (Figure 2). Coefficients for the All Degree 
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measure were 0.108 and 0.190 for outbreak and non-outbreak counties respectively. Mixing 

differences were more pronounced with respect to the number of sexual partnerships. 

Disassortative mixing describes the outbreak counties for both Sex Partner degree (r=0.056) 

and Infected Sex Partner degree (r=0.046). Conversely, non-outbreak counties exhibited 

assortative mixing for Sex Partner Degree (r=0.198) and Infected Sex Partner degree 

(r=0.167).

Disease stage—The proportion of partnerships involving two persons both diagnosed 

with primary syphilis was higher in the outbreak counties (19%) than non-outbreak counties 

(5%) (Table 4). In non-outbreak counties, 70% of the partnerships with one secondary case 

were connected to a case with early latent disease in contrast to 53% of the outbreak county 

partnerships. Disease stage mixing in outbreak counties was minimally assortative (r=0.110) 

and in non-outbreak counties, very disassortative (r=0.005) (Figure 3).

Discussion

We compared characteristics of heterosexual networks and mixing patterns identified in 

outbreaks of syphilis with characteristics observed in environments with low-level endemic 

syphilis transmission. Several mixing patterns likely affected syphilis incidence. Individuals 

in the outbreak counties were connected to more people than individuals in the non-outbreak 

counties: Each of the node degree assessments (All, Infected, Sex Partner, and Infected Sex 

Partner) were greater in outbreak than in non-outbreak counties. Mixing by sex partner node 

degree measures were disassortative in outbreak counties and assortative elsewhere. 

Whereas mixing by syphilis disease stage was minimally assortative in outbreak counties, it 

was disassortative in non-outbreak areas. Partnerships were relatively discordant by age, 

especially among older white men, who often chose considerably younger female partners.

Assortative mixing for the number of sex partners in non-outbreak counties suggests 

monogamous/lower risk individuals tended to form sexual partnerships with other lower risk 

people, and those with many partners tended to have other high risk partners, thereby 

obstructing widespread transmission between groups. In contrast, disassortative mixing for 

Sex Partner and Infected Sex Partner degree in the outbreak counties suggests frequent 

cross-over partnering between lower and higher risk individuals that created numerous 

bridges extending transmission into otherwise low risk sexual networks.

Several published analyses describe how the epidemiology of primary, secondary, and early 

latent syphilis infections relate to sexual networks and epidemic phase. (29, 30, 31, 32, 33, 

34, 35, 36, 37, 38) We build on this literature with analysis of sexual mixing with respect to 

syphilis stage. The assortative mixing among cases in outbreak counties supports the role of 

people with early stage, highly infectious syphilis in propagating the outbreak. Additional 

analyses of the dates of sexual contact relative to disease stage and diagnosis date, however, 

are needed to confirm this hypothesis. The high proportion and large absolute number of 

primary infections in the outbreak counties coupled with (albeit) minimally-assortative 

mixing suggest that highly infectious primary syphilis amplified transmission.
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Consistent with other studies of sexual (8, 15) and social networks(39), mixing with respect 

to race/ethnicity was quite assortative; whites exhibited the least- and Blacks exhibited the 

greatest assortative partnering. With the exception of national surveillance reports, Native 

Americans are typically excluded from sexual behavioral and STI research in the United 

States because the sample sizes are often too small to make meaningful comparisons to other 

race/ethnicities. Race/ethnicity mixing was substantially more assortative in the outbreak 

counties, because syphilis seeped into the Native American community. More than half of 

the partnerships involving at least one Native American in the outbreak counties were 

concordant for race/ethnicity, a level similar to African Americans.

The average age differential between men and their women sex partners diverged 

significantly between white and non-white men (in outbreak and non-outbreak counties 

combined). White men were an average of 10 years older than their partners, whereas non-

white men were between five and 6.5 years older. The mean age difference for men of all 

race/ethnicities at least age 45 was 17 years, skewing the right tail of the distribution. In 

other words, as the men aged, the age differential became wider, a pattern similar to a 

national survey of adults in the United Kingdom.(40) A greater proportion of white men 

were at least age 60 (14%) than the other racial/ethnic groups (between 2% and 5%). The 

disproportionate participation of older white men in these sexual networks merits further 

examination.

Although available data for this analysis were extensive, the network is undoubtedly 

incomplete because: 1) some cases may have chosen not to name partners; 2) DIS were not 

provided with enough information to locate some named partners; 3) named partners may 

have refused to speak to DIS; 4) named partners living in another state could not be traced; 

and 5) named contacts' identities may not have been correctly matched to those of other 

persons in the network, effectively negating the existence of ties between people. The US 

Centers for Disease Control recommends conducting cluster interviews among people in the 

same social networks to identify others who may be infected. (23) The DIS in NC routinely 

perform cluster interviewing during outbreaks. Limited resources usually prohibit DIS from 

performing additional contact tracing for uninfected partners, who may be directly or 

indirectly connected to other cases. For these reasons, incomplete network ascertainment is 

common to all network studies of STIs. Nonetheless, missing information is unlikely to 

fundamentally change the interpretation of the findings. ((41), page 107)

Because these data were collected as part of disease control measures, rather than for 

research, uniform information for all cases was not available. DIS may exert greater efforts 

towards contact tracing during outbreaks. DIS may not be able to confirm that some social 

relationships were actually sexual partnerships. Moreover, DIS may document some risk 

behaviors relevant to the outbreak (e.g., crack use), but they do not routinely administer 

standardized questionnaires.

Although this analysis is retrospective, development of tools to examine sexual networks in 

real time is foreseeable in the near future. Software needs to be developed to generate 

network images quickly and describe other information such as venues where people met, 

that facilitate public health interventions. Ideally, DIS would be able to add information to 
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case files including contact identities to generate network visualizations, possibly 

highlighting connections between previously unrelated cases.

We assessed mixing patterns in different geographical areas during one time period. An 

alternative approach is to compare mixing patterns over time in only the outbreak counties 

to determine if the patterns before and after the outbreak were markedly different than 

during the outbreak. Cunningham et. al. employed this method using DIS data to investigate 

structural differences in the sexual networks during and after a large outbreak of syphilis in 

Baltimore. (30) The results were consistent with these findings. Fewer and smaller network 

components were present after the outbreak.(30) The data for the time preceding the 

outbreak in North Carolina is less complete and data following the outbreak is not available 

to perform a similar analysis here.

Comparison of sexual partnership patterns between outbreak and non-outbreak 

environments elucidate in part how assortative and disassortative mixing mitigate or 

facilitate disease transmission. Assortative mixing by race/ethnicity likely contributed to the 

disproportionate involvement of Blacks and Native Americans, who already experience 

disparities of STIs.(42, 43) These partnership patterns underscore the need for increased 

syphilis screening within minority communities and for prevention efforts that accommodate 

the cultural diversity of affected subpopulations. Involvement of men over age 45 

contributed to discordant age mixing regardless of race/ethnicity, but was highest among 

white men. Additional qualitative and quantitative research among middle-aged white men 

and young women may illuminate determinants of large age differentials.

Use of public health contact tracing data in other jurisdictions has shown how structural and 

other characteristics of sexual networks relate to the spread of STIs.(36, 44, 45, 46, 47, 48, 

49, 50) By evaluating partnership dynamics from routine data collected by DIS as part of 

public health control activities, we discovered differences in the extent of assortative mixing 

in low level endemic and in outbreak settings. Whether assortative mixing exacerbates or 

attenuates the reach of STIs depends on the characteristic or attribute and epidemiologic 

phase. Examination of sexual partnership characteristics and mixing patterns offers insights 

into the growth of STI outbreaks that complement other research methods.
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Figure 1. 
Age mixing by race/ethnicity of male partner
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Figure 2. 
Mixing by node degree among heterosexual syphilis cases stratified by residene in non- or 

outbreak county
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Figure 3. 
Mixing for syphilis disease stage (primary, secondary, early latent) stratified by residence in 

outbreak county
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Table 1

Demographic characteristics of cases, uninfected, and unknown status by residence in non- and outbreak 

counties, North Carolina 1998–2002

Non-outbreak counties Outbreak counties Total

n (%) n (%) n (%)

Total 3366 (63.5) 1933 (36.5) 5299 (100)

male 1,883 (56) 1,068 (55) 2,951 (56)

female 1,482 (44) 864 (45) 2,346 (44)

Race/ethnicity 3,205 1,906 5,111

White 575 (18) 273 (14) 848 (17)

Black 2,303 (72) 951 (50) 3,254 (64)

Hispanic 250 (8) 79 (4) 329 (6)

Native American 64 (2) 588 (31) 652 (13)

Asian/Pacific Islander 11 (<1) 13 (1) 24 (<1)

Other 2 (<1) 2 (<1) 4 (<1)

Age on Jan 1, 2000
† 2,823 1,743 4,566

14–19 234 (8) 214 (12) 448 (10)

20–29 869 (31) 537 (31) 1,406 (31)

30–39 888 (31) 475 (27) 1,363 (30)

40–49 566 (20) 334 (19) 900 (20)

50–59 175 (6) 114 (7) 289 (6)

≥60 91 (3) 69 (4) 160 (4)

†
Age was missing for 14% of the records
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Table 2

Syphilis morbidity by residence in non- and outbreak counties, North Carolina 1998–2002

Non-outbreak counties Outbreak counties Total

n (col %) n (col %) n (col %)

Total 3366 1933 5299

Infected 1,311 39% 744 38% 2,055 39%

Confirmed negative 1,530 45% 967 50% 2,497 47%

Unknown
† 525 16% 222 11% 747 14%

Disease stage

Primary 168 13% 161 22% 329 16%

Secondary 361 28% 211 28% 572 28%

Early latent 782 60% 372 50% 1,154 56%

†
includes named sex partners and contacts who could not be identified or located, or refused testing
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Table 3

Distribution of node degree among cases by residence non- and outbreak counties, North Carolina 1998–2002

Non-outbreak counties Outbreak counties Total

Total 1311 744 2055

All degree 
†

n (%) n (%) n (%)

1 627 (48) 233 (31) 860 (42)

2 298 (23) 162 (22) 460 (22)

3–5 274 (21) 225 (30) 499 (24)

≥6 112 (9) 124 (17) 236 (11)

mean (sd) 2.69 (3.86) 3.51 (3.63) 2.99 (3.80)

median 2 2 2

Infected degree 
‡

n (%) n (%) n (%)

0 408 (31) 137 (18) 545 (27)

1 653 (50) 318 (43) 971 (47)

2 159 (12) 148 (20) 307 (15)

≥3 91 (7) 141 (19) 232 (11)

Mean (sd) 1.06 (1.36) 1.60 (1.55) 1.26 (1.46)

median 1 1 1

Sex partner degree 
£

n (%) n (%) n (%)

0 41 (3) 21 (3) 62 (3)

1 713 (54) 314 (42) 1,027 (50)

2 290 (22) 205 (28) 495 (24)

≥3 267 (20) 204 (27) 471 (23)

Mean (sd) 1.90 (1.80) 2.10 (1.56) 1.97 (1.72)

median 1 2 1

Infected sex partner degree 
€

n (%) n (%) n (%)

0 463 (35) 181 (24) 644 (31)

1 677 (52) 380 (51) 1,057 (51)

≥2 171 (13) 183 (25) 354 (17)

Mean (sd) 0.85 (0.83) 1.10 0.92 0.94 (0.90)

median 1 1 1

†
All types of partnerships including sex partners, social contacts and possible cases, irrespective of disease status;

‡
Infected sex partners and social contacts;

£
Sex partners irrespective of disease status;

€
Infected sex partners only;
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Table 4

Comparison of syphilis disease stage concordance among partnerships where both partners were infected in 

outbreak and non-outbreak counties, North Carolina 1998–2002

Primary Secondary Early Latent

Total
† n row % n row % n row %

Outbreak counties

Primary 245 47 19% 39 34% 76 47%

Secondary 312 44 27% 65 21% 90 53%

Early latent 444 39 26% 74 37% 165 37%

Non-outbreak counties

Primary 102 5 5% 21 41% 32 54%

Secondary 360 21 12% 65 18% 110 70%

Early latent 544 23 10% 143 47% 236 43%

†
Number of partnerships in which at least one person is diagnosed with Primary, Secondary, or Early latent syphilis
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