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M A J O R A R T I C L E

Frequent Longitudinal Sampling of Hepatitis C
Virus Infection in Injection Drug Users Reveals
Intermittently Detectable Viremia and
Reinfection

Kimberly Page,1 William Osburn,2 Jennifer Evans,1 Judith A. Hahn,1 Paula Lum,1 Alice Asher,1 Eric Delwart,1,3

Leslie Tobler,3 Andrea L. Cox,2 and Michael P. Busch1,3

1University of California, San Francisco; 2Johns Hopkins University, Baltimore, Maryland; and 3Blood Systems Research Institute, San Francisco,
California

Background. Detection of hepatitis C virus (HCV) reinfection and intercalation (ie, intermittent recurrent
bouts of viremia with homologous virus interspersed with aviremic periods) requires extensive and frequent eval-
uation and viral sequencing.

Methods. HCV infection outcomes were studied prospectively in active injection drug users with recurrent
HCV RNA–positive tests after serial negative results. HCV viremia and viral sequences (Core/E1) were assessed
from monthly blood samples.

Results. Viral clearance, reinfection, and intercalating infection were all detected. Among 44 participants with
apparently resolved HCV (26 incident HCV clearers and 18 enrolled with already resolved infection), 36 (82%)
remained persistently HCV RNA negative, but 8 demonstrated intermittent recurrent viremia. Four of these
(50%) had confirmed reinfection with a heterologous virus; 3 demonstrated viral intercalation, and 1 was not
classifiable as either. Estimated incidence of first reinfection was 5.4 per 100 person-years (95% confidence inter-
val, 2.0–14.5). Six (75%) participants, including 3 of 4 with reinfection, demonstrated sustained viral clearance for
a median of 26 months since last HCV RNA test.

Conclusions. These results show that frequent monitoring and viral sequencing are required to correctly
assess HCV outcomes and estimate incidence of reinfection (which was previously overestimated). Sustained clear-
ance may take many months and occur after episodes of reinfection and viral intercalation. Three of 4 subjects
who had confirmed reinfection showed evidence of long-term clearance. Viral intercalation occurs with significant
frequency. Further studies of these events, especially immunological, are needed to inform HCV clinical care and
vaccine development.

Keywords. hepatitis C virus; viral sequencing; reinfection; intercalation; young IDU.

HepatitisCvirus (HCV) infection is spontaneously cleared
in 15%–40% of seropositive individuals, depending on

factors including sex, race, and genetics [1–3]. Reinfection
after clearance of infection has been documented in
several case studies [4–8], and prospective cohorts of
active injection drug users (IDUs) have provided data
showing frequency of these events [1, 9–16]. Significantly,
some of these studies have provided compelling evidence
that people who have spontaneously resolved HCV
exhibit signs of protection against chronic HCV after re-
infection, including frequent reclearance of the virus,
lower concentration of HCVRNA during reinfection, and
shorter durations of infection prior to reclearance [9, 11].
With respect to the mechanisms of such protection,
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Osburn et al [9] analyzed immune responses following repeated
cycles of HCV infection and clearance, and identified increased
breadth of both adaptive and humoral responses in reinfected
compared with chronically infected individuals. Both new T-cell
responses and a higher prevalence of broadly reactive antibodies
provide strong evidence for protective immunity preventing pro-
gression to chronic infection following repeated HCV exposure,
leading many to deduce that understanding and inducing these
responses may provide a key vaccination strategy [17].

We have conducted further analyses and follow-up of clear-
ance, reinfection, and reclearance events among 44 young
IDUs who resolved HCV, many described formerly [1]. Previ-
ously, based on 7 participants with recurrent intermittent
viremic events and 28.5 person-years (py) of follow-up, esti-
mated incidence of first reinfection (24.6 per 100 py [95%
confidence interval {CI}, 11.7–51.6]) was equivalent to the in-
cidence of primary infection (26.7 per 100 py [95% CI, 21.5–
31.6]) [1]. We have continued prospective observation of these
cases, and others who resolved infection. We also conducted
sequence analysis of HCV RNA from stored blood samples of
all those demonstrating intermittent viremia to phylogeneti-
cally distinguish reinfection from recurrent viremia with the
same virus. Here, we describe results and implications of the
follow-up, which confirmed reinfection in fewer cases than
previously reported, and show that “intercalating” events—
intermittent recurrent bouts of viremia with the same primary
infecting virus, interspersed with aviremic periods—occurred
frequently.

METHODS

Study Population
Participants are from an ongoing study of young IDUs in
San Francisco; details of enrollment, follow-up, and HCV in-
fection detection have been previously published [1]. In brief,
young (<30 years) active IDUs (past 30 days) are tested for
HCV RNA and anti-HCV. The HCV RNA–negative patients
are followed quarterly and those with newly detected HCV in-
fection, monthly. Referrals for follow-up care are provided to
all participants. The study protocol was reviewed and ap-
proved by the University of California, San Francisco, institu-
tional review board.

Follow-up of HCV Viral Clearers, and HCV Infection
Outcomes
Outcomes were assessed in subjects who had follow-up for at
least 180 days after first HCV detection. HCV viral clearers
were defined as (1) patients who were followed after a con-
firmed acute or incident infection and subsequently had 2
consecutive HCV RNA negative results at monthly intervals,
and (2) patients who presented as anti-HCV positive but

HCV RNA negative, indicating resolution of a previous infec-
tion at an earlier (undefined) time point. Reinfection was
defined by the presence of new viremia, identified as a geneti-
cally unique HCV by Core-E1 phylogenetic analysis, in HCV
viral clearers. Among participants who presented with evi-
dence of previously resolved infection, analyses were limited
to subsequent infections where HCV viremia was detectable
and sequenced. HCV viral reclearance was defined as unde-
tectable HCV RNA for at least 2 monthly visits following a
confirmed reinfection. HCV viral intercalation was defined as
recurrent periods of detectable HCV viremia with closely
related Core-E1 sequences with alternating intervals of unde-
tectable viremia [18]. Persistent reinfection was defined as con-
tinuous viremia with the confirmed reinfecting virus.

Sample collection dates were used to determine midpoint
estimates for analyses of event times and durations (viremic
and aviremic periods, etc). Subjects were excluded if they met
any of the following criteria: (1) had gaps in follow-up >365
days, or (2) had no data on genotype, serotype, or Core-E1
sequencing of the initial HCV infection. Data were censored
on 31 August 2011.

Procedures
Laboratory Tests
HCV RNA Testing. Plasma samples were tested for HCV
RNA using a nucleic acid amplification test, the discrimina-
tory HCV transcription-mediated amplification (dHCV TMA)
assay component of the Procleix human immunodeficiency
virus type 1 (HIV-1)/HCV assay (Gen-Probe Inc, San Diego,
CA; Novartis Vaccines and Diagnostics, Emeryville, CA). Re-
peatedly reactive samples were considered confirmed positive,
and further tested to determine quantitative HCV RNA levels
using either the HCV Monitor assay (Roche Amplicor
Monitor HCV 2.0, Roche Molecular Systems) performed on
the Cobas Amplicor semiautomatic instrument, or the Bayer
HCV RNA branched DNA assay (Versant HCV 3.0; Bayer Di-
agnostics, Tarrytown, NY). Samples <50 IU/mL were judged
HCV RNA undetectable. Samples reactive by dHCV TMA
testing but with undetectable quantitative results were judged
positive and quantified as half the value of the lower limit of
detection. Samples negative on both qualitative and quantita-
tive tests were judged HCV RNA negative.

HCV Sequencing and Phylogenetic Analysis. HCV Core-
E1 sequences were obtained from samples collected closest to
the first and last visits where HCV viremia was detected. In
cases where no or insufficient specimen was available, speci-
mens from the most proximate visit were tested. Procedures
for RNA extraction, sequencing, amplification, and interpreta-
tion have been described in detail by Osburn et al [9]. Viral
sequences were identified as unique when the Core-E1 diver-
gence between 2 sequences was ≥0.05. Genotypes were
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determined by comparing Core-E1 sequences to HCV geno-
type reference sequences using the Los Alamos National Labo-
ratories HCV Phylogenetic Placement Service with pairwise
distance analysis [19]. Sequencing results were compared with
genotyping results obtained using a commercial genotyping
assay (LiPA Line Probe Assay, Bayer Diagnostics, Tarrytown,
NY) or serotyping assay (Murex Biotech Limited, Dartford,
UK) [20] as previously described [1].

Other Tests. Testing for alanine aminotransferase (ALT)
levels, HIV, and hepatitis B surface antigen, core, and surface
antibody were conducted in a local commercial laboratory. In-
terleukin 28B (IL-28B) genotyping was performed using the
ABI TaqMan allelic discrimination kit and the ABI7900HT
Sequence Detection System (Applied Biosystems), or the Illu-
mina 610 array for genome-wide association studies.

Injection Drug Use Risk Exposures
Risk behavior data, including number of days injected, bor-
rowing previously used needles, and/or drug preparation
equipment, were collected quarterly on exposures in the pre-
ceding 30 days.

Statistical Analyses
HCV infection and reinfection dates were estimated using
midpoints between date of detection of HCV RNA (viremia)
and the preceding HCV RNA–negative dates. HCV clearance
date was estimated as the midpoint between last RNA positive
and first RNA negative tests indicating viral resolution (of at

least 2 serial negative HCV RNA results). Time to first reinfec-
tion (second HCV infection) was calculated as the number of
days elapsed from estimated date of clearance to the reinfec-
tion date. Duration of viremia was calculated as the number of
days between estimated date of reinfection or recurrent
viremia date and date of viral resolution. Time between
viremic events was calculated as the number of days between
estimated date of viral resolution and subsequent viremic
event. Peak quantitative HCV RNA level and ALT measure-
ments were compared (1) in participants with primary acute
HCV infection relative to those with recurrent and intercalat-
ing infection; (2) during each viremic episode (defined by 1 or
more visits with detectable viremia); and (3) between those
with reinfection and intercalation. We assessed associations
between injection risk exposure and reinfection and intercala-
tion outcomes using generalized estimating equation regres-
sion models with an exchangeable correlation structure to
account for repeated measures. HCV viremia (log10 IU/mL)
and ALT (IU/L) values were examined by Kruskal-Wallis test
and a nonparametric equality of median test. Incidence of first
reinfection was estimated using person-time methods.

RESULTS

Between January 2000 and August 2011, 18 individuals with
previously cleared HCV infection and 109 individuals with in-
cident acute infections were followed (Figure 1). Prospectively,
26 of 109 (24%) cleared HCV infection, resulting in 44

Figure 1. Prospective follow-up of hepatitis C virus infection outcomes after spontaneous resolution, in young injection drug users in the UFO Study.
Abbreviation: HCV, hepatitis C virus.
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clearers followed. Thirty-six of the 44 (82%) clearers remained
persistently HCV RNA negative, and 8 demonstrated intermit-
tent recurrent viremia (Table 1). Viral sequencing demonstrat-
ed that 4 of the 8 (50%) cases with intermittent viremia had
confirmed reinfection with a heterologous virus (Figure 2A); 4
of these also demonstrated viral intercalation (ie, intermittent
detection of the same virus) during some infection episodes.
Three individuals (38%) were not reinfected but had multiple
intercalating viremia bouts (Figure 2B), and one could not be
classified (Figure 1C). Reinfection cases were younger (median
age, 23 years [interquartile range {IQR}, 20–26 years) than in-
tercalating cases (median age, 27 years [IQR, 26–28 years]).
There were no significant differences between reinfection and
intercalation cases with respect to frequency of injecting or
sharing/borrowing needles or drug preparation equipment
(data not shown). Based on 4 confirmed reinfections observed
over 74.2 py, incidence of first reinfection after resolved
primary HCV infection was 5.4 per 100 py (95% CI,
2.0–14.4).

Figure 2A–C shows event timelines for each of the 8 partic-
ipants, including individuals’ IL-28B genotype, HCV geno-
type, time between and duration of viremic events, and HCV
viremia levels (IU/mL). Median time between detected inter-
calating viremic events was 119 days (range, 56–364 days). Six
(75%) participants had sufficient follow-up to determine in-
fection outcome and demonstrated sustained viral clearance
for a median of 26 months (range, 4–58 months). Compari-
sons of viremia and ALT levels between reinfection and inter-
calation cases are limited by the small sample sizes, but some
qualitative differences are noted. Figure 3 shows representative
graphs of viremia and ALT in a reinfection and an intercalat-
ing case. ALT levels tended to be higher in intercalating cases,
with some decline, whereas in reinfection cases ALT declined
and remained low.

Reinfection Cases
Four individuals had 2 confirmed infections (first detected in-
fection plus 1 reinfection), and 3 of these also had multiple

Table 1. Characteristics, Exposures, and Risk Behaviors Among 127 Injection Drug Users With Acute Hepatitis C Virus Infection

Baseline
Characteristic

Chronic HCV
No. (%)

Cleared or Intermittent HCV Infection (n = 43),a No. (%)b

Total Persistent Cleared Reinfection Intercalation

Overall 83 44c 36 (83.7) 4 (9.3) 3 (7.0)

Age
≤22 y 40 (48.2) 15 (34.1) 13 (86.7) 1 (13.3) 0 (0)

>22 y 43 (51.8) 29 (65.9) 23 (79.38) 3 (10.3) 3 (10.3)

Race/ethnicity
White 62 (74.7) 36 (81.8) 30 (85.7) 3 (8.6) 2 (5.7)

Nonwhite 21 (25.3) 8 (18.2) 6 (75.0) 1 (12.5) 1 (12.5)

Sex
Male 57 (68.7) 20 (45.5) 14 (73.7) 3 (15.8) 2 (10.5)

Female 26 (31.3) 24 (54.5) 22 (91.7) 1 (4.2) 1 (4.2)

HCV genotype, primary infection
1 41 (49.4) 17 (63.0) 13 (76.5) 2 (11.8) 2 (11.8)

2 8 (9.6) 3 (11.1) 1 (33.3) 1 (33.3) 1 (33.3)

3 29 (34.9) 4 (14.8) 2 (66.7) 1 (33.3) 0 (0 (0)
4 1 (1.2) 0 (0) 0 (0) 0 (0) 0 (0)

Not available 4 (4.8) 3 (11.1) 3 (100) 0 (0) 0 (0)

Peak HCV viremia during primary
infection, log IU/mL, median
(IQR)

6.3 (5.4–6.9) 5.8 (2.7–7.2) 6.0 (3.0–7.2) 0.8 (0.8–0.8)d 7.4 (7.4–7.4)

Peak ALT during primary
infection, U/L, median (IQR)

138 (75–250) 39 (20–195) 66 (33–219) 20 (20–20) 97 (15–179)

Data are presented as No. (%) unless otherwise specified.

Abbreviations: ALT, alanine aminotransferase; HCV, hepatitis C virus; IQR, interquartile range.
a Reinfection status for 1 case could not be determined and is excluded from 3 right-hand columns.
b Percentages are estimated from the number of cleared infections by strata.
c N = 44 including n = 26 incident HCV clearers with 2 or more visits after HCV infection and n = 18 HCV resolved at baseline.
d Reinfection vs cleared infection: P = .10.
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intercalating HCV events during their infection episodes
(Figure 2A). All reported injecting exposure (over 42 follow-
up visits, median number of days injected per month, 28
[IQR, 0–30]). One female participant (MN0552) with 7 years
of follow-up, first infected 2 years after enrollment (genotype
1 virus), demonstrated viral intercalation, then cleared, and
after 6 months was reinfected with a genotype 3a virus. She
cleared the virus quickly and has remained HCV RNA nega-
tive despite ongoing risk exposure. Patient VT0134, HCV
naive at enrollment, returned almost 10 months later with se-
rology showing a resolved genotype 1 infection. Reinfection
(genotype 2a) was detected >2 years later. Patient MN0560
was found to be infected with a genotype 3a virus 6 months
after enrollment (as a clearer), demonstrated viral intercala-
tion, and then cleared viremia and was reinfected with a geno-
type 1a virus, which was intermittently detectable but not
quantifiable. He has been HCV RNA negative for >1 year.
Patient SM0051 was enrolled as a clearer and was followed for
4 years before detection of a new infection (genotype 2b). He
demonstrated intercalating viremia over a 14-month period.
Following more than a year (399 days) of negative HCV RNA
tests, he was reinfected briefly with a type 1a virus, had quan-
tifiably lower viremia during these subsequent infections, and
subsequently became negative.

Intercalation Cases
Three individuals demonstrated alternating positive and nega-
tive viremic events with the same principal infecting virus;
median time between detectable viremic events was 42 days
(range, 28–186; Figure 2B). One participant had almost 6
years of follow-up (SM0047), with 5 detectable viremic events
over that time. He has shown sustained viral clearance for 2.5
years, despite some ongoing injection exposure. Viremia first
occurred 4 months prior to detection of anti-HCV and lasted
an estimated 284 days; the second episode of viremia lasted
144 days, which occurred after an aviremic interval of 186
days. Each subsequent viremic bout was shorter; the last ob-
served one lasting 56 days. The highest quantified level of
viremia occurred during the first episode (25 447 183 IU/mL),
and subsequent levels were much lower and finally not quanti-
fiable. The 2 other participants with HCV viral intercalation
were first enrolled into follow-up with evidence of cleared in-
fection: a male with 2 documented viremic (genotype 1a)
bouts after enrollment, who has remained aviremic for >2
years (and reported no injection exposure for that period);
and a female who had 3 detectable bouts of viremia with ge-
notype 1a virus and ongoing exposure.

Unclassified Case
TL0161’s first infection was first detected with a very low-level
(365 IU/mL) viremia, which could not be genotyped

(Figure 2C). After 271 days, viremia (genotype 3a) was detect-
ed again, and quantified much higher (2 103 959 IU/mL).
Without data in the infecting virus from the first viremic
event, we have conservatively assumed these first 2 events were
from the same infecting virus. A second infection (genotype
1a) was detected subsequently; however, there was no period
of aviremia in between the genotype 3a and 1a infections.
This patient may have had HCV coinfection or superinfection.
He has remained persistently HCV RNA negative for >5 years
despite ongoing injection risk.

DISCUSSION

This study provides a detailed assessment of HCV infection
outcomes in young IDUs who have spontaneously cleared at
least 1 HCV infection and, during follow-up with frequent
serial testing intervals, demonstrated multiple episodes of
HCV viremia, including both viral intercalation and reinfec-
tions. Because all had ongoing risk exposure during follow-up,
accurate classification of the multiple bouts of alternating de-
tectable and undetectable viremia was only possible with ex-
tensive HCV sequence analyses. Only half of these cases were
confirmed as reinfections. Misclassification of reinfection as a
result of lack of viral sequencing and limited follow-up can
lead to significant overestimation of reinfection rates. Inci-
dence of reinfection in this group, 5.4%, is substantively lower
than our previously published estimate of 24.6%, due to these
factors [1]. Significant variability in estimated reinfection rates
may also result from differences in definitions of reinfection,
testing intervals [21, 22], host factors (eg, age), and exposure,
andmeasures of viral divergence [21–23]. Finally, anti-HCVwas
persistent in all HCV clearers, unlike in some studies [24, 25],
potentially due to ongoing exposures. Our findings demon-
strate the importance of frequent testing intervals and viral
sequencing to accurately document infection events, and
reduce misclassification of resolved, persistent, and reinfection
outcomes after acute infection [21, 26] for both clinical and
research assessments.

HCV viral intercalation is not well studied, and although
there are published reports recording such events, few are in
injecting populations [18, 27–33] or involve long follow-up with
frequent sampling. As a result, the frequency and prognostic
significance of these events is also unknown. Mosley et al [18]
have provided the most extensive description of HCV intercala-
tion in transfusion recipients with known infection dates, fre-
quent sampling, and extensive follow-up (some for up to 10
years). Numerous patients demonstrated viremic intercalations,
including 48% (12/25) of patients who were ultimately classified
as spontaneous resolvers, and 16% (11/69) of patients whose
last HCV RNA test was positive. The high frequency of detec-
tion of viral intercalation in this, and in Mosley et al’s study,
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may also be due to sensitive nucleic acid amplification testing
for HCV RNA, potentially enabling detection of more low-level
viremia events than by quantitative assays with higher limits of
RNA detection [34, 35].

Several researchers have suggested that intermittent viremic
episodes may be indicative of ongoing host immune efforts to
resolve infection, and that those with intermittent negative
HCV viremia in early infection may be more likely to resolve
[11, 36]. Spada et al [29] studied 10 patients who cleared HCV

infection and proposed that 1 negative RNA test during early
(1–3 months after symptoms) acute infection may be a prog-
nostic marker for clearance. Although Mosley et al [18] ob-
served that intercalation does occur among people who
subsequently develop chronic infection, the proportion with
intercalation was lower in those with chronic infection com-
pared with clearers (16% vs 48%). Similar to other reports,
both reinfection and intercalation cases observed here demon-
strated declining viral RNA levels during subsequent viremic

Figure 2. Event timelines for reinfection cases (A), intercalation cases (B ), and an unclassified case (C ) with multiple genotypes. A, Hepatitis C virus
(HCV) viremia (IU/mL), alanine aminotransferase (ALT), genotype (GT), HCV RNA, and anti-HCV results showing acute HCV infection, reinfection, and
reclearance among young injection drug users (IDUs) who have previously cleared HCV infection. Visit dates are shown in the lower boxes. Gray boxes
show new acute HCV infections and black boxes show reinfections. Participants whose first infection serology was consistent with that of previously
resolved infection (anti-HCV positive and HCV RNA negative) are shown in scored boxes. ^ in the GT box indicates that GT was determined by serotyp-
ing. B, HCV viremia (IU/mL), ALT, GT, HCV RNA, and anti-HCV results showing acute HCV infection and intercalation among young IDUs. Visit dates are
shown in the lower boxes. Light gray boxes show new acute HCV infections and intercalations. Participants whose first infection serology was consis-
tent with that of previously resolved infection (anti-HCV positive and HCV RNA. negative) are shown with scored boxes. ^ in the GT box indicates that
GT was determined by serotyping. C, HCV viremia (IU/mL), ALT, GT, HCV RNA, and anti-HCV results in a young IDU whose infection could not be
classified as either reinfection or intercalation. Results show acute HCV infection and either coinfection or superinfection. Visit dates are shown in the
lower boxes. Lighter gray boxes show new acute HCV infection and darker gray box shows infection with a different genotype. Abbreviations: ALT,
alanine aminotransferase; GT, genotype; HCV, hepatitis C virus; IL28B, interleukin 28B.
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episodes [9, 37]. Viral intercalation, including among reinfec-
tion cases, may reflect host immune system suppression of
viral replication with transient viral control. Studies in both
humans and chimpanzees have shown that cellular immune
responses, including timing, magnitude, and breadth, are im-
portant determinants of infection outcome [33, 38, 39].
Further research assessing immune responses will further
clarify these events and prognostic significance.

Both reinfection and intercalation cases reported ongoing
but variable injection exposures. Despite the theoretical possi-
bility that intercalation cases could be clearers who may be
getting reinfected with the same virus from infected injecting
partners, we do not think that this is the case. Our group has
been following IDUs with injecting partners to assess trans-
mission events, and we have reported on a high number and
frequent turnover within injecting partnerships, as well as a
reduced likelihood of engaging in receptive needle sharing
among HCV-negative persons who perceive that their partners
are HCV positive [40]. Injecting partnerships in San Francisco
are very heterogeneous, and the majority of IDUs in our

cohort report multiple and frequent changes in injecting part-
ners, most lasting <6months (data not shown). The frequency of
intercalation seen in patients infected by blood transfusions [18]
demonstrates that these intercalating events are not condition-
al on ongoing exposure, possibly reflecting lingering viremia
fluctuating between detectable and nondetectable levels.
Finally, although we assume that ongoing risk behavior results
in exposure to HCV owing to the high prevalence among
IDUs, misclassification may be occurring if participants are
sharing with uninfected partners.

Our results, along with those of others, show that there can
be significant heterogeneity in HCV infection course, and that
defining clear dichotomous outcomes after infection and
clearance is not always possible without ongoing, frequent
follow-up, most importantly, with longitudinal viral sequenc-
ing [33]. A prior study testing for superinfecting strains as mi-
nority variants during viremia with the earlier strain, using
strain-specific polymerase chain reaction, did not detect the
later strain, indicating that the earlier quasispecies did not
already contain the later strain [41]. Our observation that the

Figure 2. Continued.
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majority of reinfection cases cleared infection even with
ongoing risk exposure provides hope that vaccines can be de-
veloped that will limit chronic infection. Frequent sampling,
larger sample sizes, and follow-up are needed to systematically
study reinfection and intercalation and to accurately quantify
incidence. This may be possible with pooled data from pro-
spective studies of HCV infection [42, 43]. Such studies will
inform both HCV clinical care and development of prophylac-
tic vaccines.
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