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(See the editorial commentary by Rich and Taylor, on pages XXX–XXX.)
Background. We hypothesized that the high prevalence of hepatitis C virus (HCV) among injection drug users

might be due to prolonged virus survival in contaminated syringes.
Methods. We developed a microculture assay to examine the viability of HCV. Syringes were loaded with blood

spiked with HCV reporter virus (Jc1/GLuc2A) to simulate 2 scenarios of residual volumes: low void volume (2
mL) for 1-mL insulin syringes and high void volume (32 mL) for 1-mL tuberculin syringes. Syringes were stored
at 4�C, 22�C, and 37�C for up to 63 days before testing for HCV infectivity by using luciferase activity.

Results. The virus decay rate was biphasic ( h and h). Insulin syringes failed to yieldt a p 0.4 t b p 281/2 1/2

viable HCV beyond day 1 at all storage temperatures except 4�, in which 5% of syringes yielded viable virus on
day 7. Tuberculin syringes yielded viable virus from 96%, 71%, and 52% of syringes after storage at 4�, 22�, and
37� for 7 days, respectively, and yielded viable virus up to day 63.

Conclusions. The high prevalence of HCV among injection drug users may be partly due to the resilience of
the virus and the syringe type. Our findings may be used to guide prevention strategies.

The global burden of morbidity and mortality from

hepatitis C virus (HCV) infection is truly pandemic

[1]. There is no vaccine for the prevention of HCV

infection, and current therapeutic regimens for HCV

infection are limited by efficacy, cost, and treatment

Received 7 January 2010; accepted 14 April 2010; electronically published 20
August 2010.

Potential conflicts of interest: none reported.
Presented in part: Part of the information was presented at the 15th International

Symposium on Hepatitis C Virus and Related Viruses, San Antonio, Texas, 5–9
October 2008 (abstract 379) and at the 17th Conference on Retroviruses and
Opportunistic Infections, San Francisco, California, 16–19 February 2010 (abstract
168).

Financial support: This study was made possible by Clinical Translational Science
Award (CTSA) (grant UL1 RR024139 to E.P.) from the National Center for Research
Resources (NCRR), a component of the National Institutes of Health (NIH), and
the NIH Roadmap for Medical Research (NIMH) (grant 2P30MH062294 to R.H.),
funding the Yale Center for Interdisciplinary Research on AIDS (CIRA), and a
diversity supplement to NIDA (grant 5U01DA017387 to E.P.). The development of
the Jc1/GLuc2A system involved NIH funding (grants 1K01CA107092 and
1R01AI076259 to B.D.L.).

The content of the paper is solely the responsibility of the authors and do not
necessarily represent the official view of NCRR or NIH.

Reprints or correspondence: Dr Elijah Paintsil, Departments of Pediatrics and
Pharmacology, Yale University School of Medicine, 333 Cedar St, New Haven, CT
06520 (elijah.paintsil@yale.edu).

The Journal of Infectious Diseases 2010; 202(7):000–000
� 2010 by the Infectious Diseases Society of America. All rights reserved.
0022-1899/2010/20207-00XX$15.00
DOI: 10.1086/656212

adverse effects. Therefore, reduction of risk associated

with HCV transmission remains the primary strategy

for curbing the HCV epidemic. HCV is transmitted

primarily through percutaneous exposure to blood con-

taminated with HCV. The prevalence of HCV is dis-

proportionately high among injection drug users

(IDUs), with seroprevalence as high as 95% [2–11]. The

transmission of HCV and human immunodeficiency

virus (HIV) among IDUs has been associated with the

sharing of equipment used to prepare and administer

drugs [12–14]. The prevalence of HCV among IDUs

exceeds that of HIV across all seroprevalence studies in

many countries. Even in locations in the United States

where HIV seroprevalence among IDUs is low (1%–

10%), HCV seroprevalence among IDUs is high (30%–

85%) [15–18]

HCV incident infections continue to occur at a star-

tling high rate in IDU populations worldwide. It is

estimated that the probability of transmission of HCV

per exposure to a contaminated syringe is 5-fold to

20-fold higher than that of HIV transmission [19–23].

Although harm reduction programs have effectively

reduced the incidence of HIV among IDUs, such

reductions in incidence have rarely been observed for

HCV [8, 24–26]. The difference in transmission be-
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tween HCV and HIV may be attributed to a higher infectivity

of HCV compared with HIV. The biology of HCV transmission,

however, has not been well characterized because of the lack

of an efficient cell culture and small animal model for assessing

HCV replication and infectivity. To date, polymerase chain re-

action (PCR)–based assay for detecting viral RNA has been

used as a surrogate for infectivity; there is no direct correlation

between nucleic acid concentration and viable virus [27].

We hypothesized that the efficient transmission of HCV

among IDUs may be partly due to the ability of the virus to

remain viable in contaminated syringes for prolonged periods.

To test this hypothesis, we developed a microculture assay that

allowed us to propagate HCV from small residual volumes

contained in the dead space of syringes used by IDUs, and to

determine the effects of storage at different temperatures for

prolonged periods on the viability of HCV in syringes. We

report the results of the first study, to our knowledge, that

simulates HCV transmission among IDUs by directly assaying

HCV infectivity in syringes.

MATERIALS AND METHODS

Virus and cells. The construction of the Jc1/GLuc2A reporter

virus was similar to that of J6/JFH(p7-Rluc2A) [28] and has

been reported elsewhere [29]. Jc1/GLuc2A is a derivative of the

chimeric genotype 2a FL-J6/JFH [30, 31], with a luciferase gene

from Gaussia princeps inserted between the p7 and NS2 genes.

Viral stocks of Jc1/GLuc2A reporter virus were prepared by

RNA transfection of Huh-7.5 cells. Four days after transfection,

the viral culture media was harvested, clarified by centrifugation

at 2000g for 10 min, filtered through 0.2-mm pore size filters,

and stored at �80�C until use. The titer of HCV was quantified

by infecting cells with serial dilutions of the stock virus and

determining the dilution that will infect 50% (median tissue

culture infective dose [TCID50]) of the wells by using the

method of Reed and Muench [32].

Highly permissive human heptoma cells (Huh-7.5 subline)

[33] were maintained as subconfluent, adherent monolayers in

Dulbecco modified Eagle medium, supplemented with 10%

heat-inactivated fetal calf serum and 1 mmol/L nonessential

amino acids (Invitrogen) at 37�C and 5% CO2.

Establishing a standard curve. To test the range of the

assay sensitivity, we introduced serial dilutions of HCV into a

culture system that included virus and target cells in 96-well

plates. The day before the experiment, 96-well plates were

seeded with Huh-7 cells/well in 100 mL of medium36.4 � 10

and incubated at 37�C in 5% CO2. On the day of the experi-

ment, HCV stocks used for the experiment were mixed with

ethylenediaminetetraacetic acid (EDTA)-anticoagualted blood

from an HIV and HCV seronegative donor at a ratio of 1:10.

Serial 1:2 dilutions of the HCV were made in triplicate. The

medium from the wells was gently aspirated from the cells and

replaced with 100 mL of the HCV-blood mixture. After 4 h of

incubation, the cells were washed with sterile phosphate-buf-

fered saline to remove the input virus, and fresh medium was

added and incubated for 3 days. After 3 days, culture super-

natant was harvested and mixed with 20 mL of lysis buffer before

luciferase activity was measured using luciferase assay reagent

kit (Promega) and a luminometer (FARCyte; Amersham Bio-

sciences). The relative luciferase activity was determined as a

function of HCV infectivity and plotted against concentration

of HCV (TCID50/mL) on a logarithmic scale. The set of ex-

periments was performed on 2 separate occasions, and the data

were combined for analysis.

HCV decay assay. To investigate the rate of decay of the

infectivity of the stock Jc1/Glu2 virus, several 100 mL aliquots

of the virus were stored for 0–96 h at room temperature. Ali-

quots were removed every 6 h or less and stored at �80�C.

The stored aliquots were thawed and used to infect the Huh-

7.5 cells. The relative infectivity was determined by measur-

ing the luciferase activity after 3 days of infection as described

above.

Syringes. The types of syringes used by IDUs vary. The

residual volume that remains in a syringe after injection de-

pends on the size and design of the syringe [34]. For syringes

with fixed needles, the void volume (ie, dead-space fluid) re-

mains in the tip of the syringe, at the base of the plunger, and

in the needle itself when the plunger is fully depressed; these

syringes generally have a low void volume. Syringes with de-

tachable needles retain fluid in the hub of the syringe, as well

as at the base of the plunger and in the needle; these syringes

generally have a high void volume. We used 2 different kinds

of syringes in our experiments: the low void volume U-100 1-

mL insulin syringe with an attached 27-gauge, 0.5-inch needle

and the high void volume 1-mL tuberculin syringe, with a

detachable 26-gauge, 0.5-inch needle. The average void volumes

after complete depression of the plunger for insulin and tu-

berculin syringes have been reported elsewhere as 2 and 32 mL,

respectively [35, 36]

Viability of HCV in stored syringes. Syringes were loaded

with HCV-spiked blood to replicate the practice of “booting”

by IDUs [37, 38]. The usual intravenous injection sequence

includes properly registering the syringe in the vein, in which

visible blood is drawn into the syringe, then injecting the drug,

which leaves a void volume of drug solution mixed with some

blood. However, many injectors pull up on the plunger a second

time, introducing blood into the barrel of the syringe that mixes

with the remaining drug solution. This “booted” material is re-

injected, leaving within the syringe a void volume that is pre-

dominantly blood. In our experiments, we chose to simulate

the practice of booting because it constituted the worst-case sce-

nario that maximizes the amount of HCV-contaminated blood.

After preparing syringes to replicate booting, they were either
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Figure 1. Linear dynamic range of microculture assay. Aliquots (100
mL) of serial 1:2 dilutions of stock virus were used to infect Huh 7.5
cells. After 3 days of incubation, the culture supernatant was harvested
and the concentration of virus determined as a function of relative lu-
ciferase activity. The relative luciferase units (RLU) were plotted as a
function of the concentration of input virus (median tissue culture infective
dose [TCID50]/mL) on a logarithmic scale. The experiment was performed
on 2 separate occasions in triplicate, and the data were combined for
analysis.

Figure 2. Hepatitis C virus decay rate at room temperature. Aliquots
(100 mL) of the virus were stored 0–96 h at room temperature. Aliquots
were removed from room temperature every 6 h or less and stored at
�80�C. The stored aliquots were thawed and used to infect Huh-7.5
cells. The relative infectivity was determined by measuring the relative
luciferase units (RLU) after 3 days of infection. Each value is the mean
of 2 independent experiments.

immediately tested for viable virus or stored at 4�C, 22�C, and

37�C for up to 63 days before testing. To test syringes, they

were flushed with 100 mL of culture medium, which was in-

troduced into Huh-7.5 cells in a 96-well plate and incubated

for 3 days. After 3 days, culture supernatant was analyzed for

relative luciferase activity as described above.

The range of different storage temperatures has been used

in previous HIV studies, and they reflect different ambient

temperatures in which injection practices may occur [36]. The

storage duration captured the time used syringes remain in

circulation in the absence of a syringe exchange program as

was measured in New Haven, Connecticut (mean duration,

23.5 days) [26, 39].

Data analysis. The regression analysis for the standard

curve comparing infectivity and relative luciferase activity and

the exponential decay analysis were determined using Graph-

Pad Prism program (version 4.0; GraphPad Software Inc). The

relative luciferase activity and TCID50 were plotted on a loga-

rithmic scale; time of storage was plotted on a linear scale. For

determining the decay rate, the slope was used to calculate t1/2

values.

RESULTS

HCV microculture assay. We developed a microculture assay

for investigating the viability of HCV recovered from contam-

inated syringes. The HCV used (Jc1/Gluc2A) had a luciferase

gene from G. princeps inserted between the p7 and NS2 gene

[29]. After infection of Huh-7.5 cells with Jc1/GLuc2A, the

GLuc2A enzyme and infectious reporter virus are secreted into

the culture medium. HCV replication could be determined over

time by measuring secreted GLuc2A activity [29]. This system

allowed us to use relative luciferase activity as a function of

infectivity or viability of HCV recovered from syringes. Huh-

7.5 cells were infected with HCV reporter virus and incubated

for 3 days before culture supernatants were analyzed for lu-

ciferase activity.

Assay sensitivity. As a first step, we determined the line-

ar dynamic range of the microculture system. Starting with a vi-

ral stock of known TCID50, we prepared serial 1:2 dilutions

that were introduced into our system. Negative controls (us-

ing HCV-contaminated blood without cells, uncontaminated

blood, or Huh-7.5 cell alone) yielded uniformly negative results.

When 100 mL aliquots of dilution series were introduced, su-

pernatants had relative luciferase activity that showed a strict

correlation to expected TCID50 over a linear range of 4 logs,

between 1 and 104 TCID50 (Figure 1). This range of sensitivity

allowed us to detect changes in infectivity comparable to a

1100-fold reduction in viral load. The limit of detection in the

microculture assay was 250 relative luciferase units, equivalent

to ∼0.1 TCID50.

Decay of infectivity of HCV at room temperature. We next

investigated the rate of decay of the infectivity of the stock virus

at room temperature. Aliquots of the virus were left in room

temperature for up to 96 h. Samples were collected at intervals

of �6 h and stored at �80�C until the determination of in-

fectivity. We observed a biphasic decay of HCV viability (Figure

2). There was a rapid decline of infectivity within the first 6 h,

with a of 0.4 h, followed by a second phase of a relativelyt a1/2

slow exponential decay with a of 28 h.t b1/2

Survival of HCV in syringes. We last investigated the sur-

vival of HCV recovered from syringes stored at different tem-

peratures. We simulated 2 scenarios of residual volumes after

complete depression of the plunger: low void volume (2 mL)
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Figure 3. Survival of hepatitis C virus (HCV) in low void volume insulin
syringes. Syringes were loaded with HCV-spiked blood to simulate “boot-
ing.” Syringes were stored at 4�C, 22�C, and 37�C for up to 14 days
before contents were flushed to infect Huh-7.5 cells. HCV survival, a
function of infectivity, was determined by the relative luciferase units
(RLU) after 3 days of culture. There were 15 syringes at each time point
in each experiment. A, The percentage of HCV positive syringes. B, HCV
infectivity per positive low void volume syringe. Each value is the mean
� standard error of mean from at least 3 independent experiments.

Figure 4. Survival of hepatitis C virus (HCV) in high void volume tu-
berculin syringes. Syringes were loaded with HCV-spiked blood to sim-
ulate “booting.” Syringes were stored at 4�C, 22�C, and 37�C for up to
63 days before contents were flushed to infect Huh-7.5 cells. HCV survival,
a function of infectivity, was determined by the relative luciferase units
(RLU) after 3 days of culture. There were 15 syringes at each time point
in each experiment. A, The percentage of HCV-positive syringes at each
time point. B, HCV infectivity per positive high void volume syringe after
1–63 days of storage. Each value is the mean � standard error of mean
from at least 3 independent experiments.

with 1-mL insulin syringe (with permanently attached needle)

and high void volume (32 mL) with 1-mL tuberculin syringe

(with detachable needle). The syringes were loaded with HCV-

contaminated blood and stored at different temperatures for

up to 63 days. For each experiment to test for HCV survival,

the contents of at least 15 stored syringes for each combination

of storage time and temperature were introduced into our assay

system. The proportion of HCV-positive syringes and the in-

fectivity per HCV-positive syringe were determined. The results

presented here came from at least 3 independent experiments.

The low void volume insulin syringes were stored for up to

14 days. We observed an inverse relationship between temper-

ature and HCV survival (Figure 3A). Both the number of HCV-

positive syringes and infectivity of HCV in the positive syringes

declined rapidly over time. We recovered viable HCV from

syringes stored at 4� for up to 7 days (5% HCV syringes),

whereas syringes stored at 22� and 37� yielded no HCV-positive

syringes beyond day 1 of storage. The loss in infectivity of HCV

per positive syringe recovered after 1 day of storage at 22� and

37� was 30% and 96%, respectively. After storage at 4�, HCV-

positive syringes showed 38% and 92% reductions in infectivity

after 3 and 7 days of storage, respectively (Figure 3B).

The high void volume tuberculin syringes were stored for

up to 63 days. In contrast to the results for the low void volume

syringes, we observed a prolonged survival of HCV in the high

void volume syringes at all storage temperatures; however, as

with the low void volume syringes, storage at 4� was more

favorable to survival of HCV than was storage at either 22� or

37�. The proportion of syringes with viable HCV declined

sharply to 50% over the first 14 days of storage at 22� and 37�

(Figure 4A). However, with storage at 4�, we observed a 50%

decrease in viable HCV recovery only after 35 days of storage.

There was a monotonic decline in the proportion of HCV-

positive syringes stored at 22� (Figure 4A). However, for syrin-

ges stored at 4� and 37�, the monotonic decline ceased after

day 35. The proportion of HCV-positive syringes recovered at
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the final storage duration, 63 days, was 13% at 4�, 20% at 22�,

and 6% at 37�.

The infectivity of the HCV recovered from the high void

volume syringes was determined as a function of luciferase

activity. We observed at least a 90% reduction in infectivity per

positive syringe after 1 day of storage at all the temperatures

(Figure 4B). The infectivity of recovered virus stored at 4�

tended to be higher than at other temperatures over the first

21 days of storage. At the final storage duration, 63 days, the

mean infectivity per positive syringe was , ,655 � 30 291 � 10

and relative luciferase units for syringes stored at 4�,275 � 21

22�, and 37�, respectively. Infectivity was therefore significantly

higher for syringes harboring viable virus at 4� than at 22� and

37�.

DISCUSSION

In our experimental simulation of IDU injection practices, we

observed that HCV survived in HCV-contaminated syringes

for up to 63 days in high void volume syringes. Our finding

supports our hypothesis that the efficient transmission of HCV

among IDUs may be partly due to the ability of the virus to

remain viable in contaminated syringes for prolonged periods.

Moreover, we found that HCV survival was dependent on sy-

ringe type, time, and temperature. These parameters can be

manipulated in the design of public health recommendations

and interventions for preventing the spread of HCV among

IDUs.

To our knowledge, this is the first study to establish the survi-

val of HCV in syringes. Until recently, the absence of a sensitive

tissue culture assay had made it impossible to develop suitable

models to estimate HCV infectivity during the drug injection

process. Lindenbach and colleagues [30, 31] recently developed

a full-length HCV genotype 2a infectious clone (HCVcc) that

replicates, producing infectious virus in cell culture. To conduct

the experiments, we used a genetically modified HCVcc (Jc1/

GLuc2A reporter virus) virus that expresses luciferase after viral

replication. After infection of Huh-7.5 cells, the GLuc2A enzyme

and infectious reporter virus are released into the culture me-

dium. This allowed us to use the relative luciferase activity to

determine HCV infectivity and HCV survival in syringes. Phan

et al [29] previously demonstrated that GLuc2A expression was

dependent on HCV replication, and Gluc2A expression corre-

lated positively over time with the level of intracellular HCV

RNA using quantitative RT-PCR.

We observed that HCV survival is dependent on the type of

syringe; syringes with detachable needles (high void volume)

appear far more likely to transmit HCV. This observation is

consistent with experimental studies in HIV [36] and epide-

miologic studies in HIV and HCV, providing evidence that the

probability of transmission is associated with viral burden (ie,

a function of viral load and volume of inoculum) [22, 40–42].

In a recent study, Zule et al [41] found an independent asso-

ciation between a history of sharing high void volume syringes

and the prevalence of HIV and HCV among IDUs in North

Carolina. Interestingly, the investigators likened the protective

role played by the use of low void volume syringes to that of

male circumcision and antiretroviral therapy in reducing HIV

transmission [43, 44]. The type of syringe used by IDUs de-

pends on locality and individual preference. IDUs in the United

States predominantly use fixed-needle insulin syringes (low

void syringes); pharmacies no longer sell detachable insulin

syringes [40]. In areas where injection practices require volumes

of water 11 mL, IDUs frequently resort to the use of syringe

volumes 11 mL [41]. Interestingly, syringe exchange programs

often stress the importance of providing IDUs with syringes

that they prefer and meet their needs [45]. Our finding suggests

the use of low void volume syringes should be stressed by

syringe exchange programs to reduce HCV transmission.

The infectivity of HCV, in both low and high void volume

syringes, declined sharply over the first few days. This was

consistent with the observed biphasic decay rate of HCV at

room temperature. Our finding of decay in infectivity of ex-

tracellular HCV is consistent with previous reports [46]. The

survival of HCV in the low void volume syringes had an inverse

relation to the storage temperature in many but not all con-

ditions tested. Lower temperatures preserved the viability of

HCV in the low void volume syringes to a greater extent than

it did in the high void volume syringes. With the high void

volume syringes, the infectivity was comparable at all temper-

atures after the first 14 days of storage. The time course of

HCV survival in low void volume syringes is consistent with

previous studies with HIV, although HCV appears to survive

longer than HIV in high void volume syringes [36]. This raises

the question whether the disproportionally high prevalence of

HCV in comparison to HIV among IDUs could be partly ex-

plained by the differences in survival of these viruses in syringes.

HCV has been shown by blood bank services to be stable for

at least 7 days in plasma and serum stored at 4�C [47]. Although

consistent with our finding of HCV survival in small void vol-

ume syringes stored at 4�C, these studies used PCR detection

of HCV RNA, which is not a direct demonstration of viable

virus. Is it possible that the duration of survival of our labo-

ratory clone differs substantially from the duration of survival

of common strains of HCV? Yes, but there is no currently

available method to determine this, because there is no tissue

culture system that can assess the replication or infectivity of

HCV isolates from HCV-infected individuals. Furthermore, the

fact that the prevalence of HCV consistently surpasses that of

HIV in IDU populations may be attributed to higher viral titer

and a different range of cells susceptible to HCV infection.

HIV-1 requires entry into activated CD4+ cells for productive

infection, whereas HCV needs only to enter hepatocytes, which
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the virus is likely to encounter because injection of HCV-con-

taminated drugs brings virus to the liver on its first pass through

the circulatory system. Clearly, additional research is needed to

elucidate those factors that result in the higher transmissibility

of HCV because virus viability alone does not seem to explain

this difference.

Interestingly, harm reduction programs have effectively re-

duced the incidence of HIV but not HCV among IDUs [8, 24–

26]. Our findings have implications in the design of public

health recommendations for preventing the spread of HCV

among IDUs. Successful syringe exchange programs have re-

duced circulation time of used syringes from 23.5 days to !3

days [26, 39]. Thus, HCV in contaminated syringes may still

be viable and hence transmissible throughout the circulation

time of syringes found, once syringe exchange programs are

established. The types of syringes used by IDUs vary from place

to place and usually depend on availability, local preferences,

and cultural practices [41]. Although most IDUs in developed

countries use low void volume syringes, there are still individ-

uals who prefer high void volume syringes, and syringe ex-

change programs provide syringes according to an individual’s

preference. In some places where homemade drugs are more

common (eg, the former Soviet Union), the weaker drug so-

lutions made in this way encourage the use of larger volume

syringes that almost invariably come with detachable needles

[48]. Because replacing the larger volume syringes is not prac-

tical, control of HCV transmission will require substantially

expanded access to sterile syringes for IDUs in these regions.

Our study has some limitations. First, the simulation of the

survival of HCV in syringes under laboratory-controlled con-

ditions may not accurately reflect the natural transmission dy-

namics among IDUs. Second, the data come from the use of

a genetically modified HCV laboratory clone derived from a

genotype 2a virus. Third, the spiking of HCV-seronegative

blood might not have sufficiently replicated the biological fac-

tors (eg, the presence of anti-HCV antibodies, immune com-

plexes, or cytokines) present in the blood of HCV-infected

individuals that could moderate HCV transmission and infec-

tivity. However, the consistency of our results with previous

epidemiologic studies that reported high HCV prevalence

among IDUs supports our findings [22, 40–42].

This is the first study to our knowledge to establish the

survival of HCV in contaminated syringes and the duration of

potential infectiousness. The finding of prolonged duration of

survival of HCV in syringes is a public health concern and adds

additional evidence of the need for effective syringe exchange

programs and other mechanisms to expand syringe access for

IDUs.

Acknowledgments

We thank Ginger Dutschman and Amisha Patel for their technical
assistance.

References

1. Cohen J. The scientific challenge of hepatitis C. Science 1999; 285:
26–30.

2. Shustov AV, Kochneva GV, Sivolobova GF, et al. Molecular epidemi-
ology of the hepatitis C virus in Western Siberia. J Med Virol 2005;
77:382–389.

3. Ruzibakiev R, Kato H, Ueda R, et al. Risk factors and seroprevalence
of hepatitis B virus, hepatitis C virus, and human immunodeficiency
virus infection in uzbekistan. Intervirology 2001; 44:327–332.

4. Paintsil E, Verevochkin SV, Dukhovlinova E, et al. Hepatitis C virus
infection among drug injectors in St Petersburg, Russia: social and
molecular epidemiology of an endemic infection. Addiction 2009; 104:
1881–1890.

5. Onishchenko GG, Shakhgil’dian IV. The current problems in the ep-
idemiology and prevention of viral hepatitis B and C in the Russian
Federation. Zh Mikrobiol Epidemiol Immunobiol 2000; 1:50–54.

6. MacDonald MA, Wodak AD, Dolan KA, van Beek I, Cunningham PH,
Kaldor JM. Hepatitis C virus antibody prevalence among injecting drug
users at selected needle and syringe programs in Australia, 1995–1997:
collaboration of Australian NSPs. Med J Aust 2000; 172:57–61.

7. Lauer GM, Walker BD. Hepatitis C virus infection. N Engl J Med 2001;
345:41–52.

8. Hope VD, Judd A, Hickman M, et al. Prevalence of hepatitis C among
injection drug users in England and Wales: is harm reduction working?
Am J Public Health 2001; 91:38–42.

9. Hagan H, Thiede H, Weiss NS, Hopkins SG, Duchin JS, Alexander
ER. Sharing of drug preparation equipment as a risk factor for hepatitis
C. Am J Public Health 2001; 91:42–46.

10. Freeman AJ, Zekry A, Whybin LR, et al. Hepatitis C prevalence among
Australian injecting drug users in the 1970s and profiles of virus ge-
notypes in the 1970s and 1990s. Med J Aust 2000; 172:588–591.

11. Alter MJ. Prevention of spread of hepatitis C. Hepatology 2002; 36:S93–
S98.

12. Chaisson RE, Bacchetti P, Osmond D, Brodie B, Sande MA, Moss AR.
Cocaine use and HIV infection in intravenous drug users in San Fran-
cisco. JAMA 1989; 261:561–565.

13. Thorpe LE, Ouellet LJ, Hershow R, et al. Risk of hepatitis C virus
infection among young adult injection drug users who share injection
equipment. Am J Epidemiol 2002; 155:645–653.

14. Koester S, Glanz J, Baron A. Drug sharing among heroin networks:
implications for HIV and hepatitis B and C prevention. AIDS Behav
2005; 9:27–39.

15. Tseng FC, O’Brien TR, Zhang M, et al. Seroprevalence of hepatitis C
virus and hepatitis B virus among San Francisco injection drug users,
1998 to 2000. Hepatology 2007; 46:666–671.

16. Bluthenthal RN, Do DP, Finch B, Martinez A, Edlin BR, Kral AH.
Community characteristics associated with HIV risk among injection
drug users in the San Francisco Bay Area: a multilevel analysis. J Urban
Health 2007; 84:653–666.

17. Burt RD, Hagan H, Garfein RS, Sabin K, Weinbaum C, Thiede H.
Trends in hepatitis B virus, hepatitis C virus, and human immuno-
deficiency virus prevalence, risk behaviors, and preventive measures
among Seattle injection drug users aged 18–30 years, 1994–2004. J
Urban Health 2007; 84:436–454.

18. Zeldis JB, Jain S, Kuramoto IK, et al. Seroepidemiology of viral infec-
tions among intravenous drug users in northern California. West J
Med 1992; 156:30–35.

19. Short LJ, Bell DM. Risk of occupational infection with blood-borne



Survival of HCV in Syringes • JID 2010:202 (1 October) • 000

pathogens in operating and delivery room settings. Am J Infect Control
1993; 21:343–350.

20. Gerberding JL. Management of occupational exposures to blood-borne
viruses. N Engl J Med 1995; 332:444–451.

21. Cavalcante NJ, Abreu ES, Fernandes ME, et al. Risk of health care
professionals acquiring HIV infection in Latin America. AIDS Care
1991; 3:311–316.

22. Gerberding JL. Incidence and prevalence of human immunodeficiency
virus, hepatitis B virus, hepatitis C virus, and cytomegalovirus among
health care personnel at risk for blood exposure: final report from a
longitudinal study. J Infect Dis 1994; 170:1410–1417.

23. Heimer R. Syringe exchange programs: lowering the transmission of
syringe-borne diseases and beyond. Public Health Rep 1998; 113(Suppl
1):67–74.

24. Hurley SF, Jolley DJ, Kaldor JM. Effectiveness of needle-exchange pro-
grammes for prevention of HIV infection. Lancet 1997; 349:1797–1800.

25. Lurie P, Drucker E. An opportunity lost: HIV infections associated with
lack of a national needle-exchange programme in the USA. Lancet
1997; 349:604–608.

26. Kaplan EH, Heimer R. A circulation theory of needle exchange. AIDS
1994; 8:567–574.

27. Kamili S, Krawczynski K, McCaustland K, Li X, Alter MJ. Infectivity
of hepatitis C virus in plasma after drying and storing at room tem-
perature. Infect Control Hosp Epidemiol 2007; 28:519–524.

28. Jones CT, Murray CL, Eastman DK, Tassello J, Rice CM. Hepatitis C
virus p7 and NS2 proteins are essential for production of infectious
virus. J Virol 2007; 81:8374–8383.

29. Phan T, Beran RK, Peters C, Lorenz IC, Lindenbach BD. Hepatitis C
virus NS2 protein contributes to virus particle assembly via opposing
epistatic interactions with the E1-E2 glycoprotein and NS3-NS4A en-
zyme complexes. J Virol 2009; 83:8379–8395.

30. Lindenbach BD, Meuleman P, Ploss A, et al. Cell culture-grown hep-
atitis C virus is infectious in vivo and can be recultured in vitro. Proc
Natl Acad Sci U S A 2006; 103:3805–3809.

31. Lindenbach BD, Evans MJ, Syder AJ, et al. Complete replication of
hepatitis C virus in cell culture. Science 2005; 309:623–626.

32. Reed LJ, Muench H. A simple method of estimating fifty percent end
points. Am J Hyg 1938; 27:493–497.

33. Blight KJ, McKeating JA, Rice CM. Highly permissive cell lines for
subgenomic and genomic hepatitis C virus RNA replication. J Virol
2002; 76:13001–13014.

34. Strauss K, van Zundert A, Frid A, Costigliola V. Pandemic influenza
preparedness: the critical role of the syringe. Vaccine 2006; 24:4874–
4882.

35. Zule WA, Ticknor-Stellato KM, Desmond DP, Vogtsberger KN. Eval-
uation of needle and syringe combinations. J Acquir Immune Defic
Syndr Hum Retrovirol 1997; 14:294–295.

36. Abdala N, Stephens PC, Griffith BP, Heimer R. Survival of HIV-1 in
syringes. J Acquir Immune Defic Syndr Hum Retrovirol 1999; 20:73–80.

37. Gaughwin MD, Gowans E, Ali R, Burrell C. Bloody needles: the vol-
umes of blood transferred in simulations of needlestick injuries and
shared use of syringes for injection of intravenous drugs. Aids 1991;
5:1025–1027.

38. Grund JP, Stern LS. Residual blood in syringes: size and type of syringe
are important. AIDS 1991; 5:1532–1533.

39. Kaplan EH. A method for evaluating needle exchange programmes.
Stat Med 1994; 13:2179–187.

40. Zule WA, Desmond DP, Neff JA. Syringe type and drug injector risk
for HIV infection: a case study in Texas. Soc Sci Med 2002; 55:
1103–1113.

41. Zule WA, Bobashev G. High dead-space syringes and the risk of HIV
and HCV infection among injecting drug users. Drug Alcohol Depend
2009; 100:204–213.

42. Cardo DM, Culver DH, Ciesielski CA, et al. A case-control study of
HIV seroconversion in health care workers after percutaneous expo-
sure. Centers for Disease Control and Prevention Needlestick Sur-
veillance Group. N Engl J Med 1997; 337:1485–1490.

43. Hallett TB, Singh K, Smith JA, White RG, Abu-Raddad LJ, Garnett
GP. Understanding the impact of male circumcision interventions on
the spread of HIV in southern Africa. PLoS One 2008; 3:e2212.

44. Cohen MS, Hellmann N, Levy JA, DeCock K, Lange J. The spread,
treatment, and prevention of HIV-1: evolution of a global pandemic.
J Clin Invest 2008; 118:1244–1254.

45. World Health Organization. Guide to starting and managing needle
syringe programmes. http://who.int/hiv/idu/Guide_to_Starting_and
_Managing_NSP.pdf. Published 14 March 2007. Accessed 1 January
2010.

46. Farquhar MJ, Harris HJ, Diskar M, et al. Protein kinase A-dependent
step(s) in hepatitis C virus entry and infectivity. J Virol 2008; 82:
8797–8811.

47. Damen M, Sillekens P, Sjerps M, et al. Stability of hepatitis C virus
RNA during specimen handling and storage prior to NASBA ampli-
fication. J Virol Methods 1998; 72:175–184.

48. Abdala N, Grund JP, Tolstov Y, Kozlov AP, Heimer R. Can home-made
injectable opiates contribute to the HIV epidemic among injection drug
users in the countries of the former Soviet Union? Addiction 2006;
101:731–737.


