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Background: Direct-acting antiviral agents are now available to
treat chronic hepatitis C virus (HCV) infection in patients with
end-stage renal disease (ESRD).

Objective: To examine whether it is more cost-effective to trans-
plant HCV-infected or HCV-uninfected kidneys into HCV-
infected patients.

Design: Markov state-transition decision model.

Data Sources: MEDLINE searches and bibliographies from rel-
evant English-language articles.

Target Population: HCV-infected patients with ESRD receiving
hemodialysis in the United States.

Time Horizon: Lifetime.

Perspective: Health care system.

Intervention: Transplant of an HCV-infected kidney followed by
HCV treatment versus transplant of an HCV-uninfected kidney
preceded by HCV treatment.

Outcome Measures: Effectiveness, measured in quality-
adjusted life-years (QALYs), and costs, measured in 2017 U.S.
dollars.

Results of Base-Case Analysis: Transplant of an HCV-infected
kidney followed by HCV treatment was more effective and less

costly than transplant of an HCV-uninfected kidney preceded by
HCV treatment, largely because of longer wait times for unin-
fected kidneys. A typical 57.8-year-old patient receiving hemodi-
alysis would gain an average of 0.50 QALY at a lifetime cost
savings of $41 591.

Results of Sensitivity Analysis: Transplant of an HCV-infected
kidney followed by HCV treatment continued to be preferred in
sensitivity analyses of many model parameters. Transplant of an
HCV-uninfected kidney preceded by HCV treatment was not
preferred unless the additional wait time for an uninfected kid-
ney was less than 161 days.

Limitation: The study did not consider the benefit of decreased
HCV transmission from treating HCV-infected patients.

Conclusion: Transplanting HCV-infected kidneys into HCV-
infected patients increased quality-adjusted life expectancy and
reduced costs compared with transplanting HCV-uninfected kid-
neys into HCV-infected patients.

Primary Funding Source: Merck Sharp & Dohme and the Na-
tional Center for Advancing Translational Sciences.
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An estimated 110 000 U.S. patients start dialysis
each year. In 2016, approximately 500 000 patients

received dialysis for end-stage renal disease (ESRD), of
whom 19 060 (3.8%) received kidney transplants. Be-
cause of limited organ availability, hemodialysis is the
final treatment for most patients with ESRD. The scarcity
of kidneys for transplant and high mortality rate while
awaiting the procedure have led some physicians and
patients to consider transplanting organs that other-
wise might not be considered. For example, between
10% and 15% of U.S. patients receiving dialysis are se-
ropositive for hepatitis C virus (HCV) (1). Some of these
patients are willing to accept HCV-infected kidneys
from deceased donors (2), in part because wait times
for such kidneys are shorter than those for HCV-
uninfected kidneys (average, 469 vs. 856 days [3]). Be-
cause the yearly mortality rate for patients receiving he-
modialysis is 4% to 16% (4, 5), reducing the time to
kidney transplant can have a dramatic effect on overall
survival and quality of life. Moreover, the U.S. Food and
Drug Administration approved elbasvir–grazoprevir in
January 2016 and glecaprevir–pibrentasvir in August
2017 for treating chronic HCV infection in patients with
ESRD (6, 7). The availability of these drugs has created

opportunities for transplanting HCV-infected kidneys
into patients who already have HCV infection, but it has
also introduced an interesting dilemma. Should pa-
tients with chronic HCV infection receive an HCV-
uninfected kidney, which means that they would be
treated for HCV infection before the transplant and
would have to wait longer for the procedure? Alterna-
tively, should they receive an HCV-infected kidney, with
treatment for HCV infection after the transplant and a
shorter wait time? We developed a decision analytic
model to estimate the comparative effectiveness and
cost-effectiveness of these 2 options.
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METHODS
Review of Data
Patient Characteristics

The demographic characteristics of patients with
ESRD differ between those with and without HCV. Pa-
tients with HCV are younger (mean age, 57.8 vs. 65.3
years), and a larger proportion are African American
(54.0% vs. 36.4%) (8). Data describing HCV genotypes
are biased by clinical trial designs that frequently over-
sample particular genotypes. In the general U.S. popu-
lation, approximately 70% of patients with HCV are in-
fected with genotypes 1a and 1b, 15% to 20% with
genotype 2, 10% to 12% with genotype 3, and 1% with
genotype 4. Infection with genotypes 5 and 6 is rare
(9, 10).

Natural History of Liver Disease Progression
We used a computer simulation of natural history

that is based on a previously published model of dis-
ease progression and outcomes with chronic HCV in-
fection (11). Progression of fibrosis is based on a series
of meta-regressions using the METAVIR scoring system
(12) and data from 111 studies involving more than
33 000 persons with chronic HCV infection (13). Fibro-
sis proceeds until cirrhosis develops (METAVIR stage
F4). Once patients have developed compensated cir-
rhosis, they can progress to decompensated cirrhosis
and hepatocellular carcinoma. Patients may receive
liver transplants for either decompensated cirrhosis or
hepatocellular carcinoma (14–17).

Natural History of ESRD
In a large retrospective cohort study using registry

data from the United Network for Organ Sharing of
1814 patients with chronic HCV infection, median wait
times were 231 days for HCV-infected kidneys versus
771 days for HCV-uninfected kidneys (18). In addition,
patients receiving infected kidneys had a shorter mean
duration of dialysis (2.7 vs. 4.7 years). Recipients of
HCV-infected kidneys have higher mortality rates dur-
ing the first month after transplant than recipients of
HCV-uninfected kidneys (1.5% vs. 0.85%) (19). Other
studies have described similar findings (3, 20). In addi-
tion, data from the United States Renal Data System
have shown that among patients on transplant waiting
lists who are receiving dialysis, annual mortality rates
increase with longer dialysis duration (4). Annual ad-
justed all-cause mortality for patients receiving hemo-
dialysis has improved over the past 2 decades but is
still almost 17% (4). However, those on transplant wait-
ing lists have roughly half the annual risk for death (5),
whereas annual excess mortality after a first deceased-
donor transplant is 2% (4, 5).

Treatment of Chronic HCV Infection
Treatment of chronic HCV infection has evolved

rapidly with the availability of new direct-acting antivirals
and interferon-free regimens. The 21 September 2017
update to guidelines from the American Association for

the Study of Liver Diseases and Infectious Diseases Soci-
ety of America recommends testing for NS5A resistance-
associated substitutions in patients with genotype 1a in-
fection (21). Once-daily elbasvir (50 mg) combined with
grazoprevir (100 mg) is a first-line treatment that can be
used for patients with ESRD and genotype 1a infection.
Patients with resistance-associated substitutions receive
16 weeks of elbasvir–grazoprevir and a weight-based
dose of ribavirin, whereas those without resistance-
associated substitutions receive 12 weeks without ribavi-
rin. A 12-week course of elbasvir–grazoprevir is also a
first-line treatment of ESRD for patients infected with ge-
notypes 1b and 4. In a trial of previously untreated pa-
tients, those with genotype 1a infection and NS5A
resistance-associated substitutions had a sustained viro-
logic response rate of 82% (22). In a separate study, sus-
tained virologic response rates for treatment-naive pa-
tients were 98.5% for those with genotype 1a infection
and no resistance-associated substitutions, 99.2% for
those with genotype 1b infection, and 100% for those
with genotype 4 infection (10).

Three once-daily tablets of glecaprevir (100 mg)
combined with pibrentasvir (40 mg) is a new pangeno-
typic direct-acting antiviral that can be used in patients
with ESRD. Treatment lasts 8 weeks for patients without
cirrhosis and 12 weeks for those with compensated cir-
rhosis. In the EXPEDITION-4 (Efficacy and Safety of
Glecaprevir/Pibrentasvir in Patients With Renal Impair-
ment and Chronic Hepatitis C Virus Genotype 1-6 Infec-
tion) trial, 98% of HCV-infected patients with stage 4 or
5 chronic kidney disease achieved sustained virologic
response (7, 23). We used this regimen in our decision
model for patients with genotype 2 or 3 infection be-
fore kidney transplant. Patients being treated after kid-
ney transplant received a 12-week course regardless of
genotype or presence of compensated cirrhosis.

Description of Simulation Model
We used a computer program to develop a 75-

state Markov transition model, analyze decision trees,
and perform sensitivity analyses, using a lifetime hori-
zon (24). We considered 2 strategies (Supplement Fig-
ures 1 and 2, available at Annals.org), transplant of an
HCV-uninfected kidney preceded by HCV treatment
versus transplant of an HCV-infected kidney followed
by HCV treatment. Treatment was based on genotype-
appropriate regimens, as recommended by current
guidelines (21).

The model considers a population of men and
women of various races based on demographics de-
scribed by the United States Renal Data System of HCV-
infected patients who are receiving dialysis. They are an
average age of 57.8 years, and have just been waitlisted
for kidneys from deceased donors (8). Patients are as-
sumed to be HCV treatment–naive. At the time the simu-
lation begins, patients awaiting HCV-uninfected kidneys
have been receiving dialysis for almost 2.6 years, com-
pared with roughly 2.1 years for those awaiting infected
kidneys, which reflects actual wait times (18). Before en-
tering the Markov simulation section of our model, pa-
tients are divided into clinical subgroups based on sex,
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race, HCV genotype, and the presence or absence of
NS5A resistance-associated substitutions (among those
with genotype 1a infection). Patients enter the simulation
distributed across the 5 fibrosis stages described among
HCV-infected patients awaiting a kidney transplant (25).
We did not consider patients with decompensated cirrho-
sis in our model, although antiviral therapy, when admin-
istered by experienced clinicians, may be appropriate for
these patients. However, they may be candidates for
both liver and kidney transplant, which could be either
simultaneous or sequential—our model does not ad-
dress this further complexity. With each 1-month cycle
in the Markov simulation, patients move from 1 health
state to another depending on chance events based on
real-world probabilities.

Patients who receive an HCV-uninfected kidney are
treated before kidney transplant and receive a course
of genotype-guided therapy for 8, 12, or 16 weeks, as
appropriate. The small proportion of patients in whom
treatment fails return to the natural history model,
where they may progress to further stages of fibrosis
and develop hepatocellular carcinoma or decompen-
sated cirrhosis. Successfully treated patients remain on
the transplant waiting list until they receive an HCV-
uninfected kidney. A small proportion of patients die
during the first month after kidney transplant (19). Pa-
tients die or survive based on the U.S. population mor-
tality tables matched for age, sex, and race plus the
excess mortality among kidney transplant recipients
(4, 5).

Patients who receive an HCV-infected kidney and
treatment of HCV infection after transplant may die, re-
main in their current stage of fibrosis, or progress to the
next stage. Once cirrhosis develops, patients may die
of causes based on the U.S. population mortality tables
matched for age, sex, and race; die of compensated
cirrhosis; develop hepatocellular carcinoma; progress
to decompensated cirrhosis; or remain in their current
stage. Patients who develop hepatocellular carcinoma
or progress to decompensated cirrhosis may be con-
sidered for liver transplant (26, 27). Those having a liver
transplant may die within the first 30 days. Patients who
have developed decompensated cirrhosis or hepato-
cellular carcinoma and have not had a transplant face
the same possible events as those with compensated
cirrhosis, although with different outcome probabilities.
After a liver transplant, the model considers only sur-
vival and not repeated liver or kidney transplants. Pa-
tients remain on the waiting list for an HCV-infected
kidney and may die during the first month after trans-
plant. In this strategy, patients are not treated for
chronic HCV infection until 6 months after the trans-
plant. Because of complex drug interactions between
immunosuppressive therapies and direct-acting antivi-
rals, these patients all receive a 12-week course of gle-
caprevir–pibrentasvir (21). Subsequent events are simi-
lar to those described for patients receiving HCV-
uninfected kidneys and treatment before transplant.

Costs
The analysis was done from the health care system

perspective and does not include indirect costs, such
as those associated with time lost from work. Costs are
expressed in 2017 U.S. dollars. Details of the microcost-
ing models are described in Table 1 and the Supple-
ment (available at Annals.org). Future costs and effec-
tiveness were discounted at 3% per year.

Quality of Life
Numerous studies have examined the effect of

HCV infection on health-related quality of life (28–30,
42, 43). We based quality-of-life estimates on standard
gamble utility assessments, which were calculated in a
meta-regression of HCV-infected patients who had had
a liver transplant or had “moderate disease,” compen-
sated cirrhosis, or decompensated cirrhosis (29). Be-
cause the meta-regression did not include utilities for
patients with hepatocellular carcinoma, we used stan-
dard gamble assessments from another study of 193
outpatients with chronic HCV for this outcome (28). Util-
ities for HCV health states were consistent across stud-
ies (28, 29, 43). We used separate utilities for patients
with ESRD receiving hemodialysis and for patients after
a kidney transplant (31–33). Utilities for more than 1
health state were combined in a multiplicative fashion.

Sensitivity Analysis
We did both deterministic and probabilistic sensi-

tivity analyses to examine the effects of uncertainty in
parameter estimates and population-level variation in
parameters. We used second-order Monte Carlo simu-
lation for probabilistic sensitivity analyses, although we
did not assign distributions to all parameters (44). We
used � and logit distributions for probabilities and log-
normal distributions for relative risks, hazard ratios,
rates, and costs (Table 1). Deterministic sensitivity anal-
yses were done by systematically varying the values of
1 or more parameters over clinically relevant ranges.

Role of the Funding Source
The funding sources had no role in the study de-

sign, data collection or analysis, or manuscript prepara-
tion. Merck Sharp & Dohme was given the opportunity
to review the manuscript for intellectual property
considerations.

RESULTS
Transplanting an HCV-infected kidney followed by

HCV treatment decreased quality-adjusted life-years
(QALYs) by increasing the lifetime probability of dying of
end-stage liver disease and related causes to 5%, com-
pared with 3.4% for transplanting an HCV-uninfected kid-
ney preceded by HCV treatment. However, transplanting
an uninfected kidney preceded by treatment decreased
QALYs by increasing the duration of dialysis while waiting
for a kidney and thus increasing the lifetime probability of
dying of chronic kidney disease to 34.5%, compared with
29% for patients receiving HCV-infected kidneys followed
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Table 1. Data Required in the Analysis: Probabilities, Rates, Costs, and Quality of Life

Variable Value Reference Distribution Type

Characteristics of patients with ESRD awaiting transplant
Mean age, y 57.8 8 –
Men, % 57.6 8 –
Race, %

Caucasian 39.3 8 –
African American 54.0 8 –
Hispanic 6.7 8 –

HCV genotype (95% CI), %
1a 39 (28–50) 9 Logit
NS5A RAS–positive 12 (7–17) 10 �

1b 31 (22–41) 9 Logit
2 17 (15–20) 9 Logit
3 12 (10–12) 9 Logit
4 1 9 –

Natural history
Liver disease

Fibrosis stage at the time of the decision, %
F0 19 25 –
F1 27 25 –
F2 22 25 –
F3 8 25 –
F4 24 25 –

Kidney disease
Average wait time for deceased-donor kidney (95% CI), y

HCV-uninfected 2.11 (0.91–3.6) 18 Log-normal
HCV-infected 0.63 (0.21–1.52) 18 Log-normal

Additional wait time for an HCV-uninfected kidney (95% CI), y 1.48 (0.70–2.11) – Log-normal
30-d mortality after kidney transplant (95% CI), %

HCV-infected kidney 1.5 (0.9–2.0) 19 �

HCV-uninfected kidney 0.85 (0.2–1.7) 19 �

Mortality†
Annual excess mortality rate in patients with ESRD receiving hemodialysis (95% CI), % 7.4 (7.3–7.5) 4, 5 �

Relative risk for dialysis-related mortality
<2 y of dialysis 0.59 4 –
2–4 y of dialysis 1.0 4 –
≥5 y of dialysis 1.5 4 –

Annual excess mortality rate after kidney transplant (95% CI), % 2 (1.9–2.1) 4 �

Sustained virologic response related to HCV treatment (95% CI), %‡
Elbasvir–grazoprevir

16-wk course plus weight-based ribavirin for NS5A RAS–positive patients with genotype
1a infection

82 (70–95) 22 �

12-wk course for NS5A RAS–negative patients with genotype 1a infection 98.5 (96.4–100) 10 �

12-wk course for patients with genotype 1b infection 99.2 (97.8–100) 10 �

12-wk course for patients with genotype 4 infection 100 10 –
Glecaprevir–pibrentasvir

8-wk course for patients with genotype 2 or 3 infection without cirrhosis 98 (95.6–100) 7, 23 �

12-wk course for patients with genotype 2 or 3 infection with compensated cirrhosis 98 (95.6–100) 7, 23 �

12-wk course for all genotypes with or without compensated cirrhosis after kidney
transplant

98 (95.6–100) 7, 23 �

Cost (SD), 2017 USD

Disease state
Annual cost for chronic HCV§

No liver disease 4402 (167) 34 Log-normal
Compensated cirrhosis 4402 (167) – Log-normal
Decompensated cirrhosis 33 893 (1028) 34 Log-normal
Hepatocellular carcinoma 54 073 (2756) 34 Log-normal

Annual cost for liver transplant
First year 214 622 (7974) 34 Log-normal
Subsequent years 48 858 (4044) 34 Log-normal

Annual cost for hemodialysis�� 93 019 4 –
Kidney transplant��

1-time cost of procedure 106 981 4 –
Subsequent years 35 077 4 –

Continued on following page
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by HCV treatment (Supplement Figures 3 and 4, available
at Annals.org). The net benefit of transplanting an in-
fected kidney followed by HCV treatment was a survival
gain of 0.50 QALY at a lifetime cost savings of $41 591
compared with transplant of an HCV-uninfected kidney
preceded by HCV treatment (Table 2).

Deterministic Sensitivity Analysis
Using an HCV-infected kidney and deferring treat-

ment was more effective and less costly than using an
HCV-uninfected kidney preceded by HCV treatment in

sensitivity analyses within clinically plausible ranges or
95% CIs for most model parameters.

Some model parameters were more sensitive to
variations in other parameter values. Additional wait
time to receive an HCV-uninfected kidney may vary
substantially from center to center and patient to pa-
tient. Figure 1 (top) explores variations in this wait time
between 0 and 1.6 years compared with the average
wait time to receive an HCV-infected kidney. In the
base case, average wait time for an infected kidney is

Table 1—Continued

Variable Cost per Month
Clinically Plausible
Range), 2017 USD

Reference Distribution Type

Drugs
Ribavirin for NS5A RAS–positive patients with genotype 1a infection¶ 188 (99–277) 35 Log-normal
Elbasvir, 50 mg, and grazoprevir, 100 mg, once daily 17 377 (17 012–17 742) 35 Log-normal
Glecaprevir, 100 mg, and pibrentasvir, 40 mg, 3 times daily 9830 (7260–12 400) 35 Log-normal

Laboratory testing and office visits
HCV antibody enzyme immunoassay (CPT code 86803) 19.57 36 –
Probe amplification assay for HCV RNA (CPT code 87521) 48.14 36 –
HCV RNA quantification assay (CPT code 87522) 58.76 36 –
HCV genotype assay (CPT code 87902) 353.15 36 –
NS5A resistance-associated variant testing 563.00 37 –
Uric acid testing (CPT code 84550) 6.20 36 –
Triglyceride testing (CPT code 84478) 7.88 36 –
Hepatic function panel (CPT code 80076) 11.21 36 –
Complete blood count (CPT code 85025) 10.66 36 –
Renal panel (CPT code 80069) 11.91 36 –
Thyroid-stimulating hormone testing (CPT code 84443) 23.05 36 –
Urine pregnancy test (CPT code 81025) 8.67 36 –
Office outpatient visit for an established patient

Level-1 visit (CPT code 99211) 20.46 38 –
Level-2 visit (CPT code 99212) 44.14 38 –
Level-3 visit (CPT code 99213) 73.93 38 –
Level-4 visit (CPT code 99214) 108.74 38 –

Ultrasonography of the abdomen (CPT code 76705) 93.31 38 –
Ultrasound-guided needle biopsy of the liver with pathologic examination** 926.29 38 –

Value

Quality of life
Well without HCV infection 1.0 29 –
Chronic HCV infection

Without cirrhosis 0.79 29 –
With compensated cirrhosis 0.79 29 –
With decompensated cirrhosis 0.72 29 –
After liver transplant 0.75 29 –
With hepatocellular carcinoma 0.72 28 –

Chronic kidney disease
Receiving hemodialysis (95% CI) 0.53 (0.23–0.85) 31, 32 Logit
After kidney transplant (95% CI) 0.84 (0.80–0.88) 33 Logit

Treatment
Ribavirin 0.99 30 –
Direct-acting antiviral agents 0.96 39, 40 –

CPT = Current Procedural Terminology; ESRD = end-stage renal disease; HCV = hepatitis C virus; RAS = resistance-associated substitution; USD =
U.S. dollars.
* Values are from base-case analyses.
† Calculated by adjusting United States Renal Data System all-cause mortality rates using relative survival at 10 y based on an age-matched U.S.
population sample (41).
‡ Assuming that patients were treatment-naive.
§ 2009 USD were inflated to 2017 USD using the medical care component of the Consumer Price Index (see the Supplement, available at
Annals.org). Excludes costs of antiviral therapy.
�� 2014 USD were inflated to 2017 USD using the medical care component of the Consumer Price Index.
¶ Dosing was weight-based. A dose of 1200 mg was administered for patients weighing >75 kg.
** Includes ultrasound guidance for biopsy (CPT code 76942; $61.37), needle biopsy of the liver (CPT code 47000; $312.23), pathologic examina-
tion (CPT code 88307; $269.88), and special pathologic stains (original magnification × 4) (CPT code 88313; $282.80).
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0.63 year (231 days) and the additional time required
to receive an uninfected kidney is 1.48 years (540 days).
Transplant of an HCV-uninfected kidney preceded by
HCV treatment is not preferred unless the additional
wait time for an uninfected kidney decreases to less
than 0.44 years (161 days). Figure 1 also shows that the
incremental cost-effectiveness ratio of transplanting an
uninfected kidney preceded by HCV treatment com-
pared with transplanting an infected kidney followed
by treatment is roughly $50 000 per QALY when the
additional wait time is 0 and exceeds $100 000 per
QALY beyond an additional wait time of 0.2 year (73
days).

We also explored the additional risk for death as-
sociated with transplanting HCV-infected kidneys. As
shown in Figure 1 (bottom), transplant of infected kid-
neys followed by antiviral therapy is best unless 30-day
mortality after transplant exceeds 10% (base case,
1.5%) for patients receiving infected kidneys versus
0.85% for those receiving HCV-uninfected kidneys.

Figure 2 depicts a 2-way sensitivity analysis of an-
nual excess mortality after transplant of a kidney from a
deceased donor (horizontal axis) and annual excess
mortality among patients receiving hemodialysis (verti-
cal axis). The diagonal threshold line shows that trans-
plant of an uninfected kidney preceded by HCV treat-
ment could be the preferred strategy if annual excess
mortality for patients receiving hemodialysis were sub-
stantially lower and if excess mortality after transplant
were higher. The base-case values fall well within the
region in which transplanting HCV-infected kidneys is
preferred.

Figure 3 shows a 2-way sensitivity analysis of pa-
tients' quality of life while receiving hemodialysis (hori-
zontal axis) and after kidney transplant (vertical axis).
Transplant of an uninfected kidney preceded by HCV
treatment would be preferred only if, compared with
base-case values, the patient's quality of life while re-
ceiving dialysis were substantially higher and quality of
life after transplant were substantially lower.

We analyzed an alternative scenario in which all pa-
tients received glecaprevir–pibrentasvir. Recipients of
HCV-uninfected kidneys, regardless of genotype, were

treated for 8 or 12 weeks depending on the absence or
presence, respectively, of compensated cirrhosis. As in
the base case, all patients receiving treatment after
transplant of an HCV-infected kidney received 12
weeks of treatment regardless of genotype. Transplant-
ing an infected kidney resulted in a similar gain (0.50
QALY) at a smaller lifetime cost savings ($19 762) com-
pared with transplanting an uninfected kidney. We also
explored the effect of additional wait time to receive an
HCV-uninfected kidney in this scenario. Although trans-
planting an uninfected kidney was more effective and
less expensive if there was no additional wait time,
transplanting an infected kidney dominated (that is,
was more effective and less costly) beyond a wait time
of 0.45 year (164 days).

In another sensitivity analysis, we explored the ef-
fect of decreasing the cost of all direct-acting antiviral
agents by up to 50%. Transplant of an HCV-infected
kidney continued to dominate the analysis; however, at
a cost reduction of 50%, savings decreased to $36 402.
In an analysis examining the effect of patient age, de-
ferred antiviral therapy continued to dominate. At
younger ages, cost savings were lower but the gain in
effectiveness was larger (for example, at age 30 years,
cost savings was $37 735 and effectiveness 0.58). At
older ages, cost savings increased but the gain in effec-
tiveness decreased (for example, at age 70 years, cost
savings was $44 701 and effectiveness 0.43). In sensi-
tivity analyses exploring the effects of sex and race, re-
sults changed little. We also considered an alternative
scenario in which the patient already had compensated
cirrhosis. Transplanting HCV-infected kidneys contin-
ued to dominate the analysis, but the gain in effective-
ness was smaller (0.25 QALY). In this scenario, trans-
planting an infected kidney increased the lifetime
probability of dying of end-stage liver disease to 19%
(vs. 14% in patients receiving an HCV-uninfected kid-
ney) but decreased that of dying of chronic kidney dis-
ease to 26% (vs. 32%).

Probabilistic Sensitivity Analysis
Over 10 000 iterations, transplanting HCV-infected

kidneys followed by HCV treatment was preferred over
transplanting HCV-uninfected kidneys preceded by

Table 2. Results of the Base-Case Analysis

Strategy Cost, $ Effectiveness,
QALYs

Incremental
Cost, $

Incremental
Effectiveness,
QALYs

Incremental
Cost-Effectiveness,
$/QALY

Discounted at 3% per year
Transplant of HCV-infected kidney

followed by HCV treatment
566 626 6.26 – – –

Transplant of HCV-uninfected kidney preceded
by HCV treatment

608 217 5.76 41 591 −0.50 Dominated*

Results of base-case analysis not discounted
Transplant of HCV-infected kidney

followed by HCV treatment
698 824 8.42 – – –

Transplant of HCV-uninfected kidney preceded
by HCV treatment

734 002 7.79 35 179 −0.63 Dominated*

HCV = hepatitis C virus; QALY = quality-adjusted life-year.
* Indicates that the less expensive strategy (in this case transplant with an HCV-infected kidney followed by HCV treatment) is also more effective.
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HCV treatment 100% of the time, yielding an average
gain of 0.52 QALY (SD, 0.16) (Supplement Figure 5,
available at Annals.org) at an average cost savings of
$38 691 (SD, $9141). Transplanting infected kidneys
was less costly and more effective—that is, it dominated
transplanting uninfected kidneys 99.99% of the time
and was cost-saving or had an incremental cost-
effectiveness ratio less than $50 000 per QALY 100% of
the time.

DISCUSSION
The recent availability of direct-acting antivirals that

can be used in ESRD has created new opportunities
and questions regarding the optimal timing of treat-
ment of chronic HCV infection in patients awaiting kid-
ney transplant. Despite our newfound ability to treat
such patients before transplant, our analysis shows that
the benefit of earlier transplant afforded by using HCV-
infected kidneys outweighs the risk for progressive liver
disease due to untreated HCV infection while awaiting
transplant. Additional wait times for HCV-uninfected
kidneys would have to decrease below 161 days before
treating with uninfected kidneys would be preferred.

We believe that our analysis supports transplanting
HCV-infected kidneys into patients with ESRD who al-
ready are infected with HCV, and we hope that these
results will be used to guide decision making by indi-
vidual patients and treatment centers. Nevertheless,
given the wide range of wait times at different centers,
we recognize that some patients will prefer transplant
of HCV-uninfected kidneys preceded by treatment of
HCV infection.

In the past, treatment of HCV infection in transplant
recipients has been limited by interferon-mediated
graft rejection and poor efficacy. Recent studies of
direct-acting antivirals in kidney transplant recipients
have shown high rates of sustained virologic response
with minimal adverse events or graft rejection (45).
However, experience is still limited, and some physi-
cians have raised concerns about the safety and effi-
cacy of HCV therapy for transplant recipients (46). A
recent meta-analysis of 6 studies involving 360 renal
transplant recipients found that 98.3% of patients
achieved sustained virologic response within 12 weeks.
Roughly 1% of patients had significant adverse events
(47). In our analysis, the superiority of transplanting

Figure 1. One-way sensitivity analysis.

0

200

400

600

800

1000

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6
5.2

5.4

5.6

5.8

6

6.2

6.4

$ 
(t

ho
us

an
d)

/Q
A

LY

Additional Wait Time for HCV-Uninfected Kidney, y

Expected U
tility, Q

A
LYs

Threshold

Base case

5

5.2

5.4

5.6

5.8

6

6.2

6.4

6.6

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Q
A

LY
s

First-Month Mortality After Transplant of HCV-Infected Kidney, %

Base case Threshold

Transplant of
HCV-infected kidney
followed by HCV
treatment

Transplant of
HCV-uninfected kidney
preceded by HCV
treatment

 IC
ER

,

6.61200

HCV = hepatitis C virus; ICER = incremental cost-effectiveness ratio; QALY = quality-adjusted life-year. Top. The effect of changes in the additional
wait time required for HCV-uninfected vs. HCV-infected kidneys. The primary vertical axis (left) shows the ICER for transplant of an HCV-uninfected
deceased-donor kidney preceded by HCV treatment compared with transplant of an HCV-infected kidney followed by HCV treatment. The ICER is
roughly $50 000 per QALY when wait time is 0 and >$100 000 per QALY when wait time is >0.2 y (73 d). Beyond a threshold of 0.44 y (161 d),
transplant of an infected kidney followed by HCV treatment dominates (is more effective and less costly). The secondary vertical axis (right) shows
expected utility in QALYs. The 2 lines represent the 2 treatment strategies, transplant of an HCV-uninfected kidney preceded by HCV treatment and
transplant of an HCV-infected kidney followed by HCV treatment. Along the horizontal axis, the base case for wait time is 1.48 y (540 d). Trans-
planting an infected kidney is the preferred strategy unless the wait time for an uninfected kidney is <0.44 y (161 d). Bottom. The effect of mortality
in the first month after kidney transplant for patients receiving an HCV-infected kidney. The base-case value is 1.5%. Transplant of an HCV-infected
kidney remains preferred unless first-month mortality is >10%.

HCV-Infected or HCV-Uninfected Kidney Transplants for HCV-Infected Patients ORIGINAL RESEARCH

Annals.org Annals of Internal Medicine 7

Downloaded From: http://annals.org/ by Jules Levin on 07/11/2018

http://www.annals.org
http://www.annals.org


HCV-infected kidneys depends on the high efficacy of
new interferon-free regimens. This net benefit persists
despite the slightly higher risk for death in the 30 days
after transplant of infected kidneys. In sensitivity analy-
ses, we found that 30-day mortality for these patients
would have to increase considerably from base-case
values before transplant of HCV-uninfected kidneys
would be preferred.

Our analysis has several limitations. Our base case
considered an “average” patient with chronic HCV in-
fection awaiting a kidney transplant. We did not con-
sider more specific patient characteristics or comorbid
conditions. For instance, patients with diabetes mellitus
have higher mortality rates while receiving hemodialy-
sis and after kidney transplant (5). Thus, a more individ-
ualized approach may be warranted for some patients.
We did not address the issue of co-infection with hep-
atitis B virus or HIV. Treatment of kidney transplant re-
cipients who are co-infected with HIV and HCV requires
continued awareness and attention to the complex
drug interactions that can occur among direct-acting
antivirals, antiretroviral medications, and immunosup-
pressive medications. Reactivation of hepatitis B viral
infection has been reported in patients starting direct-
acting antiviral therapy for HCV who are not receiving
medications for hepatitis B virus infection. We also as-
sumed that the small fraction of patients in whom initial
HCV treatment failed would not receive salvage ther-
apy. Studies in posttransplant patients are limited for
this rapidly evolving area. We did sensitivity analyses in
which we provided high-efficacy therapy for treatment-
experienced patients, and results were not substantially

different from those of our base case. Finally, we did
not consider the benefits of decreased prevalence of
HCV infection in dialysis units and decreased HCV
transmission that would result from treating HCV-
infected patients who are receiving dialysis.

In summary, the availability of interferon-free direct-
acting antivirals to treat chronic HCV infection in kidney
transplant recipients creates a new opportunity to provide
access to HCV-infected kidneys for HCV-infected patients
with ESRD. Doing so can greatly reduce the wait time for a
donated kidney and improve survival by decreasing time
spent receiving hemodialysis. In an era of increasing suc-
cess for kidney transplants and demand that far outstrips
supply, deferring antiviral therapy until after transplant of
HCV-infected kidneys, when available, should be both
cost-saving and effective.
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Figure 2. Two-way sensitivity analysis examining annual
excess mortality rates after deceased-donor kidney
transplant (horizontal axis) and while receiving
hemodialysis (vertical axis).
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Figure 3. Two-way sensitivity analysis examining quality of
life while receiving hemodialysis (horizontal axis) and after
deceased-donor kidney transplant (vertical axis).
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A, et al. Glecaprevir and pibrentasvir in patients with HCV and
severe renal impairment. N Engl J Med. 2017;377:1448-55. [PMID:
29020583] doi:10.1056/NEJMoa1704053
8. Butt AA, Evans R, Skanderson M, Shakil AO. Comorbid medical
and psychiatric conditions and substance abuse in HCV infected per-
sons on dialysis. J Hepatol. 2006;44:864-8. [PMID: 16516332]
9. Spach D. HCV Epidemiology in the United States. Seattle: Univ
Washington; 2016.
10. Zeuzem S, Ghalib R, Reddy KR, Pockros PJ, Ben Ari Z, Zhao Y,
et al. Grazoprevir-elbasvir combination therapy for treatment-naive
cirrhotic and noncirrhotic patients with chronic hepatitis C virus ge-
notype 1, 4, or 6 infection: a randomized trial. Ann Intern Med. 2015;
163:1-13. [PMID: 25909356] doi:10.7326/M15-0785
11. Eckman MH, Talal AH, Gordon SC, Schiff E, Sherman KE. Cost-
effectiveness of screening for chronic hepatitis C infection in the
United States. Clin Infect Dis. 2013;56:1382-93. [PMID: 23392392]
doi:10.1093/cid/cit069
12. Bedossa P, Poynard T. An algorithm for the grading of activity in
chronic hepatitis C. The METAVIR Cooperative Study Group. Hepa-
tology. 1996;24:289-93. [PMID: 8690394]
13. Thein HH, Yi Q, Dore GJ, Krahn MD. Estimation of stage-specific
fibrosis progression rates in chronic hepatitis C virus infection: a

meta-analysis and meta-regression. Hepatology. 2008;48:418-31.
[PMID: 18563841] doi:10.1002/hep.22375
14. Figueras J, Jaurrieta E, Valls C, Benasco C, Rafecas A, Xiol X,
et al. Survival after liver transplantation in cirrhotic patients with and
without hepatocellular carcinoma: a comparative study. Hepatology.
1997;25:1485-9. [PMID: 9185772]
15. Gane EJ, Naoumov NV, Qian KP, Mondelli MU, Maertens G,
Portmann BC, et al. A longitudinal analysis of hepatitis C virus repli-
cation following liver transplantation. Gastroenterology. 1996;110:
167-77. [PMID: 8536853]
16. Willems M, Metselaar HJ, Tilanus HW, Schalm SW, de Man RA.
Liver transplantation and hepatitis C. Transpl Int. 2002;15:61-72.
[PMID: 11935162]
17. Brown RS. Hepatitis C and liver transplantation. Nature. 2005;
436:973-8. [PMID: 16107838]
18. Cohen JB, Eddinger KC, Shelton B, Locke JE, Forde KA, Sawinski
D. Effect of kidney donor hepatitis C virus serostatus on renal trans-
plant recipient and allograft outcomes. Clin Kidney J. 2017;10:564-
72. [PMID: 28852496] doi:10.1093/ckj/sfx048
19. Kucirka LM, Peters TG, Segev DL. Impact of donor hepatitis C
virus infection status on death and need for liver transplant in hepa-
titis C virus-positive kidney transplant recipients. Am J Kidney Dis.
2012;60:112-20. [PMID: 22560841] doi:10.1053/j.ajkd.2012.03.015
20. Bucci JR, Lentine KL, Agodoa LY, Peters TG, Schnitzler MA, Ab-
bott KC. Outcomes associated with recipient and donor hepatitis C
serology status after kidney transplantation in the United States: anal-
ysis of the USRDS/UNOS database. Clin Transpl. 2004:51-61. [PMID:
16704138]
21. American Association for the Study of Liver Diseases; Infectious
Diseases Society of America. HCV Guidance: Recommendations for
Testing, Managing, and Treating Hepatitis C. Alexandria, VA: Amer-
ican Association for the Study of Liver Diseases and Infectious Dis-
eases Society of America; 2017.
22. Lawitz E, Gane E, Pearlman B, Tam E, Ghesquiere W, Guyader D,
et al. Efficacy and safety of 12 weeks versus 18 weeks of treatment
with grazoprevir (MK-5172) and elbasvir (MK-8742) with or without
ribavirin for hepatitis C virus genotype 1 infection in previously un-
treated patients with cirrhosis and patients with previous null re-
sponse with or without cirrhosis (C-WORTHY): a randomised, open-
label phase 2 trial. Lancet. 2015;385:1075-86. [PMID: 25467591]
doi:10.1016/S0140-6736(14)61795-5
23. Gane E, Lawitz EJ, Pugatch D, Papatheodoridis G, Brau N, Brown
A, et al. EXPEDITION-4: efficacy and safety of glecaprevir/pibrentas-
vir in patients with renal impairment and chronic hepatitis C virus
genotype 1-6 infection. Presented at The Liver Meeting 2016, Bos-
ton, Massachusetts, 11–15 November 2016.
24. Lau J, Kassirer JP, Pauker SG. Decision maker 3.0. improved
decision analysis by personal computer. Med Decis Making. 1983;3:
39-43. [PMID: 6350792]
25. Martin P, Carter D, Fabrizi F, Dixit V, Conrad AJ, Artinian L, et al.
Histopathological features of hepatitis C in renal transplant candi-
dates [see comment]. Transplantation. 2000;69:1479-84. [PMID:
10798774]
26. Aranda-Michel J, Dickson RC, Bonatti H, Crossfield JR, Keaveny
AP, Vasquez AR. Patient selection for liver transplant: 1-year experi-
ence with 555 patients at a single center. Mayo Clin Proc. 2008;83:
165-8. [PMID: 18241626] doi:10.4065/83.2.165
27. Kemmer N, Alsina A, Neff GW. Social determinants of orthotopic
liver transplantation candidacy: role of patient-related factors.
Transplant Proc. 2011;43:3769-72. [PMID: 22172844] doi:10.1016/j
.transproceed.2011.08.076
28. Chong CA, Gulamhussein A, Heathcote EJ, Lilly L, Sherman M,
Naglie G, et al. Health-state utilities and quality of life in hepatitis C
patients. Am J Gastroenterol. 2003;98:630-8. [PMID: 12650799]
29. McLernon DJ, Dillon J, Donnan PT. Health-state utilities in liver
disease: a systematic review. Med Decis Making. 2008;28:582-92.
[PMID: 18424560] doi:10.1177/0272989X08315240
30. Thein HH, Krahn M, Kaldor JM, Dore GJ. Estimation of utilities for
chronic hepatitis C from SF-36 scores. Am J Gastroenterol. 2005;
100:643-51. [PMID: 15743364]

HCV-Infected or HCV-Uninfected Kidney Transplants for HCV-Infected Patients ORIGINAL RESEARCH

Annals.org Annals of Internal Medicine 9

Downloaded From: http://annals.org/ by Jules Levin on 07/11/2018

http://www.acponline.org/authors/icmje/ConflictOfInterestForms.do?msNum=M17-3088
http://www.acponline.org/authors/icmje/ConflictOfInterestForms.do?msNum=M17-3088
mailto:mark.eckman@uc.edu
mailto:mark.eckman@uc.edu
http://www.annals.org
http://www.usrds.org/reference.aspx
http://www.annals.org


31. Gorodetskaya I, Zenios S, McCulloch CE, Bostrom A, Hsu CY,
Bindman AB, et al. Health-related quality of life and estimates of
utility in chronic kidney disease. Kidney Int. 2005;68:2801-8. [PMID:
16316356]
32. Hogan TJ, Elliott WJ, Seto AH, Bakris GL. Antihypertensive treat-
ment with and without benazepril in patients with chronic renal insuf-
ficiency: a US economic evaluation. Pharmacoeconomics. 2002;20:
37-47. [PMID: 11817991]
33. Elbasha E, Greaves W, Roth D, Nwankwo C. Cost-effectiveness of
elbasvir/grazoprevir use in treatment-naive and treatment-experienced
patients with hepatitis C virus genotype 1 infection and chronic kidney
disease in the United States. J Viral Hepat. 2017;24:268-79. [PMID:
27966249] doi:10.1111/jvh.12639
34. McAdam-Marx C, McGarry LJ, Hane CA, Biskupiak J, Deniz B,
Brixner DI. All-cause and incremental per patient per year cost asso-
ciated with chronic hepatitis C virus and associated liver complica-
tions in the United States: a managed care perspective. J Manag
Care Pharm. 2011;17:531-46. [PMID: 21870894]
35. U.S. Department of Veterans Affairs. Pharmaceutical prices.
2018. Accessed at www.va.gov/oal/business/fss/pharmprices.asp on
6 February 2018.
36. Centers for Medicare & Medicaid Services. License for
use of Current Procedural Terminology, Fourth Edition (“CPT”). 2017.
Accessed at www.cms.gov/apps/ama/license.asp?file=/Medicare
/Medicare-Fee-for-Service-Payment/ClinicalLabFeeSched
/Downloads/17CLAB.zipwww.cms.hhs.gov/ClinicalLabFeeSched
/02_clinlab.asp#TopOfPag on 20 September 2017.
37. Elbasha EH, Robertson MN, Nwankwo C. The cost-
effectiveness of testing for NS5a resistance-associated polymor-
phisms at baseline in genotype 1a-infected (treatment-naı̈ve and
treatment-experienced) subjects treated with all-oral elbasvir/grazo-
previr regimens in the United States. Aliment Pharmacol Ther. 2017;
45:455-67. [PMID: 27910116] doi:10.1111/apt.13882
38. Centers for Medicare & Medicaid Services. Physician fee sched-
ule. 2017. Accessed at www.cms.gov/Medicare/Medicare-Fee-for
-Service-Payment/PhysicianFeeSched on 20 September 2017.

39. Liu S, Cipriano LE, Holodniy M, Owens DK, Goldhaber-Fiebert
JD. New protease inhibitors for the treatment of chronic hepatitis C:
a cost-effectiveness analysis. Ann Intern Med. 2012;156:279-90.
[PMID: 22351713] doi:10.7326/0003-4819-156-4-201202210-00005
40. Younossi ZM, Stepanova M, Esteban R, Jacobson I, Zeuzem S,
Sulkowski M, et al. Superiority of interferon-free regimens for chronic
hepatitis C: the effect on health-related quality of life and work pro-
ductivity. Medicine (Baltimore). 2017;96:e5914. [PMID: 28207507]
doi:10.1097/MD.0000000000005914
41. Arias E. United States Life Tables, 2013. Atlanta: Centers for Dis-
ease Control and Prevention; 2017.
42. Cotler SJ, Patil R, McNutt RA, Speroff T, Banaad-Omiotek G,
Ganger DR, et al. Patients' values for health states associated with
hepatitis C and physicians' estimates of those values. Am J Gastro-
enterol. 2001;96:2730-6. [PMID: 11569703]
43. Sherman KE, Sherman SN, Chenier T, Tsevat J. Health values of
patients with chronic hepatitis C infection. Arch Intern Med. 2004;
164:2377-82. [PMID: 15557419]
44. Doubilet P, Begg CB, Weinstein MC, Braun P, McNeil BJ. Prob-
abilistic sensitivity analysis using Monte Carlo simulation. A practical
approach. Med Decis Making. 1985;5:157-77. [PMID: 3831638]
45. Colombo M, Aghemo A, Liu H, Zhang J, Dvory-Sobol H, Hyland
R, et al. Treatment with ledipasvir-sofosbuvir for 12 or 24 weeks in
kidney transplant recipients with chronic hepatitis C virus genotype 1
or 4 infection: a randomized trial. Ann Intern Med. 2017;166:109-17.
[PMID: 27842383] doi:10.7326/M16-1205
46. De Nicola S, Colombo M. Antiviral treatment of hepatitis C in
renal transplant patients—safety issues [Editorial]. Expert Opin Drug
Saf. 2017;16:873-6. [PMID: 28636836] doi:10.1080/14740338.2017
.1344640
47. Chen K, Lu P, Song R, Zhang J, Tao R, Wang Z, et al. Direct-acting
antiviral agent efficacy and safety in renal transplant recipients with
chronic hepatitis C virus infection: a PRISMA-compliant study. Medi-
cine (Baltimore). 2017;96:e7568. [PMID: 28746204] doi:10.1097/MD
.0000000000007568

ORIGINAL RESEARCH HCV-Infected or HCV-Uninfected Kidney Transplants for HCV-Infected Patients

10 Annals of Internal Medicine Annals.org

Downloaded From: http://annals.org/ by Jules Levin on 07/11/2018

http://www.va.gov/oal/business/fss/pharmprices.asp
http://www.cms.gov/apps/ama/license.asp?file=/Medicare/Medicare-Fee-for-Service-Payment/ClinicalLabFeeSched/Downloads/17CLAB.zipwww.cms.hhs.gov/ClinicalLabFeeSched/02_clinlab.asp#TopOfPag
http://www.cms.gov/apps/ama/license.asp?file=/Medicare/Medicare-Fee-for-Service-Payment/ClinicalLabFeeSched/Downloads/17CLAB.zipwww.cms.hhs.gov/ClinicalLabFeeSched/02_clinlab.asp#TopOfPag
http://www.cms.gov/apps/ama/license.asp?file=/Medicare/Medicare-Fee-for-Service-Payment/ClinicalLabFeeSched/Downloads/17CLAB.zipwww.cms.hhs.gov/ClinicalLabFeeSched/02_clinlab.asp#TopOfPag
http://www.cms.gov/apps/ama/license.asp?file=/Medicare/Medicare-Fee-for-Service-Payment/ClinicalLabFeeSched/Downloads/17CLAB.zipwww.cms.hhs.gov/ClinicalLabFeeSched/02_clinlab.asp#TopOfPag
http://www.cms.gov/Medicare/Medicare-Fee-for-Service-Payment/PhysicianFeeSched
http://www.cms.gov/Medicare/Medicare-Fee-for-Service-Payment/PhysicianFeeSched
http://www.annals.org


Current Author Addresses: Dr. Eckman: University of Cincin-
nati Medical Center, Department of Internal Medicine, 231
Albert Sabin Way, PO Box 670535, Cincinnati, OH 45267-
0535.
Drs. Woodle and Paterno: Department of Surgery, 231 Albert
Sabin Way, PO Box 0558, Cincinnati, OH 45267-0558.
Dr. Thakar: Department of Internal Medicine, 231 Albert Sabin
Way, PO Box 0585, Cincinnati, OH 45267-0585.
Dr. Sherman: Department of Internal Medicine, 231 Albert
Sabin Way, PO Box 0595, Cincinnati, OH 45267-0595.

Author Contributions: Conception and design: M.H. Eckman,
E.S. Woodle, C.V. Thakar, F. Paterno, K.E. Sherman.
Analysis and interpretation of the data: M.H. Eckman, E.S.
Woodle, C.V. Thakar, K.E. Sherman.
Drafting of the article: M.H. Eckman, C.V. Thakar, F. Paterno.
Critical revision of the article for important intellectual con-
tent: M.H. Eckman, E.S. Woodle, C.V. Thakar, F. Paterno, K.E.
Sherman.
Final approval of the article: M.H. Eckman, E.S. Woodle, C.V.
Thakar, F. Paterno, K.E. Sherman.
Provision of study materials or patients: C.V. Thakar.
Statistical expertise: M.H. Eckman.
Obtaining of funding: M.H. Eckman, K.E. Sherman.
Collection and assembly of data: M.H. Eckman, F. Paterno.

Annals.org Annals of Internal Medicine

Downloaded From: http://annals.org/ by Jules Levin on 07/11/2018

http://www.annals.org

