
American Journal of Gastroenterology ISSN 0002-9270
C© 2004 by Am. Coll. of Gastroenterology doi: 10.1111/j.1572-0241.2004.04153.x
Published by Blackwell Publishing

A Cost-Utility Analysis of Secondary Prophylaxis
for Variceal Hemorrhage
Joel H. Rubenstein, M.D., Glenn M. Eisen, M.D., M.P.H., and John M. Inadomi, M.D.
Division of Gastroenterology, University of Michigan Health System, Ann Arbor, Michigan;
and Division of Gastroenterology, Oregon Health Sciences University, Portland, Oregon

BACKGROUND: Secondary prophylaxis for esophageal variceal hemorrhage (VH) is recommended, but there has
never been a cost-utility analysis of its implementation.

OBJECTIVE: The objective was to compare the cost utility of various strategies for the secondary prophylaxis of
VH including (a) observation alone, (b) medical therapy (MED), (c) endoscopic band ligation (EBL),
(d) endoscopic band ligation plus medical therapy (EBL + M), and (e) transjugular intrahepatic
portosystemic shunt (TIPS), and to examine the effect of adherence on these strategies.

METHODS: A Markov model was developed for all five strategies, and included surveillance, risk of hepatic
encephalopathy, complications, and nonadherence. Data sources: Published literature and the
Health Care Financing Administration. Target population: People with cirrhosis and a history of
controlled VH. Time horizon: Three years. Perspective: Third-party payer. Outcome measures:
Incremental cost-effectiveness ratios for quality-adjusted life-years (QALYs) gained.

RESULTS OF Combination EBL + M was the optimal strategy, dominating all other strategies including
BASE-CASE observation, meaning that it was more effective and less expensive than the others. In addition,
ANALYSIS: EBL alone dominated observation and TIPS in terms of QALYs, and MED alone dominated the

strategy of observation in terms of QALYs.

RESULTS OF Important variables affecting the optimal strategy were the odds ratio (OR) of VH with EBL
SENSITIVITY compared to MED, the OR of VH with EBL + M compared to EBL, and patients’ preferences
ANALYSIS: regarding taking the medication as reflected in the associated toll exacted on the health state

utility. Variations in these parameters within the range of clinical plausibility allowed EBL or MED to
become the optimal strategy. TIPS was the optimal strategy only if adherence rates for all
strategies were less than 12%.

RESULTS OF Neither observation nor TIPS was ever the optimal strategy, and EBL + M was optimal in 62% of
MONTE CARLO cases. If the variables identified in the sensitivity analysis were controlled, then EBL + M was
ANALYSIS: optimal in 95% of cases.

CONCLUSIONS: TIPS should be reserved only for patients with very poor adherence. Otherwise, patients are best
served by medications, EBL, or a combination of both, depending on the comparative rates of
rebleeding with each and patients’ preferences regarding medical therapy. The redundancy of
combination band ligation plus medical therapy can improve outcomes, particularly in the setting
of poor patient adherence.

INTRODUCTION

Variceal hemorrhage (VH) is a major cause of death among
patients with cirrhosis. Among those who have survived a
previous VH, the rate of rebleeding is up to 60% per year
(1, 2). Historically, VH has carried with it a mortality rate as
high as 50% (3, 4). Even with the advent of intensive care,
vasoactive medications, and endoscopic therapies, the risk of
death with VH is still about 20% per episode (5, 6).

The American College of Gastroenterology recommends
secondary prophylaxis of VH (i.e., prophylaxis after survival
from a first VH) with medical or endoscopic therapy (7).

Medical therapy with nonselective beta-adrenergic antago-
nists with or without long-acting nitrates has been shown to
be an efficacious secondary prophylaxis in terms of prevent-
ing recurrent VH (1). A meta-analysis found that endoscopic
sclerotherapy is more efficacious than medical prophylaxis,
and another found that endoscopic band ligation (EBL) is
more efficacious than sclerotherapy (8, 9). However, the only
three randomized controlled trials comparing EBL to med-
ical therapy have conflicting results (10–12). Transjugular
intrahepatic portosystemic shunts (TIPSs) have been shown
to be more efficacious than endoscopic therapy in preventing
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variceal rebleeding, but have a considerably higher rate of
hepatic encephalopathy (HE) (13). Finally, only one study
has examined a combination medical therapy and band liga-
tion, and found that the risk of rebleeding with that strategy
was less than with band ligation alone (14).

The ideal strategy of secondary prophylaxis of VH de-
pends not only on the efficacy found in trials, but also patient
adherence, complication rates, costs, and patient preference
for different health states (i.e., utilities) (15). Evaluating all
of these outcomes in a trial with arms for each of the pro-
phylactic strategies would require a prohibitively large num-
ber of subjects. Furthermore, measuring patient adherence
in trials is fraught with methodological quandaries. In such
cases, decision analysis based on mathematical modeling of
a hypothetical cohort of patients is an ideal tool. The only
previously published decision analysis of secondary prophy-
laxis of VH compared combination endoscopic and medical
therapy to TIPS, but did not evaluate the strategies of no
prophylaxis, medical therapy alone, or endoscopic therapy
alone, and did not account for adherence rates (16). Fur-
thermore, that study was limited to a cost-effectiveness anal-
ysis (examining the cost per VH prevented), rather than a
cost-utility analysis (the cost per quality-adjusted life-years
saved).

We developed a Markov model and performed a cost-utility
analysis comparing strategies of observation, medical ther-
apy, EBL, EBL + medical therapy, and TIPS, and evaluated
the effect of nonadherence on the preferred strategy.

HE = hepatic encephalopathy, VH = variceal hemorrhage

No hemorrhage, no HE

No hemorrhage, + HE

variceal
hemorrhage

complication

Dead, other

Dead, VH

Dead, complication

Dead, HE

Figure 1. Simplified schematic of Markov model. At any given cycle, hypothetical patients start in one of the Markov health states (rectangles),
and have a specified rate of transition (arrows) to other Markov states, either directly, or via transition states (ovals). All patients are assumed
to begin in the Markov state of “no hemorrhage, no HE.” Each state has an associated cost and utility, and many transitions carry costs and
tolls on utility as well. The simplified schematic does not show the additional states representing the EBL series, endoscopic surveillance
for EBL, ultrasound surveillance for TIPS, undetected TIPS dysfunction, nor nonadherence.

METHODS

Patients
The hypothetical cohort consisted of patients with a history of
controlled, bleeding esophageal varices at the time of enroll-
ment. Because the model was based on the published empiric
evidence of the various secondary prophylactic strategies, the
hypothetical cohort consisted of men with Child’s Class B cir-
rhosis and an average age of 50 yr (2, 10–12, 14, 15, 17–26).
Patients were excluded if they were intolerant of medica-
tions, or if they had persistent HE at the time of enrollment.
The analysis followed the cohort for 3 yr, as there are no
data on longer-term outcomes for the various prophylactic
strategies.

Model
Decision analysis was modeled by creating a Markov chain
with DATA 4.0 software (TreeAge, Williamstown, MA). A
Markov model is a mathematical simulation of hypotheti-
cal patients with a disease process over time. Unlike deci-
sion trees, Markov models are recursive in that they allow
movement back and forth between health states. A simpli-
fied schematic of the model is shown in Figure 1. The actual
model contains 1,383 branches, accounting for the natural
history of patients with controlled VH, the various strategies
for secondary prophylaxis, nonadherence, iatrogenic com-
plications, surveillance in the EBL and TIPS arms, and un-
detected TIPS dysfunction. The appendices contain more
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detailed information on the model, including structure, transi-
tion probabilities, costs, and Monte Carlo analysis. The length
of each model cycle was 2 wk.

Natural History
Outcomes without any secondary prophylaxis, but with ob-
servation alone (OBS) were examined. Patients could rebleed
from esophageal varices, requiring admission to the hospi-
tal, octreotide infusion, and endoscopic treatment to control
the hemorrhage. Although in the real world, combinations
of strategies may be practical, our aim was to compare the
individual strategies in order to detect the advantages and
weaknesses of each. Therefore, in each of the strategies, if
patients survived a VH, they still continued with the same
strategy, i.e., there was no cross over for failed strategies. It
was assumed that the risk of VH stayed constant with time.

Patients could also develop persistent HE. They could die
as a result of VH, as a result of a complication of a procedure,
with cirrhosis but without HE, or with cirrhosis and HE. Liver
transplantation was not considered an option in any arm.

Prophylactic Strategies
MEDICATIONS (MED). A strategy of medical prophylaxis
was defined as treatment with nonselective beta-adrenergic
receptor antagonists, titrated to resting heart rate and blood
pressure in the outpatient setting, without the use of invasive
hemodynamic measurements. The additional benefit of using
combination beta-blockers and nitrates was examined in a
sensitivity analysis. In each cycle, the patients had a chance
of being adherent to the degree necessary to achieve similar
results as in randomized controlled trials. Otherwise, they
were considered nonadherent, and reverted to the same risks
and costs as the observation arm, but were not given the
opportunity to cross over to any other strategy. Also, in each
cycle, the patients had a chance to adhere to the medical
regimen or not, independent of adherence in the previous
cycle. The analysis assumed perfect knowledge regarding a
patient’s adherence. No distinction was made between patient
adherence with physician advice, and physician adherence
with administering standard care within each strategy.

ENDOSCOPIC BAND LIGATION (EBL). Patients in the
EBL arm underwent the outpatient procedure every 2 wk until
eradication of the varices, or until they were too small to be
ligated. If patients became nonadherent prior to completion
of the series, they reverted to the same risks and costs as
the observation arm. Endoscopic surveillance was scheduled
every 6 months after the completion of the EBL series. If
varices were discovered, patients underwent a shorter series
of EBL. If patients were nonadherent with surveillance, and
had undetected recurrence of varices, they reverted to the
observation arm. However, at the next surveillance interval
of 6 months, patients with undetected recurrence were given
the chance to undergo EBL again if they adhered at that time.
If patients survived a rebleed, they received the opportunity

to undergo a similar number of EBL sessions as with their
initial VH.

ENDOSCOPIC BAND LIGATION PLUS MEDICATIONS
(EBL + M). Patients could receive both EBL and medica-
tions. For simplicity of the model, during the few weeks of
the EBL series, patients were assumed to be adherent with
medications if they were adherent with EBL. Otherwise, ad-
herence with EBL and medications were modeled indepen-
dently of each other, so that patients could adhere to either,
both, or neither therapy. In the sensitivity analyses, EBL +
M was not allowed be less efficacious than MED alone.

TRANSJUGULAR INTRAHEPATIC PORTOSYSTEMIC
SHUNT (TIPS). Patients in the TIPS arm underwent place-
ment of the TIPS immediately upon enrollment (after con-
trol of the index VH), received a postprocedural Doppler
ultrasound the next day, and if acute occlusion was found,
underwent revision of the TIPS; all patients were assumed
to be adherent with initial TIPS placement. Subsequently,
Doppler ultrasound was performed every 3 months to survey
for TIPS dysfunction, but there was a chance that patients
could be nonadherent with any given survey. The sensitivity
and specificity of Doppler ultrasound was assumed to be im-
perfect; patients could have undetected TIPS dysfunction. In
addition, if TIPS dysfunction was identified by the ultrasound,
patients underwent hepatic venography to confirm the diag-
nosis prior to TIPS revision. If TIPS dysfunction presented
with a recurrent VH, patients underwent TIPS revision. Pa-
tients with a functional TIPS had a higher rate of developing
persistent HE than the patients in other arms.

Transitions
Transition rates between the Markov health states were de-
rived from the published literature. The MEDLINE and
EMBASE databases were searched from 1966, and from
1988, respectively, to 2002 using the terms esophageal
varices, ligation, transjugular intrahepatic portosystemic
shunt, complication, hepatic encephalopathy, liver cirrhosis,
mortality, prognosis, natural history, clinical trials, follow-up
studies, and meta-analysis. Additional articles were identified
by cross-referencing those identified by the database search.
Base-case values were chosen from medians of the published
literature. Transition rates for the natural history were mod-
eled as simple rates. The model derived transition rates for
the prophylactic strategies based on the transition rates in the
natural history, and corresponding odds ratios (ORs) for the
specific strategy. In addition to the base-case scenario, sen-
sitivity analyses were performed over the entire range found
in the published literature (Table 1). Published meta-analyses
were used to derive the ORs of VH with medications and with
TIPS, and the OR of encephalopathy with TIPS. The three
clinical trials comparing medication with band ligation have
discrepant results. In the base-case scenario, we assumed the
OR of VH matched that in the trial by Lo et al. because that
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Table 1. Model Assumptions

Variables Base Case Low Value High Value References

Variceal hemorrhage (VH)
OBS annual rate 0.500 0.335 0.600 (2, 17–22)
OR MED: OBS 0.435 0.290 0.590 (1, 23, 42, 50)
OR EBL: MED 0.450 0.240 2.610 (8–12)
OR EBL + M: EBL 0.352 0.290∗ 1∗ (14)
OR TIPS: EBL 0.263 0.192 0.357 (13, 38, 39, 44)
Mortality rate per VH 0.208 0.050 0.500 (3–6, 41, 43, 48, 51–53)

Hepatic encephalopathy (HE)
OBS annual rate 0.127 0.049 0.307 (15, 24, 25, 38, 54–60)
OR TIPS: OBS 2.080 1.490 3.330 (13, 39)

Mortality in absence of VH
Annual rate without HE 0.061 0.007 0.618 (1, 3, 5, 45, 46, 51, 61–64)
OR with HE: no HE 1∗ 1∗ 2.550 (5, 63, 65)

Endoscopic band ligation
No. of sessions in initial series (mean, SD) 3.6 ± 1.1 (9, 11, 14, 24, 66, 67)
No. of sessions if recurrence (mean, SD) 2.3 ± 0.6 (14)
Annual rate of variceal recurrence 0.417 0.342 0.504 (14, 68–70)
EBL morbid complication rate 0.008 0.00143 0.0572 (9, 11, 12, 47, 71–74)
EBL mortal complication rate 0.00238 0.0003∗ 0.00476‡ (9)
EGD morbid complication rate 0.0040 0.0013 0.0135 (75–77)
EGD mortal complication rate 0.0003 0.000071 0.0005 (75–77)

TIPS
Technical failure rate, initial TIPS 0.034 0 0.090 (13, 38, 78–80)
Technical failure rate, TIPS revision 0.026 0 0.075 (58, 79, 81–83)
Annual rate of dysfunction (dysfxn) 0.593 0.248 0.830 (24, 25, 44, 54, 55, 58, 79, 81–85)
Probability of dysfxn if rebleeding 1 0.987 1 (44, 79, 81, 83, 84, 86)
Sensitivity, ultrasound for dysfxn 83.5% 53.2% 100% (25, 82, 85, 87–89)
Specificity, ultrasound for dysfxn 88.5% 61.6% 100% (25, 82, 85, 87–89)
TIPS morbid complication rate 0.22 0.10 0.53 (38, 49, 78, 80, 81)
TIPS mortal complication rate 0.015 0 0.028 (13, 49, 78–80)
Venography morbid complication rate 0.075 0.008 0.09 (49, 78, 90)
Venography mortal complication rate 0 0 0.015∗ (49, 90)

Adherence rates
Medications for 2 wk 100% 0% 100% ∗

EBL or EGD (each session) 100% 0% 100% ∗

Survey ultrasound 100% 0% 100% ∗

OR of adherence if HE: no HE 100% 0% 100% ∗

Costs
Cirrhosis without VH or HE (annual) $471† $235 $942 ‡

Additional cost for HE (annual) $19,280† $9,640 $38,561 ‡

Variceal hemorrhage $8,832† $4,416 $17,664 ‡

Medications (annual) $86† $43 $172 ‡

EBL (per session) $407§ $203 $814 ‡

EBL complication $6,714† $3,357 $13,428 ‡

Survey EGD $407§ $203 $814 ‡

EGD complication $6,347† $3,173 $12,694 ‡

TIPS placement $2,606† $1,303 $5,212 ‡

TIPS complication $6,104† $3,052 $12,207 ‡

Survey Doppler ultrasound $134§ $67 $268 ‡

Venography without TIPS $1,109§ $555 $2,218 ‡

Venography complication $6,184† $3,092 $12,369 ‡

Utilities
Cirrhosis with history of VH 0.67 0.56 0.83 (29, 30)
Cirrhosis with HE and history of VH 0.56 0.30 0.67 (29–32)

Utility tolls (for 2 weeks)
Variceal hemorrhage 25% 0% 80% ∗

Medications 2% 0% 50% ∗

EBL complication 25% 0% 80% ∗

EGD complication 25% 0% 80% ∗

TIPS complication 25% 0% 80% ∗

Venography complication 25% 0% 80% ∗

OBS = observation alone, MED = medical therapy, EBL = endoscopic band ligation, EBL + M = combination EBL plus medical therapy, TIPS = transjugular intrahepatic
portosystemic shunt, EGD = diagnostic esophagogastroduodenoscopy.
∗Author consensus, see Appendices for details.
§2001 median national Medicare reimbursement.
†Microcosting of pseudo-bills; see Appendix C for details.
‡Low value derived by halving, and high value derived by doubling base case.
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was the only protocol that did not use invasive hemodynamic
measurements to titrate medications (10–12). The rates of
adherence with all strategies were taken to be 100% in the
base-case scenario, and each was examined independently of
the other with sensitivity analyses ranging from 0% to 100%.

Costs and Utilities
Direct health costs were estimated using the microcosting
technique; specifically, hypothetical pseudo-bills were cre-
ated to estimate resource utilization (27). The associated year
2001 median national reimbursement rates from the Health
Care Financing Administration were used. Medication costs
were estimated using average wholesale prices from 2002,
adjusted to year 2001 dollars using the consumer price index
(28). Direct non-health-care costs (such as patient transporta-
tion costs to and from clinic visits) and indirect costs (such
as lost wages) were not included in the analysis. Sensitiv-
ity analyses used low values derived by halving and high
values derived by doubling the base case (Table 1). The out-
comes were analyzed from the perspective of a third-party
payer.

Utilities are ratios that reflect patient preference for partic-
ular health states; they can be thought of as one-dimensional
values reflecting quality of life ranging from 0 (death) to
1 (perfect health). Utilities were estimated by using the pub-
lished empiric data for cirrhosis (29, 30). The utility of Child’s
Class B cirrhosis was used to estimate the utility of having
a history of controlled VH but no HE; the utility of Child’s
Class C cirrhosis was used to estimate that of a history of
controlled VH with HE. Previously published utilities for en-
cephalopathy based on expert opinion were incorporated into
the sensitivity analyses (31, 32). VH and complications likely
cause short-term decrements in the quality of life; therefore,
a toll of 25% of the patient’s health state utility for that 2-wk
cycle was assessed each time the patient had such a transi-
tion. Similarly, adherence to beta-blocker medications also
may cause a slight, but persistent decrement in quality of life
due to tolerable adverse effects such as fatigue or sexual dys-
function. Therefore, adherence to medication was associated
with a 2% toll on the health state’s utility. These tolls were
based on author consensus, and varied over a wide range in
the sensitivity analyses.

All costs and utilities were discounted at an annual rate of
3%, with a sensitivity analysis from 0% to 5% (27).

Sensitivity Analysis
All of the assumptions were varied in one-way sensitivity
analyses over the range found in the published literature, or
in the absence of published data, over a wide range as de-
scribed above. Two-way sensitivity analyses were performed
for selected variables.

In order to analyze the sensitivity to multiple assumptions
simultaneously, a Monte Carlo simulation was performed.
Transition rates and utilities were distributed normally ex-
cept those with ranges spanning at least two orders of magni-
tude (these were the OR of VH with EBL compared to MED,
mortality rate in absence of VH or HE, and EBL morbid

complication rate); these three transitions were distributed as
log-normal functions. Because the ranges of the cost vari-
ables were skewed, they were distributed as triangle func-
tions. Adherence rates and utility tolls were held constant at
the base-case values since no empiric data exist to describe
their distributions.

Outcomes
The primary outcome was the incremental cost-effectiveness
ratio (ICER) based on quality-adjusted life-years (QALYs)
saved between competing strategies of secondary prophy-
laxis. ICER is defined as the difference in cost, divided by
the difference in effectiveness. We defined the optimal strat-
egy as one that provides the most QALYs at a cost of no
more than $50,000 per each additional QALY compared with
the next-best strategy. Additional outcomes determined were
mean cost per patient, mean QALYs, mean number of VH,
and cost per VH prevented.

RESULTS

Natural History
Over a time horizon of 3 yr, the natural history of a patient
with a history of VH (as described by the observation strategy
in the base-case scenario) yielded 1.44 average QALYs, and
the direct health costs to a third-party payer averaged $21,100.
The model predicted that each patient experienced on average
1.56 VHs during this time period, and the 3-yr survival was
56%.

Prophylactic Strategies
In the cost-utility analysis of the base-case scenario, the strat-
egy of EBL + M dominated all of the other strategies, includ-
ing observation, meaning that EBL+M yielded more QALYs
and was less expensive than the other strategies (Fig. 2,
Table 2). Observation was also dominated by either EBL or
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OBS = observation, MED = medical therapy, EBL = endoscopic band ligation, EBL+M = combination EBL plus
medical therapy, TIPS = transjugular intrahepatic portosystemic shunt

Figure 2. Cost utility for QALYs in base-case scenario. In this figure,
more effective strategies appear toward the right, and less expensive
strategies appear toward the bottom. EBL + M (filled circle) dom-
inated all strategies, meaning it was both most effective and least
expensive.
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Table 2. Results of Prophylactic Strategies

Three-year
Strategies Cost ($1,000s) QALYs ICER QALY VH ICER VH Survival (%)

EBL + M 15.1 1.68 – 0.13 – 82
MED 15.7 1.57 (Dominated) 0.77 (Dominated) 71
EBL 16.6 1.67 (Dominated) 0.36 (Dominated) 77
OBS 21.1 1.44 (Dominated) 1.56 (Dominated) 56
TIPS 30.9 1.63 (Dominated) 0.23 (Dominated) 77

QALYs = quality-adjusted life-years, ICER = incremental cost-effectiveness ratio, VH = number of variceal hemorrhages experienced, EBL + M = combination endoscopic
band ligation plus medical therapy, MED = medical therapy, EBL = endoscopic band ligation, OBS = observation, TIPS = transjugular intrahepatic portosystemic shunt.

MED alone, and TIPS was dominated by EBL alone. TIPS
yielded more QALYs than MED alone, but was relatively
costly. In terms of VH prevention, there were diminishing
gains with successively more effective strategies (Table 2).
Of the 1.56 VHs predicted in the observation arm over 3 yr,
patients in the MED arm suffered 0.77, with EBL 0.36, with
TIPS 0.23, and with combination EBL + M only 0.13. How-
ever, the slight advantage of TIPS over EBL in preventing
VH did not translate into overall survival; EBL + M was pre-
dicted to have a 3-yr survival of 82%, compared to 77% for
both EBL and TIPS, 71% for MED, and 56% for observation
(Table 2).

Sensitivity Analyses
ONE-WAY SENSITIVITY ANALYSES. One-way sensitiv-
ity analyses for cost utility were performed on each of the
variables. Only 4 of the 52 variables demonstrated changes
in the optimal strategy as defined by the strategy produc-
ing the most QALYs at no more than $50,000 per additional
QALY gained compared to the next most effective strategy
(Table 3). If patients’ quality of life decreased by more than
4% because of adverse effects of the medications, then EBL
alone was the optimal strategy rather than EBL + M, since
any benefit of medications in preventing VH was offset by
the decrease in quality of life.

The comparative rates of VH with MED, EBL, and EBL +
M also strongly affected the choice of optimal strategies. If
the odds of experiencing a VH with EBL were greater than 1.7
times the odds with MED, then MED alone was the optimal
strategy rather than EBL + M as in the base case. At ORs
greater than 1.7, the added cost of EBL outweighed any of
its added benefits.

Table 3. One-way Sensitivity Analyses: Changes in Optimal Strategy

Variables Base-Case (range) Threshold Optimal∗

Decrement in quality of life due to medications 2% (0–50%) >4% EBL
Odds of VH with EBL compared to MED 0.45 (0.24–2.61) >1.73x MED
Odds of VH with EBL compared to EBL + M 2.84 (1–3.45) <1.47x EBL
Adherence rate to all§ 100% (0–100%) <12% TIPS

EBL = endoscopic band ligation, EBL + M = combination EBL plus medical therapy, MED = medical therapy, QALYs = quality-adjusted life-years, VH = variceal hemorrhage.
∗The optimal strategy was defined as the one that offered the most QALYs at a cost of no more than $50,000 per each additional QALY compared to the next most effective
strategy. In all of the other one-way sensitivity analyses, the optimal strategy did not change from EBL + M.
§In this analysis, the adherence rates for medications, EBL, EGD and ultrasound were all set equal. Note that when adherence with each strategy was modeled independently of
each other, EBL + M was always the optimal strategy.

If the odds of VH with EBL alone was less than 1.5 times
the odds with EBL + M, then EBL alone was optimal. Below
that OR, the decrement in quality of life caused by the med-
ications outweighed any added benefit medications provided
in preventing VH.

EBL + M dominated all other strategies in the base-case
scenario, and adherence rates had little effect. For instance,
if adherence with medications was even 1%, EBL + M dom-
inated EBL. Similarly, if adherence with EBL was even 1%,
then EBL + M dominated MED alone. However, if adher-
ence with a 2-wk cycle of medications, adherence with a
single EBL or EGD session, and adherence with a single ul-
trasound surveillance were all set equal, then TIPS was the
optimal strategy if adherence with each of these interventions
was simultaneously less than 12%. If adherence with either
MED or EBL was higher, than TIPS was no longer optimal.

The choice of optimal strategy was not sensitive to changes
in any of the other variables in the model. Specifically, EBL +
M was the optimal strategy regardless of the baseline risk of
VH, the mortality rate associated with VH, or the probability
of TIPS dysfunction.

TWO-WAY SENSITIVITY ANALYSES. Two-way sensitiv-
ity analyses were performed to see if the optimal strategy
could be altered. Because important variables in the one-
way sensitivity analyses included the OR of VH with EBL
compared to MED, and the OR with EBL + M compared
to EBL alone, we performed a two-way sensitivity analysis
of these two variables on cost-effectiveness (Fig. 3A). The
optimal strategy depended on the combination of these vari-
ables. As already mentioned, in the base-case scenario EBL +
M was optimal in terms of cost-effectiveness (the square
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Figure 3. (A) Effect of comparative efficacies of strategies on cost-effectiveness: two-way sensitivity analysis of odds of VH with EBL
compared to MED, and odds of VH with EBL + M compared to EBL alone. The x-axis is the OR of VH with EBL compared to MED, and
contains the entire range of values in the sensitivity analysis. At a value of 1, the two are equivalent in terms of efficacy of prevention of VH,
but not necessarily cost-effectiveness in terms of QALYs. MED is more efficacious in preventing VH toward the right and EBL toward the
left. The y-axis is the OR of VH with EBL + M compared to EBL alone, and contains the entire range of values in the sensitivity analysis.
Adding MED to EBL is more efficacious in preventing VH toward the bottom. The strategies label the domain of combination of efficacies
in which the strategy was optimal in terms of cost-effectiveness; the lines represent the frontiers between domains. The base case (square)
resulted in an optimal strategy of EBL + M, while an example (circle) where OR VH EBL: M was 1.25 and OR VH EBL + M: EBL was 0.8
resulted in an optimal strategy of MED. In this analysis, all other variables were at their base-case values (i.e., utility toll of medications was
2%, and adherence with medications was 100%). (B) Effect of medication utility toll on cost-effectiveness: two-way sensitivity analysis of
OR VH EBL: MED and OR VH EBL + M: EBL at 10% utility toll for medications. The only difference in this analysis from Figure 3A is
that in this analysis, the decrement in quality of life associated with medications was changed from 2% to 10%. This increased the domain
in which EBL was optimal such that EBL was the optimal strategy for both the base case (square) and the example (circle). (C) Effect
of nonadherence with medical therapy on cost-effectiveness: two-way sensitivity analysis of OR VH EBL: MED and OR VH EBL + M:
EBL at 50% adherence with medications. The only difference between this analysis and Figure 3A is that adherence with medications was
changed from 100% to 50%. This decreased the domain in which MED was optimal, and increased the domain in which EBL + M was
optimal such that EBL + M was the optimal strategy for both the base case (square) and the example (circle).
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Figure 3. (Continued)

representing the base case in the figure falls in the domain
where EBL + M is optimal). For a different example, if the
odds of VH with EBL was 1.25 times the odds with MED, and
the odds of VH with EBL + M was 0.8 times the odds with
EBL alone, then MED was the optimal strategy (the circle rep-
resenting this example in the figure falls in the domain where
MED is optimal). The frontiers between the cost-effective
domains for each strategy in this two-way sensitivity analysis
are themselves sensitive to changes in two other important
variables, the utility toll of medications (i.e., the decrease in
quality of life due to side effects of medications) and the ad-
herence rate with medications or EBL. If the utility toll of
medications was 10% rather than the 2% in the base case, the
domain in which EBL was the optimal cost-effective strategy
increased (Fig. 3B); in that situation EBL was the optimal
strategy for the example detailed above, rather than MED.
Alternatively, if adherence with medications was 50%, the
domain where MED is the most cost-effective strategy be-
came smaller while that of EBL + M became larger (Fig.
3C). In fact, in that situation, EBL + M was the optimal
strategy for the example case rather than MED.

MONTE CARLO ANALYSIS (MULTIWAY SENSITIVITY
ANALYSIS). A Monte Carlo analysis examines the robust-
ness of a model by varying multiple variables simultaneously.
The utility tolls and adherence rates were kept constant at the
base-case values because empiric data are needed to program
their distributions, and no such data exist for those variables.
A total of 10,000 combinations of randomly chosen values
for the remaining 41 variables were analyzed (Table 4). The
average QALYs and costs for each of the strategies redemon-
strated that EBL + M was the optimal strategy on average.
However, EBL + M was the optimally cost-effective strategy

Table 4. Primary Monte Carlo Analysis

% Optimal∗
Mean Mean Cost

Strategies QALYs ($1,000s) WTP = $50K WTP = $100K

OBS 1.36 22.8 0% 0%
MED 1.49 16.8 19% 12%
TIPS 1.52 33.4 0% 0%
EBL 1.54 19.3 19% 27%
EBL + M 1.56 17.2 62% 61%

EBL = endoscopic band ligation, EBL + M = combination EBL plus medical therapy,
MED = medical therapy, OBS = observation, QALY = quality-adjusted life-year,
TIPS = transjugular intrahepatic portosystemic shunt, WTP = willingness to pay.
∗% Optimal is the percentage of combinations that result in that strategy being the
optimal one defined as that which yields the most QALYs at an ICER no greater
than the WTP per each QALY gained when compared to the next most effective strategy.

in only 62% of combinations; nonetheless, neither observa-
tion nor TIPS was the optimal strategy more than 1% of the
time, even if the third-party payer was willing to pay $100,000
per QALY. In order to verify whether the four variables identi-
fied in the one-way sensitivity analyses accounted for the vari-
ance in optimal strategies demonstrated in the Monte Carlo
analysis, the Monte Carlo was repeated while holding all four
of those variables constant at their base-case values, i.e., in
addition to adherence rates and the utility tolls being held
constant, the OR of VH with EBL compared to MED, and
the OR of VH with EBL + M compared to EBL were held
constant (Table 5). Indeed, when those four variables were
held constant, EBL + M was the optimal strategy in 95% of
the combinations.

DISCUSSION

We created a Markov process model of secondary prophylaxis
for VH, and performed a cost-utility analysis. The base-case
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Table 5. Monte Carlo Analysis of 39 Selected Variables

% Optimal∗
Mean Mean Cost

Strategies QALYs ($1,000s) WTP = $50K WTP = $100K

OBS 1.36 22.7 0% 0%
MED 1.48 16.8 4% 0%
TIPS 1.52 33.0 0% 0%
EBL 1.57 17.9 1% 6%
EBL + M 1.58 16.3 95% 94%

EBL = endoscopic band ligation, EBL + M = combination EBL plus medical therapy,
MED = medical therapy, OBS = observation, QALY = quality-adjusted life-year,
TIPS = transjugular intrahepatic portosystemic shunt, WTP = willingness to pay.
∗% Optimal is the percentage of combinations that result in that strategy being the
optimal one defined as that which produces the most QALYs at an ICER no greater
than the WTP per each QALY gained when compared to the next most effective
strategy.
In this analysis, OR VH EBL:M and OR VH EBL + M:EBL were held constant, in
addition to adherence rates and utility tolls.

analysis showed that strategies of medical therapy, band lig-
ation, or combined medication and band ligation all domi-
nated the strategy of observation, meaning they were both
more effective and cost saving. It is quite unusual to find in-
terventions in medical practice that dominate the strategy of
OBS—benefits almost always cost money (33). Additionally,
the study demonstrates the potential importance of the decre-
ment in quality of life imposed by medications, the potential
benefits of a strategy of combined EBL and medical therapy,
and the inadequacies of TIPS.

While EBL + M dominated both MED alone and EBL
alone in the base-case analysis, the Monte Carlo analysis
found EBL + M to be the optimal strategy in only 61% of
cases, revealing significant uncertainty in which of those three
it is optimal. Therefore, the result of the base-case analysis
is not robust enough to recommend that all patients receive
combined EBL and medications as secondary prophylaxis
for VH; further empirical studies are needed in order to im-
prove the robustness of the model. As shown in the one-way
and two-way sensitivity analyses, the values of only a few
important variables need to be known more confidently. The
ORs of VH with EBL compared to MED, and of VH with
EBL + M compared to EBL describe the relative efficacy
of the three strategies. There are few empiric data regarding
the exact values for those two variables. Only three random-
ized controlled trials to date have compared EBL and med-
ical therapy. The first, by Villanueva et al. concluded that
combined therapy with nadolol and isosorbide mononitrate,
titrated to the invasively measured hepatic venous pressure
gradient (HVPG), prevented more VH than EBL did (10).
The study by Patch et al. purported similar efficacy of both
propranolol plus isosorbide mononitrate titrated to the HVPG
and EBL, finding a relative hazard for rebleeding with EBL
versus MED of 1.41 (95% CI, 0.78–2.55) (12). However, the
power calculation for that study called for 193 patients, but
the study was terminated after the enrollment of only 104 sub-
jects due to inability to recruit enough subjects in a timely
fashion. The study by Lo et al. found that EBL was more
efficacious than nadolol and isosorbide mononitrate titrated
to noninvasive clinical parameters, with a relative risk of

0.45 (95% CI, 0.24–0.85) (11). Because meta-analyses have
found that sclerotherapy is more efficacious than propranolol,
and that band ligation is more efficacious than sclerotherapy,
we believe Lo’s results to be the most plausible (8, 9). How-
ever, the aggressive titration of combined beta-blockade and
nitrates using the HVPG may well improve the efficacy of
medical prophylaxis compared to EBL considerably. Further
studies comparing these strategies are certainly warranted.

This study shows that the efficacy of medical therapy in
preventing VH can be offset to a significant degree by even
a slight chronic decrement in the quality of life caused by
the medications. Beta-blockers can cause adverse effects that
nonetheless are tolerated in order to allow for continuation of
therapy. In cardiovascular trials, fatigue and sexual dysfunc-
tion are reported by significantly more patients taking beta-
blockers than placebo (absolute risk increase of 3.0% and
4.2%, respectively), and patients taking nonselective beta-
blockers appear to be at an even higher risk for fatigue than
those taking selective beta-blockers (34). It is not known what
effect beta-blockers have on the utility of patients with de-
compensated cirrhosis; however, we found that even a small
toll of 4% on the utility can make EBL alone favored over
EBL + M despite the improved efficacy of the combined
strategies for VH prevention. In practice, this might mean
that a patient who notes any adverse effect of the medica-
tions whatsoever may be better served by a different strategy.
Future studies should address this important question.

We found that combined EBL + M has the potential to
be the optimal strategy for secondary prophylaxis. We could
find only one published study comparing combined band lig-
ation and medications to either therapy alone, so the results
of the base-case analysis are certainly not robust (14). That
one study found that the odds of VH with EBL alone were
almost 3 times the odds with EBL + M (p = 0.001). Impor-
tantly, the model demonstrates that EBL + M is a very good
strategy in situations with less-than-perfect adherence. This
is analogous to wearing both a belt and suspenders to hold up
pants. Combining strategies offers slightly extra benefit and
is not costly; more importantly, if either process breaks down,
the other alone is still a cost-effective strategy. The process
of incorporating redundancy in critical systems to improve
reliability has been illustrated in previous studies (35, 36).
As shown in Figures 3A and C, in many scenarios of perfect
adherence where medications alone was the optimal strategy,
EBL + M became the optimal strategy if adherence with
medications was changed to 50% despite the very good effi-
cacy and costs of medical therapy. A corresponding argument
can be made regarding adherence to EBL. Additional con-
trolled trials are needed to compare the efficacy of combined
medication and band ligation with either therapy alone; in
the meantime, the results of the base-case analysis depend
entirely on the one existing trial, and hence the result is un-
certain as demonstrated by the Monte Carlo analysis.

To our knowledge, there are no studies examining adher-
ence rates to secondary prophylaxis of VH in clinical prac-
tice that use outcomes applicable to this Markov process. A
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prospective cohort study of propranolol found that 38% of
subjects had poor adherence as defined as either ever miss-
ing a dose or stopping therapy entirely; only 45% of patients
with poor adherence were free from rebleeding at 2 yr versus
71% of patients with good adherence (p = 0.01) (37). Since
it was a prospective study in which subjects gave informed
consent, nonadherence in actual practice could be consider-
ably higher. No real-world studies documenting adherence
with band ligation or TIPS have been published. In short, we
have found that adherence can have an important effect on
the effectiveness of prophylaxis, that combined EBL + M is
very resilient to poor adherence, and that there are few appli-
cable data regarding adherence in actual practice pertaining
to this issue.

This study demonstrated that TIPS was relatively ineffec-
tive in producing QALYs despite its very good efficacy in
preventing VH. Meta-analyses have demonstrated the better
efficacy of TIPS in preventing rebleeding from esophageal
varices compared to endoscopic therapy, but have not been
able to demonstrate a survival benefit (13, 38, 39). It has
been suggested that this lack of a survival benefit may be due
to a type II error (38). A previous study of VH has shown
that multistate Markov models may be more accurate in pre-
dicting survival than calculations of the marginal survival
distribution in trials (40). Our study reconfirmed that de-
spite lower rates of VH with TIPS compared to EBL, the
3-yr survival rates were identical. Looking at Table 2, it is
clear that with each strategy that is successively more effi-
cacious in preventing VH, there are diminishing incremental
gains because there are fewer and fewer VH left to prevent;
for instance, MED prevents 0.79 VH compared to OBS, but
TIPS only prevents an additional 0.13 VH compared to EBL.
This diminishing incremental gain is part of the reason why
meta-analyses have shown that medical prophylaxis improves
survival compared to observation, but have not been able to
show a similar survival improvement with TIPS compared
to endoscopic therapy (1, 41, 42). In addition, the absence
of a survival effect is likely due to the small, but significant
rates of mortal complications and technical failure with TIPS
placement (1.5% and 3.4%, respectively in the base case)—
factors that are unlikely to be dramatically improved upon.
The high rates of HE with TIPS, high rates of TIPS dys-
function, and the associated costs of surveillance and TIPS
revision certainly are substantial; however, even minimizing
these effects did not make TIPS optimal. Furthermore, any
improvements in TIPS technology with regard to the rate
of dysfunction may necessarily also increase the rate of HE
and worsen hepatic function (39). All of this evidence sug-
gests that any improvements in TIPS technology that decrease
the rate of TIPS dysfunction will translate into relatively lit-
tle improvement in QALYs compared to other prophylactic
strategies, and may actually diminish QALYs. Based on this
study, TIPS would appear to have no role in secondary pro-
phylaxis of VH. Notably, however, the study did not address
the management of uncontrolled VH; TIPS may very well
have a useful role in that scenario.

We were surprised to find that TIPS was neither very ef-
fective in terms of QALYs, nor cost-effective, since the only
previously published decision analysis of secondary prophy-
laxis for VH concluded it to be both, in terms of VH prevented
(16). The study by Russo et al. was a cost-effectiveness anal-
ysis comparing the strategies of TIPS, EBL + M, and scle-
rotherapy plus medications with a time horizon of 1 yr That
model assumed a 20% rate of crossover from other therapies
to TIPS, and involved 27 variables including a higher HE
rate with TIPS and a 40% rate of TIPS dysfunction requiring
TIPS revision. They concluded that TIPS was cost-effective
with an ICER of $12,660 per additional VH prevented com-
pared to EBL + M, but did not provide the cost in terms of
QALYs. In a post hoc analysis, we used their base-case val-
ues and time horizon in our model, and found that the ICER
for TIPS compared to EBL + M was $48,187 per additional
VH prevented, but at a cost of over $4 million per additional
QALY. The advantage of a cost-utility analysis is that the re-
sult can be compared to economies of management of other
disease states such as breast cancer screening or childhood
immunizations. Finally, our study differed from the study by
Russo et al. by including a strategy of observation or do-
nothing. While such a strategy is rarely pursued in clinical
practice intentionally, it offers an important reference point.
For instance, we found that MED, EBL, and EBL + M all
dominated the strategy of observation, a finding very relevant
to payers.

There were a number of limitations to our study. One was
the exclusion of the strategy of medications titrated to HVPG.
We performed a sensitivity analysis simulating that specific
scenario by adjusting the relative efficacies of observation,
MED, and EBL in preventing VH (data not shown). In that
scenario, medications appeared to be the optimal strategy, but
the analysis did not account for the costs and complications
of HVPG measurements. Similarly, the model excluded the
option of liver transplantation or crossover to other strategies
for failed cases; however, the available literature does not ex-
amine the prophylactic strategies in those patient populations
per se.

Another limitation was that the time horizon of this model
was only 3 yr. Ideally, a cost-utility analysis ought to follow
each patient until death, thus comparing the quality-adjusted
time offered by each strategy over the entire remaining life.
We did extend our time horizon to 15 yr, and still found EBL+
M the optimal strategy in the base case (data not shown), but
in order to perform the analysis properly with a horizon of
death, we would have needed actuarial life-tables for decom-
pensated cirrhosis in the absence of VH, longer-term data
on the natural history of VH, and longer-term data on the
efficacies, complications, and necessary surveillance of the
various strategies. To date, the published literature does not
furnish those details, so we could not use such a time hori-
zon. Furthermore, Markov chains assume that the transition
rates stay constant over time, which may not be the case with
VH and its prophylactic strategies even over the short time
horizon of 3 yr.
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The foremost limitation was the uncertainty in the con-
clusion of which strategy was optimal. The Monte Carlo
analysis demonstrated that EBL + M was only optimal in
62% of cases. We showed that the substantial variance in
the optimal strategy was explained by the uncertainty re-
garding the relative efficacy of MED, EBL, and EBL + M
in preventing VH, the decrement in quality of life due to
medications and adherence. In turn, the true values of those
variables themselves have considerable uncertainty in the
published literature, a limitation of most decision analyses.
While this study did not determine which of the three strate-
gies should be the standard of care, it did identify which
variables are important for further research. As mentioned
above, there has been only one study comparing the efficacy
of combination medication and band ligation to either alone,
and no studies of the effect medications have on quality of
life in these patients, and no relevant studies of adherence
rates in this population for these strategies. The true values
of many of the other variables may also be uncertain, but
precisely determining them is not necessary to resolve this
question.

In summary, our study demonstrated the cost-effectiveness
of secondary prophylaxis of VH with either medications,
band ligation, or their combination compared to observation
or TIPS. Combined medications and band ligation is likely
the optimal strategy, in part because it is resilient to poor
adherence. The results are not robust, so further research is
needed to determine the relative efficacies of medications,
band ligation, and their combination in preventing VH, as
well as to determine the effect the medications have on health
state utilities, and the rate of adherence with the strategies in
actual practice.

APPENDIX A: MODEL STRUCTURE

In order to account for so many variables such as compli-
cations and adherence, the model was necessarily complex,
represented by over 1,300 branches. However, in order to
keep the model relatively simple, a number of assumptions
were introduced based on the model’s geometry or structure.
These assumptions are unlikely to affect which strategy is
preferred, but may affect the exact ICER.

Mortality From Variceal Hemorrhage
Death from VH was assumed to take place within 2 wk from
the onset of hemorrhage. This risk was based on the published
30-d mortality, and the risk of death after 2 wk was assumed
to return to baseline. The risk was assumed to be independent
of the strategy for prophylaxis (43).

Complementary Probabilities
The risk of developing encephalopathy was modeled as com-
plementary to the risk of VH and the risk of death without
VH. Therefore, patients could not develop VH and persistent
HE in the same cycle.

Encephalopathy During EBL
Due the restrictions of utilizing tunnel states, patients could
not develop HE during a series of EBL. After completion of
the series, or nonadherence with the series, the mean cumu-
lative risk of having had developed HE during those cycles,
and its associated costs were applied.

Interaction of Surveillance Intervals with Encephalopathy
or Adherence
Due to the restrictions of utilizing tunnel states, two artifacts
were introduced. If patients developed encephalopathy, then
the timer to either the surveillance endoscopy or surveillance
ultrasound was reset. In the EBL + M arm, a similar artifact
occurred if patients changed their adherence with medica-
tion. This artifact was not an issue in the base-case scenario
because it assumed perfect adherence. The only way to avoid
these artifacts of tunnel states entirely would be to perform
only a Monte Carlo simulation using tracker variables; cohort
analysis, which present results conventionally and allows for
one-way sensitivity analyses, cannot be performed without
introducing these artifacts.

Simplifications in the EBL + M Strategy
In the EBL + M strategy, adherence with either EBL or med-
ications was modeled independently; therefore, that arm of
the model involved the most complexity, and a few simpli-
fications were assumed. We assumed that the rate of recur-
rence of varices after EBL in patients who were adherent
with medical therapy was identical to that of patients who
undergo EBL alone. In patients who adhered to initial EBL,
but were nonadherent with surveillance endoscopy and had
undetected recurrent varices despite adhering to medical ther-
apy, the observation rate of VH was assumed, but the patients
still accumulated the costs and utility tolls of medical therapy.
Among patients who had undetected varices while nonadher-
ent with both medications and surveillance endoscopy, their
course was determined by their adherence with medications
at the next surveillance interval. If these patients adhered with
medications at that time, then they were assumed to have the
same risk of recurrent varices as patients in the EBL alone
strategy. However, if they were still nonadherent with med-
ications at the time of surveillance endoscopy, but adhered
to the endoscopy, they were assumed to still have the varices
and so automatically began a series of band ligation.

APPENDIX B: TRANSITION PROBABILITIES

Rates of Variceal Hemorrhage
The ORs for VH were based in large part on meta-analyses
of the respective strategies. To confirm that these ORs rep-
resent the true efficacy, ratios were additionally derived in
alternative ways in select cases. For instance, the OR of VH
with beta-blockers plus nitrates compared to observation was
derived, and was found to lie within the published range of
OR for beta-blockers alone compared to observation (23).
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Similarly, the OR for VH with EBL compared to medica-
tions was derived by multiplying the OR for VH for EBL
compared to sclerotherapy, by the OR for VH for sclerother-
apy compared to beta-blockers; these latter two ORs have
been determined by meta-analyses (8, 9). This resulted in an
OR for VH with EBL compared to medications of 0.235, just
below the lower limit used in the sensitivity analysis. Finally,
rates of VH with TIPS were derived from both the OR in
meta-analyses of TIPS versus endoscopic therapy, and from
the OR in the only study of TIPS versus medical therapy;
these rates were found to be comparable (44).

For the OR of VH in EBL + M compared to EBL alone,
the lower limit was taken to be identical to that found for the
OR of VH with medication compared to observation, and the
upper limit of the sensitivity analysis was set at 1 (meaning
that adding medication adds no additional benefit).

Mortality in Absence of VH
The base-case rate of mortality without a VH was derived
from a meta-analysis of controlled trials (1). The lower limit
was taken from the United States vital statistics for the aver-
age 50-yr-old Caucasian American man (45). The upper limit
assumed the total risk of death associated with a population
of patients awaiting liver transplantation (46).

Number of Band Ligation Procedures
The number of sessions required to complete band ligation
was modeled as normally distributed using the mean, and the
mean of the standard deviations from published trials. This
probability distribution was used in each analysis, and was
not varied in a sensitivity analysis.

APPENDIX C: COSTS

Hypothetical pseudo-bills for each Markov state or transition
state were created as follows. The annual care of cirrhosis
without VH or HE included three outpatient visits with lab
work; one-third of patients were hypothesized to be taking
furosemide and aldactone for ascites. The additional annual
care for HE included lactulose twice a day, two additional
outpatient visits, and three 4-d hospitalizations that included
initial work-ups for infection (chest radiograph, urinalysis
and culture, blood culture, and paracentesis with fluid stud-
ies), and antibiotics. VH included 2 d of critical care, 4 d of
general ward care, an upper endoscopy with band ligation,
72 h of octreotide infusion, central venous catheter place-
ment, transfusion of five units of packed red blood cells,
and intravenous antibiotics (47, 48). Medical therapy annual
costs were for an average dose of propranolol 40 mg twice
daily, and one additional outpatient visit per year to titrate
the dose. Complications of band ligation were modeled for
the diagnosis and treatment of a bleeding esophageal ulcer.
The cost of complications of upper endoscopy without band
ligation was modeled on an esophageal perforation treated
conservatively. The cost of TIPS included a postprocedure

ultrasound with Doppler, and a 6% rate of acute occlusion
necessitating thrombolysis, an additional hospital day, and
a repeat ultrasound (49). The cost of a complication from
TIPS was based on conservative management of bleeding,
including hospitalization and a computed tomogram of the
abdomen and pelvis. A complication from hepatic venogra-
phy was modeled similarly.

APPENDIX D: MONTE CARLO ANALYSIS

In the Monte Carlo analysis, random values for each variable
were selected simultaneously for 10,000 independent runs
of the model. The distribution and mode of each variable
was prespecified. Adherence rates and utility tolls were not
varied in the Monte Carlo analysis because their base-case
values were chosen ad hoc by author consensus, and because
the model was found to be sensitive to their values in the
one-way and two-way sensitivity analyses. Even defining a
distribution of those variables would have necessarily biased
the result of the analysis. For instance, if the utility toll for
medications was defined as normally distributed with a mean
of 2% and 95% confidence interval of 0–4%, the analysis
would be biased in favor of medications; if it were defined as
a uniform distribution with a range of 0–10%, the analysis
would be biased against medications. Because we had no
empiric means with which to define the distributions of these
variables, we specifically chose to set them at their base-case
values.

The Monte Carlo analysis was repeated while holding con-
stant the variables found to be important in the one-way sen-
sitivity analysis. If those variables were indeed the cause of
much of the uncertainty in the result, then the uncertainty
should diminish significantly if they were held constant.
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