International Journal of Technology Assessment in Health Care, 22:2 (2006), 191-202.
Copyright © 2006 Cambridge University Press. Printed in the U.S.A.

Early assessment of the likely
cost-effectiveness of a new
technology: A Markov model with
probabilistic sensitivity analysis
of computer-assisted total knee
replacement

Hengjin Dong, Martin Buxton
Brunel University

Objectives: The objective of this study is to apply a Markov model to compare
cost-effectiveness of total knee replacement (TKR) using computer-assisted surgery
(CAS) with that of TKR using a conventional manual method in the absence of formal
clinical trial evidence.

Methods: A structured search was carried out to identify evidence relating to the clinical
outcome, cost, and effectiveness of TKR. Nine Markov states were identified based on the
progress of the disease after TKR. Effectiveness was expressed by quality-adjusted life
years (QALYs). The simulation was carried out initially for 120 cycles of a month each,
starting with 1,000 TKRs. A discount rate of 3.5 percent was used for both cost and
effectiveness in the incremental cost-effectiveness analysis. Then, a probabilistic
sensitivity analysis was carried out using a Monte Carlo approach with 10,000 iterations.
Results: Computer-assisted TKR was a long-term cost-effective technology, but the
QALYs gained were small. After the first 2 years, the incremental cost per QALY of
computer-assisted TKR was dominant because of cheaper and more QALYs. The
incremental cost-effectiveness ratio (ICER) was sensitive to the “effect of CAS,” to the
CAS extra cost, and to the utility of the state “Normal health after primary TKR,” but it was
not sensitive to utilities of other Markov states. Both probabilistic and deterministic
analyses produced similar cumulative serious or minor complication rates and complex or
simple revision rates. They also produced similar ICERs.

Conclusions: Compared with conventional TKR, computer-assisted TKR is a cost-saving
technology in the long-term and may offer small additional QALYs. The “effect of CAS” is
to reduce revision rates and complications through more accurate and precise alignment,
and although the conclusions from the model, even when allowing for a full probabilistic
analysis of uncertainty, are clear, the “effect of CAS” on the rate of revisions awaits
long-term clinical evidence.
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Although definitive assessment of cost-effectiveness may re-
quire long-term evidence from randomized trials, it is impor-
tant early in the life-cycle of new technologies to begin to es-
timate likely cost-effectiveness (49). Such estimates can help
prioritize internal development plans, indicate which param-
eters must need further research, and inform early adopters
of the technology.

Computer-assisted total knee replacement (TKR) is one
such new technology. The demand for TKR is increasing
mainly because of longer life expectancies and rising public
expectations for quality of life and mobility in later years. In
the United Kingdom, 20 percent of the population is over
60 years old, and it is estimated that between 1995 and
2025 the number of people over 80 will increase by around
50 percent and the number of people over 90 will double
(22). Currently, approximately 2 percent of the population
55 years of age and over are so disabled that they need TKR,
and this rate increases with age. The estimated prevalence in
women is nearly twice as high as in men (51).

TKR is a well-proven procedure. The number of replace-
ments has increased steadily (3;16;52). The average age of
patients at operation is 70; two-thirds are women. TKR usu-
ally produces excellent results, although serious complica-
tions occur in around 5 percent of cases because of loos-
ening, instability, dislocation, infection, or fracture (36). In
20-60 percent of patients, less serious complications such
as anterior knee pain or limited movement are reported at
approximately 3 years after operation (25;28;31). Total revi-
sion rates 2-5 years after TKR are reported as being around
2 percent (36).

The complication rate is related to a surgeon’s experi-
ence. The average surgical complication rate and mortality
rate, adjusted for hospital size, decline as TKR volume in-
creases (30). The surgeon’s experience in patient selection,
soft-tissue balancing, the alignment of the leg, the restoration
of the joint line, and also the prosthetic design are all possible
factors influencing the success of TKR (21).

The patients’ age, sex, and type of disease also affect
the results. After controlling for the follow-up period, the
greater the age of patients at the primary operation, the lower
the overall revision rate as activity levels decrease (47). The
overall cumulative revision rate after TKR is similar in both
sexes for patients with osteoarthrosis, whereas in patients
with rheumatoid arthritis, men have a higher revision rate
(47).

Component misalignment in any anatomical plane can
cause complications. Minor malpositioning and varus or val-
gus misalignment of the limb mechanical axis can lead to
early loosening, increased polyethylene wear, or poor func-

tion (27;44;55). Malrotation of either the femoral or tibial
component will affect patellar tracking and can lead to patel-
lar subluxation or dislocation (8). Alterations in the joint
line usually lead to limited movement (25). Anteroposterior
(AP) malpositioning of the femoral component by as little as
2.5 mm could reduce the range of knee’s movement by up to
20 degrees (27). Soft-tissue balancing and the range of move-
ment are strongly influenced by the tibial slope (24;45;53).
In principle, either misalignment of any of the components
or incorrect soft-tissue balancing can lead to failure of the
implant (37).

Computer-assisted surgery (CAS) systems have been de-
veloped to improve limb and component alignment in TKR.
“Their aim is to provide more accurate implantation by dig-
ital mapping based on standard anatomical landmarks and
kinematic analysis” (18). However, as yet, there is limited
evidence of its effectiveness. In a prospective randomized
study, the radiological outcomes of 120 TKRs using a navi-
gation system were compared with that of 120 conventional
cases (50). By using AP radiographs to diagnose the mis-
alignment, the results revealed a highly significant difference
between the two groups in favor of navigation with regard
to the mechanical axis, the frontal and sagittal femoral axis,
and the frontal tibial axis. In a separate randomized study,
radiographs also showed that computer-assisted TKR gave
a better alignment of the leg and orientation of the compo-
nents compared with the conventional technique (6). In an-
other randomized prospective trial, postoperative computed
tomographic (CT) scans showed that CAS had a significant
improvement in the alignment of components with regard to
femoral varus/valgus, femoral rotation, tibial varus/valgus,
tibial posterior slope, tibial rotation, and femorotibial mis-
match (17;18).

Some studies of TKR have included cost analyses or
cost-effectiveness analyses. Total hospital cost per patient
was approximately US$11,500 for conventional TKR in Fin-
land (46). The cost per “quality well year” (defined by
the Quality of Well Being Index) compared with before
operation was approximately $6,656 at 2-year after opera-
tion in the United States (39). To our knowledge, however,
there are as yet no studies comparing the cost-effectiveness
of conventional TKR with that of computer-assisted
TKR.

This study uses a Markov model to make a preliminary
assessment of the cost-effectiveness of computer-assisted
TKR with that of conventional TKR. It includes both a de-
terministic analysis with one-way sensitivity analysis and a
probabilistic analysis, as is increasingly recommended (43),
to better characterize the uncertainty in analysis.
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Table 1. Markov State and Description

Markov state

Description

TKR operation for knee problem
Normal health after primary TKR

A patient is at the state just after primary TKR
The health state without identified complication after the primary TKR operation. In this stage,

patients behave like common persons

TKR with minor complications
TKR with serious complications
Simple revision

Complex revision

Other treatments

Normal health after TKR revision
Death

The health state with some less serious complications, such as knee pain

The health state with some serious complications such as loosening, instability, and fracture
The complications need to be treated by simple revision operation

The complications need to be treated by complex revision

The complications need to be treated by other methods, not revision

A patient is healthy but with TKR revision

A patient dies of TKR-related treatments or other causes

TKR, total knee replacement.

TKR with serious
complications

Complex
revision

Simple
revision

TKR operation for
knee problem

TKR with minor
complications

Normal health
after TKR revision

Normal health
after primary TKR

Figure 1. Markov state transition model for total knee replacement (TKR).

METHODOLOGY

Structure of the Markov Model

The key components of a Markov model are Markov health
states, transition probabilities, and corresponding cost and
outcome data (10). Based on the natural history of the clinical
problem and the outcomes of the surgical intervention, nine
Markov health states were identified (Table 1). These are
represented by ovals in Figure 1. Entry into the model was
by means of the state “TKR operation for knee problem.”
From all states, other than the entry state, patients could die.
The full pattern of potential transitions (shown by arrows)
and the states in which patients could remain for multiple

periods (indicated by backward bending arrows returning to
the state that they left) are shown in Figure 1.

Parameter Estimation for Initial
Deterministic Analysis

A structured search was carried out to identify evidence re-
lating to the clinical outcome and cost-effectiveness of TKR.
This approach included an electronic search of MEDLINE,
Health Economic Evaluation Database, the UK Department
of Health Database, the U.S. Department of Health and
Human Services Database, the Cost-Effectiveness Analysis
Registry Database, and relevant National Joint Replacement
Registry Databases in Sweden, Australia, and Canada. For
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Table 2. The 1-Month Weighted Transition Probabilities between the Markov States for Conventional TKR

Value of Simulated probability

Transition probability Source (range)

TKR operation for knee problem — Normal health after primary TKR .94220 .91606-.96639
TKR operation for knee problem — TKR with minor complications .04285 (29) .02338-.07686
TKR operation for knee problem — TKR with serious complications .01495 (4;7;9;26) .00576-.03355
Serious complication — Minor complication .01385 Assumed® .00428-.03200
Serious complication — Complex revision .02469 (2;5;13;34;40;54) .01141-.04978
Serious complication — Simple revision .00523 (5;13;34) .00073-.01763
Serious complication — Other treatments .95236 .93027-.97291
Minor complication — Serious complication .00921 Assumed?® .00327-.02704
Minor complication — Normal health after primary TKR .94236 .91959-.96569
Minor complication — Simple revision .00250 (1;25;38;40) .00011-.01224
Minor complication — Other treatments .01701 (40) .00780-.04165
Remain in the minor complication state .02505 (38) .01214-.04941
Normal health after primary TKR — Minor complication .01385 (25;28;31) .00372-.03206
Normal health after primary TKR — Serious complication .00921 (36) .00267-.02568
Remain in the normal health after primary TKR state 97307 .95397-.98925
Complex revision — Serious complication 02545 (3;14-16) .01289-.05332
Complex revision — Normal health after TKR revision .96963 .95063—-.98668
Simple revision — Serious complication .01590 (3;4-16) .00696-.03382
Simple revision — Minor complication .00816 (3;14-16) .00235-.02361
Simple revision — Other treatments .01701 Assumed® .00621-.03753
Simple revision — Normal health after TKR revision .95400 .93353-.97556
Other treatments — Serious complication .00921 Assumed® .00232-.02643
Other treatments — Minor complication .01385 Assumed® .00633-.03213
Other treatments — Simple revision .00250 Assumed"® .00007-.01361
Other treatments — Normal health after primary TKR 97057 .94070-.98605
Normal health after TKR revision — Complex revision .02003 (14-16) .00925-.03904
Normal health after TKR revision — Simple revision .01038 (14-16) .00308-.02717
Remain in the normal health after TKR revision state 96468 .94502-.98283
Death probability related to TKR for patients after primary TKR .00046¢ (3;13-16;35;38) .00000-.00709
Death probability related to revision for patients after TKR revision .00151¢ 3) .00002-.00959
Death related to all reasons .00341¢ 42) .00021-.01598

* Assume the rate is the same as patients with “Normal health after primary TKR.”

b Assume the rate is the same as patients with “Minor complication.”
¢ Converted from in-hospital mortality.

d Converted from death rate of the age group 7079 years.

TKR, total knee replacement.

example, a total of 623 articles was found from MEDLINE
between 2000 and 2004 using the key words of “TKR”
and “English,” from which we further identified articles
relating to systematic reviews, randomized clinical trials, or
follow-up studies. From the references of identified articles,
we enlarged the search. In total, we reviewed approximately
200 articles or reports and drew on data from approximately
40 studies.

The transition probabilities for conventional TKR were
estimated from a variety of sources as indicated and were
weighted by the relevant sample size (Table 2). The principal
“effect of CAS” was assumed to be to reduce the transition
probabilities to the state “TKR with serious complication.”
The mean of three randomized control trial studies suggested
that CAS could reduce the misalignment rate by approxi-
mately 48 percent (6;18;50). Given that it was estimated that
70.4 percent of complications are due to misalignment (3),
we assumed that CAS could reduce the serious complications
by 34 percent.
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A cycle length of 1 month was chosen; therefore, the
transition probabilities between states were all expressed as
1-month probabilities. Given the different follow-up peri-
ods in the various sources, a two-step calculation was used:
first, the 1-month rate (r) was calculated by the formula
r = —In(1 — P)/t(1), where P is the probability at the orig-
inal follow-up period and t is the time in months of the
follow-up. The 1-month probability (Pi-menm) Was calcu-
lated from the 1-month rate (r) using the formula: Py_yonm =
1 —exp(—r1) (2).

The death probability related to a primary TKR and
a TKR revision was calculated from in-hospital mortality
(3;13-16;35;38), and the death probability related to all
causes was converted from the UK death rate of age group
70-79 years of age (42). The transition probabilities from
“Complex revision” to “TKR with serious complication” and
from “Simple revision” to “TKR with serious complication”
or to “TKR with minor complication” were estimated based
on the information of second and subsequent revisions from
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the Australian or Canadian TKR registries (3;14—16). The
same source and methodology were used to estimate the
transition probabilities from “Normal health after primary
TKR? to the state “Simple revision,” or “Complex revision.”

Costs were estimated from the perspective of the Na-
tional Health Services (NHS) and in accordance with the
UK National Institute for Clinical Excellence (NICE) guid-
ance, we did not include productivity loss (43). All costs
were in 2003 UK pounds sterling. A cost was estimated for
each Markov state, but we assumed that there were no costs
for the states “Normal health after primary TKR,” “Normal
health after TKR revision,” and “Death” (Table 3). The cost
for conventional primary TKR, revision, and other treatment
was the hospital costs, calculated on the basis of a Finished
Consultant Episode. Hospital cost includes all costs incurred
in the hospital, such as the operation itself, examinations,
drugs, tests, consumables, staff time and salaries, ward costs,
and overhead costs.

The costs of conventional TKR, revision, and other
treatments were taken from NHS Reference Costs 2003
(23), which reports data by Health Related Groups (HRGs).
Primary TKR has its individual code (HRG H04). Unfor-
tunately, the HRG codes combine together costs for both
“complex” and “simple” revisions and include both knee
and hips (HRGs HO5 and HOG6, respectively). These costs
were used, but their lack of differentiation leaves some
uncertainty as to the specific cost of knee revision surgery.
The state “Other treatments” was given the cost of HRG
H30 (infections of bones or joints), because most of the
other treatments are to control infections.

We assumed that a TKR patient with any complication
has one surgeon visit and a CT examination before receiving
further treatment. For simplicity, these costs have been added
to the HRG costs of the subsequent treatment.

When CAS is considered, its costs affect three Markov
states: “TKR operation for knee problem,” “Complex revi-
sion,” and “Simple revision.” For CAS, extra costs per use
(CAS,.), including that of the CAS system (CAS;), warranty
(CASy), disposables (CASy), and added length of surgery
were added to the costs of the conventional procedure. An
annual equivalent cost of the system was calculated assum-
ing 5 years of useful equipment life and a 3.5 percent of
discount rate (32). The system cost and warranty cost were
then estimated, assuming an average trust would carry out
250 CAS procedures per year (throughput) (41).

On average, computer-assisted TKR takes 15 minutes
more than the conventional operation (6;17). We estimated
the extra surgery time cost per use (including personnel
and operation theatre) (CAS;) based on this 15 minutes and
the unit cost of hospital consultants and nurses (20). Thus,
CAS.. = CAS; + CAS,, + CAS4 + CAS; (3).

No ideal set of utility values was available, and the es-
timates used were drawn from different sources. To increase
consistency, we used values reflecting Knee Society Scores,
where available (Table 3). No utility value was available for
the states “TKR operation for knee problem” and “Other
treatments.” We assumed that the utility values of these two
states were lower than the utility for “Normal health after pri-
mary TKR” (0.78) and higher than that for “TKR with minor
complications” (0.66). Thus, we assigned them a value equal
to the mean of these two utilities (0.72).

Cohort Simulation and Cost-Effectiveness
Analysis

A 10-year cohort simulation with a starting number of
1,000 TKRs was carried out. Effectiveness was expressed
by QALYs (Quality Adjusted Life Years). Both costs and
QALYs were discounted at 3.5 percent in line with 2003

Table 3. Estimated Costs and Utility Values of Markov States for Conventional TKR

Cost (£)

Utility

Simulated cost

Markov state Value Source (range) Value Source Generic scale Simulated utility (range)

TKR operation for 5,197 23) 4,218-6,217 0.72  Estimated 0.00026-1
knee problem

Normal health after 0 Assumed 0.78 (48) Knee Society Score 0.00026-1
primary TKR

TKR with minor 0 Assumed 0.66 (33) UCLA Pain-Walking- 0.00000-1
complications Function-Activity Scale

TKR with serious 0 Assumed 0.35 (36) Knee Society Score 0.00000-0.79542
complications

Simple revision 6,234 (23) 5,043-7,972 0.66 (36) Knee Society Score 0.00076-1

Complex revision 7,326 (23) 5,086-1,1307  0.51 (33) UCLA Pain-Walking- 0.00000-0.99997

Function-Activity Scale

Other treatments 2,844 23) 1,428-5,579 0.72  Estimated 0.00005-1

Normal health after 0 Assumed 0.68 (48) Knee Society Score 0.00004-1
TKR revision

Death 0 Assumed 0

TKR, total knee replacement; UCLA, University of California at Los Angeles.
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Treasury guidelines (32). The differences between CAS and
the conventional technique were expressed by the incremen-
tal cost-effectiveness ratio (ICER).

One-Way Sensitivity Analysis

One-way sensitivity analysis focuses on the “effect of CAS,”
utility values, and the additional cost of CAS. The solver
function in Excel was used to find the value of key param-
eters above or below which the baseline conclusions would
change.

Making the Model Probabilistic

To generate a logical multi-Markov state probabilistic tran-
sition matrix from the initial point estimates, the Dirichlet
distribution was used (11). We estimated a count for each
Markov state by the transition probabilities (we assumed
that the total counts equalled 1,000). We used random num-
ber and Gamma distribution formulae to generate a one-
parameter (standard) Gamma distribution for each cell of the
transition matrix. The one-parameter Gamma distribution in
Excel was obtained by setting the first (alpha) parameter
equal to the estimated count and the second (beta) parameter
equal to 1. The final step was to “normalize” the realiza-
tions from the Gamma distribution back to the 0-1 scale by
dividing each realization through by the corresponding row
total.

Lognormal function was used to generate a random “‘ef-
fect of CAS.” The variance of the “effect of CAS” was esti-
mated from the clinical trials (6;17;18;50).

The NHS Reference Costs provide means and cost
ranges (23). Variance for the Gamma distribution was es-
timated from the ranges. A Gamma function was used to
generate a random cost for each Markov state (12). No mea-
sure of variance was available for the estimates of the extra
cost of CAS. We assumed that the ratio of its standard devia-
tion over mean was four times as large as that of conventional
primary TKR, so generating a distribution for the extra cost
of CAS.

A Beta function, with the mean equal to the point es-
timate and a high variance to reflect the uncertainty, was
used to generate a random utility for each Markov state (12).
To ensure a plausible relationship between the utilities of
states “Normal health after primary TKR,” “TKR with minor
complications,” and “TKR with serious complications,” the
process was structured so that the hierarchical relationship
was retained but the differences between the utilities were
randomly drawn from the distribution.

We ran ten thousand 120-cycle cohort simulations tri-
als, randomly sampling from the distributions of transition
probabilities, costs, and utilities. The results of the simula-
tions were analyzed using the cost-effectiveness plane and
cost-effectiveness acceptability curves.

Parameter Importance

The analysis of covariance approach was used to explore
the proportion of the total model sum of squares that was
explained by each individual model input parameter. Both the
incremental costs and the incremental QALY's were analyzed
separately as the dependent variable.

RESULTS

Transition Probabilities

For conventional surgery, approximately 4.3 percent of pa-
tients with primary TKR would have minor complications
and 1.5 percent serious complications during the first month
after operation: 94.2 percent of them would have “Normal
health after primary TKR.” The patients who have “Normal
health after primary TKR” would have a 1.4 percent chance
of minor complications and a 0.9 percent chance of serious
complications every subsequent month. The patients with
serious complications would have a 3.0 percent chance of
complex or simple revisions every month (2.469 percent +
0.523 percent). The patients after primary TKR would have a
risk of 0.5 percent of death per month, and the patients after
TKR revision would have a risk of 1.5 percent of death per
month (Table 2).

Approximately 2.5 percent of the patients with “Com-
plex revision” would transfer to the state “TKR with serious
complications” every month, and 2.4 percent (1.59 percent +
0.816 percent) of the patients with “Simple revision” would
transfer to the state “TKR with serious complications” or
“TKR with minor complication.” On this basis, we estimated
that 3.0 percent (2.003 percent + 1.038 percent) of the patients
being “Normal health after TKR revision” would transfer
to the state “Complex revision” or “Simple revision” every
month.

Costs and Utilities

For the conventional technology, the average NHS cost for
elective primary TKR was £5,197; the costs of “Complex
revision,” “Simple revision,” and “Other treatments” were
£7,326, £6,234, and £2,844, respectively (Table 3). The
additional CAS cost was estimated as £235 per case. The
utility values for the Markov states ranged from 0.78 for
“Normal health after primary TKR” down to 0.354 for the
state “TKR with serious complications” (Table 3).

Simulated Complication, Revision, and
Death Rate

The deterministic analysis shows that, by the end of the
10 years after conventional TKR, the cumulative serious
complication rate would be 87.3 percent, the minor com-
plication rate 135.9 percent, the complex revision rate 5.1
percent, and the simple revision rate 2.6 percent. For patients
with computer-assisted TKR, the cumulative rates would be
58.1 percent, 136.5 percent, 3.6 percent, and 1.9 percent,
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Table 4. Summary of Cohort Simulation and Cost-Effectiveness Analysis (Point Estimate)

Cumulative Cumulative Cumulative ~ Cumulative Incremental
serious minor complex simple Cumulative  Discounted  Discounted cost/
Year complication (%) complication (%) revision (%) revision (%) death (%) costs (£)* QALYs? QALY (£)°
Conventional surgery
1 11.33 19.41 0.29 0.14 4.18 5,518,752.0 816.8
2 21.55 35.10 0.66 0.32 8.54 5,836,511.1 1,526.1
3 31.28 50.01 1.08 0.52 12.71 6,136,301.6 2,179.9
4 40.54 64.20 1.56 0.76 16.69 6,418,816.0 2,782.5
5 49.34 77.69 2.08 1.02 20.49 6,684,766.2 3,338.0
6 57.71 90.52 2.64 1.30 24.13 6,934,874.0 3,849.9
7 65.68 102.72 3.23 1.59 27.60 7,169,864.0 4,321.7
8 73.25 114.33 3.84 1.90 30.91 7,390,457.3 4,756.5
9 80.46 125.37 4.48 2.22 34.08 7,597,365.8 5,157.2
10 87.32 135.87 5.13 2.55 37.10 7,791,288.9 5,526.4
Computer-assisted surgery
1 7.51 19.42 0.19 0.11 4.18 5,650,576.8 818.4 82,567.1
2 14.30 35.13 0.44 0.24 8.54 5,866,250.4 1,529.2 9,472.6
3 20.76 50.09 0.73 0.40 12.70 6,070,344.1 2,184.6 Dominant
4 26.92 64.33 1.06 0.57 16.68 6,263,237.1 2,788.7 Dominant
5 32.78 77.88 1.42 0.76 20.48 6,445,331.3 3,345.6 Dominant
6 38.36 90.79 1.81 0.97 24.11 6,617,044.0 3,859.0 Dominant
7 43.67 103.08 2.22 1.18 27.57 6,778,802.4 4,332.2 Dominant
8 48.73 114.78 2.65 1.41 30.88 6,931,038.6 4,768.5 Dominant
9 53.55 125.92 3.10 1.65 34.04 7,074,185.0 5,170.5 Dominant
10 58.14 136.52 3.56 1.89 37.06 7,208,671.4 5,541.2 Dominant

2 Discount rate = 0.035.

b Calculated from year 1 to year 10, respectively. The start total knee replacement number of simulation is 1,000.

QALY, quality-adjusted life year.

respectively (Table 4). The cumulative mortality of conven-
tional TKR is 4.3 percent and of revision 0.24 percent. The
cumulative mortality of computer-assisted TKR is unaffected
at 4.3 percent, but that of revision falls to 0.17 percent. The
cumulative total mortality is 37.1 percent for both cohorts
(Table 4).

The probabilistic analysis shows, as expected, very sim-
ilar mean values for rates. For example, the serious compli-
cation rate of conventional TKR is 87.3 percent (point esti-
mate) and 88.1 percent (simulated); revision rate is 5.1 per-
cent (point estimate) and 5.2 percent (simulated) (Tables 4,
5). Compared with conventional TKR, computer-assisted
TKR had a lower serious complication rate, complex or sim-
ple revision rate, and death rate related to revision but had a
similar death rate related to primary TKR; it also had lower
variances for each indicator (Table 5).

Incremental Cost-Effectiveness Ratio

Compared with conventional TKR, the use of CAS is, after
the first 2 years, the dominant strategy reducing cost con-
siderably and offering a small increase in QALYs. After
10 years, CAS reduced costs per patient by approximately
7.5 percent (—£583) and increased QALYS by 0.3 percent
(0.0148). The probabilistic analysis also produced almost
identical mean estimates of incremental costs (—£637) and
QALYs (0.0164).
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Table 5. The 10-Year Cumulative Cohort Simulation Results
Based on 10,000 Trials

Conventional ~ Computer-assisted
TKR TKR
Result Mean SD Mean SD
Serious complication 88.06 28.65 56.94 21.87
rate (%)
Complex revision rate (%) 5.17 1.92 3.49 1.43
Simple revision rate (%) 2.57 1.01 1.86 0.78
Death rate related 4.20 5.56 4.22 5.62
to TKR (%)
Death rate related 0.23 0.19 0.16 0.14

to revision (%)

TKR, total knee replacement; SD, standard deviation.

Parameters Influencing the ICER

The one-way sensitivity analysis indicates that CAS would
remain dominant at 10 years, providing its assumed effect
(i.e., in reducing the transition probabilities to the state “TKR
with serious complications”) exceeded 10.3 percent (com-
pared with the original estimate of 34 percent). The ICER
was sensitive to the utility for patients of “Normal health after
primary TKR.” CAS remained dominant unless the utility for
this state fell from the assumed 0.78 to less than 0.58. The
results were not sensitive to the utilities from any other indi-
vidual state. Similarly, CAS remained dominant at 10 years
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Figure 3. Probability of alternative being cost-effective. TKR, total knee replacement; CAS, computer-assisted surgery.

providing the additional CAS costs did not exceed £789 per
use.

Probabilistic Representation of
Uncertainty

The standard cost-effectiveness plane shows that almost all
of the 10,000 trials (all but 147) are located below the x-
axis. More than two-thirds (7,589/10,000) were located on
the southeast quadrant (Figure 2). It means that CAS TKR

dominated. It offered a small increase in QALYs, but the
main advantage of CAS lies in its cost-reduction.

The cost-effectiveness acceptability curve again shows
the dominance of CAS (Figure 3). Only as the health system
places increasing values on a QALY does any real uncertainty
about the cost-effectiveness of CAS arise, reflecting the near
certainty within this model that CAS is cost-reducing but
the greater uncertainty as to whether it produces additional
QALYs. But even at £30,000 per QALY, the upper value
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Effect of CAS
Transition probability from

'normal health after primary

TKR' to 'serious complications' E

Cost for 'other treatments'

Probability of remaining at
state 'normal health after
primary TKR'

Transition probability from
'normal health after primary
TKR' to minor complications'

Extra cost for CAS
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Figure 4. Individual parameter contributions to model sum of squares (increment costs). TKR, total knee replacement; CAS,

computer-assisted surgery.

Utility of the state 'normal
health after TKR revision'

Transition probability from 'normal
health after primary TKR' to
'serious complications'

Utility of the state 'other treatments'

Effect of CAS

Probability of remaining at state
'normal health after primary TKR'

Transition probability from 'normal
health after primary TKR' to minor
complications'

Utility of the state 'normal health
after primary TKR'
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Proportion of sum of squares (%)

Figure 5. Individual parameter contributions to model sum of squares (increment quality-adjusted life years [QALYs]). TKR,

total knee replacement; CAS, computer-assisted surgery.

suggested by NICE (43), there is a 92 percent probability
that CAS is the more cost-effective technology.

Parameter Importance

The main contributors to the total model sum of squares
for incremental costs were the “effect of CAS” (57.76 per-
cent), the transition probability from ‘“Normal health after

primary TKR” to “Serious complications” (23.19 percent),
and the cost for “Other treatments” (11.97 percent) (Fig-
ure 4). The contribution of the additional cost of CAS was
only 1.58 percent. By far the most important parameter
in determining incremental QALYs was the utility of the
state “Normal health after TKR revision” (33.74 percent)
(Figure 5).
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DISCUSSION

Whereas three studies have compared the clinical effective-
ness of CAS with that of conventional TKR in terms of correct
alignment of components and found that CAS could improve
alignment, there have been no studies looking at longer-term
outcomes, such as complications and revision rates, as this is
a newly introduced technology. In these circumstances, this
analysis uses available short-term evidence to model likely
cost-effectiveness in terms of the ICER.

The model exhibits good internal and external consis-
tency. The results of the one-way sensitivity analysis follow
logical expectations, and the results, such as the cumulative
revision rate, are reasonably consistent with data from the
Swedish National Knee Register (52), which was not an in-
put to our model. In that registry, the 10-year cumulative
revision rate is approximately 9 percent; our model shows a
10-year cumulative revision rate of 7.7 percent. For simplic-
ity and given the paucity of evidence, the model assumes
that the transition probabilities remain constant over the
10 years. This assumption should be treated with caution.

A critical parameter for this technology is the assumed
mean “effect of CAS” on the need for revision surgery and
the uncertainty around that. This is estimated indirectly from
trials showing radiologically evident reductions in misalign-
ment. This analysis allows for considerable uncertainty for
the combined extent of reduction in misalignments and the
proportion of these that would require revision. The results
indicate that the technology is likely to be cost-effective even
if the “effect of CAS” is much less than might reasonably be
assumed from existing data.

The data available to estimate utilities for the Markov
states was particularly weak. Using simple one-way sensi-
tivity analysis, the ICER is insensitive to the utilities, except
to the utility of the state “Normal health after primary TKR.”
It is the proportion of patients in this state to which CAS
makes the greatest increase. This result is confirmed with
parameter importance analysis. In the probabilistic analysis,
we assumed a large variance for each utility to reflect the un-
certainty in the values from the literature, while maintaining
alogical hierarchy. This strategy may overestimate the range
of uncertainty surrounding utilities, and a priority for future
research would be to improve the estimates of utility.

Within the analysis, we more generally compared the
additional information provided by the probabilistic analysis
to that of the deterministic one. Probabilistic analysis is part
of the Reference Case for technology submissions to NICE
(19), but it increases analytical complexity. There is little
predictable difference between the means estimated by both
analyses, so in terms of a decision to adopt the technology
or not, given available information, the probabilistic analy-
sis adds little. However, it provides additional information
about the distribution of ICERs, confirms the much higher
probability of CAS being the more cost-effective technology
at a range of values for a QALY, and provides the basis for

parameter importance analysis. Overall, it adds to the clarity
of the conclusions without providing any major additional
insight over and above those from the deterministic analysis;
it would provide, however, the basis for a formal value of
information analysis.

Even a probabilistic analysis does not address the issue
of “structural” uncertainty arising from the model specifi-
cation, nor to the key issue of interpretation and relevance
of evidence garnered from a variety of sources. It is impor-
tant to remember that the uncertainty surrounding parameter
estimates is not the only source of uncertainty in a cost-
effectiveness model.

When estimating mortality, we considered not only the
mortality related to primary TKR and revision, but also mor-
tality of all causes. We recognize that this strategy involves
a small level of double counting, because all causes include
primary TKR and revision.

CONCLUSION

On the basis of evidence from short-term radiographic stud-
ies demonstrating an improvement in the accuracy and preci-
sion of component and mechanical axis alignment with CAS
and studies linking implant survival outcomes to these same
alignments, compared with the conventional TKR, computer-
assisted TKR is highly likely to be cost-saving and to offer
a small QALY advantage. As with all such models, in the
absence of long-term clinical trials, the conclusion should be
treated with appropriate caution, but it demonstrates clearly
that such an outcome is probable. Indeed it might be taken as
suggesting that this issue should not be a priority for scarce
trial funding. Such a conclusion is informed by the analysis
of parameter importance.

This example also demonstrates the feasibility of under-
taking such modeling at an early point in the life-cycle of
a new technology, when clinical trial data do not exist. It
shows the added information available from a probabilistic
analysis, although in this case, the dominance of the new
technology is such that the probabilistic analysis may add
less valuable insights than might be the case in other less
clear circumstances.

POLICY IMPLICATIONS

Based on early short-term results, the model suggests that, in
the longer term, computer-assisted TKR is highly likely to
be cost-saving and to offer a small QALY advantage. Invest-
ing in CAS systems may well reduce costs for health care,
providing that the throughput of cases of TKR is sufficiently
high.
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