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Abstract
Accounting for risk attitudes in medical decision making under uncertainty has attracted little research. A recent proposal 
recommended using the results of a cost-effectiveness analysis to construct a cost-effectiveness risk-aversion curve (CERAC) 
to inform risk-averse decision makers choosing among healthcare programs with uncertain costs and effects. The CERAC 
is based on a risk-adjusted performance measure widely used in financial economics called the Sortino ratio. This paper 
evaluates the CERAC based on the Sortino ratio, derives its various properties, discusses the implications of using it to 
inform decision making under uncertainty, and compares it with the expected-utility approach. Analytic formulae for the 
CERAC, relating it to the means and standard deviations of costs and effects of a healthcare program, are derived for both 
approaches. Compared with the expected-utility approach, the CERAC based on the Sortino ratio implicitly assumes that 
the decision maker is highly risk averse.

Key Points for Decision Makers 

A few approaches have been suggested for account-
ing for risk attitudes in medical decision making under 
uncertainty.

This paper evaluates the use of the Sortino-ratio-based 
risk-adjustment measure to inform decision making 
under uncertainty.

Compared with the theoretically grounded expected-
utility approach, the Sortino-ratio-based risk-adjustment 
measure implicitly assumes that the decision maker is 
highly risk averse.

If the level of risk aversion of the decision maker is 
substantially lower than what is implicitly assumed, use 
of the Sortino-ratio-based risk-adjustment measure will 
result in recommending sub-optimal healthcare pro-
grams.

1  Introduction

The widely used framework of cost-effectiveness analysis 
(CEA) assumes that decision makers are neutral toward 
risk in health and medicine [1]. Accounting for risk atti-
tudes in medical decision making under uncertainty may be 
important [2]. Recognizing this, a few approaches have been 
suggested, some based on theoretical grounds, while others 
can be considered ad hoc recommendations. For example, a 
recommendation was made to the Joint Committee on Vac-
cination and Immunisation, an independent expert commit-
tee that advises the government of the United Kingdom on 
immunization programs, to require an immunization pro-
gram to be deemed cost-effective only if 90% of scenarios in 
a Monte Carlo simulation fall below a £25,000 per quality-
adjusted life-year (QALY) threshold [3]. Such somewhat 
arbitrary and ad hoc approaches can be problematic, there-
fore risking adoption of suboptimal healthcare programs [4].

Recently, Sendi [5] introduced the cost-effectiveness risk-
aversion curve (CERAC) to inform choices under uncer-
tainty for risk-averse decision makers and policy makers. 
Sendi [5] proposed using the results of a CEA to construct 
the CERAC based on a risk-adjusted performance measure 
widely used in financial economics called the Sortino ratio 
[6].

The purpose of this paper is to evaluate the Sortino-ratio-
based CERAC as a risk-adjustment measure, investigate its 
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various properties, discuss the implications of using it to 
inform decision making under uncertainty, and compare it 
with the expected-utility approach. This will be achieved by 
deriving analytic formulae for both the Sortino-ratio-based 
CERAC and the expected-utility-based CERAC, relating the 
CERAC to the moments (e.g., means and standard devia-
tions) of the distribution of costs and effects of a healthcare 
program. The paper also discusses the level of risk aversion 
implicitly assumed in the Sortino-ratio-based CERAC.

2 � CERAC Based on the Sortino Ratio

The financial economics literature includes several risk-
adjusted performance measures that are frequently used to 
evaluate investment opportunities. Sendi [5] discussed the 
Sharpe ratio [7, 8], considered to be the most popular perfor-
mance ratio, and proposed its derivative, the Sortino ratio, 
to construct the CERAC. The net benefit-to-risk ratio SNMB, 
analogous to the Sortino ratio, is calculated as the average 
net monetary benefit (NMB) of a program adjusted by its 
associated downside risk (defined as the risk of achieving an 
NMB below the expected NMB). Given the joint distribution 
of costs (denoted by C) and effects (denoted by E), the NMB 
of a given program is defined as

where � is the decision maker’s maximum willingness to pay 
(WTP) per health outcome E (e.g., QALYs). Thus, SNMB is 
calculated as

where �NMB is the expected NMB of a program and DDNMB 
is the root mean square of the downside deviations of the 
program’s NMB realizations from the expected NMB. The 
expected value of NMB of a program (Eq. 1) is given by

where �E denotes the expected effects and �C denotes the 
expected costs of the program. The formula for DDNMB of a 
continuous random variable NMB with probability density 
function f (x) is defined as:

where

(1)NMB = �E − C,

(2)SNMB =
�NMB

DDNMB

,

(3)�NMB = ��E − �C,

(4)DDNMB =

√

√

√

√

√

∞

∫
−∞

(

x − �NMB

)2
g(x)f (x)dx,

g(x) = 1 if x < 𝜇NMB

It should be mentioned that the Sharpe ratio penalizes 
all deviations, not just downside deviations only, as in the 
Sortino ratio. Thus, in deriving the Sharpe ratio, the g(x) 
function in the above formula becomes g(x) = 1 for all x . 
For both risk-adjustment measures, it is assumed that a 
risk-averse decision maker prefers a program with a higher 
net benefit-to-risk ratio.

Although the approach does not require making distri-
butional assumptions, Sendi [5] assumed that both costs 
and effects are normally distributed, with standard devia-
tion of costs denoted by �C , standard deviation of effects 
denoted by �E , and the correlation between the costs and 
effects of each program denoted by � . Thus, it follows 
from the bivariate normal distribution of costs and effects 
N
[(

�E,�C

)

,
(

�E, �C
)

, �
]

 that the NMB of a program is also 
normally distributed, with the mean given by Eq. (3) and 
variance varNMB by

Because the normal distribution is symmetric around 
the mean, the total of upside deviations and the total of 
downside deviations are equal. Thus, considering only 
downside deviations from the mean requires only divid-
ing the variance by 2 to obtain DDNMB . Therefore, the root 
mean square of the downside deviations is

Combining Eqs. (2), (3), and (6), the net benefit-to-risk 
ratio SNMB based on the Sortino ratio under normally dis-
tributed costs and effects is given by

For a normally distributed NMB, the benefit-to-risk 
ratio based on the Sharpe ratio is

It is clear from Eq. (8) that, under the assumption of a 
normal distribution of NMB, the Sharpe ratio is proportional 
to the Sortino ratio. Consequently, use of either the Sharpe 
or the Sortino ratio will result in the same ranking of health-
care programs when the distribution of NMB is symmetric.

As an illustration of the use of the net benefit-to-risk 
ratio SNMB, Sendi [5] provided three examples; two of 

g(x) = 0 if x ≥ �NMB.

(5)varNMB = �2�
2

E
− 2���E�C + �2

C
.

(6)
DDNMB =

√

varNMB

2
=

√

√

√

√
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�2�
2

E
− 2���E�C + �2

C

)

2
.

(7)SNMB =
�NMB

�
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2
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them (example 1 and 2) are shown in Table 1. In example 
1, in Table 2, assuming λ = $50,000/QALY, program B 
has a greater expected NMB (i.e., �NMB of $850,000 vs 
$700,000) and hence is preferred by a risk-neutral decision 
maker to program A. However, with greater uncertain-
ties in both costs and effects, program B has a lower net 
benefit-to-risk ratio (i.e., SNMB 3.1 vs 10.1) and should not 
be preferred by a risk-averse decision maker. The decision 
is reversed in example 2. Program D is now preferred (i.e., 
SNMB 12.3 vs 2.5), because program D has less uncertainty 
in both costs and effects compared with program C.

2.1 � Properties of CERAC Based on the Sortino Ratio

It is important to understand the mathematical properties 
of the CERAC given by Eq. (7). It should be noted that all 
these properties are derived under the assumption that both 
costs and effects are normally distributed. As a function of 
WTP � , the CERAC:

1.	 Cuts the x-axis where the expected NMB is zero (i.e., 
SNMB = 0 when � = �C∕�E).

2.	 Asymptotically approaches the ratio of the expected 
effects to the square root of half the variance of effects 
(i.e., lim�→∞SNMB = �E∕

√

�2

E
∕2)

3.	 Is not always monotonically increasing in � (Fig. 1 shows 
cases of both increasing and decreasing CERACs).

Although he used simulation rather than an analyti-
cal approach and only a limited number of examples, 
Sendi [5] correctly described properties (1) and (2). 
Also, in all the three examples provided by Sendi [5], 
the CERAC is depicted to be monotonically increas-
ing as � increases. As shown in Fig.  1, using inputs 
�E = 10,�C = 60,000, �E = 1.1, �C = 20,000, and � = 0.9  , 
the CERAC of a given program is not always monotoni-
cally increasing in � . As a function of � , the net benefit-to-
risk ratio of the program increases initially, reaches a peak, 
and declines thereafter, reaching its asymptotic value from 
above.

Table 1   Costs and effects inputs 
of nine hypothetical healthcare 
programs

�
C
 denotes mean costs, �

C
 denotes standard deviation of costs, �

E
 denotes mean effects, �

E
 denotes standard 

deviation of effects, and � denotes correlation between costs and effects of each program
Joint normal distributions for costs and effects are assumed
QALY quality-adjusted life-year

Example Program �
C
 ($) �

C
 ($) �

E
 (QALY) �

E
 (QALY) �

Example 1 A 50,000 5000 15 2 0.4
B 150,000 20,000 20 8 0.4

Example 2 C 50,000 20,000 15 8 0.4
D 150,000 5000 20 2 0.4

Example 3 A 50,000 5000 15 2 0.4
B’ 150,000 20,000 59 8 0.4
B” 150,000 20,000 17 8 0.4

Example 4 C’ 50,000 20000 69 8 0.4
D 150,000 5000 20 2 0.4

Table 2   ICER, NMB, and 
risk-adjusted outcomes of 
nine hypothetical healthcare 
programs

�
NMB

 denotes mean NMB, �
NMB

 denotes standard deviation of NMB, CE
NMB

 denotes the certainty equiva-
lent, and S

NMB
 denotes the net benefit-to-risk ratio. To calculate values of CE

NMB
 and S

NMB
 , it is assumed 

that the value of the willingness to pay λ is $50,000 and the absolute risk-aversion parameter r is 0.00001
ICER incremental cost-effectiveness ratio, NMB net monetary benefit, QALY quality-adjusted life-year

Example Program ICER ($/QALY) �
NMB

 ($) �
NMB

 ($) S
NMB

CE
NMB

 ($)

Example 1 A – 700,000 98,107 10.1 651,875
B 20,000 850,000 392,428 3.1 80,000

Example 2 C – 700,000 392,428 2.5 (70,000)
D 20,000 850,000 98,107 12.3 801,875

Example 3 A – 700,000 98,107 10.1 651,875
B’ 2273 2,800,000 392,428 10.1 2,030,000
B” 50,000 700,000 392,428 2.5 (70,000)

Example 4 C’ – 3,400,000 392,428 12.3 2,630,000
D Dominated 850,000 98,107 12.3 801,875
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In general, the shape of the CERAC, including non-
monotonicity and the position of the peak, is ambiguous and 
is determined by the interplay of many factors. For example, 
when the correlation between costs and effects approaches 
zero, the CERAC is always monotonically increasing. How-
ever, when there is correlation between costs and effects, 
CERAC can be monotonically increasing or has an inverted-
U shape.

For a given value of WTP � , the net benefit-to-risk ratio 
increases with higher mean values of effects �E and lower 
values of mean costs �C , and higher values of the correlation 
between costs and effects � for all positive values of NMB. 
The positive association between net benefit-to-risk ratio and 
� follows from the inverse relationship between the variance 
of NMB and the correlation between costs and effects � . 
The net benefit-to-risk ratio can increase or decrease with 
higher values of the standard deviation of costs �C or effects 
�E . As a function of the overall mean and variance of NMB, 
the net-benefit ratio increases with increases in the mean 
and decreases, albeit at a lower rate, with lower variance 
of NMB. Mathematically speaking, the net benefit-to-risk 
ratio is homogenous of degree zero in the mean and standard 
deviation of NMB. That is, the net benefit-to-risk ratio does 
not change if both the mean and standard deviation of NMB 
change at the same rate. For example, doubling the values of 
the mean and standard deviation of costs and effects leaves 
the ratio unchanged. Sendi [5] did not describe this very 
important property of the net benefit-to-risk ratio.

The last property of the net benefit-to-risk ratio is more 
general according to Eq. (2): the ratio does not change if 

both the mean and the root mean square of the downside 
deviation of NMB change at the same rate. In other words, 
proportional changes in the overall mean and the root mean 
square of the downside deviation of NMB are valued equiva-
lently. This raises the following question: can CERAC cor-
rectly account for the trade-off between risk and expected 
returns? Because the net benefit-to-risk ratio as proposed 
by Sendi [5] is not based on theoretical grounds, it can be 
considered somewhat arbitrary. For example, there is no jus-
tification for implicitly assuming a fixed risk aversion that 
cannot be varied across decision makers. More importantly, 
what is the risk attitude implicit in the use of the Sortino-
based net benefit-to-risk ratio performance measures?

Example 3 illustrates how much expected value a risk-
averse decision maker will be willing to forgo in order to 
avoid risk (Table 1). The inputs in example 3 are the same as 
those in example 1, except that the mean effect of program 
B’ is now almost close to three times the original mean (20 
vs 59 QALYs). Example 3 also includes a new scenario B” 
where the mean effect of program B” is 17 QALYs. Recall 
that in example 1 program B is preferred by a risk-neutral 
decision maker whereas program A is preferred by a risk-
averse decision maker. In example 3, the incremental cost-
effectiveness ratio (ICER) of program B’ compared with 
program A is $2273/QALY (Table 2). When the mean effect 
of program B” is 17 QALYs, the ICER of B’’ compared with 
A is equal to $50,000/QALY, and a risk-neutral decision 
maker is indifferent between program A and B’’. At mean 
effect of program B’ of 59 QALYs, both programs have a net 
benefit-to-risk ratio of 10.1, and a risk-averse decision maker 
is indifferent between program A and B’. This implies that, 
compared with a risk-neutral decision maker, a risk-averse 
decision maker will only be willing to accept an additional 
42 (= 59 − 17) QALYs per person (i.e., equivalent to an 
incremental NMB of $2,100,000) in order to become indif-
ferent between program A and the riskier program B’.

Example 4 is the same as example 2, except that the 
mean effect of program A’ is now 69 instead of 15 QALYs 
(Table 1). Recall that in example 2, program D is preferred 
over program C by either a risk-neutral or a risk-averse 
decision maker. However, assuming λ = $50,000/QALY, 
example 4 illustrates that program C’ is preferred over 
program D by a risk-averse decision maker but is no longer 
preferred by a risk-neutral decision maker as long as the 
mean effects of program C’ is greater than 18 QALYs 
(Table 2). In fact, according to the net benefit-to-risk ratio 
approach, even though it is strongly being dominated by 
program C’, program D is always preferred over program 
C’ by a risk-averse decision maker as long as program 
C’ offers mean effects of less than 69 QALYs. In other 
words, compared with a risk-neutral decision maker (indif-
ferent between the two programs if the mean effect is 18 
QALYs), a risk-averse decision maker will be willing to 

Fig. 1   CERAC (parameters values: μE = 10, μC = 60,000, σE = 1.1, 
σC = 20,000, ρ = 0.9). The net-benefit ratio increases initially with 
WTP, reaches a peak, and declines thereafter, reaching its asymptotic 
value from above. μC denotes mean costs, σC denotes standard devia-
tion of costs, μE denotes mean effects, σE denotes standard deviation 
of effects, and ρ denotes correlation between costs and effects of each 
program. Joint normal distributions for costs and effects are assumed. 
CERAC​ cost-effectiveness risk-aversion curve, WTP willingness to 
pay, QALY quality-adjusted life-year
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accept at least 51 (= 69 − 18) additional QALYs (equiva-
lent to an incremental NMB of $2,550,000) in order to 
prefer program C’ over the less risky program D.

Both example 3 and 4 in Table  1 illustrate a very 
important property of the Sortino-ratio-based CERAC: 
the preference of a risk-averse decision maker using the 
Sortino-ratio-based CERAC implies a strong risk–return 
trade-off. For example, suppose a hypothetical program 
E has double the standard deviation (i.e., quadruple the 
variance) of NMB compared with another program F. The 
two programs are valued equally by a risk-averse decision 
maker using the Sortino-ratio-based CERAC only if the 
mean NMB of program E is also double that of program F.

In a more recent paper, Sendi et al. [9] claim that the 
downside deviation can be modified to reflect different 
levels of risk aversion. The authors suggest that this can be 
done by defining a different minimally acceptable return 
(MAR) for the downside deviation of NMB. The authors 
were not clear on how to select an MAR, nor on what 
is an appropriate MAR, but discussed a few options—all 
seem arbitrary. Focusing on their first alternative choice 
of defining the downside deviation relative to the 25% per-
centile of the NMB distribution, denoted as �25NMB , instead 
of the mean, the denominator of the ratio, Eq. (4), becomes

where

Applying this to the inputs of example 3 resulted in 
higher ratios because the downside deviation is lower now 
($37,920.3 for program A and $151,681 for program B’). 
Most importantly, both programs have the same net benefit-
to-risk ratio of 18.5, signifying that a risk-averse decision 
maker is still indifferent between program A and B’. In other 
words, the level of risk-aversion did not change whether 
MAR was defined as the mean or the 25% percentile of the 
NMB. This example suggests that, regardless of the choice 
of MAR, using the Sortino-ratio-based CERAC implicitly 
assumes that the decision maker is highly risk averse.

The result that changing MAR does not modify the 
degree of risk aversion can be shown to be more general 
than the inputs of example 3 by deriving a general formula 
for the Sortino ratio S�NMB of a normally distributed NMB 
for any percentile � (where 0 < 𝛼 < 1):

(9)DD25NMB =

√

√

√

√

√

∞

∫
−∞

(

x − �25NMB

)2
g(x)f (x)dx,

g(x) = 1 if x < 𝜂25NMB

g(x) = 0 if x ≥ �25NMB.

where �NMB and varNMB are as defined before by Eqs. (3) 
and (5), respectively. The well-defined function f (�) is inde-
pendent of the mean and variance of the NMB distribution. 
When MAR is given by the mean ( � = 50%) , f (�) =

√

2 . 
The value of f (25%) = 1.4142 when MAR is equal to the 
25% percentile of the NMB. It is clear from Eq. 10 that the 
choice among healthcare programs is the same regardless of 
the value of �. Consequently, whether MAR is defined as the 
mean or any percentile of the NMB, use of the Sortino-ratio-
based CERAC will result in the same ranking of healthcare 
programs.

3 � CERAC Based on Expected‑Utility 
Approach and Certainty Equivalence

The health economics literature includes a few attempts at 
incorporating decision makers’ risk preferences when mak-
ing decisions under uncertainty using the standard expected-
utility maximization methods [10–13]. For example, Elbasha 
[13] suggested using the exponential utility–moment-gener-
ating function (mgf) approach for incorporating risk prefer-
ences and the trade-off between risk and returns to invest-
ment in health and medicine. This approach assumes that 
the utility function of each individual is represented by an 
exponential function, a convenient functional form allow-
ing the expected value of utility function to be expressed in 
terms of only the mgf of the random variables. From wel-
fare economics, a utilitarian welfare function assumes equal 
individual weights (since individuals are assumed to be ex 
ante identical) and linearly aggregates individual exponen-
tial utility functions. The exponential, also known as the 
constant absolute risk aversion (CARA), utility function over 
NMB is given by

where r is the absolute risk-aversion parameter. Applying 
expectation, the expected utility is

where � is the expectation operator and M(−r) is the mgf of 
the distribution of the random variable NMB. The mgf of 
the normal distribution of NMB M(−r) is

It is well-known that maximizing expected utility is the 
same as maximizing the certainty equivalent (CE) version 
of the expected utility [13]. The CE is defined as the fixed 

(10)S�NMB = f (�)
�NMB

√

varNMB

,

(11)U(NMB) = −e−rNMB,

(12)�[U(NMB)] = −�
[

e−rNMB
]

= −M(−r),

(13)M(−r) = e
−r

(

�NMB−r
varNMB

2

)

.
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sure amount that one is willing to accept to be indifferent 
to a risky position. Thus, the CE of the NMB is defined as

Using Eqs. (11) and (12), the CE of the expected negative 
exponential utility function satisfies the following equation:

which can be solved for CE as

Substituting Eq. (13) into Eq. (14), the CE of a normally 
distributed NMB simplifies to the well-known mean-vari-
ance CE

Utilizing Eqs. (3), (5), and (15), the CE can be expressed 
in terms of the parameters of the bivariate normal distribu-
tion of costs and effects as

Thus, if costs and effects follow a joint normal distribu-
tion, assuming that the value of the risk-aversion parameter 
r is known, Eq. (16) can be used to calculate the CE of each 
program. A risk-averse decision maker prefers a program 
with a larger CE. Hence, a risk-averse decision maker should 
choose the program with the highest CE value.

In example 1 in Table 2, assuming λ = $50,000/QALY 
and r = 0.00001, program A is preferred by a risk-averse 
decision maker because it has a higher CE value (i.e., CENMB 
of $651,875 vs $80,000). As with the net benefit-to-risk ratio 
approach, a risk-averse decision maker prefers program A 
in example 1 in Table 1 according to the CE approach as 
long as the value of r is greater than 0.0000021. However, a 
less risk-averse decision maker (e.g., r < 0.0000021) would 
prefer program B to program A. By varying the values of λ, 
the CERACs based on the CE can also be constructed. For 
example, the CE of program B increases initially with WTP, 
reaches a peak, and declines thereafter (Fig. 2).

In example 2, according to the CE approach, program 
D is preferred over program C (Table 2). In fact, any risk-
averse decision maker (i.e., r is non-negative) would always 
prefer program D over program C as long as λ ≥ $20,000/
QALY. Similarly, according to the CE approach, program 
B’, in example 3, is preferred over program A (Table 2). 
Moreover, for a risk-averse decision maker to be indifferent 
between program A and program B’ in example 3 according 
to the CE approach, the risk-aversion parameter r must be 
0.0000291 (Fig. 4). Recall that the level of risk in example 

U(CE) = �[U(NMB)].

−e−rCE = −M(−r),

(14)CE = −
lnM(−r)

r
.

(15)CENMB = �NMB −
r

2
varNMB.

(16)CENMB = ��E − �C −
r

2

(

�2�
2

E
− 2���E�C + �2

C

)

.
1 and example 3 are the same. Thus, comparing the risk-
aversion parameters (0.0000291 vs 0.0000021), by requir-
ing higher expected return to be willing to be indifferent 
between program A and program B’ in example 3, the deci-
sion maker following the net-benefit ratio approach is 14 
times more risk averse compared with the risk-averse deci-
sion maker in example 1.

To better understand the trade-off between risk and return 
as the WTP varies and the role of the decision maker’s atti-
tude to risk, it is instructive to draw a cost-effectiveness 
risk-aversion map (CERAM) that depicts combinations of 
the risk-aversion parameter r and WTP λ for which the risk-
averse decision maker is indifferent between two programs 
and areas where the program is being preferred over another. 
In example 1 (Table 1), the blue curve in Fig. 3 depicts 
combinations of λ and r where program A has the same CE 
as program B, and the blue area represents combinations 
where program A has larger CE than program B. Similarly, 
the orange area represents combinations where program A 
has lower CE than program B. For example, when WTP 
is $50,000/QALY and r is 0.00001, a risk-averse decision 
maker would prefer program A over program B. However, 
when WTP is $50,000/QALY, a less risk-averse decision 
maker (e.g., r < 0.0000021) would prefer program B over 
the less risky program A.

A similar CERAM can be constructed using the data 
from example 3, in Table 1 (Fig. 4). With WTP = $50,000/
QALY and r = 0.00001, a clear choice for a risk-averse deci-
sion maker is the riskier program B’ with higher expected 
return. Program B’ remains the optimal choice unless 
the level of risk aversion for the decision maker is higher 

Fig. 2   CERAC based on the CE (example 1 in Table  1). The CE 
increases initially with WTP, reaches a peak, and declines thereafter. 
For example, when WTP is $50,000/QALY and r is 0.00001, pro-
gram A has a CE of $651,875 (black point on the blue curve) and 
program B has a CE of $80,000 (black point on the orange curve). CE 
certainty equivalent, CERAC​ cost-effectiveness risk-aversion curve, 
r absolute risk-aversion parameter, WTP willingness to pay, QALY 
quality-adjusted life-year.
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than 0.0000291. If the WTP = $50,000/QALY and r > 
0.0000291, a risk-averse decision maker would prefer the 
less risky program A.

3.1 � Properties of CERAC Based on the Certainty 
Equivalence

It is important to understand the mathematical properties 
of the CERAC given by Eq. (14). All other things being 

equal, the CE increases with mean levels of effects and 
higher values of the correlation between costs and effects 
� and decreases with mean levels of costs, and risk aver-
sion. The CE can increase or decrease with higher values 
of the standard deviation of costs �C or effects �E . As a 
function of the overall mean and variance of NMB, the CE 
increases with increases in the mean and decreases, albeit 
at a lower rate, with lower variance of NMB. CE is an 
inverted-U shape as function of � , being negative for low 
values of � , increases as � increases until it reaches a maxi-
mum (when � =

�E+r��C�E

r�2

E

 ), and decreases thereafter.

3.2 � An Alternative Utility Function

The CE-based CERAC assuming an exponential util-
ity function affords the opportunity to derive analytic 
results for any distribution of costs and effects since most 
known distributions have mgf. Nonetheless, the CE-based 
CERAC can be constructed using other utility functions. 
Some of these functional forms, such as the quadratic util-
ity function, also allow derivation of analytic results. How-
ever, the quadratic utility function has some theoretically 
unsatisfactory properties (it decreases as NMB increases 
over some ranges, and it exhibits increasing absolute risk 
aversion). Another popular functional form, considered 
to be the most widely used for empirical analysis [14], is 
the constant relative risk aversion (CRRA) utility func-
tion [15]

where � is the coefficient of CRRA. The CE derived from 
CRRA is given by

If NMB is lognormally distributed, with log (NMB) 
being normally distributed with mean m and standard 
deviation s, an analytic formula for CE can be derived as

As with CARA, a risk-averse decision maker should 
choose the program with the highest CENMB derived using 
a CRRA utility function. To illustrate, the parameters in 
example 1, in Table 1, assuming λ = $50,000/QALY, result 
in a mean NMB of $700,000 and $850,000 for program 
A and B, respectively (Table 2). The respective stand-
ard deviation is 98,107.1 and 392,428. These values are 
related to the parameters of the lognormal distribution 
�NMB and �NMB according to

(15)U(NMB) =
NMB1−� − 1

1 − �
,

(16)CENMB = (1 + (1 − �)�[U(NMB)])
1

1−� .

(17)CENMB = e
m−

1

2
(�−1)s2

.

Fig. 3   Combinations of risk-aversion parameter r and WTP that 
determine the optimal program based on CE (example 1 in Table 1). 
Blue area represents combinations where program A has a larger CE 
than program B. Combinations where program B is preferred over 
program A are given by the orange area. For example, when WTP is 
$50,000/QALY and r is 0.00001 (black point), a risk-averse decision 
maker would prefer program A over program B. CE certainty equiv-
alence, r absolute risk-aversion parameter, WTP willingness to pay, 
QALY quality-adjusted life-year

Fig. 4   Combinations of risk-aversion parameter r and WTP that 
determine the optimal program based on CE (example 3 in Table 1). 
Blue area represents combinations where program A has a larger CE 
than program B’. Combinations where program B’ is preferred over 
program A are given by the orange area. For example, when WTP 
is $50,000/QALY and r is 0.00001 (black point), a risk-averse deci-
sion maker would prefer program B’ over program A. When WTP is 
$50,000/QALY and r is 0.0000291 (red point), a risk-averse decision 
maker would be indifferent between program B’ and program A. CE 
certainty equivalence, r absolute risk-aversion parameter, WTP will-
ingness to pay, QALY quality-adjusted life-year
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This implies values of (m, s) = (13.449, 0.139) for pro-
gram A and (m, s) = (13.556, 0.439) for program B. Substi-
tuting these values into Eq. 17 and assuming a CRRA coef-
ficient of � = 2.5, program A has a CE value of $683,184, 
whereas program B has a CE value of $667,615. Therefore, 
according to the CE approach based on a CRRA utility 
function, a risk-averse decision maker prefers program A 
in example 1 in Table 1. In fact, assuming λ = $50,000/
QALY, program A is always preferred over program B as 
long as the value of � is greater than 2.23467. However, a 
less risk-averse decision maker (e.g., 𝛾 < 2.23467 ) would 
prefer program B over program A.

4 � Discussion

Standard CEA frameworks do not consider the role of risk 
attitudes in informing coverage and reimbursement decisions 
of new medical technologies under uncertainty. There has 
been little research that has emphasized the importance of 
incorporating risk preferences and the trade-off between the 
mean and the risk of returns to investment in health and 
medicine [9, 10, 16–19]. This paper presents two approaches 
for extending CEA to incorporate attitudes toward risk and 
contrasted them. The first approach applies principles of 
portfolio theory of how individual investors select among 
risky financial investments to CEA of healthcare programs. 
Specifically, the paper analyzes the approach introduced 
by Sendi [5] and Sendi et al. [9] that uses the net bene-
fits-to-risk ratio derived from the popular Sortino financial 
risk-adjustment measure. Some of the results regarding the 
CERAC based on a Sortino ratio depend on the assumption 
of normality. It is not clear what would be the implications 
of deviations from this assumption. However, it is expected 
that major conclusions would still be valid under other dis-
tributional assumptions. For example, whether a simulation 
or an analytical approach is used, or whether a normal dis-
tribution is assumed or not, the conclusion that the CERAC 
based on the Sortino ratio risk-adjustment measure implic-
itly assumes that the decision maker is highly risk averse 
remains valid.

The second approach draws from principles of welfare 
economics and expected utility theory in the evaluation of 
and selection from risky healthcare programs. The approach 
is illustrated using two frequently used utility functions: 

m = ln

�

�NMB
2

√

�NMB
2 + �NMB

2

�

,

s =

√

ln

(

1 +
�NMB

2

�NMB
2

)

.

CARA or CRRA utility functions. The CARA utility func-
tion has several advantages, including being a second-order 
local approximation to any well-behaved utility function. 
Likewise, the CRRA utility function provides flexible func-
tional forms for modeling risk aversion that can fit the data 
well.

4.1 � A Comparison of the Sortino‑Ratio 
and Expected‑Utility Approaches

Each approach has strengths and limitations (Table 3). The 
major strengths of the Sortino-ratio-based approach to con-
structing the net benefits-to-risk ratio include [5]:

S1	 There is no need to explicitly specify a preference func-
tion over expected return and risk.

S2	 There is no need to make assumptions about the distri-
bution of costs and effects. Instead, it is possible to use 
empirical NMB distribution obtained from the probabil-
istic sensitivity analysis (PSA).

S3	 Superior performance measure when the distribution 
of NMB is skewed and the risk-averse decision maker 
penalizes expected NMB for only downside deviation 
without penalizing upside deviation.

S4	 Straightforward to calculate and widely applied in 
finance.

S5	 Has several desirable qualitative properties (rises with 
mean and falls with variance of NMB).

The major weaknesses of the Sortino-ratio-based 
approach include:

W1	It is an ad hoc approach to characterizing the risk–return 
trade-off among healthcare programs. Although the risk 
preferences, implicit in using risk-adjusted performance 
measures, are not well understood, rankings based on 
the Sortino ratio may not be consistent with preferences 
of a decision maker with low or moderate levels of risk 
aversion [20].

W2	A CERAC constructed based on a risk-adjusted perfor-
mance measure like the Sortino ratio includes an implied 
fixed risk attitude and does not afford the decision maker 
the opportunity to impose her or his own individual risk 
attitudes.

W3	By including only downside deviation, the approach 
excludes upside deviation, which may be important to a 
large class of risk-averse decision makers. To illustrate, 
consider the following simple hypothetical example of a 
risk-averse decision maker choosing between two risky 
investment opportunities. The first option can result in 
a loss of − 200 with probability 20% or a gain of 50 
with probability 80%. The second option can also result 
in a loss of − 200 with probability 20%, but the gain is 
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more uncertain: 20 with probability 20% and 60 with 
probability 60%. Both options have expected values of 
zero and the same downside deviation of 8000 (= 0.2 * 
(− 200)2). According to the Sortino ratio, the decision 
maker should be indifferent between the two options 
because the downside deviations (i.e., uncertainty in 
losses) are equivalent. However, the first option has an 
upside deviation (i.e., uncertainty in gains) of 2000, 
whereas the upside deviation of the second option of 
2240 is higher. For a risk-averse decision maker, the first 
option is clearly better because the upside risk is lower 
compared with that of the second option. It should be 
mentioned that this is consistent with how risk aversion 
is commonly defined in economics and finance as “the 
tendency of people to prefer outcomes with low uncer-
tainty to those outcomes with high uncertainty, even if 
the average outcome of the latter is equal to or higher 
in monetary value than the more certain outcome” [21]. 
In this example, the average gains are equal (0.8 * 50 = 
0.2 * 20 + 0.6 * 60 = 40) across the two options, but the 
uncertainty in gain is lower for the first option compared 
with that of the second option (2000 vs 2240).

W4	It is difficult to interpret a negative net benefits-to-risk 
ratio resulting from a negative expected NMB. Also, 
when the expected NMB is zero, the net benefits-to-risk 
ratio is zero regardless of the level of risk of a healthcare 
program.

The expected-utility-based approach shares with the 
Sortino-ratio-based approach major strengths S2 and S5. 
In addition, the most important strength of this approach 

to decision making under uncertainty is that its theoretical 
foundation is rooted in traditional welfare economics [12]. 
However, despite their theoretical appeal (e.g., being based 
on the principles of welfare economics and expected-utility 
theory), methods to analyze the results of a CEA under 
uncertainty and risk aversion have not been widely used. 
Among the limitations of the CE approach are:

W1. CE typically require the analyst to explicitly character-
ize preferences over risk and expected return by specifying 
an explicit utility function. For example, the moment-gen-
erating approach assumes an exponential utility function, 
which implies CARA. This excludes an important class of 
risk-averse decision makers that have preferences that exhibit 
decreasing absolute risk aversion or CRRA. Although it is 
possible to use the approach with a CRRA utility function 
to derive analytic results, the required assumption of log-
normally distributed NMB may not be reasonable given that 
NMB can be negative for low values of WTP.

W2. CE requires knowing the decision maker’s risk attitude 
by estimating the degree of risk aversion of the decision 
maker, which might be difficult to elicit in practice.

Instead of implicitly assuming a fixed degree of risk aver-
sion as in the case of financial risk-adjusted measures, the 
CE approach explicitly incorporates risk preferences of deci-
sion makers. It is true that understanding and eliciting the 
decision maker’s risk attitude in health is difficult. Despite 
the availability of methods of estimation of risk attitude 
coefficients such as the Arrow–Pratt measure of absolute 
risk-aversion parameter r, there are no accepted estimates 

Table 3   Strengths and weaknesses of CERAC based on Sortino-Ratio and expected-utility approaches

CERAC​ cost-effectiveness risk-aversion curve, NMB net monetary benefit

Characteristic CERAC based on Sortino ratio CERAC based on expected utility

Strengths Preferences No need to specify a preference function Based on principles of welfare economics
Risk preferences vary by type of decision maker

Assumptions No need to make assumptions about the distribution of 
costs and effects

No need to make assumptions about the distribution of 
costs and effects

Superior performance measure when the distribution of 
NMB is skewed

Superior performance measure with any distribution 
of NMB

Ease of use Straightforward and easy to calculate Straightforward to calculate
Application Widely applied in finance and a couple of applications in 

healthcare
Widely applied in finance and economics, with a few 

applications in healthcare
Properties Has several desirable qualitative properties Has several desirable qualitative properties

Weakness Preferences Ad hoc approach to characterizing the risk–return trade 
off

Need to specify a preference function

Implied fixed risk attitude Requires knowing the degree of risk aversion
Consistent only with high levels of risk aversion

Assumptions Excludes upside deviation
Properties Dimensionless quantity difficult to interpret a negative net 

benefits-to-risk ratio
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of r [22–24]. One solution suggested in this paper is to use 
a range of risk-aversion coefficients extending from risk 
neutrality to moderate risk aversion and depict that against 
WTP in a two-way sensitivity approach. For example, using 
the inputs of example 1 (Table 1), the blue shared area in 
Fig. 3 shows the combinations of (λ, r) where a risk-averse 
decision maker would prefer program A over program B. It 
should be noted that to overcome the difficulty of directly 
eliciting the decision maker’s maximum WTP for per health 
outcome λ, the cost-effectiveness acceptability curve is con-
structed by plotting the probability that the joint distribution 
of incremental costs and effects where the intervention is 
cost-effective for a range of values of λ. Analogously, the 
CE-based CERAC can be constructed by plotting pairs of 
risk-aversion parameter r and λ for which the decision maker 
is indifferent between two healthcare programs (Figs. 3, 4).

For most practical applications of CEA, there may be no 
need for choosing an appropriate joint distribution for costs 
and effects or a distribution of NMB. Instead, the analyst can 
use the results of the PSA from CEA directly to estimate the 
mean utility using the equation of the chosen utility function 
(e.g., Eq. 9 or Eq. 15).

In conclusion, adapting financial risk-adjustment meas-
ures such as the Sortino ratio to construct a CERAC can be 
a helpful tool for highlighting the level of risk to risk-averse 
decision makers when making choices among healthcare 
interventions with uncertain costs and effects. However, 
compared with the expected-utility approach, risk-adjust-
ment measures implicitly assume levels of risk aversion that 
can be considered high for a class of decision makers. If 
the level of risk aversion of the decision maker is substan-
tially lower than what is implicitly assumed, it is not rec-
ommended to use the Sortino-ratio-based risk-adjustment 
measure because it will result in sub-optimal decisions. In 
addition to being theoretically grounded in the principles 
of welfare economics, the expected-utility approach accom-
modates wide ranges of risk preferences of decision mak-
ers. By presenting a CERAM depicting combinations of risk 
aversion and WTP where each health program is considered 
cost-effective, the expected-utility approach has the added 
advantage of allowing the risk attitudes of the decision 
maker to be explicitly incorporated.
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