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Abstract

Studies have shown that healthcare expenditures are highly concentrated, difficult
to predict, and create considerable financial burdens for many Americans in a single
year. However, much less is known about spending over longer periods, even though it is
critical for evaluating the implications of different forms of health insurance. This paper
uses 16 years of longitudinal data from the Health and Retirement Survey to estimate a
Bayesian model of spending and mortality, which is then used to analyze out-of-pocket
expenditures that accumulate over an individual’s lifetime. Out-of-pocket expenditures
remain highly unequal over extended periods as the top 5 percent of spenders account
for 38 percent of all spending over a 16-year timeframe and 28 percent of simulated
spending over 26 years. Long-term out-of-pocket costs are also often high relative
to income, especially for the poor. Finally, most of the variation in long-term out-
of-pocket expenditures is due to transitory shocks and unobserved heterogeneity, and
only about 10 percent of the variation is explainable; welfare calculations consequently
suggest gains from further reductions in financial risk, but these must be weighed
against efficiency losses due to moral hazard.



1 Introduction

Healthcare spending in the United States accounted for 17.4% of gross domestic product

(GDP) in 2013 and is projected to reach 19.6% of GDP by 2024 (Centers for Medicare &

Medicaid Services). These rising costs have motivated reform proposals to increase cost-

sharing in health insurance plans. Yet, at the same time, Americans face the risk of catas-

trophic out-of-pocket healthcare expenses (Waters, Anderson and Mays 2004). This is even

a concern for Americans over age 65, who, despite Medicare, are exposed to considerable

out-of-pocket expenditure burdens (Crystal et al. 2000).

To evaluate the implications of different forms of insurance, it is necessary to examine the

magnitude, distribution, and uncertainty of out-of-pocket expenditures. The unpredictable

portion of healthcare spending generates demand for health insurance since it reduces finan-

cial risk, while spending inequalities and large out-of-pocket expenses create policy pressure

to redistribute costs from high to low risk individuals and to minimize out-of-pocket spend-

ing. Previous studies have tended to examine these quantities over short time periods, but

it is important to quantify them over long periods as well. For instance, if heath expendi-

tures tend to even out over time, then spending over an individual’s lifetime might be very

different from spending in a single year.

This paper analyzes long-term expenditure risk for individuals over age 50 by estimating

a dynamic Bayesian model of spending and mortality using 8 waves (16 years) of the Health

and Retirement Survey (HRS). A longitudinal two-part model (Olsen and Schafer 2001;

Tooze, Grunwald and Jones 2002; Neelon, O’Malley and Normand 2011) is used for the

spending portion of the model.1 The two-part model accounts for the semicontinuous nature

of spending data (i.e. a large portion of responses equal to 0 and a continuous, heavily

right skewed distribution for the remaining values) by using a probit model to predict the

probability of non-zero expenditures and a lognormal model for expenditures conditional

1Also see Zhang et al. (2006) for a Bayesian two-part hierarchical model in which patients are nested
within physicians.
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on some usage. Persistence is modeled with lagged dependent variables and unobserved

individual effects that are correlated across the two equations.2

To ensure that the model can forecast expenditures over part (or all) of an individual’s

lifetime it is necessary to forecast mortality as well. This is important because life-expectancy

can have a large impact on future spending. For example, the sickest individuals can actually

end up spending less over longer periods because they are less likely to survive to older ages.

Medical costs are also often very high in the last years of life. I consequently model spending

and mortality jointly which allows me to simulate out-of-pocket expenditures from any given

date until death.3

Out-of-pocket spending over longer periods is less skewed than spending in a single period,

but a small fraction of the population still accounts for a large share of total health spending.

For example, over a 16-year period, the top 5% of spenders account for 38% of total spending

(compared with 50% in a single 2-year period). In simulations, the distribution becomes less

and less skewed as the period length increases; however, even after 26 years the top 5% of

spenders account for 28% of total spending. A larger fraction of individuals have small to

moderate out-of-pocket expenses over the long-term than in the short-term, but catastrophic

expenses are more common in the short-term. But even so, low-income families at the 95th

spending percentile spend 69% of their 16-year income on out-of-pocket healthcare costs.

Most of the variation in long-term out-of-pocket spending is explained by random shocks

and unobserved heterogeneity, and only about 10% can be explained. Since spending is

unpredictable and can be large in magnitude, welfare calculations suggest welfare gains from

expanding insurance to reduce financial risk, but these must be weighed against efficiency

losses due to moral hazard.

2Since the probability of some use is likely correlated with the level of use it is necessary to account
for this correlation. Su, Tom and Farewell (2009) has shown that assuming that the individual effects are
uncorrelated can cause biased inferences.

3The model may therefore be used to inform the cost component of individual-based (i.e. microsimulation)
state transition models [see Siebert et al. (2012) for an overview of state transition modeling and its use
in cost-effectiveness analysis]. The model can also be used to estimate lifetime out-of-pocket medical costs
from a given age until death for households managing finances for retirement [see Webb and Zhivan (2010)
for a related model used for this purpose].

2



This paper is related to a small collection of studies that have analyzed the dynamics of

healthcare expenditures. Eichner, McClellan and Wise (1997) estimated a simple two-part

model with lagged dependent variables using 3 years of data in order to gauge the feasibility

of medical savings accounts. Feenberg, Skinner et al. (1994) and French and Jones (2004)

estimate models with complex auto-correlated error structures on fairly long panels (6 and

8 years respectively) using GMM but do not account for the large point mass at zero in

medical care data.4 Finally, Roos, Shapiro and Tate (1989) report a number of summary

statistics that compare healthcare spending in Manitoba over a 16-year period to spending

in a single year.

My study differs from these articles in a number of important respects. First, I esti-

mate the model over a considerably longer panel than previous studies. Second, I provide

comparisons of the long-term and short-term spending distributions in the United States.

Third, I use a model that captures both the cross-sectional and dynamic aspects of medical

care data. Fourth, I model both mortality and spending. Lastly, the model is estimated

using Bayesian methods which allows me to form a complete probability distribution for

out-of-pocket expenditures given any initial state or spending history.

The remainder of this article proceeds as follows. Section 2 describes the HRS data.

Section 3 introduces the model. In Section 4, I outline the Bayesian algorithm used to

estimate the model, summarize results, and check the fit of the model to the data. Section 5

analyzes the distributional and welfare implications of long-term spending. Finally, Section 6

concludes.

2 Data

I use data from the 4th through 11th waves (1998 - 2012) of the Health and Retirement Survey

(HRS). The HRS is a nationally representative longitudinal survey dataset of individuals over

4Feenberg, Skinner et al. (1994) only observe individuals whose medical expenses are larger than 3% of
income and correct for this using a Tobit model; French and Jones (2004) recode all expenditures below $250
to $250.
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age 50. The main goal of the survey is to provide information for the study of health and

retirement. I use the RAND HRS data files, which contain cleaned versions of the original

variables that are renamed to allow for easier comparability across waves.5 The main variable

is total out-of-pocket expenditures which is only available from wave 4 onward.

To facilitate longitudinal analysis, the sample used in this study consists of all survey

respondents who participated in the 4th wave, but not those who joined the survey during

later waves. In addition, to make it easier to compare the short-term and long-term spending

distributions, I drop individuals from the sample if they have missing data due to non-

response or dropout, which reduces the number of individuals in the sample from 20, 569 to

16, 591. An additional 75 individuals are dropped because covariates are missing.6

The HRS data is self-reported so the reported expenditures are almost certainly measured

with some error. Hurd and Rohwedder (2009) and Goldman, Zissimopoulos and Lu (2011)

compare the HRS out-of-pocket spending estimates to those in the Medical Expenditure

Panel Survey (MEPS) and the Medicare Current Beneficiary Survey (MCBS). Each survey

spends considerable resources to collect high quality data: the MCBS combines survey data

with administrative Medicare files while the MEPS combines survey data with data from the

providers who provided care for the survey respondents. Both studies find that out-of-pocket

spending estimates from the HRS are comparable (albeit slightly overestimated) to those in

the MCBS but significantly higher than those in the MEPS, with discrepancies largest at

the mean and the upper end of the distribution.

However, as noted by Marshall, McGarry and Skinner (2011), the HRS may capture

expenses from sources—such as in-home care—that are not covered in other surveys. Fur-

thermore, the MEPS is known to underreport expenditures relative to both the MCBS

(Zuvekas and Olin 2009) and the National Health Expenditure Accounts (NHEA) (Keehan

2006; Bernard et al. 2012). In fact, as Marshall, McGarry and Skinner (2011) have pointed

5See Appendix A for more details on RAND’s cleaning of the data.
6In Appendix B, I show that restricting the data in this manner does not significantly alter the charac-

teristics of the sample.
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out, the per-year sample average of out-of-pocket spending in the 2004 HRS for the over age

65 population, or approximately $2100, is nearly equivalent to the 2002 and 2004 estimates

of over age 65 out-of-pocket spending from the NHEA as reported in Hartman et al. (2008).

Likewise, French and Jones (2004) has shown that average expenditures from the HRS tend

to match US averages closely.

Table 1 reports summary statistics on the distribution of out-of pocket expenditures in

the HRS. Expenditures reported in the table and the rest of the paper are in $2012. The

first row reports summary statistics from the HRS pooled across the 4th through 11th waves.

Mean out-of-pocket expenditures are around $2100 per year, which is consistent with the

NHEA estimates reported in Hartman et al. (2008) and discussed above. The distribution

is heavily right skewed with a mean considerably larger than the median and a very large

maximum value of over $1 million. The percentage of nonspenders is also quite high, which

suggests that modeling out-of-pocket expenditures using a two-part model is warranted.

Table 1: The Distribution of Out-of-Pocket Health Expenditures in the HRS,
Waves 4 - 11

Sample %
Quantile

Data size nonspenders Mean 25% Median 75% Max
Pooled cross-section 99,270 10.91 4,257 456 1,519 3,839 1,539,869
Individual means 16,516 3.43 3,198 659 1,786 3,723 213,088
Individual means per wave alive 16,516 3.43 4,880 1,043 2,395 4,966 292,616

Notes: Estimates are two-year (or single wave) averages. Individual means are expenditures summed across all 8 waves divided
by 8 (individuals are coded as spending $0 in all waves after death). Individual means per wave alive are expenditures averaged
across all waves in which an individual is alive.

The second and third rows each look at the distribution of spending averaged (by individ-

ual) across the 4th through 11th waves. The second row is the sum of expenditures across

all waves divided by the number of waves in the data, or 8. Out-of-pocket expenditures

are coded as $0 in all years after death. This is the quantity that a public payer such as

Medicare or Medicaid (or perhaps a family saving for retirement) would be concerned with.

The distribution is less skewed than the distribution of the pooled cross section: the mean

is lower, the median is larger, the maximum is substantially smaller, and there are very few
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nonspenders. Nonetheless, the distribution is still quite skewed with a mean considerably

higher than the median. At the 95th percentile, an individual spends $86, 351 over 16 years.

Spending at the median is much lower, but the median individual still pays an economically

significant $14, 289 out-of-pocket.

Individuals might be more concerned with how much they would pay when they are alive.

The third row consequently provides summary statistics for mean out-of-pocket expenditures

per wave alive. Mean spending in the third row is higher than mean spending in either of

the first two rows because individuals tend to spend more right before death. At the 95th

percentile, individuals spend $130, 150, per wave alive. Spending at the 25th percentile

and the median are also high, which suggests that a substantial fraction of the population

experiences large out-of-pocket expenditures over their lifetimes later in life.

Table 1 showed that nonzero spending is quite common in a single wave but much less

prevalent over multiple waves. Figure 1 investigates this more closely. The leftmost figure

plots the cumulative share of individuals with nonzero spending by wave; that is, the fraction

of (surviving) individuals with nonzero spending in either the current wave or any previous

wave. In wave 4, 87% of individuals had positive expenditures. The cumulative share of

individuals with nonzero expenditures then rose to 94% by wave 5 and steadily increased

thereafter before surpassing 99% by wave 9. This means that nearly everyone who survived

at least 6 waves had positive medical spending during at least one of those two-year periods.7

The rightmost figure plots the fraction of nonzero spenders in each wave. This quantity

increases slightly over time due to population aging. In wave 4, 87% of individuals had

positive spending; by wave 11, 90% of survey respondents were nonzero spenders.

As illustrated in Table 1, expenditures remain skewed even after averaging over 8 waves.

This is consistent with a number of other studies that have shown that medical expenditures

are highly persistent. Figure 2 examines persistence in the HRS data by looking at whether

7Note that the cumulative share of nonzero spending by wave 11 is higher than the fraction of individuals
with nonzero spending reported in rows 2 and 3 of Table 1. This is because the statistic reported for wave 11
in Figure 1 is estimated using only those who survived from wave 4 to wave 11 while the statistic in Table 1
is based on all individuals regardless of their survival length.
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Figure 1: Nonzero Spending in the HRS

Notes: Each wave only includes survey respondents who survived to that wave.

expenditures in wave 4 are correlated with expenditures in subsequent waves. More precisely,

it plots mean out-of-pocket expenditures by expenditure quartile in wave 4.

During the initial wave an individual in the highest quartile spent, on average, almost

$7, 486 while those in the lowest quartile spent, on average, only $96. Even mean spending

in the third quartile was less than one-third mean spending in the highest quartile. But

expenditures tend to gravitate toward the mean in all quartiles. Spending in the bottom

three quartiles rose over time while spending in the highest quartile declined. By the 11th

wave mean spending in the lowest quartile rose to nearly one-half mean spending in the

highest quartile. Nonetheless, the lines never cross which implies that, on average, those

that had higher expenditures in wave 4 continued to have higher expenditures in subsequent

waves. There is thus both significant mean reversion and persistence in the data.
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Figure 2: Mean Out-of-Pocket Expenditures by Wave 4 Quartile

3 The Model

This paper models out-of-pocket expenditures for individuals over age 50. Expenditures are

modeled in two-parts with separate equations for nonzero expenditures and log expenditures

conditional on positive expenditures. Spending depends on exogenous personal characteris-

tic, lagged and initial spending, unobserved heterogeneity and transitory errors. Since the

model includes lagged variables, it is estimated on the sample of 15, 222 individuals who

survived to at least wave 5. Mortality is modeled as a function of out-of-pocket spending

in the previous period and exogenous personal characteristics using a discrete-time probit.

The mortality equation is estimated using the sample of 15, 222 individuals based on their

survival from wave 6 until wave 11.
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3.1 Expenditure Model

Let yit denote out-of-pocket expenditures where the indices i and t refer to individual i

and period t respectively—for clarity, the initial wave (wave 4) is referred to as period 0.

Furthermore, let dit ≡ I(d∗it > 0) = I(yit > 0) so that the latent variable d∗it describes

whether expenditures are positive or zero. The dynamic longitudinal two-part model can

then be written as,

d∗it = φ1dit−1 + zT1itγ1 + c1i + ε1it, (1)

ln yit|d∗it > 0 = g(yit−1)Tφ2 + zT2itγ2 + c2i + ε2it, (2)

where γ1 and γ2 are the vectors of coefficients on the explanatory variables; c1i and c2i

are individual random effects; and φ1 is the coefficient on the lagged dependent variable in

the first part of the model. The function g(·) is a column vector that allows the observed

response in the second part of the model to depend on lagged values in a number of ways.

φ2 is an m× 1 vector where m is the number of variables contained in g(yit−1). As is typical

of two-part models, it is assumed that ε1it ∼ N(0, 1) so that the first equation is a probit

model and that ε2it ∼ N(0, σ2
ε ). As will be shown later, the data generating process is well

approximated by a lognormal distribution for nonzero yit so assuming that ε2it is normally

distributed is not problematic. If this were not the case, the model could be extended so

that the distribution of ε2it were a student-t distribution, a skew normal distribution or some

mixture of normals.8

A well documented problem with dynamic non-linear models with individual random

effects is that the estimates depend on assumptions about the initial conditions [see Hsiao

(2014, section 7.5)]. Standard assumptions are that the initial conditions are either fixed or

random, but neither is without its limitations. Assuming that an initial condition is fixed

8See chapter 15 in Koop, Poirier and Tobias (2007) for details on estimating these types of non-normal
models.
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implicitly assumes that it is uncorrelated with the individual effects. On the other hand,

it is difficult to properly specify the density of the initial conditions given the individual

effects. In this paper I use an alternative approach suggested by Wooldridge (2005) in which

the distribution of the individual effects is modeled as a function of initial conditions and

exogenous variables.9 Specifically,

c1i = δ10 + δ11di0 + zT1iδ12 + b1i (3)

c2i = δ20 + h(yi0)T δ21 + zT2iδ22 + b2i, (4)

where di0 and yi0 are initial conditions and z1i and z2i are column vectors of time invariant

explanatory variables for individual i. The role of the function h(·) is the same as the

function g(·) above in that it allows the initial conditions to appear in a number of ways.

Variables that can be included in z1i and z2i include time-constant variables such as race

and sex and averages (over time) of time-varying variables. Based on evidence from previous

two-part longitudinal models, the individual specific error terms, b1i and b2i, are allowed to be

correlated across the two equations. That is, they are given a bivariate normal distribution,

bi =

b1i

b2i

 ∼ N


0

0

 ,Σb =

 σ2
1 ρσ1σ2

ρσ1σ2 σ2
2


 , (5)

where ρ is the correlation between b1i and b2i. For the remainder of this paper I refer to b1i

and b2i as unobserved heterogeneity or unobserved individual effects.

The model is assumed to be dynamically complete which implies that there is no serial

correlation in the error terms after controlling for the lagged dependent variables. The

observed persistence in out-of-pocket spending is consequently modeled through the lagged

dependent variables and unobserved heterogeneity. The error terms are what is often referred

9My model is therefore similar to Li and Zheng’s 2008 Bayesian semi-parametric dynamic type I Tobit
panel data model which also follows Wooldridge’s 2005 suggestion (their model is semiparametric because it
models the distribution of unobserved individual effects as a mixture of normals.)
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to as equicorrelated because the co-variance in the errors between one wave and the next are

equal to the unobserved individual effects and do not vary with the time difference between

waves.

Variables included in the model are those that would be known to an individual at the

initial wave and could be used to forecast spending over long periods of time given this initial

information. The time-varying vectors z1it and z2it contain a quadratic function of age.10

The time-constant vectors z1i and z2i consist of standard variables for demographics and

socioeconomic status as well as a number of health variables (measured in the initial period).

The functions g(·) and h(·) were chosen to best approximate the relationship between lagged

(and initial) log spending and current log spending. As illustrated in figures E.1 and E.2 in

the appendix, the effect of lagged (initial) expenditures should differ depending on whether

previous (initial) expenditures were zero or strictly positive. Accordingly, I set g(yit−1) =

(dit−1, dit−1 × ln yit−1)T and h(yi0) = (di0, di0 × ln yi0)T so that current log expenditures are

predicted by an indicator variable if spending was zero in the previous (initial) period and

lagged (initial) log expenditures if lagged (initial) spending was positive. Sample quantiles

for the explanatory variables are provided in Table 2.

It is worth mentioning that the two-part model assumes that ε1it and ε2it are uncorrelated.

An alternative approach is to use a type 2 Tobit or Heckman selection model to jointly model

the errors. I believe that this would likely only add to the complexity of the current model

with little added benefit, but future work might want to consider extending the model to

allow for dependence in the error terms.

3.2 Mortality Model

One approach to modeling mortality is to generate survival curves using a hazard/survival

modeling approach. Parametric proportional hazards models based on the Weibull or Gom-

pertz distributions are natural candidates. However, in this paper, I use a model appropriate

10Additional time-varying variables could be included but these would not be known to an individual at
the initial wave and would consequently need to be forecasted.
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Table 2: Explanatory Variables Included in Model

Variable included in? Sample Quantiles

Expenditure model Mortality model

Variable Binary Continuous
component component Min Median Max

Intercept Yes Yes Yes 1.0 1.0 1.0
Dit−1 × ln yit−1 No Yes Yes 0.0 7.3 14.2
Dit−1 Yes Yes Yes 0.0 1.0 1.0
Di0 × ln yi0 No Yes No 0.0 7.0 12.6
Di0 Yes Yes No 0.0 1.0 1.0
(Age− 65)/10 Yes Yes Yes −1.5 0.5 4.4
[(Age− 65)/10]2 Yes Yes Yes 0.0 0.5 19.4
Female Yes Yes Yes 0.0 1.0 1.0
Black Yes Yes Yes 0.0 0.0 1.0
Other race Yes Yes Yes 0.0 0.0 1.0
Hispanic Yes Yes Yes 0.0 0.0 1.0
Years of education - 12 Yes Yes Yes −12.0 0.0 5.0
Log household income Yes Yes Yes 0.0 10.8 16.2
Self-reported health good Yes Yes Yes 0.0 0.0 1.0
High blood pressure Yes Yes Yes 0.0 0.0 1.0
Diabetes Yes Yes Yes 0.0 0.0 1.0
Chronic lung disease Yes Yes Yes 0.0 0.0 1.0
Heart problems Yes Yes Yes 0.0 0.0 1.0
Stroke Yes Yes Yes 0.0 0.0 1.0
Psychological disorders Yes Yes Yes 0.0 0.0 1.0
Arthritis Yes Yes Yes 0.0 0.0 1.0

for discrete-time since survival times are aggregated into two-year periods in the HRS.

Binary choice models are a simple and common choice for grouped survival data (Cox

1972; Lynch and Brown 2005; Cameron and Trivedi 2005). I use a probit model but a logistic

model could be used instead. It is convenient for Bayesian analysis to write the model in

terms of a latent variable, say m∗it, which can thought of as representing the risk of death.

Then, letting mit = I(m∗it) > 0, the model can be written as,

m∗it = xTMitκ+ εMit, (6)

where xMit is the vector of explanatory variables for individual i, κ is the corresponding

coefficient vector and εMit ∼ N(0, 1). The observed death indicator, mit, is equal equal to

0 in all periods except the period of death in which case it is equal to 1. Individuals are
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dropped from the estimation sample following the period in which they died. The data vector

xMit contains the same function of lagged expenditures from equation 2 and the same time

constant variables from the expenditure model. All variables are summarized in Table 2.

4 Bayesian Estimation

4.1 Priors

In the Bayesian approach, prior distributions are assigned to all of the model parameters. To

ensure a proper posterior that is determined almost entirely by the data, weakly informative

prior distributions were chosen for the hyperparameters. The regression coefficients (γ1, γ2,

δ10, δ11, δ12, δ20, δ21, δ22, κ) and the coefficients on the lagged dependent variables (φ1, φ2)

are given diffuse normal priors. The precision of the second equation of the two-part model,

σ−2
ε is assumed to have a Ga(a0, b0) conjugate prior. As suggested by Neelon, O’Malley and

Normand (2010) and Neelon, O’Malley and Normand (2011) the covariance matrix of the

unobserved individual effects, Σb, is assumed to have a conjugate inverse-Wishart IW (S0, v0)

distribution. To make the prior uninformative, I set the degrees of freedoms, v0, equal to 3

and S0 equal to the identity matrix.

4.2 Posterior Computation

In the expenditure model, substitute equations 3 and 4 into equations 1 and 2 respectively

so that the ith individual during period t has the vectors of explanatory variables x1it =

(dit−1, z1it, di0) and x2it = (g(yit−1), z2it, h(yi0)). Denote the corresponding coefficient vectors

as α and β respectively. In addition let expenditure data be available through time Ti and

T
′
i be either the the period of death or the final wave of the survey. That is, T

′
i = Ti for

those who survived all 8 waves and T
′
i = Ti + 1 for those who died during the survey period.

Letting θ = (αT , βT , σ2
ε )
T , the conditional density, p(yi1, yi2, . . . , yiT |yi0, bi, θ) for individual i
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can then be written as,

Ti∏
t=1

p(yit|yit−1, bi, θ) =

Ti∏
t=1

(1− Φ(µ1it)
1−dit

[
Φ(µ1it)× LN(yit;µ2it, σ

2
ε )
]dit ,

µ1it = xT1itα + b1i,

µ2it = xT2itβ + b2i, (7)

where Φ(·) is the CDF of the standard normal distribution and LN(·) is the lognormal

distribution. For individual i, the conditional density for mortality is just the standard

likelihood for a binary choice model,

T
′
i∏

t=2

p(mit|κ, yit−1) =

T
′
i∏

t=2

Φ(xTMitκ)mit
[
1− Φ(xTMitκ)

]1−mit
, (8)

except that mit can only equal 1 if t = T
′
i .

Given prior distributions p(θ), p(κ) and p(Σb), it follows that the full joint posterior is,

p(θ, κ, bi,Σb|y,m) ∝ p(θ)p(Σb)
n∏
i=1

Ti∏
t=1

p(yit|yit−1, bi, θ)p(bi|Σb)

× p(κ)
n∏
i=1

T
′
i∏

t=2

p(mit|κ, yit−1), (9)

where y is the the stacked vector of yit, m is the stacked vector of mit, and there are n

individuals. A Gibbs sampling algorithm is used to estimate the parameters by partitioning

the joint posterior into conditional distributions. The parameters of the expenditure and

mortality models are simulated separately. κ can be sampled using the standard normal

regression model by using the data augmentation technique described in Albert and Chib

(1993).

Convenient priors were chosen for the expenditure model so sampling from β, σ2
ε and Σb

is straightforward. α can be sampled using the same data augmentation technique used to
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sample κ. However, the conditional distribution for bi is nonstandard so it is sampled using a

random-walk Metropolis step. Full details of the Markov Chain Monte Carlo (MCMC) algo-

rithm used to sample the parameters in the expenditure model are provided in Appendix C.

The algorithms were implemented using R version 3.1.2. Inferences for the mortality

equation were based on 2, 100 draws of κ after a burn-in period of 1, 000 iterations simu-

lated using the MCMCprobit command in the R package MCMCpack.11 Estimation of the

expenditure equation was more time consuming. 7 initially dispersed chains of 65, 000 iter-

ations were run in parallel. The first 50, 000 iterations were discarded and the sequence was

thinned by only keeping every 50th draw after burn in, yielding 2, 100 random draws from

the posterior distribution. Run-time on a ThinkPad W530 Mobile Workstation with 8 cores

is approximately 13 hours. Convergence was assessed using the R package coda by visually

inspecting traceplots of all the parameters (which are available upon request) and using the

Gelman-Rubin diagnostic. The Gelman-Rubin potential scale reduction factor R̂ was less

than 1.1 for all parameters suggesting approximate convergence.

4.3 Parameter Estimates and Model Summary

Table 3 presents posterior means, standard deviations, and quantiles for the parameters of

the expenditure model.12 Unsurprisingly, the model predicts that women spend more out-

of-pocket than men. Another expected result is that out-of-pocket costs are predicted to

increase with age. However, the predicted effect of age on the probability of nonzero expen-

ditures decreases as individuals get older while the predicted effect on positive out-of-pocket

expenditures increases with age. The coefficients on the racial/ethnic and socioeconomic

variables are consistent with research on SES differentials in the utilization of healthcare

services (e.g. Blanco et al. 2007; Cook, McGuire and Miranda 2007; Gross et al. 2008; Mar-

tinez et al. 2008; Cook and Manning 2009), which typically finds that variables correlated

11Estimates were nearly identical to those from maximum likelihood estimation. Run time was less than
1 minute and traceplots suggested that the parameters successfully converged.

12The posterior distributions of the regression coefficients are all approximately normal so the posterior
means are nearly identical to the posterior medians.
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with low socioeconomic status are associated with less medical spending.

Table 3: Coefficient Estimates for Expenditure Model

Posterior Quantiles

Mean SD 2.5% Median 97.5%
Binary component
Intercept −1.07 0.09 −1.26 −1.07 −0.89
Dit−1 0.60 0.02 0.55 0.60 0.64
Di0 0.85 0.03 0.79 0.85 0.92
(Age− 65)/10 0.08 0.02 0.04 0.08 0.11
[(Age− 65)/10]2 −0.07 0.01 −0.08 −0.07 −0.05
Female 0.14 0.02 0.10 0.14 0.18
Black −0.41 0.03 −0.46 −0.41 −0.35
Other race −0.25 0.05 −0.35 −0.25 −0.15
Hispanic −0.38 0.04 −0.46 −0.38 −0.31
Years of education - 12 0.05 0.00 0.05 0.05 0.06
Log household income 0.14 0.01 0.12 0.14 0.16
Self-reported health good 0.04 0.02 −0.01 0.04 0.09
High blood pressure 0.20 0.02 0.15 0.20 0.24
Diabetes −0.05 0.03 −0.12 −0.05 0.01
Chronic lung disease −0.02 0.05 −0.10 −0.01 0.07
Heart problems 0.05 0.03 −0.01 0.05 0.10
Stroke −0.15 0.04 −0.23 −0.15 −0.06
Psychological disorders −0.18 0.04 −0.26 −0.18 −0.11
Arthritis 0.06 0.02 0.02 0.06 0.10

Continuous component
Intercept 5.79 0.07 5.66 5.79 5.93
Dit−1 × ln yit−1 0.24 0.00 0.23 0.24 0.26
Dit−1 −1.34 0.04 −1.43 −1.35 −1.27
Di0 × ln yi0 0.17 0.00 0.16 0.17 0.18
Di0 −0.78 0.04 −0.86 −0.78 −0.69
(Age− 65)/10 0.09 0.01 0.07 0.09 0.11
[(Age− 65)/10]2 0.03 0.00 0.02 0.03 0.04
Female 0.06 0.01 0.04 0.06 0.09
Black −0.18 0.02 −0.22 −0.18 −0.14
Other race −0.14 0.04 −0.21 −0.14 −0.06
Hispanic −0.06 0.03 −0.12 −0.06 −0.01
Years of education - 12 0.02 0.00 0.02 0.02 0.03
Log household income 0.06 0.01 0.05 0.06 0.07
Self-reported health good −0.13 0.01 −0.15 −0.13 −0.10
High blood pressure 0.12 0.01 0.09 0.12 0.14
Diabetes 0.18 0.02 0.14 0.18 0.21
Chronic lung disease 0.08 0.03 0.02 0.08 0.13
Heart problems 0.08 0.02 0.05 0.08 0.12
Stroke 0.08 0.03 0.03 0.08 0.14
Psychological disorders 0.11 0.02 0.07 0.11 0.16
Arthritis 0.04 0.01 0.01 0.04 0.06

Notes: Coefficient estimates are from the model described in equations 1 and 2. dit−1 and di0 are indicator variables for whether
there was positive spending in the previous and initial wave respectively. Likewise, ln yit−1 (ln y0) is the natural logarithm of
expenditures in the previous (initial) wave.
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The health variables have the expected signs in the continuous component. Poor self-

reported health status and chronic conditions like diabetes or high blood pressure during the

initial period are predicted to increase future out-of-pocket spending conditional on some

usage.13 On the other hand, the health variables do not always have the expected sign

in the binary component, although it is important to note that they tend to be estimated

less precisely and that the estimates are conditional on all of the other covariates including

dummy variables for lagged an initial spending. That said, some conditions, like having a

psychological disorder, have large negative predicted effects on whether an individual has

nonzero expenditures in the future despite being positively associated with spending in the

continuous component of the model. This could suggest that these variables are correlated

with other characteristics that impact usage such as personality traits or health knowledge.

The expenditure simulations described in the next section depend crucially on the coef-

ficients on the lagged dependent variables and on the variance parameters. The impact of

lagged spending in both parts of the model is fairly strong. In the binary component, dit−1

is predicted to increase d∗it by 0.6 at its posterior mean. In the continuous component, each

percentage point increase in lagged spending is predicted to increase current spending by

0.24 percentage points at its posterior mean when lagged expenditures are nonzero. Like-

wise, a 1% difference in nonzero initial spending between individuals is associated with a

0.17% difference in spending during period t. This strong association suggests that treating

the initial conditions as fixed is inappropriate. The large negative coefficients on dit−1 and

di0 in the continuous component reflect the non-linear pattern between dit−1 × ln yit−1 and

di0× ln yi0 created by the degenerate distribution at zero (see appendix figures E.1 and E.2).

As shown in Table 4, σε = 1.14 so nonzero expenditures can only be predicted to within

a multiplicative factor of e1.14 = 3.13. Furthermore, the size of the variances of both b1i and

b2i suggest that unobserved heterogeneity is important. For instance, the posterior mean of

σ2 is
√

0.26 = 0.51, which means that conditional on positive expenditures, a person with

13The “self-reported health good” variable is equal to 1 if self-reported health status (which is measured
on a 1-5 scale ranging from poor to excellent) is good or excellent and 0 otherwise.
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a value of b2i one standard deviation above its mean would have out-of-pocket expenditures

approximately 51% above average, given personal characteristics. Similarly, the intraclass

correlations in both the first and second part of the model are large: at posterior medians

σ2
1/(σ

2
1 + 1) = 0.33 and σ2

2/(σ
2
2 + σ2

ε ) = 0.17.14 In other words, unobserved heterogeneity

explains about 33 and 17 percent of the unexplained variation in the binary and continuous

components respectively. Finally, the high correlation between b1i and b2i of 0.54 highlights

the importance of modeling the unobserved individual effects jointly.

Table 4: Estimates for Variance Parameters in Expenditure Model

Posterior Quantiles

Mean SD 2.5% Median 97.5%
σ2
ε (lognormal variance) 1.30 0.01 1.29 1.30 1.32
σ2
1 (var[b1i]) 0.49 0.03 0.44 0.49 0.54
σ2
2 (var[b2i]) 0.26 0.01 0.25 0.26 0.28
ρ (corr[b1i, b2i]) 0.54 0.02 0.49 0.54 0.58

Notes: Parameter estimates are from the model described in equations 1 and 2.

Table 5 reports results for the mortality model. As in the expenditure model, the negative

coefficient on dit−1 implies that there is a non-linear relationship between dit−1× ln yit−1 and

the dependent variable (mortality) caused by the point mass at zero in medical expenditure

data. Lagged log (nonzero) spending, dit−1× yit−1, is fairly large in magnitude and precisely

estimated. The other coefficients are as expected. At older ages, mortality is an upward

sloping quadratic function of age. Individuals with chronic health conditions or worse self-

reported health have lower mortality rates. Women, non-blacks, and those with more years

of education are predicted to survive to older ages. Finally, the negative coefficient on the

Hispanic variable is consistent with the well known “Hispanic paradox” in epidemiology in

which Hispanics live longer lives despite their socioeconomic disadvantages.

In order to compare the predictive ability of the expenditure model to previous studies, I

14For t 6= s, the intraclass correlations in the binary and continuous components are corr(ε1it+b1i, ε1is+b1i)
and corr(ε2it + b2i, ε2is + b2i) respectively.

18



Table 5: Parameter Estimates for Mortality Model

Posterior Quantiles

Mean SD 2.5% Median 97.5%
Intercept −1.14 0.06 −1.27 −1.14 −1.02
Dit−1 × ln yit−1 0.09 0.00 0.08 0.09 0.10
Dit−1 −0.88 0.04 −0.96 −0.88 −0.80
(Age− 65)/10 0.27 0.02 0.24 0.27 0.30
[(Age− 65)/10]2 0.08 0.01 0.07 0.08 0.09
Female −0.22 0.01 −0.25 −0.22 −0.19
Black 0.06 0.02 0.02 0.06 0.10
Other race 0.04 0.04 −0.05 0.04 0.12
Hispanic −0.16 0.03 −0.22 −0.16 −0.11
Years of education - 12 −0.01 0.00 −0.01 −0.01 −0.00
Log household income −0.05 0.00 −0.06 −0.05 −0.04
Self-reported health good −0.23 0.02 −0.26 −0.23 −0.19
High blood pressure 0.05 0.01 0.02 0.05 0.08
Diabetes 0.27 0.02 0.23 0.27 0.31
Chronic lung disease 0.44 0.02 0.39 0.44 0.48
Heart problems 0.18 0.02 0.14 0.18 0.20
Stroke 0.26 0.02 0.22 0.26 0.31
Psychological disorders 0.19 0.02 0.14 0.19 0.23
Arthritis −0.00 0.01 −0.03 −0.00 0.03

Notes: Parameter estimates are from the model described in equation 6. dit−1 is an indicator variable for whether there was
positive spending in the previous wave. Likewise, ln yit−1 is the natural logarithm of expenditures in the previous wave.

used the following formula to calculate conditional per period mean costs for each individual,

y∗it|θ, bi = Φ(xT1itα + b1i) exp(xT2itβ + b2i + σ2
ε/2), (10)

where the second term is the mean of a lognormal distribution. To make predictions, I use

the mean of the posterior distribution, denoted as ŷit, produced by equation 10. Predictions

were made separately for a two-part model that did not include unobserved heterogeneity and

the primary model with correlated unobserved individual effects. The fit of each model was

summarized using the percent of the variation explained, or, R2 = 1−Var(ŷit−yit)/Var(yit).

In the model with no unobserved heterogeneity, the R2 of the model is only 0.07, which

suggests that only a small fraction of out-of-pocket costs can be predicted with the observed

data. Adding unobserved heterogeneity doubles the proportion of variation explained by

the model as the R2 increases to 0.15, which is around the maximum percentage—15 to 20
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percent—of variation in health costs that previous studies have been able to predict (e.g.

Van Vliet 1992; Newhouse 2004; Pope et al. 2004; Breyer, Bundorf and Pauly 2012).

4.4 Model Checking

To evaluate the fit of a Bayesian model, Gelman et al. (2013) suggest using posterior pre-

dictive checks in which observed data, y, is compared to data generated from the model,

yrep. One way to draw replicated data is to simply use the draws of the parameters from

the simulated posterior. However, a better test of the model in this paper is whether it

can simulate an entire spending history—while simultaneously accounting for mortality—by

only using information available during period 0. I therefore use a simulation procedure

that first randomly draws the parameter values from the joint posterior distribution, then

simulates bi from N2(0,Σb) (rather than using actual draws from the posterior of bi), and

finally recursively simulates yit and mit conditional on spending in period 0. Overall, 1, 000

simulations, ysim, were generated for each of the 15, 222 individuals who survived to period

1.15 (For complete details of the simulation procedure, see Appendix D.)

Figure 3 plots the density of a single 7-period simulation, ysim, against the corresponding

empirical density of y from waves 5 to 11.16 The top-left figure is a simple plot of the cross-

sectional distribution of out-of-pocket spending and the top-right figure is just the log(x+1)

transformation. The large spike at zero in the logarithm of spending plot illustrates the

large proportion of nonspenders while the plot in levels is a testament to the skewed nature

of the data. The simulated data captures the number of nonspenders fairly accurately:

the mean percentage of nonspenders across simulated datasets is 9.91% (95% CI: 9.20%

to 10.59%) while 10.46% of individuals are nonspenders in the observed data. The log

of positive spending is also approximately normally distributed which suggests that the

normality assumption on the error term is valid. Finally, the simulated data matches the

observed data very closely which implies that the model is able to simulate the cross-sectional

15Since the simulation accounts for mortality the length of the vector ysim is random.
16There is very little variation in the distribution of spending from one simulation to the next.
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distribution of spending.

Spendings (in levels) log (x+1) spending
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Figure 3: Out-of-Pocket Expenditure Density Estimates

Notes: Spending (in levels) is truncated at $10000 (approximately the 95th and 96th percentile of mean
2-year and 14-year spending respectively) for graphical purposes.

The bottom two figures are within individual spending averages across the 7 periods, with

expenditures in periods after death coded as $0. Consistent with Table 1, the distribution of

the 14-year averages is somewhat less skewed than the distribution of cross-sectional spending

pooled across waves. The distribution of ysim is again similar to the distribution of y so it
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would seem that it is possible to simulate the distribution of expenditures accurately.

Figure 4 looks at whether the mortality model accurately predicts the number of survey

respondents surviving from one wave to the next. The figure reports the proportion of the

15, 222 individuals alive during wave 4 still alive during each subsequent wave. Simulated

and observed survival rates are similar, although the model tends to slightly overpredict

survival by wave 11.

0.00

0.25

0.50

0.75

1.00

5 6 7 8 9 10 11
Wave

P
ro

po
rt

io
n 

su
rv

iv
in

g

Observed Simulated

Figure 4: Survival Estimates

To asses whether the model adequately captures persistence in out-of-pocket expendi-

tures, Figure 5 considers the distribution of expenditures in wave t + 4 conditional on the

distribution of expenditures in wave t and survival until wave t + 4.1718 The plot is similar

to Figure 2 in that it presents the evolution of an individual’s expenditures across waves.

17In other words, the figure compares expenditures in wave 5 to wave 9, wave 6 to wave 10, and wave 7 to
wave 11.

18Results from other wave differences (i.e. comparing waves t and t+ 1) are similar.
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Each of the five panels in the plot shows the proportion of individuals in one of five spending

quintiles at wave t+ 4 given their spending quintile at wave t.
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Figure 5: Distribution of Wave t + 4 Expenditures Conditional on Wave t Ex-
penditures

Notes: The figure only contains expenditure data for those who survive to wave t+ 4.

The results show that there is significant mean reversion in spending but that spending

is still somewhat persistent over time. Individuals in the first expenditure quintile in wave

t are much more likely to remain in the first quintile 4 waves later. Likewise, individuals in

the highest quintile in wave t are more likely to remain in the higher quintiles in wave t+ 4.

That said, the majority of individuals move to new spending quintiles.

The simulated data tends to replicate these patterns but there are a few discrepancies.
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For instance, compared to the observed data, individuals simulated to be in the fourth

quintile in wave t are slightly less likely to remain in the fourth quintile in wave t+ 4. That

being said, the model does a good job of simulating transitions from one quintile to another.

For additional model checks see Appendix F.

5 Long-term Expenditure Risk

5.1 Equity

How unequal is the distribution of out-of-pocket expenditures? Most studies analyzing the

distribution of health spending have focused on shorter time periods (typically a single year)

(e.g. Berk and Monheit 2001; Monheit 2003; Stanton and Rutherford 2006; Zuvekas and

Cohen 2007). Here, I compare the distribution of out-of-pocket expenditures in a single

(two-year) period to the distribution of out-of-pocket expenditures over multiple periods.

One way to measure spending inequality is by using the approach developed in the income

inequality literature. The standard graphical representation of inequality is a Lorenz curve

which plots the cumulative share of spending on the y-axis and the cumulative portion of the

population on the x-axis. The figure also typically contains a 45 degree line called “the line

of perfect equality”, which depicts the distribution of expenditures when everyone spends

the same amount.

Lorenz curves for the raw HRS data are shown in Figure 6. A curve is plotted for both

expenditures in a single wave and mean expenditures over waves 4 to 11 per wave alive.

Estimates of single-wave spending are taken from each individual’s midpoint period, that is,

period Ti/2 rounded to the smallest integer not smaller than Ti/2. The figure shows that the

long-term distribution is more equal that the short-term distribution, but that out-of-pocket

spending is still highly concentrated. For example, in a particular two-year wave the top

5% of spenders account for 50% of total spending; over 8 waves the top 5% of spenders still

account for 38% of total spending.

The degree of inequality can be quantified with the Gini coefficient, which is the ratio of
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Figure 6: Empirical Lorenz Curves for Out-of-Pocket Expenditures per Wave
Alive

Notes: The 45 degree line is the “line of perfect equality”, which depicts the case where everyone spends the
same amount out-of-pocket on healthcare.

the area between the line of perfect equality and the Lorenz curve to the total area under

the line of perfect equality. Its value is 0 when everyone spends the same amount and 1

when only one person has positive expenditures. The Gini coefficient for 16-year spending

(0.63) is lower than for single-wave spending (0.74). Yet, both are fairly close to 1 and

considerably higher than the Gini coefficient of income inequality in the United States, so

spending inequality remains high over long periods of time.19

19The Gini coefficient of 16-year health spending is actually similar to the Gini coefficient of income in the
most unequal countries in the world.
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The long-term out-of-pocket spending distribution might be more equal if one examines

total usage over the 16-year period since high cost users are more likely to die and become

zero-cost users. However, coding expenditures after death as $0 has a negligible impact

on the inequality estimates as the Gini coefficient only decreases from 0.63 to 0.60. Thus,

long-term estimates of inequality are not very sensitive to whether spending is tracked until

death or over a given period of time.

A related question is whether the distribution of spending over a given number of periods

would becomes more equal as the number of periods increased. To examine this question, I

simulated expenditures (and mortality) over 13 periods (26 years) for individuals age 60 or

below during wave 5. Lorenz curves for spending per period alive were then calculated in a

rolling fashion over different period lengths.

Figure 7 plots some of these simulated Lorenz curves. The figure shows that increasing

the number of periods reduces inequality in out-of-pocket expenditures but that inequality

decreases at diminishing rates as the number of periods increases. Once spending is measured

over 6 periods additional increases in the number of periods have very little impact on the

distribution of spending. Over 26 years, the top 5% of spenders account for 28% of total

out-of-pocket spending.

Differences in expenditures across individuals are driven by four primary factors: cross-

sectional variation from differences in covariates, state dependence, unobserved heterogeneity

and transitory shocks. As shown in Section 4.3, most of the unexplained variation in out-

of-pocket costs in a single period is from transitory shocks. But over a lifetime transitory

shocks average out and more of the variation is due to the unobserved individual effects.

To examine the relative importance of these factors, the 26 year simulations from Figure 7

were compared to simulations generated from two other models. The first model is a simple

two-part model with no lagged dependent variables and no unobserved heterogeneity, and

the second model simply adds lagged dependent variables to model one.

Figure 8 plots Lorenz curves from the three simulations. The Lorenz curves show that
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Figure 7: Simulated Lorenz Curves for Out-of-Pocket Expenditures per Period
Alive, Age ≤ 60 in Period 1

Notes: Expenditures for individuals age 60 or younger in wave 5 were simulated for various lengths of time
using the simulation procedure described in the text. The Lorenz curves are calculated using spending
averaged across the number of periods in which an in individual is simulated to be alive. The 45 degree
line is the “line of perfect equality” in which every individuals spends the same amount out-of-pocket on
healthcare.

it is important to account for both unobserved heterogeneity and state dependence when

modeling long-term health spending. Each factor makes the distribution more unequal, and,

as expected, unobserved individual effects are an important source of long-run differences in

out-of-pocket costs.

One potential consequence of highly concentrated out-of-pocket spending is that indi-

viduals might be at risk for catastrophic healthcare expenditures. It is of course an open
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Figure 8: 26 Year Simulated Lorenz Curves by Type of Spending Persistence,
Age ≤ 60 in Period 1

Notes: Expenditures per wave alive are simulated over 26 years for individuals age 60 or younger during
wave 5 using three models. Model one is a two-part model with no lagged dependent variables and no
unobserved heterogeneity. Model two adds lagged dependent variables to model one. Model three is the full
model developed throughout the paper. The 45 degree line is the “line of perfect equality”, which depicts
the case where everyone spends the same amount out-of-pocket on healthcare.

question as to what constitutes a catastrophic expenditure. To this end, researchers have

come up with various ways to measure financial protection in health systems. One measure

suggested by Waters, Anderson and Mays (2004) for analyses in the United States is whether

out-of-pocket expenditures exceed 10% of family income in a single year. Using this (and

two other) definitions of financial protection, Waters, Anderson and Mays (2004) argue that

there is a lack of financial protection in the United States—particularly for poor families and
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those with chronic conditions. The results reported in this paper would seem to suggest that

this lack of financial protection should remain even if income and out-of-pocket expenditures

are measured over longer periods.

Figure 9 looks at whether this is the case by plotting the empirical CDF of out-of-pocket

expenditures as a percentage of family income.20 The CDF’s are plotted for both a single

2-year wave (the midpoint wave) and over 16 years. The CDF’s are then further divided

into four (annualized) income quartiles.

The distribution of spending as a percentage of income is, in general, not very sensitive to

whether the distribution is measured in a single wave or over 8 waves. The upper end of the

distribution of out-of-pocket spending as a percentage of income is very similar regardless

of income quartile or of the time period over which it is measured. For instance, 21% of

the poor spend over 20% of income in a single wave; over 8 waves, 21% do as well. But at

the far right tail, financial risk is somewhat less catastrophic over longer periods of time.

For example, low-income individuals at the 95th percentile spend 96% of their income on

out-of-pocket healthcare costs in a single wave; over 8 waves this number drops to 69%. Even

so, healthcare costs are still a significant financial risk—especially for the poor— over long

periods of time.

At the lower end of the distribution, healthcare spending as a percentage of income can

actually be larger over long periods of time—again, especially for the poor. This occurs

because a smaller portion of individuals have very small healthcare costs over extended

periods. For individuals in the lowest income quartile a larger fraction of survey respondents

spend approximately 5% of their income on out-of-pocket healthcare when measured over 8

waves than in a single wave. Likewise, the median low-income individual spends 4% of their

household income on on out-of-pocket health costs in a single wave and 6% over 8 waves.

20Some households reported earning $0 in some waves which is unrealistic because they should have
earned income from either welfare or social security. Incomes are consequently truncated from below at the
1st percentile, although this has no impact on the results.
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Figure 9: Empirical CDF of Out-of-Pocket Expenditure as a Percentage of
Household Income by Income Quartile

Notes: Reported income quartiles are annualized.

5.2 Uncertainty and Welfare

So far I have shown that there is significant variation in the long-term distribution of out-

of-pocket expenditures and that out-of-pocket spending in a given two-year period is largely

unpredictable. In this section, I examine the degree of uncertainty in long-term spending

and then use a stylized utility framework to provide a rough estimate of potential welfare

gains from eliminating exposure to this risk.

To investigate the predictability of long term spending I estimated expected out-of-pocket
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expenditures over a 14-year period for each individual conditional on period 0 information.

This was done by calculating the mean of the 1, 000 simulations described in Section 4.4. I

then repeated the simulations assuming that each individual knew the value of his or her bi.

More precisely, in the first simulation the bi’s were drawn from their N2(0,Σb) distribution

and in the second simulation the actual posterior draws of the bi’s were used.

Table 6 examines the amount of variation in actual 14-year spending that each simulation

is able to predict. The figure reports the R2 value described in Section 4 for total 14-year

out-of-pocket expenditures and out-of-pocket expenditures per period alive. Estimates are

then further subdivided by whether the simulations estimated mortality or the simulations

used the observed lifespan of each individual.

Table 6: R-squared for 14-Year Out-of-Pocket Spending, by Simulation Type

Total Out-of-pocket expenditures
out-of-pocket expenditures per period alive

Simulation type Simulated mortality Observed mortality Simulated mortality Observed mortality

Unknown bi 0.06 0.08 0.11 0.10
Known bi 0.34 0.40 0.35 0.35

The main takeaway from the table is that only a small fraction of the variation in spending

can be predicted using period 0 information. The R2 values are generally quite low when

there is unobserved heterogeneity (row 1 in the table). The simulation can explain around

10% of the variation in spending per period alive but less than 7% in total expenditures.

On the other hand, when observed values of bi are used in the simulations, the percent of

explained variation increases noticeably. The model can explain over 35% of the variation

in 14-year spending per wave alive and in total expenditures. Still, a large fraction of the

variation in long-term spending remains unaccounted for.

In order to quantify potential welfare gains from completely eliminating this uncertainty,

it is necessary to set up a simple expected utility model. My approach is similar to a number

of other studies that have estimated the utility gains associated with specific insurance

plans (McClellan and Skinner 2006; Brown and Finkelstein 2008; Finkelstein and McKnight
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2008; Engelhardt and Gruber 2011). In particular, I estimate welfare by calculating each

individual’s risk premium, or the maximum amount that they would be willing to pay at the

beginning of period 1 to completely insure against future risk.

In each period t, individuals are assumed to receive utility from income after health costs,

It − yt, where It is income and yt is out-of-pocket spending. Over T periods, individuals

receive utility from the present value of post health cost income,
∑T

t=1 δ
t [It − yt], where δt

is the discount rate. The risk premium, π, is the amount of money an individual would need

to receive to become indifferent between a world in which out-of-pocket costs are uncertain

each period and a world in which he or she would pay the expected present value of future

spending over T periods.21 Given a utility function, U(·), and probability density function,

f(·), π is the solution to the implicit equation,22

U

(
T∑
t=1

δt[It − E(yt)]− π

)
=

∫
U

(
T∑
t=1

δt[It − yt]

)
f(yt)dyt. (11)

To solve the model, individuals are assumed to have a constant relative risk aversion (CRRA)

utility function with a risk aversion parameter γ. Future income is discounted at 3% per year;

that is, δt = 1/(1 + 0.03)2t−2. The integral in the second term of equation 11 is evaluated by

using the probability distribution of out-of-pocket expenditures from the Bayesian model.

For instance, using the 1000 simulated values, ysim, expected (undiscounted) utility for the

ith individual in period t is just (1/1000)
∑1000

s=1 U(Iit − ysim,sit ). To remain consistent with

previous studies (e.g. Finkelstein and McKnight 2008; Engelhardt and Gruber 2011), out-

of-pocket spending is truncated from below at 0 and above at 80% of income. In addition,

incomes are treated as fixed and truncated from below at the 1st percentile.23 Household

21Paying a fixed sum equal to the expected present value of future spending is equivalent to paying an
actuarially fair insurance premium each period (a premium is actuarially fair if the expected present value
of benefits is equal to the expected present value of premiums).

22Future work could consider using a dynamic programming setup in which individuals maximize long-
term consumption. This setup would allow for borrowing, saving, or non-income wealth, although it is worth
noting that a number of studies have shown that consumption tracks income closely (Gourinchas and Parker
2002; Fernández-Villaverde and Krueger 2007).

23Since incomes are set equal to observed values it is necessary to set mortality to observed values as
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incomes are converted to individual incomes using the OECD equivalence scales.24

Figure 10 reports 14-year risk premiums for the entire sample of 15, 222 survey respon-

dents analyzed in this paper. The figure plots empirical CDF’s of the risk premiums for

γ = 2 and γ = 3, which are common estimates in the literature.
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Figure 10: Empirical CDF of Estimated Risk Premiums

Notes: Risk premiums are calculated assuming a CRRA utility function. Individuals are assumed to be
more risk averse when the risk aversion parameter, γ, is larger.

Variability across individuals stems from three primary factors. First, welfare gains are

larger for poorer individuals because the CRRA utility function implies decreasing absolute

risk aversion (DARA); that is, risk premiums are decreasing in income. Second, risk premi-

ums are larger when individuals live longer lives. Third, risk premiums increase when the

well; otherwise income would need to be forecasted. See footnote 20 regarding truncating income at the 1st
percentile.

24Equivalence scales measure the change in consumption needed to keep the welfare of a family constant
when its size changes. OECD equivalence scales place a weight of 1 on the household head, 0.7 on subsequent
adults over age 14, and 0.5 on each child under 14. Child ages are unavailable in the RAND HRS data so
each household member other than the household head is assigned a weight of 0.7.
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variance of out-of-pocket expenditures increases. This in turn implies that risk premiums

are increasing in predicted (mean) out-of-pocket expenditures because the distribution of

nonzero expenditures is assumed to have a lognormal distribution.

For a relative risk coefficient of 2, the long-term per period risk premium for the median

individual is $3, 119 while the risk premium for an individual at the 90th percentile is $8, 253;

for a risk premium of 3, these quantities increase to $6, 660 and $16, 812 respectively. These

estimates are fairly large, which implies that there are potential welfare gains from additional

insurance, especially for those at the upper end of the distribution. Of course, any welfare

gains from additional insurance must be weighed against inefficient increases in spending

due to moral hazard.

6 Conclusion

This paper analyzes out-of-pocket expenditures over a 16-year period. It develops a dynamic

Bayesian model of out-of-pocket expenditures and mortality and applies it to the HRS. I find

that the data generating process for expenditures is well represented by a dynamic two-part

longitudinal model with correlated unobserved individual effects, and that mortality can

be modeled using a probit model that is conditional on previous expenditures. The model

accounts for state dependence and three potential sources of error: parameter uncertainty,

unobserved heterogeneity and a transitory shocks.

The analysis has implications for health insurance reforms. First, the uncertain nature

of future costs makes health insurance valuable and suggests that consumer-driven health

reforms like health savings accounts may increase exposure to financial risk. Second, since

expected out-of-pocket costs are likely correlated with demand for generous health insurance

and future costs are less certain over extended periods, long-term insurance contracts may

reduce adverse selection. Third, increased cost sharing would likely create policy pressure to

redistribute healthcare costs in other ways because the distribution of out-of-pocket spending

remains highly unequal over long periods of time. Fourth, since individuals face the risk
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of catastrophic long-term out-of-pocket costs, political groups may argue that Medicare

should increase coverage for services like long-term care. In short, any health reform must

successfully balance its effect on moral hazard against its effect on out-of-pocket spending

inequality and financial risk.25

There are many avenues for future research. First, the model could be extended in a

number of ways. For example, analyses could model wealth alongside mortality and out-of-

pocket expenditures. One might also allow the error terms to be correlated across the two

expenditure equations and the mortality equation.

Second, there is, in general, a need for longitudinal datasets with high quality expenditure

data. Different mortality models might be appropriate if the data were less aggregated;

inferences might also depend on the age of the cohort and whether the data is self-reported.

It would also be useful to reexamine the uncertainty estimates with a model that incorporates

more detailed clinical data from the initial period. There is, for instance, some evidence that

spending is more persistent for individuals with chronic diseases (e.g. Monheit 2003), so

future studies could allow expenditure persistence to vary by diagnoses or even genetics.

Third, researchers should let long-term out-of-pocket spending depend on cost-sharing

mechanisms like copayments, coinsurance and deductibles since there is convincing evidence

that spending is sensitive to cost sharing (Manning et al. 1987; Aron-Dine, Einav and Finkel-

stein 2013). These behavioral responses could be incorporated into the simulation procedure

used here and built into dynamic utility-based models (e.g. Brown and Finkelstein 2008)

to analyze the long-term implications of specific health insurance reforms. This would, in

turn, allow researchers to quantify the competing welfare effects of risk reduction and moral

hazard. If possible, these simulations should allow the price elasticity of health expenditures

to vary across individuals (e.g. Kowalski 2015) in order to properly analyze the distributional

implications of different insurance policies.

25The effect of health insurance on health must also be considered.
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Appendices

A Out-of-Pocket Spending Data

The HRS collects data on out-of-pocket spending in the following manner. First, each

respondent is asked to provide a continuous estimate of spending in a number of medical

categories. If the respondent is unsure they are then asked a series of unfolding bracket

questions where they are asked whether spending falls within a number of ranges. According

to careful analyses of the data by (Goldman, Zissimopoulos and Lu 2011), non-response on

the continuous question is typically around 20%, although it can reach as high as 30% in

some categories such as hospital and nursing home care. The unfolding bracket question

reduces the number of non-responses to below 5% for most categories.

The RAND HRS data files impute out-of-pocket expenditure data for all individuals in

the sample. RAND uses a matching imputation method. They first use a linear regression to

model the inverse hyperbolic sine transformation of out-of-pocket expenditures and then use

the regression to predict out-of-pocket expenditures for every individual in the survey. These

predicted values are then used to impute continuous expenditure values for respondents who

answered the unfolding bracket questions but did not report a continuous expenditure value.

More specifically, each individual whose expenditures were reported to fall within a given

bracket were assigned the expenditure value of the respondent with the closest predicted

expenditure value whose actual (continuous) expenditures fell with that bracket. A slightly

different technique was used to impute data for open ended brackets. For further details on

the imputations see [see St Clair et al. (2014, section 7.5, pp. 18–21)].

B Sample Selection

Table B.1 compares the characteristics of the sample used in the analyses to the charac-

teristics of the survey respondents dropped from the sample. To be precise, three groups

of survey respondents are compared. Respondents in the first group have complete data
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until death or through wave 11. Members of the second group have missing data in some

years (due to non-response), but still participated in the survey until either death or wave

11. Finally, survival times for individuals in the third group are right censored because they

dropped out of the HRS completely.

Means of out-of-pocket expenditures, survival times, and time constant observed char-

acteristics are reported for each group. The out-of-pocket expenditure statistic reported

in the table is a mean of individual per wave averages from waves 4 to 11. Mean out-of-

pocket expenditures for non-respondents and respondents with complete data are similar,

although those with complete data spend a little bit more. Non-respondents were three

years younger during the initial wave, so they predictably survived 1 wave longer. Overall,

observed characteristics are similar between the two groups.

Table B.1: Sample selection in the HRS

Complete data Non-respondents Dropouts
Out-of-pocket expenditures 4889.79 4393.81 2919.36
Survival time (number of waves) 6.00 7.08 4.66
Initial age 67.41 64.32 63.47
Black 0.14 0.18 0.09
Female 0.57 0.58 0.55
Hispanic 0.07 0.09 0.08
Years of education 11.84 11.87 12.42

Notes: Means of observed characteristics are averages across individuals. Survival time refers to the number of waves in which a
survey respondent was tracked by the HRS before either death or wave 11. Out-of-pocket expenditures are means of individual
per wave averages.

Out-of-pocket expenditures are lower for dropouts, but this is likely because they were not

observed during the end of the 16-year survey period, which decreases expenditures because

spending increases with age and prior to death. In fact, there are a few reasons to believe

that excluding dropouts will only have a minor impact on the sample. First, out-of-pocket

spending in the other two groups decreases significantly if the sample is limited to those

who did not die during the survey: survivors with complete data spent $3, 434 while non-

respondent survivors spent $3, 826. Second, observed characteristics are generally similar

across all three groups, although dropouts tend to be slightly better educated, a little more
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likely to be male, and less likely to be black. Finally, excluding dropouts only eliminates 820

individuals. It is important to note however that dropping right censored observations will

bias survival times downward, although this bias should be small given that only a small

fraction of the sample is right censored.

C MCMC Algorithm

The prior distributions for the model are,

α ∼ N(α0, Vα),

β ∼ N(β0, Vβ),

σ−2
ε ∼ Ga(a0, b0),

Σb ∼ IW (S0, v0).

To facilitate posterior computations, it is convenient to augment the joint posterior distri-

bution in equation 9 with the latent variable d∗it. Denote n as the number of individuals in

the data, Ti as the number of periods for which expenditure data is available for individual

i, and N as the total number of observations. Furthermore, let y, d, and d∗ be the N × 1

stacked vectors of yit, dit and d∗it respectively. The joint posterior distribution is then,

p(d∗, α, β, bi, σ
−2
ε ,Σb|y, d) ∝ p(α)p(β)p(σ−2

ε )p(Σb)

n∏
i=1

Ti∏
t=1

p(dit|d∗it)p(d∗it|α)p(yit|d∗it, α, β, σ−2
ε , bi)p(bi|Σb)

= p(α)p(β)p(σ−2
ε )p(Σb)

×
n∏
i=1

Ti∏
t=1

[I(dit = 1)I(d∗it > 0) + I(dit = 0)I(d∗it ≤ 0]

×N(d∗it;x
T
1itα + b1i, 1)

×
[
LN(yit;x

T
2itβ + b2i, σ

2
ε )I(d∗it > 0) + I(yi = 0)I(d∗it ≤ 0)

]
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×N


b1i

b2i

 ;

0

0

 ,Σb

 ,

where I(·) is an indicator function equal to 1 if the statement in parentheses is true and 0 if

it is false. Starting with initial values, the MCMC algorithm iterates through the following

steps by drawing from the following conditional distributions:

1. Draw α:. To draw α, make use of the augmented data and first draw d∗it from its full

conditional,

d∗it|· ∼


TN(−∞,0](x

T
1itα + b1i, 1) if dit = 0

TN(0,∞)(x
T
1itα + b1i, 1) if dit = 1,

where “·” is a simplifying notation used to denote the remaining parameters in the

model, and the notation TN[a,b](·) denotes a normal distribution truncated to the

interval [a, b]. α can then be drawn from its full conditional,

α|· ∼ N(α, V α),

where

V α =
(
V −1
α +XT

1 X1

)−1

α = V α

[
V −1
α α0 +XT

1 (D∗ − b1)
]
,

and X1 is an N × k1 design matrix and b1 is an N × 1 column vector of unobserved

individual effects for the binary component (i.e. b1i is repeated Ti times for individual

i).

2. Draw β: Let ln y+ denote the N+× 1 stacked vector of yit for yit > 0 where N+ is the

total number of positive observations. Similarly, let X+
2 be the corresponding N+× k2
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design matrix and b+
2 be the N+ × 1 concatenated column vector of unobserved indi-

vidual effects for the continuous component. Then β can be drawn from its conditional

distribution using results for a standard normal linear regression with a normal prior,

β|· ∼ N(β, V β),

where,

V β =
(
V −1
β + σ−2

ε X+T

2 X+
2

)−1

β = V β

[
V −1
β β0 + σ−2

ε X+T

2

(
ln y+ − b+

2

)]

3. Draw σ−2
ε : With the gamma prior, the conditional distribution is also a gamma

distribution,

σ−2
ε |· ∼ Ga

(
a0 + N+/2, b0 +

1

2

[
ln y+ − X+

2 − b+
2

]T [
ln y+ − X+

2 − b+
2

])

4. Draw Σb: With the inverse Wishart prior, the conditional posterior is also inverse

Wishart,

Σb ∼ IW
(
S−1

0 + bT b, n+ v0

)
,

where b is an n × 2 matrix with the first and second columns contain unobserved

individual effects from the binary and continuous components respectively.

5. Draw bi: The full conditional (marginalized over d∗it) is,

p(bi) ∝ N2 (bi; 0,Σb)

Ti∏
t=1

p(yit|yit−1, α, β, σ
2
ε , bi).

It is not possible to sample directly from this distribution so a random walk Metropolis
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algorithm is used to update bi using a multivariate normal proposal density centered

at the value from the previous iteration, boldi . The variance of the proposal density is

tuned to achieve desired acceptance rates.

D Simulation Procedure

Each simulation is conditional on data in period 0 (wave 4). For a given individual i and

a set of parameter values from the posterior distribution, a single simulation from period 1

until period k proceeds as follows:

1. At t = 1:

(a) Draw unobserved effects: bi ∼ N2(0,Σb).

(b) Draw expenditures:

i. d∗i1 ∼ N(xT1i1α + b1i, 1). If d∗i1 ≥ 0, then di1 = 1. Else di1 = 0.

ii. If di1 = 0, then yi1 = 0. Else yi1 ∼ LN(xT2i1β + b2i, σ
2
ε ).

2. For 2 < t < k:

(a) For j = 1, 2,M , update xjit to reflect yit−1. Increment age by 2 and update xjit

accordingly.

(b) Draw death indicators:

i. m∗it ∼ N(xTMitκ, 1). If m∗it ≥ 0, then mit = 1. Else mit = 0.

(c) If mit = 0, draw expenditures:

i. d∗it ∼ N(xT1itα + b1i, 1). If d∗it ≥ 0, then dit = 1. Else dit = 0.

ii. If dit = 0, then yit = 0. Else yit ∼ LN(xT2itβ + b2i, σ
2
ε ).

(d) If t ≤ k, increment t by 1. Else, stop simulation.

E Additional Tables and Figures
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Figure E.1: Plot of ln yit Against dit−1 × ln yit−1
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Figure E.2: Plot of ln yit Against di0 × ln yi0
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F Additional Model Checking

A few diagnostics for longitudinal two-part models have been proposed in the literature.

I use some of these to further check the fit of the model. First, as suggested by Olsen

and Schafer (2001), I compare the observed and predicted logs of non-zero expenditures for

each individual averaged across waves, and the actual and predicted number of waves with

positive expenditures. In both cases predictions are made using the posterior means of the

relevant posterior predictive distributions (which are calculated using actual posterior draws

of the parameters). The predicted versus actual plots are shown in Figure F.1. The plots

don’t show any major flaws with the model although the predictions tend to underestimate

(overestimate) values at the upper (lower) end of the distribution. This is not unexpected

since the hierarchical model partially pools the random effects.

I conducted two additional checks to ensure that the model was able to predict sample

means accurately. The first test quantity is the observed proportion of nonzero observations.

The second test quantity is the mean of nonzero expenditures, which is not always easy to

predict because the log of expenditures needs to be transformed. This transformation can

be sensitive to the lognormality assumption and the homoscedasticity assumption. Model fit

is measured with a Bayesian p-value, which is just the proportion of simulations for which

the test quantity is greater than or equal to observed value. P-values close to 0 or 1 indicate

that the model does not capture a particular aspect of the data.

Figure F.2 compares the observed test quantities, T (y, θ), to the simulated test quantities,

T (ysim, θ). Figure (a) graphs the simulated distribution of the percentage of observations

with nonzero spending. The Bayesian p-value is equal to the shaded error below the density

curve. The p-value is not too extreme which indicates that the observed value could have

arisen under the model (note that this p-value is consistent with the 95% credible interval

reported for the proportion of positive values of ysim reported in Section 4.4).

Figure (b) repeats figure (a) for mean expenditures. The p-value is close to 0.5 so the
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Figure F.1: Actual versus Predicted Plots

Notes: Figure (a) compares observed versus expected average log-spending for each individual across waves
5 to 11. Figure (b) plots the observed number of waves with positive expenditures against expected number
of waves with positive expenditures.

continuous component of the expenditure model appears to be able to simulate the sample

mean fairly well.
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Figure F.2: Posterior Predictive Checks for Summary Measures of Fit

Notes: Figure (a) plots the simulated distribution of nonzero observations and figure (b) plots simulated
mean nonzero expenditures. The p-value in each figure is the proportion of simulations in which the simulated
data is greater than the observed value.
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