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The aim of this study is to construct a model of the demand for the
commodity “good health.” The central proposition of the model is that
health can be viewed as a durable capital stock that produces an output
of healthy time. Tt is assumed that individuals inherit an initial stock
of health that depreciates with age and can be increased by investment.
In this framework, the “shadow price” of health depends on many other
vatiables besides the price of medical care. It is shown that the shadow
price rises with age if the rate of depreciation on the stock of health
rises over the life cycle and fails with education if more educated people
arc more efficient producers of health. Of particular importance is the
conclusion that, under certain conditions, an increase in the shadow
price may simultancously reduce the quantity of health demanded and
increase the guantity of medical care demanded.

. Introduction

During the past two decades, the notion that individuals invest in them-
selves has become widely accepted in economics. At a conceptual level,
increases in a person’s stock of knowledge or human capital are assumed
to raise his productivity in the market sector of the economy, where he
produces money earnings, and in the nonmarket or household sector,
where he produces commodities that enter his utility function. To realize
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petential gains in productivity, individuasls have an inceniive to invest
in formal schooling or in on-the-job training. The costs of these iavest
ments include direct outlays on market goods and the opporfunity cos!
of the time that must be withdravu from conipeting uses. This fratoe-
work bhas been used by Becker (1967) and by Ben-Porath (1967) to
develop models that determinc the optimal quantity of iavesiment in
bhuman capital 2t any age. Tn addition, these models show how the
optima! guantity varles over the life cycle of an individual and among
individuals of the .sanw age.

Although several writers have suggested that health can be viewsd as
one form of huma.n capital (Mushkin 1962, pp. 120-49; Becker 1964,
pp. 32 -36; Fuchs 1966, pp. 90-91), no ane has constructed a model of the
demaud for health capital itself, Tf increases in the stock of health simplv
increacsd wage rates, such a task would not be necessary, for one could
simply apply Becker’s and Ben-Porath’s models to study the decision (o
invest in health. T'hkis papsr argues, howsver, that health capital ditfers
from other forms of human capital. In particular. it argues that a persoii's
stock of knowledge affects his market and noomarket prodectivity, while
his stock of health determines the tufaT amount of time he can spend
producing money earnings and commodities. The fundamental difference
between the two iypes of capital is the basic - the mode!
of the demand for health that is preseated in the per.

A second ]ustiﬂr‘atm for the model is that most students of medical

economics have leng renlized that what cousumers demand when they
purchase mediral services are not these gervices jper se but, rather, “geod
health.” Given that the basic demand is for good health, it secuis logical
to study the demand for medical care by firsi constructing a model of
the demand for health itself. Since, howzver, traditicnal demand theory
assumes that goods and services purchased in the market eiter consuiners’

o |

utlity functiens, eccnomists have emphasized the demand for medics!
care at the expense of the demand for health. Fortunately, a new approack
to consumer hehavior draws z sharp distinction between fundamental ob-
jects of chivice—called “commedities”---and warket goods (Becker 1965
Lancaster 1966; Muth 1966; Michae! 1969; Becker and Michael 1970;
Ghez 1970). Thus, it serves as the point of departure for my health
model. In this approach, consumers produce cormadities with inputs of
markst goods and their own time. For example, they uze traveling time
and t.qnapgrtation sevvices to produce visits; part of thelr Sundays and
church services to produce “peasce of mind”; and their own time, books,
and teachs:s services to produce additions to knowledge. Since goods and
services zre inputs into the production of comjumh?_ies, the demand for
these goods and services is a derived demand.

Within the mew framework for ezamin ng coiisumer behavior, it is
assumed that individuals inherit an initial stock of heai:h that depreciates
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over time—at an increasing rate, at least after some stage in the life
cycle—and can be increased by investment. Death occurs when the stock
falls below a certain level, and one of the novel features of the model
is that individuals “choose” their length of life. Gross investments in
health capital are produced by household production functions whose
direct inputs include the own time of the consumer and market goods
such as medical care, diet, exercise, recreation, and housing. The produc-
tion function also depends on certain “environmental variables” the
most important of which is the level of education of the producer, that
influence the efficiency of the production process.

It should be realized that in this model the level of health of an indi-
vidual is not exogenous but depends, at least in part, on the resources
allocated to its production. Health is demanded by consumers for two
reasons. As a consumption commodity, it directly enters their preference
functions, or, put differently, sick days are a source of disutility. As an
investment commodity, it determines the total amount of time available
for market and nonmarket activities. Tn other words, an increase in the
stock of health reduces the time lost from these activities, and the mone-
tary value of this reduction is an index of the return to an investment
in health.

Since the most fundamental Jaw in economics is the law of the down-
ward-sloping demand curve, the quantity of health demanded should be
negatively correlated with its shadow price. The analysis in this papet
stresses that the shadow price of health depends on many other variables
besides the price of medical care. Shifts in these variables alter the
optimal amount of health and also alter the derived demand for gross
investment, measured, say, by medical expenditures. It is shown that the
shadow price rises with age if the rate of depreciation on the stock of
health rises over the life cycle and falls with education if more educated
people are more efficient producers of health. Of particular importance is
the conclusion that, under certain conditions, an increase in the shadow
price may simultaneously reduce the quantity of health demanded and
increase the quantity of medical care demanded.

. A Stock Approach to the Demand for Health

A. The Model

Let the intertemporal utility function of a typical consumer be
U=U(poHo,...,¢aln, Zo,...,2Z), (1)

where I, is the inherited stock of health, H; is the stock of health in the
ith time period, ¢, is the service flow per unit stock, k; -— ¢ is total
consumption of “health services,” and Z; is total consumption of another
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commuydity in the i#% peciod.! Note that, whereas ‘o the uswal inter-
temporal utility function n, the length of Life 2s of the planning date, is
fixed. here it is an endogencus variable. In particular, death takes place
when #, =2 Hum. Therefore, length of lifs depends on the guantities of
H, that maximize utility subject to certain production and resource <or-
straints that are now cutlined.

By definition, net investment in the stock of health eguals gross invest-
ment minus depreciation:

Hopy — Hi= I — 8.4, (2)
where 7, is gross investment and §; is the rate of depreciaiion during the
ith period. The rates of depreciation are azsumsd to be exegensus, b,
they may vary with the age of the individurl® Consumers produce gross
investments in health and the other commodities in the ntility function
according to a set of household production functions:

I (M, TH B3,

Zy = 2 X, Ty B

(3

Tn thess equations, M is medical care, X; is the goods ingt in the pro-
duction of the commodity Z;, T17; and T are time inputs, and E, is the
stock of human capital® Tt is assumed that a shift in human capital
changes the efficiency of the production process in the ponmarket sector
of the cconomy, just as a shift in technelogy changes the efficiency of the
production process in the market secter. The implications of this treat-
ment of human capital are explored in Section IV,

It is also assumed that all productics fumctions are hes
degree 1 in the goods and time inputs. Therefore, the gross investment
production function can be written as

I = Mig(t:: By, (4)

sogenecus of

whers £, — TH;/M, It follows that the marginal products of time and
medical caie in the production of gross invesiment in health are

1 ¥he commodity Z; may he viewed as an aggregaie of ail commodifics hesides health
that cater the uiility function in period 2 For the convernience of the reader, a glossary
of symbols may be found in Appendix B.

27n a more complicated wversion of the model, the wate of depreciation night he 2
negative function of the stock of health, The analysiz is considerably simplificd by
treating this rate as sxzogenous, and the conclusicns reac ¢dd would icnd to hold even
if it were endogenous.

3 Tn gencra), medical care is not the only market good in the gross fnvesiment func-
tien, for inputs such as housing, diet, recreation, vigarette smoking, and alcohal con-
sumption influcice ome’s level of health. Since ‘hesz inputs aiso produce other
comnioditics in the utility [unction, joint productien oecuvs in the bhouschold. For an
analysis of this phenomenon, see Grossman {1970, chap. 6). To ecmphasize the kex
aspects of my health model, T treat medical care as the most important market good
in the gross investment function in the present paper.
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From the point of view of the individual, both market goods and own
time are scarce resources. The goods budget constraint equates the present
value of cutlays on goods to the present value of earnings income over
the life cycle plus initial assets (discounted property income):*

PM VX, o WTW:

(1478 (L)
Here P; and V; are the prices of M; and X,, W, is the wage rate, TW, is
hours of work, A, is discounted property income, and r is the interest rate.

The time constraint requires that Q, the total amount of time available
in any period, must he exhausted by all possible uses:

TW;+ TLi 4 TH, - Ty = Q, (N

Ao (6)

where T'L; is time lost from market and nonmarket activities due to illness
or injury.

Equation (7) modifies the time budget constraint in Becker’s time
madel (Becker 1965). If sick time were not added to market and non-
market time, total time would »ot be exhausted by all possible uses. My
model assumes that T'L; is inversely related to the stock of health; that is,
OTL;/aH; < 0. If Q were measured in days (Q = 365 days if the year
is the relevant period) and if ¢; were defined as the flow of healthy days
per unit of M, & would equal the total number of healthy days in a
given year.’ Then one could write

TL,—=Q —#,. (8)

It is important to draw a sharp distinction between sick time and the
time input in the gross investment function. As an illustration of this
difference, the time a consumer allocates to visiting his doctor for periodic
checkups is obviously not sick time. More formally, if the rate of de-
preciation were held constant, an increase in TH; would increase I; and
H;.1 and would reduce TL; ;. Thus, TH; and TL;,, would be negatively
carrelated ®

4 The sums throughout this study are ' aken from 7 = 0 to #.

51If the stock of health viclded other scrvices besides healthy days, ¢; would be a
vector of service flows. This study emphasizes the service flow of healthy days because
this flow can be measured empirically.

8 For a discussion of conditions that would produce a positive correlation between
TH and TL, |, sec Scction III.
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By substituting for TW, from equation (7) irtc cguation (), ooz
chtains the single “full wealth’” constraint:
5 P,‘Mg —|— Vng_ ‘l' W{(TI@ -!f 'Tflri -é- .T,-) % W.Q
B (14 7y eSS

(%)

According to equation (9), full wealth equals initia! assets plus the present
value of the earnings an individual would obtain if he spent all of his time
at work. Part of this wealth is spent on maket goods, part of it is spent
o nonmarket prodiuction time, and part of it is lost due to jliness. The
equilibriuin quantities of #; and Z; can now be fourd by maximizing the
utility fusction given by equation (1) subject to the consiraints given by
equations (2), (3), and (9).7 Since the inbeiited stock of health and the
rates of depreciation are given, the optimal quantities of gross investinent
determine the optimal quaatities of health capital.

B.  Eguwilibriuvm Conditions

First-order optimality conditions for gross investment in period - 1
-8
are:

Ty o Wi (1 —3)Wiy1Gon +
(1+r=t (14t (L)t e
(1 - bi) e (1 — bfi '.}Wﬁ(:u
(147}
Uk; Uk,

e Godooo o {18 (L By 1) (a7 (10}

P; W, .
Fpoy T e TP (11)

g— 1t g 4

The new svimbols in these equations arc: Uk, — 3U /9% — the margilial
utility of healthy days; » — the marginal utility of weslth: G, = 2k,/
M, — —{(pTLy/2H,;j = the marginal product of the stock of health in

the production of healthy days; and st .y o the marginal cost of gross
invesiment in health in period i — 1.

7 In addition, the constraivt is imposed that H, =

mine

8 Notc that an increase in gross investiment in period 7 — U increases the stock of
health in all future periods. Thiese increases wre cgual to
oH, OH, ., oM,
= L= (13, -

S
E— (] —h,}(] 78, 1) (l —af;_,,,g).

For a derivation of cquation (10), see Part A of the Mathematical Appendix.

iy A,
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Equation (10) simply states that the present value of the marginal
cost of gross investment in period i — 1 must equal the present value of
marginal benefits. Discounted marginal benefits at age ¢ equal

[ W, Uhijl
“lagayr Tl

where G, is the marginal product of health capital-—the increase in the
number of healthy days caused by a one-unit increase in the stock of
health. Two monetary magnitudes are necessary to convert this marginal
product into value terms, because consumers desire health for two reasons.
The discounted wage rate measures the monetary value of a one-unit in-
crease in the total amount of time available for market and nonmarket
activities, and the term Uk;/h measures the discounted monetary equiva-
lent of the increase in utility due to a one-unit increase in healthy time.
Thus, the sum of these two terms measures the discounted marginal value
to consumers of the output produced by health capital.

While equation (10) determines the optimal amount of gross invest-
ment in period { — 1, equation (I1) shows the condition for minimizing
the cost of preducing a given quantity of gross investment. Total cost is
minimized when the increase in gross investment from spending an
additivnal dollar on medical care equals the increase in gross investment
from spending an additional dollar on time. Since the gross investment
production function is homogeneous of degree 1 and since the prices of
medical care and time are independent of the level of these inputs, the
average cost of gross investment is constant and egual to the marginal
cost.

To examine the forces that affect the demand for health and gross in-
vestment, it is useful to comvert equation (10) into a slightly different
form. If gross investment in period # is positive, then

T i — mWi+1G1'.+1 (1— ad,+1)1rfﬁ+261'+2
(Tt (T4t (14 r)ise
_(1 - 6d:+1) e (1 - 6n+1)WnGn + Uki+IGi+l
(147} A

+ (0 —=Bip1) oo (1 —8,_1)

UhuGr,
. (12
: (12)

From (10) and (12),
F1 e} o W,'Gi Uk.,-_G,, (1 —_ 6")312,;

U471 " (1 fr) A (14

Therefore,

Uh; ] .
B L P I
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where 1; ; is the percemtage rate of change in marginal cost between
period ¢ — ! and period . Equation {13) impkes that t"lC undiscounted
valee of the marginal product of the optims! stock of health capital at
any moment in time must equal the supply price of caplt al, m_q(r —
Tio1 4 8;). The latter contains interest, depreciation, ard capital gaios
components and may be interpreted as the rental price or user cost of
health copital.

Condition (13) {ully determines the demans for capita! goods that can
be bought and zold in a perfect mavkel. Tn such a market, if firms or
households acquire one amit of stock in period £ - 1 at price 3.4, they
can sell (1 — &) unite at price 7, at the ond of perind { Conzequently,

alr ¢ - 8)) measures the cest of helding one unit of capital for
one perisd. The transaction just described aitows individvals to raise their
capital i period ¢ elosc by ope unit and is clearly feasible for stocks ke
automohiles, bouses, vefrigerators, and produecer durshiss. it svgzests that
one can define a set of single-period flow eguilibria ff)r stocks that last
for many periods.

G my model, the stock of health capital canret be sold in the capital
mze'rket; just as the stock of knowledge cavnot be seld. This means that

gross investment must he nonnegative, Although sales of health capital ars
mk‘d out, provided gross investment is positive, there exists 8 used cost of
capital that in equilibvium must equal the val
of the stock.l" An intuitive interpretation of thi
ever time in the stock of health by an individuz? sabstituie for exchanges
‘g5 to increase his stock

]

narginal nroduct

t exchanges

the caps.’;a- market. Suppose a consumer o
of health by one unit in period i. Then he must increass gross investmen?
in pertod 7 -~ 1 by one wait. If he simultaneously veduces gross investment
in peried £ by (1 — &) umits, then be has
raises [, and M, elene by one vnit, Pul
refited one unit of capital from himsel! for
the reducticn in 1, is smaller the greater the r

tramsaciion that

.cmtly, a has essentially
period. Tnc magnitude of
to of depreciation, and its
dellar value is larger the greater the rate of increzse in marginal cost ove:
time. Thus, the depreciation and caplial gains compousnts are as relovant
to the nger cost of health as they are to the user cost of any O’hﬂ
Of couise, the interest component of user cost is easv to interpr
one desives to increase his stock of health rather than his stock
1

1

ether asset by one unit in o given period,
payment he forgoes.

Fit; o TNCASUTES *Ew interest

¥ Fquation (13) assumes 8.7,

10 Far sipsitar conclpsions with re Ea.d to noasalabl: ~hysical capital and with regaci
to a nonsalshle stock of “goodwill” produced by advertising, sec Accow (10£8) and
Nerlove and Avcew (1952},

11 In a cestinuons time model, the user cost of Lealth capital can by derived in one
If contingous time 13 craployed, the term 8.5, | does not appoar in 50T COst
fortnuls. The right-hand side of (13) becomes m(r — 7, = 0,), where &; & the in-

%
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A slightly different form of equation (13) emerges if both sides are
divided by the marginal cost of gross investment:
Vit a=r— M1+ 8 (13%)

Here v, — (W.G;)/n;_y is the marginal monetary rate of return on an
investment in health and

one
we| \5)atnic

1

is the psychic rate of return. In equilibrium, the total rate of return on
an investment in health must equal the user cost of health capital in terms
of the price of gross investment. The latter variable is defined as the sum
of the real-own rate of interest and the rate of depreciation.

C. The Pure Imvestment Model

It is clear that the number of sick days and the number of healthy days
are complements; their sum equals the constant length of the period.
From equation (8), the marginal utility of sick time is —Uk, Thus, by
putting healthy days in the utility function, one implicitly assumes that
sick days yield disutitity. Tf healthy days did not enter the utility function
directly, the marginal monetary rate of return on an investment in health
would equal the cost of health capital, and health would be sclely an in-
vestment commodity.!? In formalizing the model, I have been reluctant
to treat health as pure investment because many cbservers believe the
demand for it has both investment and consumption aspects (see, for
example, Mushkin 1962, p. 131; Fuchs 1966, p. 86). But to simplify the
remainder of the theoretical analysis and to contrast health capital with
other forms of human capital, the consumption aspects of demand are
ignored from now on.13

If the marginal utility of healthy days or the marginal disutility of sick
days were equal to zero, condition {13’) for the optimal amount of health
capital in period ¢ would reduce to

WG,

=Yi=r— 1+, (14)
e

stantaneous percentage rate of change of marginal cost at age 7. For a proof, see Part
B of the Mathematical Appendix.

12 To avoid confusion, a note en terminology is in order. If health were entirely an
investment commodily, it would yield monetary, but not utility, returns. Regardless of
whether health is investment, consumption, or a mixture of the two, one can speak of
a gross investment function since the commodity in question is a durable.

13 Elsewhere, I have used a pure consumption model to interpret the set of phenom-
epa that are amalyzed in Scctions III and IV. In the pure consumption model, the
marginal monetary rate of return on an investment in health is set equal to zero (see
Grossman 1970, chap. 3).
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Equation (14} can be derived explicithy by excluding health from the
utility function and by redefining the full wealth constraint ast?
W-!L —- Tl
N RSO

Maximization of R with respect to gross investizent in periods 7 - 1 and
i yields

(15}

o1 . Wi 'L‘-”l (I - ‘,5) i 1‘ 1 1(11 L1
T (R e TN (R
(16)
(1— 8 . (1 — 8 ) Wolon
(14
18] . WA'_.,_]_G):_LT
(L-£)f 7 (1 it )
(17)
(1“‘61’ (I _an I)Wn(1*

+ ... 4 (1 P
These two equations imply that (14) must hold.

Yigure 1 illustrates the deterininations of the optimal stock of health
capital at any age 4. The demand curve MEC shows the relationship
between the stock of health and the rate of returii on an investment or thc
marginal efficiency of health capital, v;. The supply curve .
relationship between the stock of health and the cost of capital
-+ §;. Since the cost of capital is Independent of thie stuck, th( aupplv
curve is infinitely elastic. Provided the MEC schedule slopca downward,

N
Yot

* «..*

ro- 1I+6

14 Singe the grass investiment production function “s homegenesis of the first degres,
B AW, —=rJ.
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hy

R Ly —

Huin i
FiG., 2

the equilibrinm stock is given by H#*, where the supply and demand
curves intersect,

In the model, the wage rate and the marginal cost of gross investment
do not depend on the stock of health. Therefore, the 3 EC schedule would
be negatively inclined if and only if G, the marginal product of health
capital, were diminishing. Since the output produced by health capital has
a finite upper limit of 365 healthy days, it scems reasonable to assume
diminishing marginal productivity. Figure 2 shows a plausible relation-
ship between the stock of health and the number of healthy days. This
relationship may be called the “production function of healthy days.” The
slope of the curve in the figure at any point gives the marginal product
of health capital. The number oi healthy days equals zero at the death
stock Hyiy, 50 that €2 — TF, — 365 is an alternative definition of death.
Beyond Hpin, healthy time increases at a decreasing rate and eventually
approaches its upper asymptote of 365 days as the stock becomes large.

In Sections IIT and IV, equation (14) and figure ! are used to trace out
the lifetime path of health capital and gross investment, to cxplore the
effects of variations in depreciation rates, and to examine the impact of
changes in the marginal cost of gross investment, Before I turn to these
matters, some comments on the general properties of the model are in
order. Tt should be realized that equation (14) breaks down whenever
desired gross investment equals zero. In this situation, the present value
of the marginal cost of gross investment would exceed the present value
of marginal benefits for all positive quantities of gross investment, and
equations (16) and (17) would be replaced by inequalities.!® The re-
mainder of the discussion rules out zero gross investment by assumption,
but the conclusions reached would have to be modified if this were not
the case. One justification for this assumption is that it is observed em-
pirically that most individuals make positive outlays on medical care
throughout their life cycles.

18 Formally, v, < — & _) + 8, il I;_, =I,=0.
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Seme persons have argued that, since gross investment in hiealth cannot
be nonnegative, equilibrivm condition {14} should Le derived by using the
optima! control techniques developed by Poniryagin and others. Arrow
(1968) employs these techniques to amnalvze a firm’s demand for non-
salable physical capital. Since, however, gross investment in health is
rarely equal to zero in the real werld, the methods I use--discrete time
maximization in the text and the caleulus of vaifations in the Mathe-
matical Appendix----are quite adequate. Somne sdvantages of my methods
are that they are simple, easy to interprat, awd familiar to moest econo-
mists. In addition, they genervate essentially the same equilibrium condition
as the Tontryagin method. Both Arrow and T conclude that, if desired
gross investment were positive, then the marginal efliciency of uzmsalable
capital would equal the cost of capital. (n ihe other hand, given zevo
gross investment, the cost of capital would exceed its marginal efficiency.

The monetarv returns to an investment in health differ from the returns
to investments in education, on-the-fob training, and other forins of human
capital, since the latter invesiments raise wage rates.'® Of course, the
amount of health capital might influence the wage vate, but it necessarily
influences the time lost from all activities due to illness or injury. To
emphasize the movelty of mv approach, T assume that heslth is not a
determiinant of the wage rate. Put differently, a person’s stock of knowl-
edge affects his market and noamarket productivity, while his stock of
health determines the total amount of time he can spead producing
money carnings and commodities. Since both market time and nonmarket
time are relevant, even individuals who are not in the labor force have an
incentive to invest in their health. For such individuals, the marginal
product of health capital would be converted into a dollar equivalent by
multiplying by the monetary value of the marginal utility of time.

Since there are comstant returns to scale in the production of gross
investment and since input prices ave given, the marginal cost of gross
investment and its percentage rate of change over the life cycle are
exogencus variables, Tn other words, these twe varishbles are independent
of the rate of investment and the stock of health. This implies that con-
sumners reach their desired stock of capitz! immediately. It alse implies
that the stock rather than gross investnicnt is the Lasic decision variable
in the model. #iy this I mean that consumers regpond to changes in the
cost of capital by altering the margina! product of health capital and not
the marginal cost of gross investment. Therafore, even though equation
(14) is not independent of equations {16) and (17), it can be used to
determine the optimal paih of health capital and, Ly implication, the
optimal path of gross investment.!?

16 This difference is emphasized by Mushkin (1962, pp. 132-33)
17 This staletoent is subject to the modification that the optimal path of capital must
always imply nonnegstive zross investineni,
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Indeed, the major differences between my health model and the human
capital models of Becker (1967) and Ben-Porath (1967) are the assump-
tions made about the behavior of the marginal product of capital and the
marginal cost of gross investment, Both Becker and Ben-Porath assume
that any one person owns only a small amount of the total stock of
human capital in the economy. Therefore, the marginal product of his
stock is constant. To rule out solutions in which the desired stock of
capital is either zero or infinite, they postulate that the marginal cost of
producing gross additions to the stock is positively related to the rate
of gross investment. Since marginal cost rises, the desired stock of human
capital is not reached immediately. Moreover, since the marginal product
of capital is constant, gross investment is the basic decision variable in
these models.’® In my model, on the other hand, the marginal product of
health capital falls because the output produced by this capital has a
finite upper limit. Consequently, it is not necessary to introduce the
assumption of rising marginal cost in order to determine the optimal
stock.

To illustrate how the implications of the health and human capital
models differ, suppose the rate of depreciation on either the stock of health
or human capital rises. This upsets the equality between the cost of
capital and its marginal efficiency. To restore this equality in the health
model, the marginal product of health capital must rise, which would
occur only if the stock of capital declines. To restore this equality in the
human capital model, marginal cost must fall, which is possible only if
gross investment declines.'®

HI. Life Cycle Variztions in Depreciation Rates

Equation (14) enables one to study the behavior of the demand for
health and gross investment over the life cycle. To simplify the analysis,
it is assumed that the wage rate, the stock of knowledge, the marginal cost
of gross investment, and the marginal productivity of health capital are
independent of age. These assumptions are not as restrictive as they may
seem. To be sure, wage rates and human capital are undoubtedly cor-
related with age, but the effects of shifts in these variables are treated in
Section IV. Therefore, the results ohbtained in this section may be viewed
as partial effects. That is, they show the impact of a pure increase in age
on the demand for health, with all other variables held constant.

15 For a complete discussion of these points, secc Becker (1967, pp. 5-12) and Ben-
Porath (1967, pp. 333~-61). For models of the demand for physical capital by firms in
which the marginal cost of investment and the amount of investment are positively
correlated, see, for example, Eisner and Strotz (1963) and Gould (1968).

19 Section TII demonstrates that an increase in the rate of depreciation on health
capital might cause gross investment to ingrease.
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Since marginal cost dees not depend on awe, W — 0 and eguation
{(14) reduces to ’

Yoy b (18)

It is apparent from equation {18) that, if the rate of depreciation werz
independent of age, a single quantity of H weud satisly the equality
between the mwrginal rate of return and the cost of health canital. Con-
sequently, thers would be no net investmeni or disinvesiment after the
initial period. Cie could met, in general, cowipare H, and H, because
accumulation in the initial period would depend on the discrepency be-
tween the inherited stock and the stock desiced in period 1. This dis-
crepengy in turn would be related to variations in iy and other variablez
across individuals, But, given zevo costs of adinsting to the desired level
immediately. H would be constant after period 1. Under the stated
comdition of a constant depreciation rate, Indivi
infinite Yfe if they choosc to live beyond peilod 1. In other words, if

duals would choose an

Hy > Ha, then H; would always excend the death stock ™

To permit the demand for health to vary with age, suppose the rate of
depreciatice depends on age. In geperal, any tiwe path of 9, is possible.
For example, the rate of depreciation might be negaiively correlated with
age during the early stages of the life cycle. Again, the time path wight be
nonmonctonic, so that d; rises during soinc periods and falls during others.
Despite the existence of a wide variety of possible time paths, it is ex-
tremely plausilde to assume that §; is positively correlated with age after
some point in the Jife cycle. This correlation can be iaferred because, as
an individual ages, his physical strength and weimiory capacity deteriorate.
Surely, 4 rizse in the rate of depreciation on his stock of health is merely
one manifestaiion of the biological process of aging. Therefore, the anal-
aticn with

ysis fncuses on the effects of an increase in the rate of depreci
age.

Since a rise in &; causes the supply curve of health capital to shift up-
ward, it would reduce the quantity of health capital demanded over the
life cycle. Graphically, an increase in the cost of capital from » - §; to
-+ 8; 11 In figure 3 reduces the optimal stock from H, to My The
greater the elasticity of the MEC schedule, the greater the decrease in
the vptimal stock with age, Put differently, the slower the increase in the
marginal product of health capital as H falls, the greater the decrease in
the optimal stock.

Differentiation of equation {18) with vespect o age quautifies the
percentage rate of decrease in the stock of health over the life cycle:

~ ~

Hy= 550, (19)

20 "The pessibility that death can occur in period 1 3 reled owt from mow an.
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MEC

L
[.rﬂ :‘”m in I{f"' 1 I"i

In this equation, the tilde notation denotes a percentage time derivative
(H, == (dH,/diy (1/H)), etc.), and the new symbols are: s, = d;/r + &
— the share of depreciation in the cost of health capital and

d ]nH{ = —q IDH{_ dln I{l _
dn(r+3) dlny,  IlG

€=

the elasticity of the MEC schedule (In stands for natural logarithm) 2!
Equation (19) indicates that the absolute value of the percentage de-
crease in # is positively related to the elasticity of the MEC schedule,
the share of depreciation in the cost of health capltai and the percentage
rate of increase in the rate of depreciation. If &, and 5; were constant, the
curve relating In #; to age would be concave unless 7 == 0, since2?
_45; = = — {1 — 5,) 882 < 0, (20)

The absolute value of If; increases over the life cycle because depre-
ciation’s share in the cost of capital rises with age.

21 From equation (18), In(r + 8,) =In W 4 In G; — In n. Therefore,
6,;' 5,& din Gg‘ =
4 + 6.,; o dln H;

3

or _
o~ 'H’L'
80, — — .
&
22 Differentiation of (19) with respect to age yiclds
g SOl 888 — 8,(88)]
v (r +5,)% ’
or
e dired?
II@,‘_ = — 1— 62
(rpagi = Lm0
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If &, grows continuonsly with age after some point in the life cycle,
persons would choose to live a finite life. Since 4 declines over the life
cycle, it would eventually fall to ., the death stock. When the cost oi
health capital is # - 8, in figure 3, H.== A, and death occurs. At
death, no time is available for market and nonmarket aciivities, since
healthy time equals zero, Therefore, the monetary cquivalent of sick time
in period 7 would cempletely exhaust votential full earnings, WL Morc
over, consumption of the commodity Z, w rould equat zero, since no time
would he available for its production if total time equals sick time® De-
canse individuals could not prodice commadities, total utility would be
driven to zero at death.?*

Having characterized the optimal path of & ouc can proceed to ex-
amine the behavior of gross investment. Gress invesiment’s life cycle
profile wonld not, in general, simply mirror that of health capital. Tn
other words, even though health capital falls over the life cycle, gross

investment might increase, remain cezstact. or decrease. This follows

because a rise in the rate of depreciation noi onlv reduces the amount of
health capital demanded by consuncrs but alas uces the amount of
capital supplied to them by a given amount of gross lnvestment. I the
change in supply cxceeded the change in demand, individuals would have
an incentive to close this gap by increasing gross investment. On the
other hand, if the change in supply were Yess than the changs in demand,
gross investment would tend to fall over the life cycle.

To predict the effect of an increase in 3, with age on gross Jnvestinent
7, .50 Since gross

note that the net investment can be approximated by
investment equals net investment plus depreciation,

i)

Wi=16H; + Ia (i - d). (z1}

Differentiation of equatior (21) wilhi respect to age yields

7 o ;4 0, - T 4 3,
A -s

Suppose 8 and &; were constant. Then from (10) and (20), the expres-
sien for 7; would simplify to

o

2% The above statemcnt awumes that Z, rannot be produced with X, alore. This
would be true if, say, the production funciion were Cobb-Douglas.

24 11Tty equal zero when H =77 provided the death time uiility function is
such that T7(0) = 0.

25 “[hat is,

dif; 1 ~
f}, 1 - H@ifja '-E_—— b ':f‘{i}i‘j_.
H HE

The use of this '1ppr0xim.uinn L‘bﬁLl’]ti ly allows one i ianese the one-perind Tag be-
tween a change in gress investraent and o change in the stock of health
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~ b(I - ste) (8; — 5186) -4 stsbz

0; — SLS’S (22)

,:"

Since health capital cannot be sold, gross investment cannot be nega-
tive. Therefore, d; 3> —H,.26 That is, if the stock of health falls over the
life cycle, the absolute value of the percentage rate of net disinvestment
cannot exceed the rate of depreciation. Provided gross investment does
not equal zero, the term 8, — s;£d in equation (22) must exceed zero. It
follows that a sufficient condition for gross investment to be positively
correlated with the depreciation rate is & < 1/s;. Thus, 'f, would definitely
be positive at every point if £ < 1.

The important conclusion is reached that, if the elasticity of the MEC
schedule were less than 1, gross investment and the depreciation rate
would be positively correlated over the life cycle, while gross investment
and the stock of health would be negatively correlated. Phrased differ-
ently, given a relatively inelastic demand curve for health, individuals
would desire to ofiset part of the reduction in health capital caused by
an increase in the rate of depreciation by increasing their gross invest-
ments. In fact, the relationship between the stock of health and the num-
ber of healthy days suggests that ¢ is smaller than 1. A general equation
for the healthy-days production function illustrated by figure 2 is

;= 365 — BH, © (23)
where B and C are positive constants. The corresponding MEC schedule
is*7

Iny,=InBC-—~ (C+1)InH,+InW —Inx (24)
The elasticity of this schedule is given by

6InH 1
GIHY.‘ (1 +C)

since C > 0.

Observe that with the depreciation rate held constant, increases in
gross investment would increase the stock of health and the number of
healthy days. But the preceding discussion indicates that, because the

25 Gross investment is nonncgative as Tong as I =H, {H +8;) 20, or §; = - ﬁf.

27 If (23) werc the production function, the margmal product of hea]th cap1ta1 would
be

Gy = BCH !

or
InG*—In BC — (C 4 1)In H;.
Since 1n ¥;=InG; 4 In W — Inx, one uses the cquation for In &, to obtain (24).
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depreciation rate rises with age, it is not aulikely that uphealthy {old)
people vwill make larger gross invesiments than Lealthy (young) peopic,
This miesns that sick time, T4, will be positively corvelated with M, and
I'H;, the medical care and own time inputs in the gross investment func-
tien, over the life cycle®® Tn this sense, at least part of TL; or TH, may
be termed
Unlike other models of the dewand for medical ca

nat assert that “need” or iliness, measured by the level of ihe rate of
depreciatica, will definitely be positively cortelated with utilization of
medics] services. Instead, it derives this correlation {rom the magpitnde
of the elasticity of the MEC schedule and indicates that the velationship
between the stock of health and the uwmber of healthy davs will tend
to create a positive corrglation. I & is less than 1, wedical care and
1" will definitely he positively corielated. Moreﬂver the smaller the

L

recuperation time.”
e, miv model does

“nesd
value of €, the greater the explanatory powsr of “nced” relative to that
of the other variables in the demand curve for medical care.

Tt should be realized that the power of this model of life cycle bebav-
ior is that it cam treat the biological process of aging in termis of con-
ventions! economic analysis, Biological factois associated with aging raise
the price of health capital and cause individuals to substituie away from
future heazlth until death is “chosen.” It can he concluded that here, a
elsewhere in cconomics, people reject a prospect--the prospect of lon’“”
life in this case---because it is too costly to achieve. In particular, only if
the elasticity of the MEC schedale were zero would individuals fully
compensate for the increase In & 2nd, therefore, maintain a constant
stock of health

IV. Market and Nonmarket Effictency

Persons who face the same cost of health capital would demana the sarme
amount of health only if the determinants of the rate of return on an
investment were held constant. Changes in the value of the marginal
vostrinent shift

product of health capital and the marginal cost of gross
the MEC schedule and, therefore, alter the guantity of health demanded
ever: if the supply curve of capital does not change. T now identify the
variables that determine the level of tho MEC schedule and examine the
cifocts of shifts in these variables on the demand for ! aml medical
care. In particular, I consider the effects of variations in market effi-
ciency, measured by the wage rate, and nommarket efficiency, measured
by human capital, on the MEC schedule.

28 Note that the time path of H, or ; would br menmionctonic if the time g zth of
8, were characterized by the mcurre:ﬁz v of peaks and troughs. In pacticular, &, would
be relatively low and TH, and M, would ke relatively high [if £ <{1) when b, we
relatively high; these p;,rlods wou]d be associated with yelatively severs illness.
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Before beginning the analysis, two preliminary comments are in order.
First, the discussion pertains to uniform shifts in variables that influence
the rate of return across persons of the same age. That is, if the variable
X is one determinant, then

et A7

_— =1, all .
dlnX,-,.Al

Second, the discussion proceeds under the assumption that the real rate
of interest, the rate of depreciation, and the elasticity of the MEC
schedule are constant. These two comments imply that an increase in X
will alter the amount of capital demanded but will not alter its rate of
change over the life cycle.?? Note from equation (21):

din’ _dlnH
dx  dx

(25)

since the rate of depreciation and the percentage rate of net investment
do not depend on X3 Equation (25) indicates that percentage changes
in health and gross iuvestment for a one-unit change in X are identical.
Consequently, the effect of an increase in X on either of these two vari-
ables can be treated interchangeably.

A. Wage Effects

Since the value of the marginal product of health capital equals WG, an
increase in the wage rate, W, raises the monetary equivalent of the mar-
ginal product of a given stock. Put differently, the higher a person’s wage
rate, the greater the value to him of an increase in healthy time. A con-
sumer’s wage rate measures his market efficiency or the rate at which he
can convert hours of work into money earnings, Hence, it is obviously
positively correlated with the benefits of a reduction in the time he loses
from the production of money earnings due to illness. Moreover, a high
wage rate induces an individual to substitute market goods for his own
time in the production of commedities. This substitution continues until
in equilibrium the monetary value of the marginal product of consump-
tion time equals the wage rate, So the benefits from a reduction in time
lost from nonmarket production are also positively correlated with the
wage.

9 Strictly speaking, shifts in X, would definitely have no effects on H if and only
if X ={. Even though a urufmm shift in X; implies that there is no corrclatxon be-
twcen its level and rate of change, H might be altered if X 7 0. For a complete dis-
cussion of this point, see Grossman (19:0, p. 49).

30 Since the analysis in this section deals with variations in X among individuals of
the same age, time subscripts are omitted from now on. Note also that (25), like the
expression for 7, igncres the ome-period lag between an increase in gross investment
and an increase in the stock of health,
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LGy el MEC, Wew >0

S e——

FiG. 4

if an upward shift in the wage rate had no effect on the marginal cost
of gross investment, a 1 percent increase in it would increase the rate of
return, vy, associated with a fixed stock of capital by 1 percent. T fact,
this is not the case hecause own time {s an input o the gress investment
functicn. If K is the fraction of the total cest of gross investinent ac-
counted for by time, then a 1 percent rise in W would increase marginal
cost, 7, by K percent, After one nets out the correlation between W and
w, the percentage growth in v would equal 1 - K, which exceeds zero as
leng as gross investment is not produced entively hy time.

Since the wage rate and the level of the MFEC schedule are positively
correlated, the demand for health would be positively related to M.
Graphically, an upward shift in W from W, to W, in figure 4 shifts the
MEC schedule from MEC, to MEC, and, with no change in the cost of
health capital, increases the optimal stock froms #y to IT. A formula for
the wage elasticity of health capital is*

cuw — (1 --- Kjs. (26)
This elasticity is larger the larger the clasticity of the MEC schedule and

the larger the share of medical care in total pross investment cost.
Although the wage rate and the demand for health or gross invest-

31 Differentialion of the patural logarithm of (18) with respect to In B yiclds
dIn(r -}- &) m 3InG dinH dinm
dinW

dtnd daw  din W

Crrow

0=1-— K —

13
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ment are positively related, # has no effect on the amount of gross in-
vestment supplied by a given input of medical care. Therefore, the demand
for medical care would rise with the wage. If medical care and own time
were employed in fixed proportions in the gross investment production
function, the wage elasticity of M would equal the wage elasticity of H.
On the other hand, given a positive elasticity of substitution, M would
increase more rapidly than H. This follows because consumers would
have an incentive to substitute medical care for their relatively more ex-
pensive own time. A formula for the wage elasticity of medical care is

eM,W':KGp"'}' (1 -—K)E, (27)

where g, is the elasticity of substitution between M and Tk in the pro-
duction of gross investment.®? The greater the value of o, the greater
the difference between the wage elasticities of M and H.

Note that an increase in the price of either medical care or own time
raises the marginal or average cost of gross investrent. But the effects
of changes in these two input prices are not symmetrical. In particular,
an upward shift in the price of medical care lowers the MEC schedule
and causes the demand for health to decline. This difference arises be-
cause the price of time influences the value of the marginal product of
health capital while the price of medical care does not.

B. The Role of Human Capital

Up to now, no systematic allowance has been made for variations in the
efficiency of nonmarket production. Yet it is known that firms in the
market sector of an economy obtain varying amounts of output from the
same vector of direct inputs. These differences have been traced to forces
like technology and entrepreneurial capacity, forces that shift production
functions or that alter the environment in which firms operate. Reason-
ing by analogy, one can say that certain environmental variables infiu-
ence productivity in the nonmarket sector by altering the marginal
products of the direct inputs in household production functions. This
study is particularly concerned with envirenmental variables that can be
associated with a particular person--his or her race, sex, stock of human
capital, etc. While the analysis that follows could pertain to any environ-
mental variable, it is well documented that the more educated are more
efficient producers of money earnings. Consequently, it is assumed that
shifts in human capital, measured by education, change productivity in

32 For a proof, see Part C of the Mathematical Appendix. The corresponding equa-
tion for the wage clasticity of the own time input is

ermw — (1 — K) (e — ).

This elasticity is positive only if £ > O
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the household as weli 25 in the market, and the analysis focuses om this
environmental variable,

The specilic proposition to be examinad is that education improve:
uemnarket productivity. If this were true, then one would have o con-
venient way to analyze and quantify what have been termed the nom-
{onetary benefits to ap investment i edutaticn. The model can, however,
treat adverse as well as beneficial effects and suggests empirical tests to
discriminate between the two®®

To determine the effects of cducation on produciion, warginal cost,
and the demand for health and medical care, recall that the gioss invesi-
ment production function is homogeneous of degree 1 in its iwo direct
inputs—inedical care and own time. It follows that the margina! product
of E, the index of humas capital, would be

al a(g —tg' oy’
= M &"i -+ TH-—,
aF dE af
where g - g’ is the marginal product of medical care and g is the mar-
ginal product of time?* If a civcumflex aver a variable denotes a per-
centtags change por unit change in &, the last equation can be rewritten as

_J ( g8 — fg’fi-') ( THg )(A)
,,.Mg_ _fz’__ + T 8.

(28)

aof 1

o I

Fp lic

Equation {28) indicates that the perceutuge change in gross investment
sunplied to a copsumer by a one-unit change n £ is a welghted average

1

of the percentage changes in the marginal products of M and TH .
If E increases productivily, then ry > 0. Provided F vaises both mar-
ginal products by the same percentage, equation {(28) would simplify to

?".',Z s é = ;:’:’. (29)

3% The neodel developed here is somewhat similar lo the ane used by Michael (1969},
If [ is howmogeneous of deerec 1in M and TH, then from Enler’s ibeorem

=M(g—tg) + THy.

Dlifferentiation of this equation with respect to K, holding 3 and TH constant, vi
the snarginal product of hurman capital.

45 Instzod of pulting educatinn in the gross invssimasnt production [unction, one
could lct it affect the rate of depreciation or the marping! productivity of health capital
This appreach has not been taken beeause 2 general treatment of envirenrozntal vari.
ables like cducation must permit these variables to influence ali houschold comaditios.
Sinte depreciation rates and stock-flow relationships are relovant only if a partioddar
comntodity is durable, a svmmetrical development of the role of cavironmental vari-
ables reyuires that they affect honschold production functions and wot depreciation
rates or stock-flow relationships. In a more complicated version of the rmodel. the gross
investment function, the rate of depreciation. and the miarginal productivity of health
capital might ali depend on education. Rut the Lasic mplications of the toodel would
not chonge.
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In this case, education would have a “neutral” impact on the marginal
products of all factors. The rest of the discussion assumes ‘“factor neu-
trality.”

Because education raises the marginal product of the direct inputs, it
reduces the quantity of these inputs required to produce a given amount
of gross investment. Hence, with no change in input prices, an increase
in E lowers average or marginal cost. In fact, one easily shows that

A= —ry = -—é = 7, (30)

where 7t is the percentage change in average or marginal cost.3® So, if
education increases the marginal products of medical care and own time
by 3 percent, it would reduce the price of gross investment by 3 percent.

Suppose education does in fact raise productivity so that m and £ are
negatively correlated. Then, with the wage rate and the marginal! product
of a given stock of health held constant, an increase in education would
raise the marginal efficiency of health capital and shift the MEC schedule
to the right.’” In figure 5, an increase in E from E; to E, shifis the MEC
curve from MEC, to MEC,. 1f the cost of capital were independent of
E, there would be no change in the supply curve, and the more educated
would demand a larger optimal stock (compare H; and H, in fig. 5).

The percentage increase in the amount of health demanded for a one-
unit increase in F is given hy*®

I}:rﬂﬁ. (31)

Since 7y indicates the percentage increase in gross investment supplied

hy a one-unit increase in E, shifts in this variable would pot alter the
demand for medical care or own time if r5 equaled H. For example, a

person with ten years of formal schooling might demand 3 percent more
health than a person with nine years. If the medical care and own time
inputs were held constant, the former individual’s one extra year of

38 For a proof, see Part D of the Mathematical Appendiz, where the human capital
formulas are developed in more detail.

371t should be siressed that the model of nonmarket productivity variations pre-
sented here examines the partiel effect of an increase in education with the wage rate
held constant. Although these two variables are surely positively correlated, this corre-
lation does not appear to be large enough to prevent one from isolating pure changes
m nonmarket productivity at the empirical level. For some evidence on this peint, see
Grossinan {1970, chap. 5) and Michael {1969, chaps. 4 and 35).

3If W and r 4- 8 are fixed and if G depends only on H, then

din¢+8) o 0InG dH _ dlnx
dE dlnH dE dE
ar
0= — {:-{ + ra.
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MEC,E=E

Al

Frc. 5

a

schooling might supply him with 3
dition, ocs“‘ persens would demand the same amounts of 2 oand TH. As
this sxample llustrates, any effect of a change In X on the a‘;s‘«narsd for

medical care or time ceflects a positive or negative difference between
Irr 1. 39
i XS Fprl

percert more health. Given this

CC-

Moo= TH =yl — 1), (32)

A

Equaticn (32) suggests that, if the elasticity of the MEC schedule
were less than unity, the more educatad would demand mere health bui
less medical care. Pul differently, they would have an incentive to offset
part of the increase in bealth caused by az in i (:ducai.fnn by ve-
ducing their purchases of medical services. Wote that if ry were negative
and € were less than 1, & would be negative and A would be pmmw
Since education improves market productis 1ty I have cxamined the im-
phications of the hypothesis that 7y Is p()nui"” But the wmodel is appli-
cable whether ry is positive or negative and gives smpivica! predicg
in either case.

jonz

Y. Smmmary and Comclusions

1

The main purpese of this paver has been to construet a model of ths
demand for the commodity “good health” The central proposition of the
model is that health can be viewed as a durable capital stock that vro-
duces =n ouiput of healthy umﬂ A porson detorm
of heaith capital at any age by equating the ma
capital to its user cost in torms of the price of gross invesinment.
caily, cach person has a negatively Inchined demand curve for healt!

sines his opiiinal stock

ginal officiency of this

39 The tirms M and P ave equal because, by the definition of fzctor neatrality, I
the marginal product of 711

has no effec on the ratio of the maurging! product of M o the

wrknerright-S-2004-Al-Rights- Reseved:rmormnmmme
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capital, which relates the marginal efficiency of capital to the stock, and
an infinitely elastic supply curve. The equilibrium stock is determined by
the intersection of these two functions. The demand curve slopes down-
ward due to diminishing marginal productivity of health capital,

Although in recent years there have been a number of extremely in-
teresting explorations of the forces associated with health differentials
(Adelman 1963; Fuchs 1965; Larmore 1967; Newhouse 1968; Auster,
Leveson, and Sarachek 1969), these studies have not developed behav-
ioral models that can predict the effects that are in fact observed. Con-
sequently, the framework 1 have developed is important because of its
ability to bridge the existing gap between theory and empiricism in the
analysis of health differentials. My model explains variations in both
health and medical care among persons in terms of variations in supply
and demand curves for health capital. This paper has traced upward
shifts in the supply curve to increases in the rate of depreciation on the
stock of health with age, and it has traced upward shifts in the demand
curve to increases in the wage rate and education.

Omne prediction of the model is that if the rate of depreciation increases
with age, at least after some point in the life cycle, then the quantity of
health capital demanded would decline over the life cycle. At the same
time, provided the elasticity of the marginal efficiency of capital schedule
were less than unity, expenditures on medical care would rise with age.
A second prediction is that a consumer’s demand for health and medical
care should be positively correlated with his wage rate. A third prediction
is that if education increases the efficiency with which gross investments
in health are produced, then the more educated would demand a larger
optimal stock of health. On the other hand, given a relatively inelastic
demand curve, the correlation between medical outlays and education
would be negative. It should be noted that one of the advantages of the
model is that it enables one to study the effects of demographic variables
like age and education without assuming that these variables are posi-
tively or negatively correlated with consumers’ “tastes” for health. In-
stead, these variables enter the analysis through their impact on either
the cost of health capital or its marginal efficiency, and one can make
strong predictions concerning their efiects on health levels or medical
care.

It must be admitted that this paper has made a number of simplifying
assumptions, all of which should be relaxed in future work., A more gen-
eral model would treat the depreciation rate as an endogenous variable
and would not rule out periods in which the optimal amount of gross
investment is zero. Most important of all, it would modify the assump-
tion that consumers fully anticipate intertemporal variations in depre-
ciation rates and, therefore, know their age of death with certainty. Since
in the real world length of life is surely not known with perfect foresight,
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it might be postulzted that a given consumer faces a probability distrib»-
tion of depreciation rates in each period. This uncertainty would give
persons an incentive to protect themsslves against the “losses” associated
with higher than average depreciation rates by purchasing various types
of insurance and perhaps by holding an “excess” stock of health? Bt
whatever moedifications are made, it weuld be 2 mistake to neglect the
cssential features of the model T have presented in this paper. Any model
must recegnize that health is a durable capital stock, that health capital
differs in important respects from other forms of human capital, and that
the demand for medical care must be derived from the more fundamental
dernand for “good health.”

Appendix A
Maihematical Appendix
A, Utility Maoximization—Discrete Time

To iraximize ulility subject to the full wealth and production funciien con-
straints, form the Lagrangian expression

L= U(g‘bgHuJ .- -,‘,i’nig.w,:zﬂ; e ,/—:n)

C 4+ Oy WTLN
+ & (D N , ), (A1)

where O, = PM, + W, TH, and C,;=V.X, - W T, Diferentiating L with re-
spect to gross investment in period 71— | and seiting the partial derivative
equal to zero, one obtains

34,  dH . 041 ‘E)Hfi-i-l
77 R SR 7 S A S
ol al,_, , aHt.‘ T
2k, (o s/dl
,} i + 7" s \?_1 —
oH, oI, . (1
W (QIL:/BH )/(aHl./‘grir 1)
A (L7
‘Li(aTL,,+]/a11,4 1)/(8H,,+1/a..(
L (1 \1 41

24

Wa(97 La/2H) [ (80/35 1) J "

L I T

anl"g BHt 6H1+1 . a}}ﬁ
—— = (5 = 1, = {1 —8§;),

i, "al,, Cal,, Voan .

40 For zn attempt te introduce uncertainty into a2 modg! that views health as 2
durable capital stock, see Phelps (in preparation}.
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1 —58 13 s g Tk G
={l—8) ... (I —8pq), =M.y, an == ~—(ry,
( ) ) dl et 9, ¢
Therefore,
T WG, (1 — )Wt 1Giga
(14-7)01 (1 47) (1 4 7)itt
(1 = 6&) e (1 - 6nvl)WnGﬂ Ukz
- G;
RN =T +—
Uk;; 3 Uhﬂ
+ (1 — ) ——1—*—-1-6,-+1 Ho o (=80 L (L= Brs) = G
(A3)

B. Utlity Maximization—Continnons Time
Let the utility function be
U= §m f(d:;H,;, Z;}di, (A4)

where i, is the weight attached to utility in period i. Equation (A4) defines an
additive utility function, but any monotonic transformation of this function
could he employed.*! Let all household production functions be homogeneous of
degree 1. Thern C,=wn/, C,; = g, Z;*2 and full wealth can be written as

R = (e="(nd, -} q.Z; + WTL)di. (AS)
By definition, '
]i — }‘I! + 6iH{) (A6)

where H; is the instantaneous rate of change of capital stock. Substitution of
{A6) into (AS5) yields

R = fe~"(ad M + ml; + qiZs + WTL)di. (AT)
To maximize the utility function, form the Lagrangian
L — AR = § [mf{¢:H;, Z;) — he="H{md.H,
+ adl; 4 g2+ WTL)1di, (A8)
or
L—\R = §Q(H, H, Z,i)di, (A9)
where

Q = mif(pudl, Z;) — ke~ (udH, + .kl + ¢.Z; + W.T.L).
(A10)

Euler’s equation for the optimal path of H, is

41 Strotz (1953-36) has shown, however, that certain restrictions must be placed on
the =;. In particular, the initial consumption plan will be fulfilled if and only if =
(m,}%.

42 The variable g; equals the marginal cost of Z,.
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00 __d e (All)
oM, di aH,

oH;
bl
__Q o —he Ty, (A12)
oH:
d oQ . )
""""" L . 87%.1:& W{_ k‘, ﬁ”fﬂi-
di aff‘

Conseguently,

GirW,;+ ( """" ) J = i F . h,,) (1&13)

which is the continuous time analegue of equatiou (13).

C. Wage Effests

To obtain the wage elasticities of medical care and the time speni producing
hezlth, three equations must he partialiv difieccntiated with respect to the wage.
These squations are the gross investment produstion function and the twe first-
order conditions for cost minimization:

(M, TH: E) = Mg(t; £ == (H + 8)H,

W ngly
= n(g — '),
Since 7 is lingar homogenous in M and T'H,
a(g—-—ﬁ') B té’(&’—tg}
e oTH
o 1 g4
aTH ¢ eTk
o (§ —1g)¢
'Jp

H|oe — tg'y ) /0TH
Therefore, the following relationships hold:

g teh | He - tgg
oM Ia, ’
o1 (gt )g (A14}
aTH ¢t s, '
Hg— ey (g —t)e
orH g,
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Carrying out the differentiation, one gels

dTH . dM HE 8 (dv =

Sy T8 =T (dW_W)’
, dmn (ag’ dTH dg" dM

YEE T \ata aw T oud EW)’

0= di [G(g — gy dTH (g —tg'y dM :l
= — g
g~ ) dW T 0TH di¥ + oM div

Using the cost-minimization conditions and (Al4) and rearranging terms, onc
has

J an —|—WdTH—|—P daM Iex
£ i -y
aw aw dw w’
dx 1 dTH _ dM =
Io, -~ —_—— P——=f—o0 AlS
S T T gy T (A13)
dn ATH aM
fo - w2 o,
W div aw

Since (A15) is a system of three equations in three unknowns—dTH/dW,
dM/dW, and dn/dW—Cramer’s rule can be zpplied to solve for, say, dM /dW:

Tex

e W + o

(5)r+1(3)
Io,—\ )P +1(= )5

fo, -} W — 0
dM
aw
Ie+W 4P
fo, — (%—) p+P
fog, + W — W

The determinant in the denominator reduces to (Jo, 7212 /THM. The de-
terminant in the numerator is

Io, P
e \ I, THM + Ine —H}M*" .

THM
Therefore,
daM THM sPM
..... — Gy _f,._ e
daw In WITH
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Ta alasticity notation, this becomes

€y m (1 — K)e |- Ko, (Al6}
Along similar lines, one easily shows that

erw = (1 K) (€ - ap). (A17)

D The Role of Human Capital

To convert the change in productivity due to a shift in human capital into a
change in average or marginal cost, let the percentage changes in the margina!
products of medical care and own lme for a one-unit change in human (apital
be givea by

Heg--1) 1 -l
EYa g -ty g
e
e =&

all g

If a shift in humaa capital were “factor neutral,”’ the pereentage changes in
these two marginal products would be equal:

. BE--tgE
F=-" -
g -1
or
Y= (A18)

The average cost of gross investment in heoalth is defined as
oo (PM A WEHM - = (4 Wiyg L
Given factor neutrality,
ir:rE—--l--::. —f = T (A19)
di n
This coincides with the percentage change in marginal cost, since
o= Pg 1)
and

da 1 g8 - 't
———————— [ (4--—’—---— = g" oz _€' S I (A20)
£— g

Part B of Section IV outlines a derivation of the human capital parameter in
the demand curve for medical care but docs not give a rigovous proof. Takiry
the totsl derivative of £ in the gross investment function. one cowmputes this
patameter thus:

I 4 ral 4 04
AL ST TR g,
df T I ' I

~ A ~ ~
Since M = TH and H =/ the last equation can be rewritten as
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A ey
H=M + YH.
Solving for i and noting that I?:rﬁs, one gets
M =rg(e —1). (A21)

Appendix B

Glossary of Mathematical Terms

Bt Total length of life

T Age

Hy oo Inherited stock of health

H, ... ... Stock of health in period ¢

Hypin ool Death stock

B Service flow per unit stock or number of healthy days per unit
stock

Bivveiiiiii Total number of healthy days in period ¢

Ly oo Consumption of an aggregate commodity in period ¢

I Gross investment in health

S, ..o Rate of depreciation

M, ... Medical care

TH, ........... Time input in gross investment function

D, Goods input in the production of Z,

T Time input in the production of Z;

E, o Stock of human capital

g—tg ... ... Marginal product of medical care in the gross investment
production function

g Marginal product of time

Py Price of medical care

| Price of X,

W, oo Wage rate

A Initial assets

i Rate of interest

TW, ........... Hours of work

TL;, ........... Sick time

Q. Constant length of the period

R o Full wealth

G, oo Marginal product of health capital

Uh, ... ........ Marginal utility of healthy days

Ao Marginal utility of wealth

L Marginal cost of gross investment in health

L7 Percentage rate of change of marginal cost

¥i e Monetary rate of return on anm investment in health or
marginal efficiency of health capital

@ oo Psychic rate of return on an investment in health

G A tilde over a variable denotes a percentage time derivative

Si i Share of depreciation in the cost of health capital

E ... Elasticity of the MEC schedule

K ... Fraction of the total cost of gross investment accounted for
by time

Oy i Elasticity of substitution betwen medical care and own time in

the production of gross investment
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Gl W o Elasticity of H with regard to #

T P Elasticity of M with regard to ¥

R EEERRERE A circumilex over a variable denotes a percentage ¢h per
uiiit change in K

PR oo Percentage change in gross investment for o one unit change
in K

C, o Total cost of gross invesiment in healtl in period £

Cyi oo Totzl cost of Z;

By e Weight 1ttvhed to total utility in peefod /

i Marginal cost of Z;
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