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Online Supplement to “PBM Competition in Pharmaceutical
Supply Chain: Formulary Design and Drug Pricing”

Appendix A: Proofs

Proof of Theorem 1 (a). By (5) and (6), we have
A, . — B,
3€{0,1}N pj eRN+1 exp (u0/v) + M exp (A +CSy — By) /v)
where W, is given in (9). Using (7) and (8), we can rewrite PBM j’s problem as

A .
v €{0,1}N,pj eRN+1 ~exp (u0/v) + S0 exp ((Ak Vi) /v)
Note that U; only depends on the formulary decision y; € {0,1}N. Hence, the feasible set of U; is given by
;, and (10) follows directly.

(b). It directly follows from (10) that 7, linearly decreases in U;. Note that
Olnw; 1 1 exp ((4; = V;) /v)

oV v T e + s e (e V) )
g Pom 1 A m (e D en ()
ovy? (Vi =U;)? V2 (exp (u0/v) + M exp (A — Vi) /1) ’

showing that ; is strictly log-concave in V;. Further note that

Vi= <d0](y] Poj — +de i) (i — w(%]‘)—Pﬂ’u%J‘))S

_g (m (exp (70—02 +qu) +;exp (% acmiyu)wLﬁqz))) S (27)

For any given original formulary decision vector ¢; € {0,1}™ (and hence U;), V; is a linear combination of

the N + 1 original price decision variables p;; € R (i =0,...,N), as shown by (27). Therefore, V; can target
any value by varying the original price decision vector p;. Conversely, for any given V; € R, U; can target
any value in its feasible set 2; by choosing the corresponding original formulary decision vector 3;. At the
chosen y;, we can keep V; fixed at the given value by varying the original price decision vector pj.

(c). Based on the proof of parts (a) and (b), PBM j can determine its best response sequentially by
solving the optimal U; first and then the optimal V;. For PBM j, the minimization of U, is a combinatorial
optimization on a finite set: ming, ¢ (0,13~ Uj (¢;), and thus the optimal U7 is unique. Since each PBM’s optimal
aggregate formulary decision Uy is independent of each other, PBMs’ competition on (U, V;) can be reduced

to a competition on V; only. With U determined, PBM j only needs to consider the value of V; in a compact
L el

v —Uy u(cxp(ug/u)+cxp((Aj;vj)/u

PBM j would make negative profit for any V; < Uy and Jln WJ/BVJ- <0 for any V; >V ;. The existence of

and convex set, [ b V. ;], where V is the unique root of — 7) =0, because
equilibrium directly follows from the concavity of In7; in V;. Furthermore,
0*Inm; 1n7r Z|821n7rj _ 1 3 exp (A, —V;) /v)exp (ul/v)
V0V (Vi =U;)? 2 (exp (ul/v) + S exp ((Ay — Vi) /1/))2

By Milgrom and Roberts (1990), a unique equilibrium is guaranteed, and satisfies the first order condition

<0. (28)

given by (25).
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Proof of Proposition 1 Substituting (9) and (2) into (8), we can write PBM j’s formulary problem as

N
min__U;(7;) = <d0j(?jj)(w0]‘ —cf)+ Z i () (wig — € + (¢ — & —ryy) yza)) S

7 0,1 N
7;€{0,1} i1

— ocd N C_aen n_ Py .
B <ln <exp (’Yo ac +[3QO> —I—Zexp <% ac) +a(ch —cf )Yij +Bq@)>> S, (29)
a I

i=1 K

By (11), we rewrite (29) into the following form:

N

min U, (7,) = (””(’jm” T X T () () gln <xoj +> @, (zm))) S, (30)

v3 (0N Zo; + D20y i (Yi5) i=1

First, we introduce the following lemma to characterize properties of PBMs’ optimal formulary decision.

LEMMA 2. For j=1,...,M, PBM j puts branded drug i on tier 2 (i.c., y;; =1) if for any y; € {0,1}~,

N
5. < To;Mo; + D g Tag (Yrg )0 (Yns)
] N :
ZTo; + Zk:l T (Yny)

Proof of Lemma 2 We prove by contradiction. Let 77 be PBM j’s optimal formulary decision vector.

(31)

Assume to the contrary that (31) holds for any g; € {0,1}™ and y;; = 0. We can construct another formulary

decision ;" by setting y, =1 and y;; = y;, for k#i. Then we have:

Toj + Yoy Th (Yi;) +2i;(1) — 2:5(0) (32)
- gln (IOJ + Zxkj (Yn;) +2i;(1) = Iij(0)> )S-

k=1

U, () = <$0jm0j 2oy 2 (W )mus (i) + i (D)m (1) — 245, (0)m;(0)

i (Dmi; (1) =25 (0)my;(0) - 0jm0; 300 @k (Wi )mag (Wig)
z;5(1)—=z;5(0) - $0j+2fcv:1 xkj(y;;j)

U;(y;"), contradicting the optimality of y;". This completes the proof.

Since §;; = and x;;(1) > 2,;(0), we have U;(y;’) <

Lemma 2 shows that when assigning branded drugs to tier 2, it is optimal for PBM j to start by choosing
the branded drug with the smallest cost change rate, then add the drug with the second smallest cost change
rate to tier 2, and so on, until (31) no longer holds. Since PBM j sorts branded drugs by their cost change

rates in an ascending order, we can find the threshold index as follows:
Initialize I; =0;
FOR i=1,---,N .
o;m0; + 3y @y (1)ms (1) + 3050, @ (0)m (0)

IF o< T N
Toj + D ey T (1) + 24—, 74 (0)

I =1
ELSE STOP;
ENDIF
ENDFOR

Note that

I N
i Fos™Mos + ij:l T (Yns )Mk (Yns) _ To;Moj + D iy Tag (1) (1) + Zk:1j+1 15 (0)m; (0)

7;€{0.1}N Zoj + Y p_y Th; (Yks) Toj + S0 @ (1) + szj:zﬁl z,;(0)

By Lemma 2, if i <[, it is optimal for PBM j to assign drug i on tier 2 (i.e., y;; =1).
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Proof of Proposition 2 When all branded drugs on PBM j5’s plan have the same brand-specific attribute
v; and quality index ¢;, we first show that if PBM j puts k£ branded drugs on tier 2, it is optimal for PBM
J to assign k branded drugs with the smallest cost change rate indices on tier 2.

We prove the above statement by contradiction. Let ¢ be PBM j’s optimal formulary decision vector.
Assume to the contrary of the statement, there exists an y;; =0 (i < k) and an y;; =1 (I > k). We can
construct another formulary decision y; by setting y;; =1 and y;; = 0 while keeping other branded drugs’
formulary decision unchanged. Then we have:

U()) = (iEijc)j +30 (Yo (Yie;) + iy (1)mig (1) — 245(0)m;(0) — @y (1) (1) + 245(0)my; (0)
e Toj + > oney T (Yi;) + a5 (1) = 245(0) — 25(1) + 245 (0)

- gln (%j + 3w (i) + wi (1) — 45(0) —2,(1) + xlj(0)> >5~

k=1

Note that all branded drugs have the same brand specific attribute and quality index, we have x;;(1) —

2:;(0) = x1;(1) — 24;(0) > 0. Since PBM j ranks branded drugs in ascending order of their cost change
; _ zij(Dmi; (D —=i;(0)m;(0) _ my (Dmy; (1) =215 (0)my;(0)

rate, 1.e., 51j S 52j S SN S 5Nj7 we have 61’]’ = xzj(l)*rlj ©) < S 6lj =2 xij(l)fxij(o) Ly

2 (1)my; (1) — 245(0)mi;(0) < a5(1)my; (1) — 245(0)my;(0). Therefore, U;(y;") < U;(y;*), contradicting the

, and hence

optimality of y;*. This completes the proof of the statement.

By the above statement and Proposition 1, PBM j only needs to compare N — I; + 1 formulary decision
vectors, each corresponding to putting k (k= I;,..., N) branded drugs with smallest cost change rate indices
on tier 2. This completes the proof.

Proof of Theorem 2 By the definition of V; in (7) and the expression of n; in (5), we can rewrite V; as a

function of PBMs’ market share vector, 7= (ny,...,ny), as follows:

M
Vj:Aj—uS—l/<lnnj—ln(1—2nk)>, j=1,...,.M. (33)

k=1

M

Let ng denote the probability of the client not contracting with any PBM, we have no=1-) ;" ;

ng.
Given the optimal formulary decision, the equilibrium V;* satisfies the set of first order conditions given
by (13). Substituting (33) into (13) and rearranging the terms, we have

% * 0
n} (Aj—Uj—ue—u

—J*) :n(’; - exp

n;-exp(l_n

14

), j=1,...,M. (34)

J
By the definition of H(-) function in (14), (16) directly follows. Combining with the fact that Z;io n;=1,

the equilibrium probability of not contracting with any PBM, n{, satisfies the single-variable equation:

M
A —U —u —
no+ZH(no~eXp< d JV e V>)—1.

Jj=1

Since H(:) strictly increases from 0 to 1, the left-hand-side of the above equation strictly increases from 0

to a value greater than 1 as ng increases from 0 to 1. Therefore, nj is the unique solution to (15).

vn

*
J
1-n%"
J

Substituting (5), (7) and (13) into (10), PBM j’s equilibrium expected profit is given by 7 =
Substituting ng=1— Y"1~ n; into (33), (18) follows directly.
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The client organization’s expected utility in the equilibrium is given by

T =F (max (m_axu;,vo)> —l/*ln <exp ( 8) -l—Zexp ( V))
=vln <exp( ) <1+Z )) —u® —vlnng.

Proof of Lemma 1 (a). Applying the implicit function theorem on the function H(x), we have

(1-H)*

)~ T el

> 0. (35)

y (15), (34) and (35), and applying the implicit function theorem on (15), we have

(1711;)211;

a * —n*4n*2
L CE R ) MY (36)
Uy pypyoM _omdini
J k=1 (1—n}+n;Z)n}

(b). By (16) and (36), we have

on} e A —Ur—ul—v A;=U;—ul=v\ (Ong  n
=1 (1 (B ) o (B ()

« (lfn;;)2nz
A — U*—u —v A —Ur—ul—v ng+> oS3
_—H’(n5~exp< >) eXp< I = E79 1omitn <0, (37)

(1=n})%n
v v (1 + Zk 1 (1-nt <|)—€7L*2)7L0)
on; Aj=Ur—ul—v A —Ur —ul - on,
=H'(n- te . ! ! = >0, k#j. 38
aU* (no eXp< v )> exp( v ) 6[]]j > ) 3&.] ( )
By (17), (37) and (38 ), BU* L <0and 2 i >0 (k#j) directly follow.

(c). By (18), (36) and (37), we have

o)%s on’ *
s, (Lo L Om (39)
oUx ny oUr  nj OoU;
By (18), (34), (36) and (38), we have
ov> 1 On; 1 ong vn ong
J — [ ——L - 0= J 9>0, k#j. 40
Uy V(n; ouy  ng 8U,:) (1—n;+n3?)ng OU; >0, k#J (40)

(d). The result directly follows from (19) and part (c).
Proof of Proposition 3 (a). Since formulary decision y,; is a binary variable, showing that it is weakly
decreasing is equivalent to showing that an increase from 0 to 1 cannot happen when the wholesale price

of branded drug i increases. We prove by contradiction. Suppose that the wholesale price of branded drug ¢

increases from w;; to wy; (wy; >wi;), y5lw,, =0 and y};|., = 1. Note that for any given ¢/;, we have
ij

(7. .. .. 2U, (%
8UJ (yj) _ xzj](vyzj)s >0, and %(Qyj) =0. (41)
ow;; Toj + D g1 Thj (Yrs) ows;
Therefore,
e <05 (1) o <05 (714 S0 1,
which shows that
Uj (37; wij) |w:’j - Uj (37; wij) wij > Uj (gjlwig) |w:’j - Uj (gﬂwi]) Wig* (42)
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By (41), we have

_ Lij (y:] |wij)(w7/lj - wl])S

_—
Y Toj +Z]Icv:1 xlfj(y;::j|wij)7
Tij (yi}|w;j)(wij —w;;)S

Uj (gj wij) |wf»] o Uj (gj wij)
wij = (44)

» .
) T05 + S0y s ()

wi; =0, y;*j|w;j =1, (43) and (44) into (42), we have

z;(0) (5501' + Zxkj (yzj|w;j)> > (1) (5503' + Zxkj (Yr; wij)> (45)

k=1

and U, (Qﬂw;j) w —Uj (ﬂj

]

Substitute y;;

The left hand side of (45) satisfies

:;(0) <x0j + Zx,@j(y;jwb)) < z:(0) <xoj +Zxkj(1)> =2,;(0)70; + »_exp <%- + %+ Blai+ar) —a(c) +cj)> 7
k=1 k=1

k=1 w

while the right hand side of (45) satisfies

zii(1) <x0i +ZN:”3’W'(3/Z;' wij)> > wi;(1) <$0j +i$m‘(0)‘) =25 (1), +iexp Q%‘ tontlata) —o(g +C§)> .

1 1 ®

By (45) and xo; > 0, we have x;;(0) > z,;(1). This contradicts with the fact that x;;(0) < x;;(1).

In general, the impact of any other drug’s wholesale price on the focal drug’s optimal formulary decision
is non-monotone, and we have observed this non-monotone effect in numerical examples.

Recall that the optimal formulary decision vector is a dominant choice, and is independent of all other
PBMSs’ decision and cost parameters. Therefore, PBM j’s optimal formulary decision is independent of any
drug’s wholesale price on any competing PBM’s plan.

(b). Note that for any given %, (41) holds for any ¢ =0,..., N. Consider the case that the wholesale price
of any (branded or generic) drug i increases from w;; to wi; (wj; > wy;). By (41), Uslur, = Ui (5 luwy )lwr, >
Uj(@|w;j) wiy = Us(T5

or generic) drug charged to PBM j.

wi; )|wy; = U |w,; - Therefore, U* strictly increases in the wholesale price of any (branded

Since each PBM’s formulary decision is independent of each other, the optimal welfare-adjusted cost of
PBM j’s plan U is independent of any (branded or generic) drug’s wholesale price charged to any competing
PBM.

(¢). Since each PBM’s formulary decision is independent of each other, the optimal welfare-adjusted cost
of PBM j’s plan U is independent of any (branded or generic) drug I’s wholesale price charged to PBM k&
(k #j), wy. Therefore, the impact of wy, on the equilibrium welfare-adjusted price of PBM j’s plan V" is
only through its impact on the optimal welfare-adjusted cost of PBM k’s plan U;. By part (c) of Lemma 1
and part (b) of Proposition 3, V;* strictly increases in wy, and w;.

(d). The impact of wy, on the client’s expected utility v* directly follows from (19) and part (c) of
Proposition 3.

(e). We will show this part in an analogous approach as the above proof in part (¢). Since the optimal

welfare-adjusted cost of PBM j’s plan U is independent of any (branded or generic) drug I’s (I=0,...,N)
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wholesale price charged to any other PBM k (k # j), wy,.. Therefore, the impact of wy;, on PBM j’s equilibrium
expected market share nj and expected profit 7 is only through its impact on the optimal welfare-adjusted
cost of PBM k’s plan U;. By part (b) of Lemma 1 and part (b) of Proposition 3, the statement follows
directly.

Proof of Proposition 4 (a). For any given ¢; and branded drug i,

ou; () _ BSwi;(yis) <U

2
1 (o + 2 wy(wy)) i o=

(46)

7 1
P (Yij) + o; (a —m; (i) + mo]') + Z% (y15) (5 = ma; (Yi;) + mu; (yzj))

) |

oU . (7
Therefore, sgn (%) =—sgn (5%‘ (Yi3) + 205 (& = mus (yig) +1m0;) + 30 05 (Y1) (& = s (ysg) + (ylj)))-

Note that £z;;(yi;) + zoj (£ — my;(ys;) +mo;) + > i T3 (Y1) (£ —my;(yi;) +ma;(yy;)) is convex increas-

ing in ¢, and approaches to +oco when ¢ — +0o. So Lzy(y;) + @o; (£ —ma(yi;) +moy) +
> i T3 (Y1) (£ —my;(ys;) +ma;(y;)) crosses 0 at most once. Denote g;;(¥;) as the unique root of £x;;(yi;) +
zo; (£ —my;(ys;) +mojy) + > e T (Yis) (£ —my;(yi;) +mu;(y1;)) =0 when exists, and g;;(i;) = —oo other-
wise. Set ;; = (maxy, e 0,1y~ qij(gfj))+ and g, = (ming, e 0,1y~ qij(%))+. It directly follows that £a;;(y:;) +
@oj (& =i (Ysg) +1m0;) + 32, 205 (i) (& = Mg (y5) +mu (i) > 0 for any 75 € {0, 1} when ¢; >q,;, and
By (Yis) + oy (& = mas (Yiy) +mog) + 20 (W) (5 — 1 (ysg) +11u5(y5)) < 0 for any g5 € {0,1}" when
0<q; < 4, Therefore, PBM j’s optimal welfare-adjusted cost, UJ, strictly increases in branded drug i’s
quality index, ¢;, if 0 <¢; < 4, and strictly decreases in g, if ¢; >7,;.

When ¢;;(7;) # —o0, applying the implicit function theorem, we have ¢;;(%;) increases in w;; and weakly
decreases r;;. Therefore, 7,; = (maxy, cf0,1~ g (y}-))* and g, = (ming, e (0,13 g (y}-))* both weakly increase
in w;; and weakly decrease in r;;.

The impact of generic drug’s quality ¢y can be shown in the same way.

(b). By Lemma 1, the impact of drug quality affects any PBM’s equilibrium expected welfare-adjusted
price, market share, profit, and the client’s utility through its impact on all PBMs’ optimal welfare-adjusted
costs. When all PBMs are symmetric with respect to the cost parameters, the impact of any drug’s quality
on the optimal welfare-adjusted cost, Uy, is the same across all PBMs. Therefore, the impact of any drug’s
quality on all the quantities of interest mentioned above depends on the aggregate impact of the drug’s
quality on all PBMs’ optimal welfare-adjusted costs. For PBM j, by (37) and (38), we have

M * * 0 * 0 *

Zanjf—H' n; ex AU v ex L B o <0
ou; 0xP v P v LM (e '

= V(1 + ke Toranine

(47)
Therefore, the impact of ¢; on n} has the opposite directional change as the impact of ¢; on U
The impact of ¢; on V", 7, and v* can be shown in the same way.
Proof of Proposition 5 Substituting (16) into (15) and by the symmetry of PBMs in the pre-merger model,
the equilibrium market share of PBM j, n}, is the unique solution on (0, 1) of the following equation:

AU -l
n;<M+eXp<1nJ*— i e V>)_1, j=1,...,M. (48)

—TLj v
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After the merger, it directly follows from (16) and the fact U™ <Uy =U™" (j =3,..., M) that n"* >nJ**
(j=3,...,M). All non-merging PBMs remain symmetric after the merger. By (17), 7{"* > 77" (j =3,..., M)
always holds. Apply (15) and (16) to the post-merger model, we have the following relationships:

ng* +ni + (M — 2)n;”* =1, (49)
. n'rln* . Al _ U{n* _ ’U,O —v
m —nm € 50
ny" exp( 1— ”T*) Ty €xp (A ; 2 ) (50)
. n .- ;i —U™ —u; —v .
n’ exp(l_Jn;m):nO exp( ]V >, ji=3,...,M. (51)

Using Ay = A; and U™ =U; =U; (j=3,..., M), we have n"* satisfies the following equation:

nm A —Ur—ul—v nm AU
n;n*exp(l J _ J J e >+H(TL;’L*€XP( J +7>)+(M_2)n;n*_17 ]:3,,M

—nj v 1—np
(52)
Note that the left hand side of (52) strictly increases from 0 to a number greater than 1, as n7** increases
on [0,1), so n** is the unique solution of the above equation. Therefore, n"* >n* (j =3,..., M) iff
§ n: A =Ur —ul—v . n: AU .
njexp(l_]n;— JU )—l—H(njexp(l_]n;+7>)+(M—2)nj§1, (53)

where n? is given by (48). (53) can be further reduced to AU < AU, where

AT=p (25 54
“\1 2n;  1-—mnj ney (54)
By (17), it directly follows that 7™ > 75 (j=3,...,M) iff AU <AU.
Similarly, by (49), (50) and (51), we have n™* satisfies the following equation:
mx AU+A_U*_ 0 __ mx A
ni™* exp < e S A U) +n" 4+ (M —-2)H <n’1”* exp ( e S —U>) =1, (55)

1 —np* v 1—np v

and n7* is the unique solution of the above equation. When n7"* = nj, the left hand side of (55) is:

© AU+ A -U; —ul— i AU
n’{exp(lnl*— i R V)+n’{+(M—2)H<n{exp(1nl*——>)

—nj v

Sniexp( - — ;- V)—i—n’{—l—(M—Q)H(nIexp( ! ))
n

1—nj v 1—nj
* A —Ur—ul—v * A —Ur —ul—
_nI<M—1+eXp< Mo S >)<n’{(M+eXp( L S Bt ™ U)>_1.
1—n3 v 1—nj v

Therefore, n7™* > nj always holds. By (17), #7** > 7 always holds as well.
Since the left hand side of (55) strictly increases in n{**, n7"* >nj + nj; = 2nj iff

2n% AU+A, —-Ur —ul— n* A
2n;exp( i i e V>+2n;+(M—2)H(2n;exP( e __U>)§1. (56)

1—2n; v 1—2n; v

where n} is given by (48). Note that the left hand side of (56) is a decreasing function of AU. Therefore,
(56) is equivalent to AU > AU, where AU is the unique solution of
. 2n’ AU+A;-Ur —ul—v . . 2n} AU
2n; exp( L ! > +2n; + (M —-2)H (2nj exp( J ——>) =1. (57)

1—2n; v 1—2n;* v

Note that when AU = AU, the left hand side of (57) is given by

n; A, =Ur —ul—v n*
2n exp I —In2-— J +2n7 + (M —2)H | 2n] exp 1 — —1In2
-n

— m*
1nj v ;
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=n’ | M +exp " —Aj_U;_ug_V =1
J 1—nj v '

Since the left hand side of (57) is a decreasing function of AU, the above equality proves that AU = AU.

By (17), 77" > 7} + 5 = 277 is equivalent to n™* > . Therefore, w{"* > 7} + m5 iff

14

2n% 2n% AU+A —-Ur —ul — 2n 2n 2n*
e exp % e Bt Btk b +(M—-2)H e exp n _AU <1.
1+nj 1—n? v 1+4nj 1+4nj 1—n% v

(58)

J J

where n is given by (48). Note that the left hand side of (58) is a decreasing function of AU. Therefore,
(58) is equivalent to AU > AU, where AU is the unique solution of

2n* 2n* AUHA -Ur—ud—v 2n* 2n* 2n* AU
. exp I — I g +—L+(M-2)H . exp L — ) |=1
1+n;* 1—mnj v 1+mnj 1+mnj l—n;*

It follows from (55) that n™* increases in AU. Since < 2n}, we have AU < AU =AT.

Tin?
By (19), v™ > 7" iff ng™ <nj. Using (51), ng™ <n} is equlvalent to

nm* A‘—U-m*—uO_V n* A-—UT—UO—I/
n;"*exp<1 J E— ! - )Sn?exp(l J_ z = ), j=3,...,M. (60)

_ pymk ok
TLJ- v ’I’LJ- v

It directly follows that the above inequality is equivalent of n7** <nj (j=3,..., M). Therefore, 7 > 7" iff
AU > AU. By (21) and (22), we have n** > n} iff AU > AU.

For the industry profit after the merger, we will show that 77" increases in AU. By (16), we have n["* =

H (nm* exp ( n: + 4 )) for j = ., M. Take derivative with respect to AU, and use (35),we have
8 m* 1_ mx*\2 nm* AU nr_n* 1 _nm* +nm*2 877,771*
o (1 —ny™) exp< j _ +_) ( iy J _ 12 i > (61)
8AU (1 _ m* +nm*2)exp ( ny m*) 1 _nj 14 14 (1 _nj ) 8AU
1

Apply Implicit Function Theorem to (52), we have for j=3,...,M

-
L ey R RN,
(1=n )20 exp ( ke — Togre +

n
— J
onj v(1=np*ny=2)
aAU M— 2+ *+nm*2 ox ni _AjfU]’ffugfz/ + (1—np*)2 ox ni _ mp +AU
(1 n"“‘)z Pl 1= n;"* v 1T—ni* 4n*2 P{1z n;"* 1—ni* v

(62)
Substitute (17), (61) and (62) into (22), we have: on7* JOAU =

ny” ny"* AU (1—np*)? 1—nf* 4ni*2 ni Aj—Uj—ul—v
jexp (1 nms T Tonpee +57 ) (M =2)(1- a= nm*)2 + d—n7)2 €xp Tonme »

1— nm*+nm*2 (1— nm*)2 nmm* nm* A;—U*—u0—v
m* m*2 J AU J j e
(1 - n + n ) (M 2 + 1 771*)2 (1 nwt* +nm*2 eXp 17n;n* - 1— nm* + + eXp 1— n;n* - P

7U —u,—V

At AU =0, 7} is the unique solution of j_ 7 (M+ exp (L—i — Af)) =1, and 77** is the unique
solution of k- (M =1+ exp (7L ;V MUY ) <1 T > g at AU =0, then mpt > 7
for any AU >0, and we set AU = 0. Otherwise, if 77" < w7 at AU =0, there exists a threshold AU > 0,
such that 77" <} if AU < AU, and 77 >} if AU > AU. Since 7™ > m} if AU € [AU, AUJ, we have

AU < AU.

> 0.
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Proof of Proposition 6 As shown in the proof of Proposition 5, d77*/0AU > 0. By (19), we have
o™ JOAU = — (v/ng) (Ong* /AU). By (15), no* satisfies the equation n* + H (ng“ exp (M)) +
U’ffu(c)fu

(M—-2)H (ng” exp (14’717)) =1, and thus dng** /AU < 0. Therefore, II"* increases in AU. Combine

with part (I) and (IV) of Proposition 5, there exists a threshold values of the power index, AU which lies
between AU and AU, such that II"* <II* if 0 < AU < AU, and II"* > II* if AU > AU.
Proof of Proposition 7 By (18), we have V' = A; —u? — l/ln(:—z) for j=1,....M, V™" = A; —ul —
0
Vm(”?”*) and V™ = A; —u0 — yln("f ) for j =3,...,M. Use (16), we have V/™* >V (j=3,..., M)

o o
() ()

iff ny <n™ (j=3,...,M). By the result of Proposition 5, it follows that V;™* > V* iff AU < AU for
j=3,..., M.

Similarly, V™" > V" & ni** >

un;-}—(lfn;)AU
u+(177l;)AU !

vn; + (1 —n5)AU n; Aj=Ur—ul—v vn; + (1 —n5)AU n;
— 1 M—-2)H <1.
v+ (1—-n;)AU P 1—nj v 1)+ ) v+ (1—-n;)AU e -

which is equivalent to the following condition using (55):

i1
(63)
Note that the left-hand-side of (63) increases in AU. Therefore, V;™ > V; < AU < AU, where AU is the
unique solution of

vnj + (1 —nj)AU n, AU —ul—v ~ vt + (1 —n3)AU n B
V1 (1_n)AU exp 1— » +1)+(M-2)H U (1—n)AU exp . =1.

l—nj

(64)
Note that at AU = AU given by (54), and use (48), the left-hand-side of (63) is

2ni+(1—-2n%)In2 /1 2n% + (1 —2n%)1In2 n’
J J ——-M+1 M—-2)H J J z
1+ (1—2n7)In2 <; 1)+ ) (1+(1—2n;)1n2 Xp( ))
1 *
>2n;(—*—M+1>+(M—2)H(n;exp( e )):2—Mn;>1.
n*

*
J 1”3’

.
lnj

Therefore, we have AU < AT.

For the share-weighted industry average aggregate price decision, it directly follows that V™ >V if
AU < AU, and V™ < Vy if AU > AU. When AU < AU < AU, V™ < Vi while V™ > Ve (j=3,...,M).
By (18) and (24), we have V;™* >V iff

Mk n % nm*n*
™ In (”1"°> — (M =207 In ( 0_ 1) <0, j=3,...,M. (65)
ngrng nyng
It follows from (55), (52) and (15) that n}* increases in AU, n}** decreases in AU (j=3,..., M) and ng"*
me* n!* U —ul—y
decreases in AU. By (16), we have Z0= = exp (l—iﬂ.’” L UJV < ), which decreases in AU. Therefore, the

left-hand-side of (65) increases in AU. Since the left-hand-side of (65) is less than 0 at AU = AU, and greater
than 0 at AU = AU. There exists a threshold value AU € [AU, AT, such that V;** > V;* if AU < AU, and
Ve <VEif AU > AU.
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Appendix B: Extension

We now extend our base model to the more general setting of multiple client organizations, each with drugs
from multiple therapeutical classes. First, we consider the setting of one client organization with drugs from
multiple therapeutical classes. When there are L therapeutical classes, PBM j needs to charge the same

copayment for all drugs on the same formulary tier and pass the same percentage of rebate to the client

g

7 ¢

organization for all branded drugs that are on the preferred tier. Therefore, the copayment values (¢, cf,
and c}) and rebate pass-through rates (p;) do not vary across different therapeutical classes. All other
model primitives and decision variables depend on each drug’s therapeutical class, so we add subscript &
(k=1,...,L) to each of them to denote the drug’s therapeutical class. It can be verified that Theorem 1

continues to hold with

L L
U@, F5n) = > Un(@) = > (Wi (@) — CS;u(Fe)) (66)
kil k=1 L
and Vi (@1, iz Bt D) = O Vik (@i D) = Y By (Fje Bie) — CSiu (@) - (67)
k=1 k=1

It follows from Theorem 1 that each PBM obtains its optimal formulary decision vector by minimizing the
welfare-adjusted cost of its plan in (66). Note from (66) that the formulary decisions for different therapeutical
classes are separable, because drugs in different therapeutical classes are not substitutable. Therefore, each
PBM can solve for its optimal formulary decision vector of each therapeutical class separately. With the
optimal formulary decision of each PBM determined, the PBMs compete in the reduced price competition by
choosing the welfare-adjusted price of its plan, as defined in (67). The equilibrium welfare-adjusted price, the
equilibrium expected market share and the expected profit of each PBM, as well as the client organization’s
expected utility, can be obtained by Theorem 2. It can be verified that all comparative statics results, as
well as the result on the impact of PBM mergers, continue to hold in the case with multiple therapeutical
classes.

Next, we consider the case with multiple client organizations. It is common in the PBM industry for a
PBM to offer a customized plan for each of its client organizations. Since a PBM does not have to commit to
the same formulary and pricing schemes for different clients, its formulary and price decisions are completely
separable across different clients. Therefore, a PBM can obtain its formulary and price decisions for a client
organization, without considering other client organizations, by the procedure outlined above. This result is
consistent with the current practice in the PBM industry that different client organizations typically reach
out to PBMs requesting a complete design of a coverage plan at different times of a calendar year, and PBMs

respond to such requests by customizing a plan for each client organization.
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Appendix C: Discussion on the Utility Function of the Client Organization

In the paper, we use the additive random utility function to model the client organization’s utility as given
in equation (4). As a result, PBM j’s market share function (i.e., the probability that the client organization
selects PBM j), n;, is given by the MNL model as in equation (5). Using the definition of the welfare-adjusted
price V; in (7), the market share function for PBM j, n;, is a function of the welfare-adjusted prices of all
PBMs, as follows,

exp (4, ~ ;) /v)
exp(ud/v) + 3L, exp (A = Vi) /v)

The above MNL model results from the client’s additive random utility function (4) and the assumption on

n;(V;, V) = . j=1,...,M.

the distribution of the random terms in (4).

Alternatively, beyond the basic factors of consumer surplus and plan cost, if other factors (which has been
labeled as the term A; in our model) affect the client’s utility function (and hence the client’s choice of
PBM) in different ways from what we have modeled in this paper, PBM j’s market share function n;(V;, V_,)
will be different from the MNL model. For a general function form of n;(V;,V_;), we can show that, if the
PBM j’s market share function, n;(V;,V_;), is decreasing and (weakly) log-concave in the welfare-adjusted
price of PBM j’s plan, V;, then the equilibrium of the PBMs’ competition on the aggregate formulary and
price decisions still exists. The assumption that n;(V;,V_,) is a decreasing function of V; reflects the client’s
preference on the cost-effective quality care provided by a PBM. The assumption that n;(V;, V_;) is (weakly)
log-concave in V; is common in the literature, which is satisfied by many different forms of demand functions,
including linear demand function, logit demand function, and exponential demand function. In addition,

every nonnegative concave function is also log-concave. Moreover, if n;(V;,V_;) satisfies the condition that

2 i 2 nn; 1. . oy
631‘2;] + Ziw:l’k# |g\;—a‘/;| <0, the equilibrium of the PBMs’ competition on the aggregate formulary and

price decisions is unique. For the general function form of n;(V;,V_;), the equilibrium results depend on the

specific form of n;(V;,V_;), and may not be explicitly characterized in closed forms.





