clearance from plasma. Since renal clearances of sulpiride and creatinine were
simultaneously evaluated in all subjects in this study (Table 1), we attempted
to correlate these two values. With the large intraindividual variability (Table
11, Fig. 5) in sulpiride renal clearance, it was not possible to find a positive
correlation with creatinine clearance, but subjects 3 and 9 who had the highest
sulpiride clearances also had the highest creatinine clearances.
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Abstract O Kinetic equations were derived that describe the plasma con-
centration of an inhaled compound during and following single or repeated
regular and irregular pulmonary exposures. The equations arc based on a
diffusional type of input function and assume a linear disposition with a
biexponential unit-impulse response. The use of linear system analysis avoids
the complexity of modeling the disposition processes; yet, the effect of these
processes is still accounted for mathematically. The approach, therefore,
appears to be more general and rational than approaches based on linear
compartmental modeling. The ways in which the kinetic equations can be
readily applied in pharmacokinetic or toxicokinetic analyses to obtain valuable
parameters that enable kinetic predictions of the cumulation during prolonged
exposure are discussed. The toxicokinetic problem of comparing the effect

of different work schedules in occupational environments with air contami-
nants is discussed. Formulas derived from considerations of the blood plasma
kinetics are presented for the calculation of an adjustment factor for the ad-
justment of the contaminant threshold limit value for abnormal work weeks.
The use of these formulas appears to be more rational than that of similar
formulas that have been proposed.

Keyphrases O Absorption—pulmonary, excretion, theoretical pharmacoki-
netic and toxicokinetic analyses O Pharmacokinetics—pulmonary absorption
and excretion, toxicokinetics O Toxicokinetics—pulmonary absorption and
exeretion, pharmacokinetics

Little attention has been given to the pharmacokinetic-
toxicokinetic characterization of the pulmonary absorption
and excretion of compounds in the gas phase. The kinetic in-
vestigations of the volatile drugs used in general anesthetics
has been limited mainly to empirical quantitative analysis of
uptake, metabolism, and pulmonary excretion (1-3), without
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a formal mathematical, pharmacokinetic analysis of the
plasma level-time profile (4, 5).

The study of pulmonary absorption kinetics is also of par-
ticular interest in environmental toxicology (6-9). Special
attention has been given to the risk assessment of work place
exposures to vaporous air contaminants. Of particular concern
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has been the effect of the work schedule on the toxicokinetic
effect (10-15). It is recognized that an assessment of the toxic
effect cannot simply be determined on the basis of exposure
level and total exposure time. Two different work schedules
with the same exposure level and the same total hours of ex-
posure may give substantially different plasma and tissue levels
resulting in different toxic effects. Therefore, attempts have
been made to predict and compare the biological effect of
different work schedules by using the exposure limits cstab-
lished by the U.S. government, since thesc limits are based on
exposures of a normal work week schedule (16, 17). However,
the formulas that have been proposed are based on a one-
compartment kinetic model, despite the fact that most gases
show definite biphasic kinetics (10-14). The shortcomings of
conceiving the body as exhibiting properties of a single com-
partment are well recognized (18). The formulas that have
been proposed inappropriately deal with “the body burden”
(the total amount of substance in the body) instead of plasma
concentration (10, 11). Not only is it virtually impossible to
experimentally determine “the body burden,” but it is also
misleading and inaccurate to conceive the body as a “*homo-
geneous box,” ignoring the pronounced tissue distribution of
volatile lipophilic substances. The formulas presented are es-
sentially *“one-point comparisons” that only consider the peak
“body burdens™ (10, 11). No attempts have been made to
describe the complete kinetics (10, 11).

The work presented here should overcome the shortcomings
of previous analyses through a rigorous pharmacokinetic
analysis that is based on more realistic and rational kinetic
assumptions. A linear system-analysis approach is used to
account for the disposition kinetics. This model-independent
system approach requires fewer assumptions and is more
general than conventional classical compartmental approaches
and, therefore, should provide a more rational toxicokinetic
basis for the development of exposure guidelines. By giving a
complete pharmacokinctic description of the plasma level-time
profile during and following multiple daily or weckly expo-
sures, the analysis allows criteria other than peak plasma levels
to be considered in a toxicokinetic assessment. By using this
analysis, the daily and weekly accumulation effects are isolated
and considered, thereby facilitating the assessment of pro-
longed exposures.

THEORETICAIL SECTION

Single-Exposure Kinetics—The mass transfer rate f(¢) of a gas into the
blood plasma from inhaled air containing a gas at a concentration (g can be
described by:

J(1) = Ki[Cy = K- c(1)] 0<t>7) (Eq. 1)
during the exposure period and:
=0 =7 (Eq.2)

in the postexposure period.

K is a positive constant, and K, is the air/plasma partition coefficient of
the gas. The plasma concentration of the gas [¢(¢)] depends on the input rate
f(1), as well as the disposition (distribution, metabolism, and cxcretion) of
the gas in the body. It is assumed that the disposition processes result in a linear
kinetic system in the sense that the superposition principle holds, so that the
plasma response ¢ (1) is related to the systemic input rate, (1), by':

c(t)y = j;’f(u)t‘a(l — u)du (Eq. 3)

where c5(¢) is the unit impulse response.

! Sce references 19-22 for a discussion of lincar system analysis in pharmacoki-
netics.

The pulmonary excretion of gases appears to be well characterized by a
bicxponential decay, indicating that the unit-impulse response can be described
by a biexponential expression:

cs(t) = Ae= 4 Be=Hr (A,B,a,8>0) (Eq. 4)

The choice of Eq. 4 is also supported by the fact that most volatile drugs show
a biexponential response to a bolus input.
Insertion of Egs. 1 and 4 into Eq. 3 yields:

c(t) = j;' K\[Cy = Kac(u)][Ae=ti=u) + Be=Bl=1)]dy (1 <T)

(Eq. 5)

Equation 5 is recognized as a Volterra integral equation of the second kind
with a convolution-type kernel and can thercfore be solved by Laplace
transforms giving:

o(t) = K\ Ce[A'(1 = e~y + B'(a — e~ 1)) (t<T) (Eq.6)
where —a’ and —f3 are the roots of the polynomial:
Ps)=(s+a)s+ B) + K IK[A(s+B)+ B(S+a)] (Eq.7)
[P(—«’) = P(—(’) = 0], and 4’ and B’ arc given by:
, _AB—-a)+ Bla— )
A = .8
a/(ﬂ/ - (1’,) (Eq )
AB-F)+ Bla—§)
B = .
B =3) (Eq-9)

Equation 6 describes the plasma level of the gas during the exposure period
only. The plasma level in the postexposure period is subsequently obtained
from the following:

T
c(t) = J; K| [Cy = Kac(u)][Ae—ot—W)  Be~Al—u)|dy (=217

(Eq. 10)

where the c(u) term is given by Eq. 6 by substituting ¢ with the dummy inte-
gration variable u.
Equation 10 then gives:

’ 4
c(t) = KiCyde™ [M—Zi, celo=a T 4 KLzB[ - ela=T
a— [4
+_B_.ear + K CgBe LSLEZIgprraes
a/ﬁ/ [3 — (Y,
+K_‘K2_B/.e(;3—u')r+_‘i__eﬂrl (Eq. 11)

ﬁ — BI (XIBI
where t = T. The exposure solution (Eq. 6, t < T) and the postexposure so-
lution (Eq. 11, ¢ = T) can be combined to yield the following final equation,
which describes the plasma concentration of the gas at any time during or after
a single pulmonary exposure:

c(t)y = Ap(t) e =D+ 4+ Br(g) . e~8U-D+ (Eq. 12)

where:
Ap(t) = K,CygA (Q—f%;-e‘“"'+-§%-e"ﬂ"'+a/i&) (Eq. 13)
By(1) = K,C,B (g‘fzj,/.e—n"' + ’;‘fzg: LoV 4 ﬁ) (Eq. 14)

and

t=1(fort <T) (Eq. 15)
= T(fort2T) (Eq. 16)
(t=T)s=0(fort <T) (Eq. 17)
(t=T)e=t—-T({ort=T) (Eq. 18)

Ay(t) and By(t) are constants [A4+(T), Br(T)] in the postexposure phase
(1 2 T); thus, Eq. 12 predicts a simple bicxponential decay in this phase. The
time cocfficients in the decay are equal to those of the unit-impulse-response
function (Eq. 4).
If the unit-impulse-response function is described by a single-exponential
expression, Ae~ !, then Eq. 12 simplifics to:
c(t) = A7/ (1) e~ 2= (Eq. 19)
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where:
KCyA
a+ KleA
Multiple-Exposure Kinetics— Regular Dosing Cycle—Consider a repeated
exposure cycle consisting of an exposure period of length 7T followed by a
postexposure period of length H. The plasma kinetics during the first cycle

are described by Eq. 12. At the start of the second cycle, there is a residual
concentration of gas in the plasma equal to:

¢2(0) = Ap(T) e~2H 4+ By(T) - e~ 8H

Ar’(t) = (1 = e~latKrkaa)’y

(Eq. 20)

(r: =0) (Eq.21)

The notation c,(t,) is introduced here to denote the plasma concentration of
the gas in the nth exposure cycle at a time ¢, measured relative to the start
of the cycle (i.e., relative to the start of the most recent exposure period).
Due to the superposition principle of linear systems, the plasma concen-
tration of the gas in the second cycle is given by:
ca(t;) = Ap(T) - emaH¥i) + Br(T) . g BUH+1)
+ Ar(t;) - e=er=D+ 4 By(1,) . e~Be—T+  (Eq. 22)

Thus, the residual plasma concentration at the start of the third exposure cycle
is:

¢3(0) = A7(T) - e=H*L) 4 Br(T) . e~BH+L)

+ Ar(T) - e~aH + Br(T) - e~8H (Eq. 23)
where L is the length of the exposure cycle:
L=T+H (Eq. 29)

By deduction from Eqs. 21-23, it is concluded that:
=2 n=2
ealty) = Ap(T) - e—alH+10 "}: e /Lo 4 Br(1) e BUH*1) 5 p—ilB

j=0 j=0
(Eq. 25)

Equation 25 simplifies to the following final equation that describes the plasma
concentration of the gas at any time (¢;) in any exposure cycle (n) during (or
any time after) a regular repeated pulmonary exposure:

+ Az(t,) - e~ =Tl + By(1,) - e~FU~T4

1 — e—(n——l)La 1 — e—(n—l)Lﬂ
cnlty) = —IT;ITAT(T) s emalH+ir) +—T——7Tﬁ—BT(T)

ve BT 4 47(L,) -em2Um T+ + Br(1,) - e BT+ (Eq. 26)

To simplify the notation and better conceptualize the cumulative effect of
multiple exposures, it is convenient to introduce and define 1he function:
= Z e—Jx

- (Eq. 27)
l—e™* =0

It can be seen in Eq. 26 that the first two terms of this equation represent the
cumulation from the previous (n — 1) exposure cycles. Therefore, it appears
to be more descriptive to present Eq. 26 in the following simplified form:

cnl(ts) = Ar(t;) » e =D + Br(1,) - e7PU T + Po_y(2;)  (Eq. 28)

Pn_1(t;), the cumulation from the previous exposure cycles can, according
to Egs. 26 and 27, be simplified as:

Paoi(t) = ¢pi(La) - AT(T) - a4 4 ¢, (L)
- Br(T) - e~ BtH+te)

L —e=ix gl

¢i(x)

(Eq.29)

Irregular Dosing Cycle Case.— In the context of occupational exposure
to toxic substances, Eq. 28 is limited to a description of the kinetics during and
following exposure to a gas for a single work week (or any fraction thereof).
If there is a significant residual concentration left after the exposure-free
weekend, then Eq. 28 should not be used for the second or subsequent work
weeks. The following derivation includes cumulations from previous work
weeks.

Consider a work schedule consisting of N working days (i.e., N exposure
cycles) and M nonworking days (N + M = 7). On each working day, the
subject is exposed for 7" hours to a constant concentration (Cg) of a gas in the
air. There are H hours between the exposure periods (T + H = L = 24), except
for the period of nonworking days where there are (H + M-L) hours without
exposure. According to the superposition principle of linear systems, the
plasma gas concentration at time ¢, in the nth exposure cycle? in the mth work
week is:

Cnm{tc) = calte) + @m-1(tr) (Eq. 30)

where ¢, (¢;) is given by Eq. 28, and Q,,—(¢,) is given by Eq. 38. The function
Om-1(t,) in Eq. 30, which is given by:

m=|

Omi(ir) = ):] en[(M+ L4 (m—i— 1)L+ (n=1)L+1]
(Eq.31)

represents the cumulations from the (m — 1) previous weeks. The residue from
the exposure in week 7 (f = 1,...,m — 1) is derived as follows. The concen-
tration left from this exposure is cn(1;}, where ; is the time elapsed since the
start of the last exposure cycle of the ith work week, and cx( ) is given by
Eq. 28 substituting n with N where N is the total number of exposure cycles
in the work week. The time span #; can be considered to consist of the following
three components:

1. (M + 1)L is the time from the start of the last exposure cycle of week
i to the start of the first exposure cycle of week (¢ + 1).

2. (m —1i—1)7L is the time from the start of the first exposure cycle of
week (i + 1) to the start of the first exposure cycle of week m.

3. (n—=1)L + 1, is the time from the start of the first exposure cycle of week
m to the current time ¢,, where ¢, as previously defined is measured relative
to the start of the current exposure cycle, i.e., cycle #. Thus:

ti=M+ 1)L+ (m—i—-1)IL+(n~ 1)L+t (Eq.32)

which is in agreement with Eq. 31.
The time span /; stretches beyond the last exposure period of week /. Thus,
according to Eqs. 28, 29, and 16, cy(1;) becomes:

en(ti) = Ap(T) - e 2D + Bp(T) - e~ =D + ¢ (L) - A(T)

vemHYID 4 gy (LB) - B (T) - e AU+ (Eq. 33)
According to L = T + H, Eq. 33 can be written:
en(ti) = [V +e~Low gy 1 (La)]AT(T) - eaT . em ot
+ [l +etP. ¢n_1(LB)|B1(T) - AT -e Bt (Eq.34)

This equation can be further simplified:

en(t:) = dn(La) « Ar(T) - e~ T) 4 Gu(LB) - By (T) - =00~ D)
(Eq. 35)
To simplify the expression for the cumulation function @m-(f:), it is con-

venient to rewrite the summation in Eq. 31 so that the formula in Eq. 27 can
be employed:

On-il1) = "E entx) (Eq. 36)
where:
xi=M-nL+ (m-2YIL-iTL+1, (Eq. 37)

When #; is substituted by x; in Eq. 35 and this equation is subsequently inserted
in Eq. 36, the following final expression for the cumulation term in Eq. 30 is
obtained:

Om-1(t;) = dn(La) - dm—1(TLax) - e~ (M¥mLa, o (T) . gmolte=D)
+ OAMLB) » dm—1(TLB) e~ M+nLB. B (T) . ¢—BUs=T)  (Eq. 38)

[n deriving Eq. 37, the following property of the ¢ function was used:
e~U=Dx. ¢, (—x) = ¢i(x) (Eq. 39)

RESULTS AND DISCUSSION

The analysis described above is based on certain kinetic assumptions. It is
assumed that the compound is present in the inhaled air at a constant con-
centration during the exposure. It is also assumed that the transport of the
agent into the pulmonary blood plasma is proportional to the difference be-
tween the partial pressures of the agent in the inhaled air and in the blood
plasma. It is assumed that the compound shows a linear disposition in the body
in the sense that the linear superposition principle holds, so that input and
plasma level response are functionally related through a convolution. Fur-
thermore, it is assumed that the system is time invariant with a unit-impulse
response that is well approximated by a biexponential expression. These as-
sumptions that form the basis for the fundamental Eqs. 1-4 appear fairly well
justified. The kinetics of gas diffusion is well understood, and many drugs and
compounds have been shawn to exhibit a linear disposition. In fact, a linear
disposition is expected most often for compounds that are only slightly me-

2 Note that the nth working day usually contains part of exposure cycle (# ~ 1) and
cycle n, so it would be misleading in general to define » as the nth working day.
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tabolized, such as the volatile, lipophilic compounds used in gencral anes-
thetics. The choice of a biexponential expression to represent the unit-impulse
response appears to be appropriate, since this leads to kinetic equations that
agree with the typical biexponential pulmonary excretion decay that is often
abserved. A biexponential expression also agrees with the climination behavior
most frequently seen in pharmacokinetic studies. The very distinct advantages
of using a linear system approach instead of a classical compartmental ap-
proach have been discussed preivously (19 -22).

Three main equations have been derived that describe the plasma concen-
tration of a gas at any time during or after (a) a single pulmonary exposure
(Eq. 12), (b) a series of regular, constant exposures (Eq. 28), and (¢) 1 or more
weeks of exposures to a gas during the working days of the weck (Eq. 30).

Single-Exposure Kinetics—The kinetic equation for a single pulmonary
exposure (Eq. 12) is of particular pharmacokinetic interest, as it deals with
the type of drug exposure found in general anesthetics. The equation also forms
the basis for the multiexposure equations (Eqs. 28 and 30) that are of special
toxicokinetic interest. An important use of the equation is in nonlinear re-
gression analysis of single exposure data to obtain useful pharmacokinetic
parameters. The data can be obtained cither from a blood gas analysis or from
excretion data obtained from the postexposure phase by analyzing the expired
air for the gas.

Kinetic Analysis Based on Sampling of Expired Air—Pulmonary ¢xcretion
data are typically in the form of the cumulative amount of gas excreted at
various times, M(¢). According to Eq. 1, the rate of pulmonary excretion in
the postexposure phase is KKy (t). Integration of Eq. 12 gives:

Ar(t)
«

M) = J‘;K.Kz-c(t)dt =K1K,
Br(T)
B

[] — e—a(I—T)]

+ KK, [| —e"g(“n]

(t=2T) (Eq.40)
In its simplest form, this cquation is uniquely defined by only four quantities
[a, B, K1Ky»A7(T),and K,K»-B7(T)]. Therefore, it is not possible to deter-
mine all of the six basic parameters (Appendix) from pulmonary excretion
data alone. However, Eq. 40 allows the two important parameters, a and f3,
to be accuratcly determined.

Although general kinctic predictions require that all six basic parameters
(see Appendix) be determined, a closer analysis of Eq. 40 reveals that some
important predictions can still be made from pulmonary excretion data alone.
For example, it can be predicted how much the plasma concentration in the
postexposure phase increases in multiple exposures relative to that resulting
from a single exposure, i.e., the ratio c,(t.)/c(1,), where 1, > T, can be pre-
dicted. To prove this, it is convenient to rewrite Eq. 28 in the following
form3;

enlt) = ¢n(La) - AP(T) e~ T + ¢, (L) - Br(T) + e7l:=T)
(12 T) (Eq.41)
By multiplying this equation and Eq. 12 (+ = T) by KK, the following ratio
is obtained:
ealls)_
e(t)
dn{la) - [K1KAT(T)] - e~ 2D + ¢,(LB) - [K\KyB7(T)] - e—BUr—T)
[KiK2A7(1)] - e~ + [K\KoBr(T)) - e =80 T)
(t:2T) (Eq.42)

Fitting Eq. 40 to pulmonary excretion data yiclds values for a, 8, K1 K22 A7(T),
and K K»Br(T), so that Eq. 42 can be calculated at any time ¢, > T forany
values of nand L. Thus, excretion data from a single cxposure provide quite
extensive and valuable information about the plasma accumulation of the
compound. In particular, such data allow a comparison of the maximum
plasma concentration by letting ¢, = T in Eq. 42:

max cu(te) _ cal(T) _
max c(4;) - m a
¢n{Llar) - [KiKy+ Ar(T)] + ¢n(LB) - [K1K2 - B7(T))
[KiKz2- AT(T)} + [KiKy - Br(T)]

A comparison of the minimum valucs is achieved by letting t, = L = (T + H)
in Eq. 42, noting that min ¢c,41(f;) = cp+1(0) = cal(L):

(Eq. 43)

min ¢ar1{te) _
c(L)
@n(la) - [KiK2+ AP(T)) - e=oH 4 ¢,(LB) - [K1K3 - Br(T)] - e~AH
[KiKz+ A7(T)) - e~ 24 + [K1K2 - Br(T)) - e78H

(Eq. 44)

Although the above analyses (Eqs. 42 and 43) are limited to the postex-
posurc phase (¢ 2 T), the characterization is complete enough to get an ad-
equate assessment of the accumulation tendency of the compound. It is par-
ticularly valuable to be able to determinc the relative change in the maximum
(Eq. 43) and minimum (Eq. 44) plasma level concentrations.

Kinetic Analysis Based on Blood Sampling—Plasma level data in the ex-
posure phase provide a more comprehensive kinetic characterization than
pulmonary excretion data. All six basic kinctic parameters are determined
by fitting Eq. 6 to the plasma level data®. Thus, oncc these parameters are
determined by a suitable nonlincar regression technique, then predictions can
be made as to which plasma-time profiles or accumulations can be reasonably
expected from other single or multiple exposures (Eqgs. 12, 28, and 30).

If the plasma level data arc obtained only in the postexposure phase (¢ =
T), then it is not possiblc to determine more than two (a and 3) of the six basic
parameters. However, despite this, some useful predictions can still be
made.

The postexposure phase, according to Eq. 12, is described by:

e(t) = Ap(T) -e=aU=D) 4 By(T) . e~ AU~T) (t=T) (Eq.45)

By fitting this equation to the data, values for a, 8, A7(T), and B7(T) are
obtained which, according to Eqs. 42 and 43, permit the following predictions
to be made from the single exposure response, ¢(7):

cnlty) =
[d)n(La) « AT(T) cemalte—=T) 4 ‘bn(’«ﬂ) . B[‘(T) . e—Blr—t
[ A7(T) e eUe=T) 4 Bo(T) . g=BUT)

J('(I)

(t=T) (Eq.46)
[¢n(Lar) - Ar(T) + ¢u(LB) - Br(T))

Ar(T) + Br(T) <@

max cq(t;) = ca(T) =

(Eq. 47)
min Cu 1 (£e) =

[én(Ler) - AT(T) - e~ + ¢n(LB) - Bi(T) - =)
Ar(T)-e~oH + Br(T) - e=H | c(L) (Eq.48)

Thus, although pulmonary excretion data in the postexposure phase allow only
relative comparisons (Egs. 42-44), plasma data obtained in the same phase
permit absolute predictions (Eqs. 46-48). In both cases, the predictions can
only be made for exposure duration(s) of the same length, T, as in the sin-
gle-exposure experiment. This limitation is not found when data are obtained
during the exposure. Equations analogous to Eqgs. 42-48 are readily obtained
from Eq. 30 to extend the analysis to irregular exposures.

The single-exposure equation (Eq. 12) shows an interesting, unusual kinetic
behavior. The exponential time coefficients in the exposure phase (o’ and §)
are different from those in the postexposure phase (e and ). This is in contrast
to the equations of classical linear compartmental modeling, which have
constant time coefficients (the eigenvalues). The different kinetic behavior
is due to the use in pharmacokinetics of input functions that do not depend
on the concentration or the amount of drug in the blood. Such input functions
arc likely to be encountered during oral absorption, because the GI concen-
tration is much greater than the plasma concentration. However, in pulmonary
absorption, the plasma concentration cannot be ignored in defining the input
function. The concentration (partial pressure) gradient in the absorption path
is considerably smaller because of an often very low concentration of the gas,
a slow nonpulmonary elimination, and a rapid tissuc cquilibration.

The simple diffusional pulmonary absorption and excretion of a gas is in-
trinsically very regular and much less erratic and complex than the GI ab-
sorption and metabolism and renal excretion of regular drugs. A much smailer
intra- and intersubject variability is expected. Kinetic predictions and esti-
mations such as those described above should, therefore, be considerably more
accurate than those made in general pharmacokinetic practice.

Multiple-Exposure Kinetics with Regular Dosing Cycle—Similar to the
above (Eq. 40), the cumulative amount of gas excreted in the postexposure
phase can be determined by integration of Eq. 41:

K]KZAT_;T)”] - e-aur—T)]

Malt) = " KKz calt)dt = n(Lac)

+ ¢n(LB) - [Kle BL;:—)HI - e"‘“'r—”] (.2 T) (Eq.49)

4 Equation 6 is the explicit ¢(r) function obtained directly from the implicit relationship
in Eq. 5 which contains all six basic parameters. Equation 6, therefore, contains the exact
same basic paramcters as Ex;l 5. The basic parameters arc related to the macroparameters
A, o, B, B (introduced for simplification) through Egs. 7-9. Determination of the
macroparameters and their basic parameters by least-squares regression of Eq. 6 poses
no real problem. The procedure is completely analogous to the determination of ma-
croparamcters and micro-rate constants in classical linear compartmental modeling,
which is routinely done with well-established computer programs.
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By fitting this expression to pulmonary excretion data, the same quantities
[a, B, K\K;3 - A7(T), and KK »-B7(T)] as in the single-exposure case (Eq.
40) can be determined. Thus, the same predictions (Eqs. 42-44) can be made
as before. Similarly, if plasma level data are obtained in the postexposure phase
(¢, = T), then by fitting Eq. 41, the quantitites «, 8, Ar(T), and Br(T) are
obtained and predictions can be made as before (Eqs. 46-48).

Irregular Dosing Cycle—By combining Eqgs. 30, 41, and 38, the following
expression for the plasma level in the postexposure phase is obtained:

cn,m(’r) = [¢n(14a) + ¢N(La) M ¢m—l(7La) * e_(M+n)La]AT(T)
cem =) 4 [¢,(LB) + dN(LB) + dm—1(TLB) - e~ M+MLE|B1(T)
ce"BU—TH (1;2T) (Eq.50)
By integrating this equation, the cumulative amount of gas excreted in the
postexposure phase can be described as:

My m(ty) = [$a(La) + on(Lat) « pm—1(TLax)

AT(T)] [1 —e=at=D] + [¢a(LB) + ¢n(LB)

a

. e—(M+n)La] [KIKZ

* d’m—l(7L6) . e_(M+")Lﬁ] [K|K2 BTéT)] [] - e—ﬁ(’r—r)]

(:r2T) (Eq.51)

In analogy to the regular dosing cycle case, the quantities a, 8, K1 K»A7(T),
and K| K>Br(T) can be determined by fitting Eq. 51 to pulmonary excretion
data. Similarly a, 8, Ar(T), and B7(T) are obtained from plasma level data
by Eq. 50.

Thus, a kinetic analysis of data in the postexposure phase(s) of multiple
exposures provides the same basic kinetic information as an analysis of post-
exposure data from a single exposure.

Occupational Exposure Limit Adjustment in Unusual Work Schedules—The
regulatory threshold limit values (TLV) for exposure in air contaminants
administered by the Occupational Safety and Health Administration are based
on exposure during a normal work week of five 8-h days (16). If a person with
a non-normal work week is not going to be exposed to a greater toxic burden
than allowed, if may be appropriate to consider a different TLV. There is no
general consensus of how to best compare the toxic burden from different
exposure schemes. One approach that seems to have received particular in-
terest is based on a comparison of the predicted maximum amount of the
contaminant in the body (10). Such an approach appears to be unsatisfactory
because of the experimental difficulties of estimating such a quantity and
because of the kinetic misconception of treating the body as a homogeneous
“box.”

A more appropriate approach would be based on a comparison of peak
plasma levels predicted from kinetic equations based on rational assumptions.
In the comparison of two exposurc schemes (denoted with superscripts 1 and
11}, it is of interest to determine a TLV adjustment factor, F, defined as follows.
The maximum plasma level of the contaminant predicted for exposure scheme
11 with contamination level CY' is the same as that predicted for scheme I with
contamination level C when:

CYF.C} (Eq. 52)
An analysis of Eq. 30 reveals that ¢, is directly proportional to the con-
tamination level C,. The adjustment factor F can therefore be calculated from
the relationship:

1
F= _w'L" (Eq. 53)
max Cp m
where
max cpm = CN.m(T) (Eq 54)

The predicted maximum plasma level, max ¢, . can be calculated by Eq.
50:

Max cpm = ¢n(La)+ (| + ¢m-1(TLa) - e~ M*+nla]. 47(T)
+ an(LB) - [1 + am-1(TLB) - e=M*mLE} . Br(T) (Eq. 55)

If there is no more than one work week exposure (m = 1), Eq. 55 reduces to
the regular dosing cycle casc:

max ¢, = gn(Lar) - A7(T) + ¢n(LB) - Br(T) (Eq. 56)

Although the above equations used to calculate the adjustment factor may
appear complex and demanding in kinetic terms, F can be determined most
simply from two sets of pulmonary cxcretion data; one set can be determined
from a single or multiple exposure with an exposure period 77, and another
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set can be determined with an exposure period 7. By fitting a simple biex-
ponential expression to the two sets of data, values for «, 8, K1 K2 A7(T)!,
KKy Ar(TY, K1K2B7(T)!, and K1K2-B7(T)¥ can then be determined as
previously discussed. In calculating F, it is important to realize that it is not
necessary to know A7(7T) and Br(T). It is sufficient to know the products
K1K»Ar(T) and K1K2-B7(T), since in forming the ratio in Eq. 53, it makes
no difference if A7(T) and Br(T) are replaced with the products.

The above analysis of the pulmonary kinetics is for the non-steady-state
case. The steady-state cases are easily considered by letting n or m = « and
by noting that:

1

| —e*

¢w(x) = (Eq. 57)

For most practical purposes, it is adequate to approximate the unit-impulse
response by a biexponential equation (Eq. 4). However, the analysis can be

readily extended to consider any number of exponential terms in the ap-
proximation.

APPENDIX: GLOSSARY

Basic Kinetic Parameters:

K, Mass transfer constant for transport of the inhaled gas into
the blood plasma (Eq. 1)

K Partition coefficient between air and blood plasma for the
inhaled gas; K,c(¢) is the partial pressure of the gas in plasma
(Eq. 1)

AB.a, B Parameters defining the unit-impulse response of the gas in

the subject, i.e., the parameters describing the plasma con-
centration~time profile if a unit amount of the gas was in-
troduced momentarily into the plasma (Eq. 4)

Parameters Defining the Exposure:

Cy Concentration of gas in the inhaled air (Eq. 1)

T Duration of single or multiple exposures (Eq. 1)

H Duration between rcgular exposures (T) (Eq. 22)

te Time elapsed since the start of the most recent exposure for

multiple exposures (Eq. 21)

n Number of the current exposure cycle (n runs from 1 to N
each week for exposure for multiple weeks) (Eq. 25)

m Number of the current week (m = 1 for exposure for the first
week) (Eq. 30)

N Total number of exposure periods in each week for exposure
for multiple weeks (Eq. 31)

M Number of exposure-free periods in each week for exposure
for multiple weeks (Eq. 32)

L T+H

Auxilliary Functions and Parameters:

a, Parameters calculated from the fundamental parameters K,
K2, A, B, a, and B according to Eq. 7
A B Parameters calculated from the fundamental parameters Ky,

K3, A, B, a,and B, A’ and B’ are calculated according to Egs.
8 and 9 after o’ and 3’ are calculated

(x)+ Truncation function equal to x for x = 0 and 0 for x <0
(Egs. 17 and 18)

Ar(t)/Br(t) Functions introduced to simplify the mathematical notation
[note that these functions are constant (47(T),Br(T)) for
t. = T (Eqs. 13-16)]

t min (¢,T) (Egs. 15 and 16)

¢i(x) Function introduced to simplify the mathematical notation
(Eq. 27)

P, () Function describing the plasma accumulation of gas at time
1, resulting from the previous (n — 1) exposure periods (Eq.
29)

Om-1(tr) Function describing the plasma accumulation of the gas at

time 1, resuliing from the previous (m — 1) weeks of exposure
(Eq. 38)
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Synthesis of 4-Substituted Aminoquinoline-
3-carboxylates as Potential Antimicrobial Agents
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Abstract D A series of 4-substituted aminoquinoline-3-carboxylates was
prepared and evaluated for antimicrobial activity. Four of the compounds
(VHI, X111, XV, and XX111) exhibited low activity against Staphylococcus
aureus.

Keyphrases O 4-Substituted aminoquinoline-3-carboxylates—synthesis,
antimicrobial activity [ Antimicrobial agents—potential, 4-substituted
aminoquinoline-3-carboxylates

The structural similarity between the coccidiostat buqui-
nolate (I) (1) and the antimalarial 4-aminoquinolines (e.g.,
chloroquin; IT) (2) raised the question as to whether combi-
nation of the major functional groups of each class might lead
to useful agents. This work sought to determine if the quino-
line-3-carboxylate moiety of the coccidiostats could be suc-
cessfully combined with 4-amino substituents, some of which
have shown promise in antimalarial quinolines. A series of
4-aminoquinoline-3-carboxylates (I11) was necessary, and a
search of the literature revealed that these compounds had not
previously been synthesized. To determine if antibacterial
properties were associated with this new substituent pattern,
the synthesis of several examples was undertaken.

G
OH HNCH < CH,}; NEt,
)\/o RN CO,C,H, N

w/\o N/ cl N/

\\

m
Rj, Rz = H, alkyl, aralkyl
R3 = K, C2H5
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RESULTS AND DISCUSSION

Ethy! 4-chloroquinoline-3-carboxylate, IV (3), was the key intermediate
from which the target compounds were prepared (Scheme I). The immediate
precursor to IV, ethyl 4-hydroxyquinoline-3-carboxylate V, was prepared in
satisfactory yield by the method of Gould and Jacobs (4) as modified by Price
and Roberts (5) and by Riegel ef al. (6). The importance of short reaction
times in the preparation of V was noted (7); yields of V decrease for reaction
times exceeding 30 min. Reaction of V with phosphorus oxychloride smoothly
led to IV (3).

Nucleophilic displacement of the 4-chloro substituent occurred in high yield
after a few hours in refluxing toluene; several cases were noted where the re-
action started while still at room temperature. The relative ease of displace-

cl
CO,E1 co Bt on CO.EL
Y Mcesa ! @ ?
N
XLV v XLIV
R,R,NH RSNa
Ri R,
N\,
N SR
N7 NZ
VI—-XXI XL
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N
N\ CO:K
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Scheme 1
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