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Effects of Fetal pH on Local Anesthetic Transfer

across the Human Placenta

Raymond F. Johnson, B.S.,* Norman L. Herman, M.D., Ph.D.,T H. Vernetta Johnson, M.D., %
Timothy L. Arey, M.D.,+ Ray L. Paschall, M.D.,x John W. Downing, M.D.§

Background: Fetal acidemia increases umbilical venous bup-
ivacaine concentrations in the in situ rabbit model. The au-
thors studied the effects of decreasing fetal pH on the rate of
maternal to fetal (M—F) clearances of lidocaine, bupivacaine,
2-chloroprocaine, and antipyrine (a nonionic marker of pla-
cental transfer) across the isolated, dual perfused, human pla-
cental cotyledon.

Methods: Maternal to fetal clearances of bupivacaine, lido-
caine, 2-chloroprocaine, and antipyrine were determined at fetal
pH (7.4), during progressive fetal acidemia (pH 7.2-7.0—0.8),
and after recovery to fetal pH 7.4 in experiments with both low
protein state and in those within vivo maternal and fetal protein-
binding potentials.

Results: Placental transfer of all three agents increased lin-
early as the fetal pH decreased. Antipyrine transfer was unaf-
fected. Clearance of lidocaine and bupivacaine, but not 2-chlo-
roprocaine, returned to baseline when fetal pH was restored
to 7.4. When maternal and fetal protein-binding potentials
were increased, clearance at fetal pH 7.4 of bupivacaine, but
not lidocaine, decreased significantly. During fetal acidemia,
the transfer of both agents increased, but to a lesser extent
than in the low protein concentration experiments.

Conclusions: Increasing the pH difference between maternal
and fetal perfusates promotes M—F passage of unionized lido-
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caine, bupivacaine, and 2-chloroprocaine. This likely results
from an increased proportion of ionized local anesthetic in
the acidemic fetal perfusate and consequent widening of the
M-F concentration gradient of the unionized form. Transfer of
lidocaine and bupivacaine was limited by the maternal protein
binding. (Key words: Anesthesia: obstetric. Anesthetics, local:
bupivacaine; 2-chloroprocaine; lidocaine. Pharmacokinetics:
ionic gradient; placental transfer.)

NUMEROUS investigators using different animal
models have studied the effects of fetal acidemia on
local anesthetic distribution across the placenta,
demonstrating fetal accumulation as the fetal pH de-
creases.' > All concluded that these fetal pH-induced
changes in transplacental distribution are the result
of the trapping of the ionic form of these weakly
basic compounds within the fetus. This concept of
“ion trapping’’ reflects the change in equilibrium be-
tween the unionized, highly diffusible parent com-
pound and its poorly diffusible ionized salt, in accor-
dance with the drug’s pK, and the tissue pH. The
greater the difference between the decreasing fetal
PpH and the agent’s pK,, the greater the proportion
of ionized to unionized compound (table 1) and
therefore the greater the concentration of trapped
ionic drug in the fetal circulation. ‘‘Ion trapping’ is,
therefore, the accepted explanation for fetal local
anesthetic accumulation with fetal acidemia.

In a study using the 7n vivo perfused rabbit placenta,
pH-dependent increases in maternal to fetal (M—F)
transfer of bupivacaine and meperidine were identi-
fied." The authors of this article suggested that fetal
acidemia increased not only the maternal/fetal equilib-
rium ratio but also the rate of M—F transfer of bupiva-
caine and meperidine. Differences in placentation’® and
the arrangement of the maternal/fetal circulatory pat-
tern’ (countercurrent s concurrent) between the rab-
bit and human placenta make direct extrapolation of
these data to the human placenta difficult. To date,
this question has not been studied using the human
placenta.
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LOCAL ANESTHETICS TRANSFER AND FETAL ACIDEMIA
Table 1. Physicochemical Properties of Bupivacaine, Lidocaine, and 2-Chloroprocaine
. Maternal % Unionized at pHt
Paﬁltl_on Protein Molecular
Coefficient* Bindingt Weightt pK.t 7.4 7.2 7.0 6.8
Lidocaine 2.9 60-75 234 7.90 24 17 i1 7
Bupivacaine 28.0 90-97 288 8.10 li7 11 7
Chloroprocaine 0.14 — 307 8.70 4.8 3.1 2 152

* Wood'? (heptane/buffer, pH 7.4).
+ Wood. "
t Ralston and Shnider.?®

The isolated human placental perfusion model® has
been used effectively to study the transfer of many
substances, and recently was used to investigate anes-
thetic agents.|,#,” Steady state drug clearances can
be measured using an open (nonrecirculating), dual
perfusion arrangement of this model. By controlling
local anesthetic concentrations on the maternal side of
the circuit while altering fetal circuit PH, effects on
steady state clearance can be assessed. Using the dual
perfused human placental model, the effect of fetal
perfusate pH on the steady state clearance rates of bupi-
vacaine, lidocaine, and 2-chloroprocaine, three weakly
basic local anesthetic agents commonly used in obstet-
rics were compared with the nonionic transfer marker
antipyrine.

Methods

Placental Perfusions

With Institutional Review Board approval, and in-
formed, written consent, term placentae were ob-
tained from healthy parturients within 5- 10 min after
cither vaginal or caesarean delivery. The dual perfused
single cotyledon placental model was used as de-
scribed previously.” The placenta was immediately
perfused with heparinized Krebs-Ringer buffer (KRB).
A fetal artery and vein supplying a single cotyledon

Herman N, van Decar TK, Jones D, Knape KG, Downing JW:
Transfer of methohexital across the perfused human placenta (ab-
SUract). ANESTHESIOLOGY 1993 79:A1008.

# Ala-Kokko T, Pienimaki P, Hollmen A, Vahakangas K: Placental
transfer of lidocaine and bupivacaine in human placental perfusion
model (abstract). ANESTHESIOLOGY 1993; 79:A1007.

Zakowski M. Schlessinger J, Dumbroff S, Grant G, Turndorf H:
In vitro human placental uptake and transfer of fentanyl (abstract)
ANESTHESIOLOGY 1993: 79:A10006.
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were cannulated with polyethylene infant feeding
tubes (Sherwood Medical, St Louis, MO) and perfused
with KRB. After ensuring the integrity of the circula-
tion, the placental cotyledon was placed in a plexi-
glass chamber, maternal side up. The intervillous
space was perfused using three blunt-tipped, 19-gauge
needles inserted through the decidual plate in the
region of the maternal surface blanched by the blood-
free media already perfusing the fetal circuit. All ex-
periments were performed using the open (single pass
or nonrecirculating) method and tested the transfer
of lidocaine, bupivacaine, 2-chloroprocaine, and anti-
pyrine in the M—F direction. Maternal and fetal circu-
latory temperature were maintained at 37°C. The ma-
ternal flow rate was maintained at 12-15 ml/min,
which produced perfusion pressures of 25-35
mmHg. The fetal flow rate was adjusted to provide
fetal perfusion pressures of 65-75 mmHg, which re-
sulted in flow rates of 1.5-3.0 ml/min. Pressure, pH,
and temperature were electronically recorded using
a specific software package (Anesthesiology Research
Department, Vanderbilt University) for the duration
of the experiment. Throughout the experiment, 2-ml
samples were concurrently obtained from the mater-
nal reservoir and fetal venous outflow at 15-min inter-
vals. Maternal and fetal samples were immediately
placed in tubes that contained 0.2 mg sodium fluoride.
Antipyrine (10 pg/ml) was added to the maternal
circuit in each experiment to act as a nonionic marker
of transfer. Local anesthetic clearances were expressed
as a ratio of the corresponding antipyrine clearance to
allow for individual placental preparation variations.

Specific Experiments

Three groups of experiments were designed to eluci-
date the role of three possible factors in the phenome-
non of increased local anesthetic transfer during acid-
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emia, namely, enhanced gradient of unionized drug,
maternal and fetal protein binding, and tissue perme-
ability changes.

The effect of differential gradient of the unionized
forms of the test agents were studied in 14 experi-
ments. To minimize protein binding, the maternal and
fetal perfusate consisted of KRB supplemented with
0.2 g/100 ml human albumin and 150 mg/100 ml glu-
cose. In these experiments. 1 pg/ml bupivacaine and
5 ug/ml lidocaine were administered concurrently into
the maternal circuit. In eight of these experiments, 5
pg/ml 2-chloroprocaine was studied along with lido-
caine and bupivacaine Clearance for each agent was
initially calculated at a pH of 7.4 in both circuits and
again while fetal perfusate pH was changed every 30
min to 7.2. 7.0, 6.8, and back to 7.4.

In another three experiments, the effect of maternal
protein binding and pH on lidocaine and bupivacaine
transfer were studied using fresh frozen plasma (FFP)
for the maternal perfusate and KRB with 4.0 g/100 ml
human albumin as the fetal perfusate. In these experi-
ments, the original solution of 5 ug/ml lidocaine and
1 ug/ml bupivacaine was used. 2-chloroprocaine was
not used because of possible metabolism by the FFP.
Maternal to fetal clearances of the test agents were
studied at fetal pH 7.4 (45 min), 6.8 (60 min), and 7.4
(60 min).

In three additional KRB experiments, any possible
pHrelated change in placental permeability was ad-
dressed. The gradient of unionized drug was equalized
between the fetal and maternal circuits by monitoring
the test agent’s clearance for 1 h with the pH of both
the maternal and fetal circuits at 7.4 and afterwards for
another hour with both at pH 6.8.

In all experiments, the pH perturbations were
achieved by the addition of dilute hydrochloric acid or
sodium bicarbonate, and the adjusted pH was main-
tained within a narrow range, using carbon dioxide
flow and continued equilibration with 21% O,.

High Performance Liquid Chromatographic

Analysis

Bupivacaine, lidocaine, 2-chloroprocaine, and antipy-
rine concentrations were concurrently measured in
perfusate samples using a modified high performance
liquid chromatographic method, as described by Ha et
al.'’ Briefly, the internal standard (25 ul butorphanol
of 25 ug/ml aqueous solution) was added to standard
and 0.5-ml experimental samples made basic by the
addition of 0.2 ml 2N NaOH and extracted with ethyl
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ether. The ether phases were vaporized to dryness un-
der N,, and the residue dissolved in 150 ul mobile
phase. These extracted samples were then analyzed by
high performance liquid chromatography. The chro-
matographic system (Waters Associates, Milford, MA)
consisted of a 501 pump, WISP 712, and a 486 UV
detector (210 nm). The high performance liquid chro-
matographic column, pBondapak C18 (Waters Associ-
ates. Milford, MA), was equilibrated at 1 ml/min with
acetonitrile and 0.05 M Na,HPO,, pH 5.8 (30:70 v/
v). Local anesthetic and antipyrine concentrations in
perfusate samples were ascertained from peak-height
ratios with known concentrations of each agent. Con-
centration curves for the four test agents were linear
from 0.1 pg to 10.0 pg/ml. The determination of bupi-
vacaine, lidocaine, 2-chloroprocaine, and antipyrine ex-
hibited an interday coefficient of variation of 4.1, 4.4,
4.0, and 4.4, respectively.

Calculations

Because the purpose of this investigation was to elu-
cidate the movement of drug from the maternal circula-
tion to the fetal circulation during the period of acide-
mia, clearance was used as the means of measurement
of drug transfer. In an open perfusion, a steady state
M—F clearance is attained rapidly, and can be calcu-
lated using the formula:

Clpr = (Cpy X QF)/C.\I.-\

where Cp, = drug concentration in fetal venous efflu-
ent, Cy, = drug concentration in the ‘‘maternal artery”
(maternal reservoir), and Q; = fetal perfusate flow
rate.® Transfer ratio was calculated by dividing the local
anesthetic clearance by the corresponding antipyrine
clearance. Transfer ratio was used to compare clear-
ance rates between the KRB and FFP experiments due
to changes in baseline clearance values as a result of
the increased maternal protein binding.

Statistics

Mean clearances observed for each agent at varying
fetal pH were examined using one-way repeated med-
sures analysis of variance. Pairs-wise comparisons of
clearance values for pH 7.2, 7.0, and 6.8 with control
(PH 7.4) on any agent in which a significance Was
detected by repeated measures analysis of variance us-
ing the Bonferroni corrected f test. Lidocaine and bupi-
vacaine clearance, KRB versus FFP, was Compared us-
ing unpaired ¢ test. Lidocaine and bupivacaine clear-
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Table 2. Clearance Data at Progressively Lower Fetal Perfusate pH

Clearance (ml-h "-g ? at pH

Correlation
7.4 7.2 7.0 6.8 7.4" Coefficient
Lidocaine (n = 14) 4.86 + 0.62 5.72 + 0.66t 6.68 + 0.73 7.40 + 0.88t1 Bal2r =52 0.992¢t
Bupivacaine (n = 14) 3.89 + 0.65 4.90 + 0.68t 5.76 + 0.721 6.32 + 0.85¢t 421 + 0.93 0.999¢%
Chloroprocaine (n = 8) 4.44 + 0.79 5.30 = 0.83t 6.55 + 0.94t 7.75 + 1,08} 6.77 = 1.821 0.994%
Antipyrine (n = 14) 5.33 = 0.67 5.43 + 0.60 5.93 + 0.64 5.83 + 0.80 5.13 = 0.69 0.771

* Return of pH to baseline following completion of protocol.

t P = 0.05 versus control (7.4) by Bonferroni corrected Student’s paired t test.

1P = 0.05 by t ratio of the regression coefficient to its standard error.

ance, KRB versus FFP, was compared using unpaired
¢ test. Linear regression analysis was used to assess
correlation between the pH of the fetal circuit or per-
cent unionized fraction and the clearances observed.
Data are expressed as mean + SEM. P value = 0.05
was considered significant.

Results

Gradient Experiments

With equal, low protein binding in both maternal and
fetal circuits, bupivacaine, lidocaine, 2-chloroprocaine,
and antipyrine crossed the placenta rapidly after their
introduction into the maternal circuit. Clearance values
observed at the tested pH stages are presented in table
2. All four agents studied exhibited similar baseline
clearances at pH 7.4. A linear increase in M—F clear-
ance (transfer) was observed for each of the three local
anesthetic agents as the fetal perfusate pH was de-
creased to 7.2, 7.0, and 6.8 (fig. 1). Antipyrine exhib-
ited no such alteration in M—F clearance when pH was
decreased. A statistically significant correlation was
shown between the clearance of each local anesthetic
agent and the pH of the fetal perfusate (table 2). In
addition, a close relation was demonstrated when the
Calculated percent of unionized drug (table 1) was
compared with the clearance of each test drug (fig. 2).
The clearance for lidocaine and bupivacaine returned
to near baseline when fetal pH was readjusted to pH
7.4. In contrast, 2-chloroprocaine clearance failed to
return to baseline.

Protein Binding Experiments

When the protein binding potential of the maternal
perfusate was enhanced, baseline (fetal pH 7.4) M—F
clearance of bupivacaine was significantly reduced, as
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indicated by the associated transfer ratios (KRB, 0.72
* 0.09 vs. FFP, 0.29 * 0.06, P = 0.05). Conversely,
lidocaine clearance was unaffected by increasing the
maternal protein binding (KRB, 0.89 + 0.09 us. FFP,
0.80 = 0.07, not significant). The transfer ratios of both
agents increased significantly during the periods of aci-
demia, albeit to a lesser degree than that seen in the
KRB experiments (table 3). The transfer ratio of both

‘ —@- Bupivacaine

Clearance (ml/hr/gm wet weight placenta)

| —#— 2-Chloroprocaine
Jf A Lidocane
3 l <7— Antipyrine |
J _
1
2 =l
f T T T T T =il
7.4 73 7.2 7.1 7.0 6.9 6.8

Fetal Perfusate pH

Fig. 1. Plot illustrating the effect of fetal perfusate pH on the
maternal-to-fetal clearance of bupivacaine, lidocaine, 2-chlo-
roprocaine, and antipyrine. Steady state drug transfer was es-
tablished at a pH of 7.4 in both the maternal and fetal circuits,
after which the fetal perfusate pH was changed to 7.2, 7.0,
6.8, and back to 7.4 in 30-min intervals. A linear increase in
clearance was observed for each of the local anesthetic agents
throughout the range of pHs studied, but not for antipyrine.
Data expressed as mean + SEM.
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Fig. 2. Plot illustrating the relation of the calculated fraction
of the unionized bupivacaine, lidocaine, and 2-chloroprocaine
in the fetal perfusate on maternal-to-fetal clearance. Clearance
was shown to be inversely and linearly related to the union-
ized fraction of drug in the fetal circuit. The correlation coeffi-
cient, r, and slope for a regression line for each agent is noted
below each curve. Data expressed as mean = SEM.

agents returned to baseline values as the fetal pH was
readjusted to 7.4.

Permeability Experiments

No increase in lidocaine or bupivacaine transfer was
observed in experiments in which the gradient of un-
jonized drug was equalized between the maternal and
fetal circuits (pH 7.4/7.4 vs. pH 6.8/6.8, maternal/fe-

tal), demonstrated by the unchanged clearance ratios
for bupivacaine (0.72 = 0.03 vs. 0.68 = 0.04), lidocaine
(0.93 = 0.02 vs. 0.93 = 0.03), and 2-chloroprocaine
(1.03 £ 0.09 vs. 0.99 = 0.06) at pH 7.4 and pH 6.8.
Maternal to fetal clearance of antipyrine (5.6 * 0.6, 5.8
+ 0.7, pH 7.4/6.8, respectively) was similar at both pH

intervals.

Viability Parameters

Lactate production was 0.165 = 0.06 pmol/min/g,
and glucose consumption measured 0.11 = 0.05 pmol/
min/g, which were similar to values associated with
oxygenated systems as observed by others."' " No sig-
nificant fluid shift was observed from the maternal cir-
culation to the fetal circuit, reflecting system integrity
without leakage of perfusate throughout the perfusion
period.

Discussion

In 1976, Brown et al."* reported four cases in which
acidemic newborns (pH 7.0-7.02) were shown to
have high umbilical vein/maternal vein concentration
ratios of mepivacaine and lidocaine. Since then, others
investigated the influence of fetal pH on the distribu-
tion of local anesthetics across the placenta. Using ani-
mal models,' > researchers related these increased um-
bilical vein concentrations of weakly basic drugs to the
pH of the blood perfusing the umbilical vessels. These
investigations clearly demonstrate that widening the
pH gradient between the maternal and fetal circula-
tions influences the M—F distribution of local anesthe-

Table 3. Effects of Maternal Protein Binding and Fetal pH on Local Anesthetic/Antipyrine Clearance Ratios

Antipyrine Clearance Ratios at pH

7.4 6.8 7.4 % Changet

KRB experiments

Chloroprocaine (n = 8) 0.92 = 0.16 167,210,311 1.32 + 0.35* 82

Bupivacaine (n = 14) 0.72 + 0.09 126510511 0.91 = 0.18 75

Lidocaine (n = 14) 0.89 + 0.09 1.265:70510* 0.94 + 0.18 40
FFP experiments

Bupivacaine (n = 3) 0.29 + 0.061 0.35 = 0.06* 0.28 = 0.05 21

Lidocaine (n = 3) 0.80 + 0.07 1.01 = 0.09* 0.81 + 0.05 26

* P = 0.05 versus control (pH 7.4) clearances by Bonferroni corrected Student’s paired t test.
t P = 0.05 versus baseline bupivacaine clearances in KRB experiments by paired t test.

} As compared with initial baseline clearances at pH 7.4.
KRB = Krebs-Ringer bicarbonate; FFP = fresh frozen plasma.

Anesthesiology, V 85, No 3, Sep 1996

0CAL ANESTH

fics ACross the p
matemal/fetal cof
pave been sugge
Some possible @
anesthetic c!efuw
distribution g
iple fonized form
fetal tissue, abele
Recent stédies
investigated? the
mepcridineiransi
only i the dnate!
by fetal aciéemia
Ethical con&erns
to detect dectly
anesthetics gcom,
tions repoded C
mans.'* However
human plagental
showed thag pH-c
appear to §1ay .
weakly bask loc
cental cotylédon.
The COncé)t th
in the M—y};‘é.otrans
gCSth bY [@ wor
With both @ltem
Bichland ccgwork
tions of hdéECainc
When matcgnal |
constant. T%ese
ping” was BRE
Caine tl‘ansér s
b]OOd sam p@s by
tather thanhe
teflect ;
a3 WLII:;E;EU(
plasmg Fic a§ el
cluded, anes
- 0 2 latey
Ported simjjar PH.
.fer of buinaCaine
lncreaSed
abolish th
Pecteg 3

Matern;
€ effect



in/g,
mol/
with
) Sig-
I cir-
grity
1Sion

hich
n to
ition
hers
ribu-
y AN
| um-
) the
hese
. the
cula-
sthe-

angef

613

LOCAL ANESTHETICS TRANSFER AND FETAL ACIDEMIA

tics across the placenta, as reflected in an increased
maternal/fetal concentration ratio. Several mechanisms
have been suggested to explain this phenomenon.
Some possible explanations include: Decreased local
anesthetic clearance by the fetus: changes in tissue
distribution'™'%; and the trapping of the poorly diffus-
ible ionized form of the local anesthetic in acidemic
fetal tissue, labeled “‘ion trapping.”

Recent studies of perfused rabbit placentae in situ
investigated the fetal pH effects on bupivacaine and
meperidine transfer. The resultant data suggest that not
only is the maternal/fetal equilibrium ratio increased
by fetal acidemia, but so is the rate of drug transfer.’
Ethical concerns and inaccessibility make it impossible
to detect directly whether increased transfer of local
anesthetics contribute to their increased concentra-
tions reported clinically with fetal acidemia in hu-
mans.'* However, by using the /n vitro dual perfused
human placental model in the current study, we
showed that pH-dependent influences on M—F transfer
appear to play a role in altering the distribution of
weakly basic local anesthetics across the human pla-
cental cotyledon.

The concept that fetal acidemia induces an increase
in the M—F transfer of local anesthetics was first sug-
gested by the work of Biehl et al.” using pregnant ewes.
With both maternal and fetal circulations instrumented,
Biehl and coworkers found that fetal arterial concentra-
tions of lidocaine increased with decreasing fetal pH
when maternal lidocaine concentrations were held
constant. These workers concluded that “ion trap-
ping” was the causal factor, but that increased lido-
caine transfer was also a possible factor. Because fetal
blood samples were obtained from the femoral artery
rather than the umbilical vein, their results probably
reflect the function of the materno-placento-fetal unit
as a whole. Therefore, fetal mechanisms that affect
plasma local anesthetic concentrations cannot be ex-
cluded. In a later publication, these investigators re-
ported similar pH-related changes in the placental trans-
fer of bupivacaine. They concluded that bupivacaine’s
increased maternal protein binding potential did not
abolish the effects of fetal acidemia as might be ex-
pected.?

Using a perfused in situ rabbit placenta, Gaylard and
coworkers' demonstrated a pH-dependent increase in
Placental transfer of both bupivacaine and meperidine
(also a salt of a weak base) when the umbilical perfu-
sate pH was reduced to 7.0. Placental clearance of bupi-
vacaine and meperidine increased 160% and 80%, re-
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spectively, when the fetal perfusate was acidified, but
returned to baseline after the pH was normalized back
to 7.4. The authors observed no such alteration in the
rate of transfer of antipyrine in their study. In addition,
a decrease in maternal uterine perfusion produced by
a withdrawal of blood from the rabbit doe to effect a
65% reduction in mean maternal arterial pressure in-
duced an increase in bupivacaine clearance. In con-
trast, both meperidine and antipyrine clearances de-
creased with hypovolemic hypotension. Maternal/fetal
equilibrium ratio, however, was unaffected by maternal
placental hypoperfusion in the absence of fetal acid-
emia. The authors suggested that bupivacaine’s high
lipid solubility and protein binding might be the major
factors involved in enhancing transfer during maternal
hypotension. However, no explanation for the in-
creased clearance of bupivacaine with fetal acidemia
was offered.

In the current investigation, increases in M—F clear-
ances of bupivacaine, lidocaine, and 2-chloropro-
caine were demonstrated in isolated, dual-perfused
human placental cotyledons when fetal perfusate PH
values were decreased to levels similar to those stud-
ied by others.'”> The possibility that the observed
increased transfer rates for the three local anesthe-
tics studied represent an overall increase in placental
permeability with fetal acidemia is discounted be-
cause the transfer of antipyrine, a nonionic transfer
marker, did not change as the fetal pH decreased (fig.
). In addition, experiments lacking an enhanced gra-
dient of the unionized drug (maternal/fetal, pH 7.4/
7.4, pH 6.8/6.8) failed to produce an increase in local
anesthetic transfer at pH 6.8 as compared with pH
4.

This human placental model, like the i1 situ umbili-
cal perfused rabbit placenta, allows for the study of
placental transfer in the absence of fetal influences.
Using an open perfusion (nonrecycling) arrangement,
drugs cannot accumulate in fetal perfusate. Therefore,
the increased M—F clearances observed here for bupi-
vacaine, lidocaine, and 2-chloroprocaine with decreas-
ing fetal perfusate pH must be due to their enhanced
rate of transfer across the placenta. This increased
transfer rate is most likely the result of pH-induced
changes in the maternal intervillous:fetal sinusoid gra-
dient for the unionized drug. It can be assumed that.
as the local anesthetics cross from maternal to a more
acidic fetal blood, a greater proportion of each agent
will be protonated to the ionized form in proportion
to their pK, values. If less unionized drug is present in
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the fetal circulation because of an acidemic environ-
ment, a greater maternal:fetal gradient of undissociated
local anesthetic will be maintained throughout the time
the fetal blood is in apposition with the maternal inter-
villous blood, thereby increasing transfer. This hypoth-
esis is supported by the highly significant correlation
observed in the current study between local anesthetic
drug clearance and calculated percentage of unionized
drug in the fetal circulation (fig. 2).

Because the test agents are believed to cross the hu-
man placenta by passive diffusion,' their individual
M—F clearance rates should not be affected by the
presence of multiple test agents. Maternal to fetal pla-
cental clearance of various combinations of agents
were studied previously in animal and human placental
models, with no competitive inhibition observed in
their transfer process.”'” Bupivacaine placental transfer
was shown to be unaffected by the addition of increas-
ing concentrations (as much as 20 times higher) of
mepivacaine, an analog of bupivacaine.” The effect of
protein binding and fetal flow on the placental transfer
of concurrently administered bupivacaine, lidoraine,
and meperidine were determined in perfused 1abbit
placenta with success.'” In addition, these local anes-
thetic agents are used clinically, often in various combi-
nations, to provide better analgesia. Therefore, combi-
nations of test agents were used in the perfused pla-
centa experiments because this procedure provided
the best opportunity to study the transfer of the test
agents under the identical acidemic conditions.

The protein bindings potentials of these agents vary
widely (table 1). Therefore, this investigation was per-
formed both in a minimal protein perfusate (0.2 mg/
100 ml) and in a perfusate (FFP) that allows “‘physio-
logic” protein binding similar to those observed in
vivo. In the KRB perfused placental experiments
where maternal protein binding was not a factor, the
M—F clearances for bupivacaine, lidocaine, and 2-chlo-
roprocaine at the baseline fetal pH of 7.4 were all simi-
lar. However, in agreement with a prior publication,’
baseline (fetal pH 7.4) bupivacaine clearance was mark-
edly reduced by substitution of FFP for KRB as the
maternal perfusate. No significant reduction was ob-
served with lidocaine. This decrease in baseline clear-
ance for bupivacaine as opposed to that of lidocaine is
consistent with their relative degrees of protein bind-
ing (table 1). As with the studies of Pickering et al,’ a

significant increase in bupivacaine transfer was ob-
served with fetal acidemia, even with the greatly in-
creased maternal protein binding of the FFP. Because
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the increase in local anesthetic clearance during the
acidemic period was less in the FFP experiments com-
pared with the KRB experiments, it is demonstrated
that maternal protein binding limits but do not abolish
the phenomenon of enhanced local anesthetic transpla-
cental movement during fetal acidemia. These pH-asso-
ciated changes in the FFP experiments may more accu-
rately represent those anticipated to occur in vivo,
where the natural physiologic forces of maternal pro-
tein binding are at work.

Because these agents were studied simultaneously in
the same placentae, distribution of maternal and fetal
blood flow was similar for each of the local anesthetics
investigated. Therefore, a factor or factors other than
protein binding and maternal/fetal blood flow distribu-
tion must have played the major role in influencing the
rate of drug transfer under these study conditions.

One possible factor could be the damage to the fetal
intravillous vasculature induced by fetal acidemia (pH
6.8). Lack of such trauma is evidenced by the return
to baseline clearance values observed for both lido-
caine and bupivacaine after the acidemic portion of
the investigation. Chloroprocaine’s failure to return to
baseline clearance values is unexplained.

Information gained from this investigation strongly
supports the existence of a pH-dependent alteration in
M—F clearance rates of weakly basic agents within the
human placenta, much like that found previously
within the rabbit placenta.' This increase in the transfer
of local anesthetics in conjunction with “‘ion trapping”
probably contributes to the elevated fetal levels of
these agents when the fetus is compromised by acid-
emia. Based on the results of this investigation, the in-
crease in drug transfer in vivo induced by fetal acid-
emia also may be limited by the agent’s maternal pro-
tein binding. Despite this protective influence, local
anesthetic concentrations in the fetal unit could still
be elevated to a critical degree. This observation could
be of importance to the safety of the preterm infant
because investigators demonstrated increased sensitiv-
ity of the asphyxiated fetus to the potentially deleteri-
ous effects of local anesthetics on the fetus.”'" Based
on these assumptions, in situations where the preterm
fetus is likely to be acidemic, all efforts must be taken
to minimize the maternal concentrations of local anes-
thetics, because fetal concentrations mirror those of
the mother. The use of bupivacaine might be prefcrrcd
to that of lidocaine, because of that agent’s high degre¢
of maternal protein binding.
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