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LABORATORY INVESTIGATIONS

Uptake and Distribution of Lidocaine in Fetal Lambs

Roland L. Kennedy, M.D.,* John U. Bell, Ph.D.,¥ Richard P. Mil/er, Ph.D., Dinesh Doshi, M.D.,
Hansel de Sousa, M.D., Matthew J. Kennedy, B.S., Donald L. Heald, M.S., Ph.D.,
Robert Bettinger, M.D., Yadin David, M.S.§

The fetal uptake of lidocaine was measured continually and
quantitatively during and after a constant rate intravenous (iv) ma-
ternal infusion into five chronically prepared pregnant ewes. Li-
docaine, 6 mg/kg (base), was infused at a constant rate for 1 h and
measurements continued to 5 h. Rate of fetal uptake was determined
from the product of the umbilical venous (UV) and fetal aortic (FA)
concentration difference and umbilical blood flow (Qu) Total fetal
uptake was determined by integrating fetal uptake rate with respect
to time. Maternal and fetal protein binding was determined, and its
effect on fetal blood concentrations was evaluated. Mean total fetal
uptake as it related to time and infused dose increased linearly (r
= 0.998, P < 0.001) with a constant, weight-normalized fetal~ma-
ternal dose fraction of 0.45 during the infusion. Despite rapidly
declining blood concentrations after the infusion, uptake increased
an additional 17%. The sevenfold variation in uptake appeared to
be inversely related to the biodegradation rate of lidocaine. Fetal-
maternal concentration ratios (F/M) increased during declining
blood concentrations. Protein binding determinations for maternal
and fetal blood were 43.6 + 2.48% and 26.9 + 1.59%, respectively.
These values were used to calculate the F/M in conjunction with
the maternal and fetal pH. At maternal-fetal equilibrium the cal-
culated F/M, 1.0 £ 0.05, closely approximated the observed, 1.0
+ 0.03. Variations in lidocaine concentrations among the vital organs
4 h after the infusion were small, but high concentrations of me-
tabolites were found in the lungs and kidneys. The results challenge
the validity of placental transfer estimates commonly based on the
F/M and umbilical cord blood concentrations. (Key words: Anes-
thesia, obstetric. Anesthetic techniques, regional: epidural. Anes-
thetics, local: lidocaine. Measurement techniques: high-pressure lig-
uid chromatography. Placenta. Protein: binding; ovine.)

ALTHOUGH lidocaine has been extensively used in ob-
stetrics and its presence in umbilical cord blood has been
readily detected, the rate and amount of fetal uptake after
maternal administration have proved difficult to deter-

* Professor of Anesthesiology.

+ Associate Professor of Pharmacology and Toxicology.

$ Associate Professor of Pharmacy.

§ Research Assistant Professor.

Received from the Department of Anesthesiology, Department of
Pharmacology and Toxicology, and College of Pharmacy, West Virginia
University, West Virginia University Medical Center, Morgantown,
West Virginia. Accepted for publication September 20, 1989. Sup-
ported by Grant No. HD 13085 from the National Institute of Child
Health and Human Development. Presented in part at the Annual
Meeting of the American Society of Anesthesiologists, New Orleans,
Louisiana, October 1981.

Address reprint requests to Dr. Kennedy: Department of Anesthe-
siology, Magee-Womens Hospital, Forbes Avenue and Halket Street,
Pittsburgh, Pennsylvania 15213.

483

mine. Speculation regarding fetal uptake and placental
transfer has been related to blood concentrations, with
conflicting opinions regarding the role of lipid solubility,'
degree of ionization, and amount of protein binding. Be-
cause fetal uptake could not be quantitated, it could not
be clearly understood. Intermittent blood sampling from
the umbilical vein (UV)dnd fetal descending aorta or iliac
artery (FA) blood and continuous measurement of the
umbilical blood flow (Qu) permit a continual estimation
of maternal-fetal exchange, which we recently reported
for bupivacaine.? Furthermore, this method provides a
better understanding of currently available data in hu-
mans as they relate to uptake and blood concentration.

In this study we determined the fetal uptake of lido-
caine following a constant rate infusion into the mother.
From the determination of maternal and fetal protein
binding, we evaluated the role that free lidocaine and its
pK, play in determining the fetal-maternal blood con-
centration ratio (F/M). These results were then compared
with the protein binding, pK,, lipid solubility, and total
fetal uptake of bupivacaine reported previously.?

Methods

ANIMAL PREPARATION

We studied five pregnant ewes (58 * 4.5 kg), the ges-
tations of which were known to be 118-125 days (0.81-
0.86 gestation) and confirmed by radiograph to be single
The surgical preparation for quantltatlve evaluation in
fetal uptake was reported previously.? Briefly, using sterile
technique and general anesthesia, an electromagnetic ﬂow
transducer was placed on the common umbilical artery®
to determine umbilical blood flow (Qu), and sampling
catheters were positioned in the common UV,* FA via
the femoral artery, fetal bladder, and a maternal femoral
artery (MA). All flow transducers were previously cali-
brated in vitro according to the Gould Blood Flowmeter
Manual.

EXPERIMENTAL PROTOCOL

On the third postoperative day the ewe was brought
to the laboratory in a cart designed to allow limited but
unrestrained movement. After an observation period
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during which fetal and maternal blood pressure, heart
rate, blood gases, and maternal temperature were found
to be normal, 7 mg/kg (6 mg base) lidocaine hydrochlo-
ride was infused into a jugular vein by syringe pump at a
constant rate over 60 min. The total dose was comparable
to a maximum dose in humans. From the MA, UV, and
FA, simultaneous blood samples, 0.5 ml, were withdrawn
and mixed with borate buffer (pH 9.5). The alkalinity
was enough to render the lidocaine lipid-soluble for the
extraction without precipitating the protein. Sampling
times were at 5-min intervals for 45 min, 15-min intervals
for 75 min, and then 30-min intervals until the end of
the 5-h observation period. At hourly intervals pH and
blood gases from the MA, UV, and FA were determined,
and fetal urine was collected. The Qu, maternal and fetal
blood pressure, and fetal heart rate were recorded con-
tinuously on a Grass polygraph.

At the end of the 5-h observation period, the fetus was
killed by an injection of saturated potassium chloride
through the UV, the ewe was killed with a commercial
concentrated pentobarbital solution, and the fetus was
delivered. The fetal weight was 3.49 * 0.43 kg and ranged
from 2.50 to 4.96 kg. Fetal brain, heart, liver, kidneys,
and lungs were removed, the wet weight of each was ob-
tained, and they were frozen for later analysis.

SAMPLE PREPARATION AND ANALYSIS

After collection all blood samples, fetal urine, and fetal
tissues were frozen for later analysis by high-pressure lig-
uid chromatography (HPLC) as previously described for
bupivacaine? with modifications for lidocaine. Etidocaine,
80 ng, was added to each specimen as an internal standard.
The mobile phase consisted of acetonitrile (HPLC grade)
in 0.05 M sodium phosphate di-basic buffer (20,/80 v,/v),
pH 3.50. The blood samples were analyzed for lidocaine.
Tissues and urine were analyzed when we were able to
simultaneously determine lidocaine and its primary and
secondary N-deethylated metabolites, monoethylglycine-
xylidide (MEGX), and glycinexylidide (GX), respectively.
The coefficients of variation are shown in table 1. The
standard curves were linear within the ranges of 20-2,000
ng/ml for lidocaine and 20-500 ng/ml for GX and
MEGX. The extraction recovered approximately 97%,
99%, and 80% of lidocaine, MEGX, and GX, respectively.

PROTEIN BINDING

Blood samples were refrigerated immediately and di-
alyzed within 24 h. Protein binding of lidocaine by ma-
ternal and fetal blood was determined by equilibrium di-
alysis as previously described.? Briefly, lidocaine was added
to maternal and fetal blood to yield concentrations of
1,875 and 1,250 ng/ml, respectively. Dialysis proceeded
at ovine body temperature (39° C) and pH (maternal 7.5,
and fetal 7.4) against 0.134 M sodium phosphate buffer.
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Intraday Variation
Concentration Interday Variation
(ng/ml) Day 1 Day 2 Day 3 Days 1-3
Lidocaine
62.5 7.79 5.69 9.05 7.19
125 5.13 4.16 9.73 6.86
250 4.27 2.01 3.42 3.45
1,000 0.67 0.09 0.10 0.37
MEGX
62.5 5.18 3.02 4.45 4.40
125 1.83 2.87 3.70 2.94
250 2.88 2.12 1.03 2.61
500 0.58 0.40 0.09 0.50
GX
62.5 17.90 11.80 14.63 13.69
125 8.57 6.15 5.70 6.61
250 5.49 2.54 3.58 4.28
625 0.70 0.37 0.52 0.54

Each value represents the coefficient of variation for four individual
samples for intraday variation and all 12 samples at each concentration
for interday variation.

CALCULATIONS

Fetal uptake rate was determined from the product of
the Qu and the difference between UV blood concentra-
tion (C,,) and FA blood concentration (Cg,). Total fetal
uptake or accumulation at any time from the start of ma-
ternal drug infusion was determined by integrating uptake
rate from time zero to time t as shown in equation 1.2

t
total uptake = f (Cov = Cr) X Qu X d, (1)

The calculated F/M was based on the maternal (oH,,)
and fetal (pHy) arterial blood pH at ovine body temper-
ature, 39° C, and unbound (free) maternal (FF,,) and fetal
(FFy) drug fractions (1-bound fraction) as shown in equa-
tion 2.% Because the reported pK, values for local anes-
thetics were determined at a standard temperature of 25°
C, the pK, for lidocaine at 39° C was calculated to be
7.65.° Blood samples from the MA and FA were used in
the calculation.

£ C 1+ 107 Fp_

X__
m G, 1+ 10" FF, @

The fetal accumulated dose was compared with the
maternal infused dose by linear regression. Changes in
Qu were evaluated by the runs test.” Unless otherwise
indicated, all data are reported as means and, for graphing
purposes, +SEM.

Results

The fetal condition remained satisfactory throughout
the observation period. Initial and 5-h mean pH values
(39° C) were as follows: MA, 7.44 + 0.04 and 7.47 + 0.04;
FA, 7.35 £ 0.02 and 7.31 % 0.04; and UV, 7.36 * 0.03
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FIG. 1. Plots (n = 5) of the mean
(£SE) lidocaine concentrations (ng/
ml) versus time (h) for the maternal
artery, umbilical vein, and fetal ar-
tery. Lidocaine was infused during
the first hour.
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and 7.39 + 0.03. Po,, Pco,, and base excess remained
within normal limits.

Plots of mean lidocaine concentrations (n = 5) in the
MA, UV, and FA versus time are shown in figure 1. The
difference between the UV and FA concentrations is
readily apparent and represents uptake by the fetus. Al-
though the lidocaine concentration from the three sam-
pling sites dropped precipitously after the infusion was
terminated, a positive UV-FA concentration difference
continued for another 20 min as indicated by the inter-
section of the UV and FA concentration lines. Thereafter
concentrations approached equality.

The mean (£SD) percentages of lidocaine bound to
protein were 43.56 = 2.48% (n = 8) for maternal and
26.91 + 1.59% (n = 29) for fetal whole blood. Concen-
trations of lidocaine were within the range of those ob-
served in this study.

FETAL UPTAKE OF LIDOCAINE
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Mean F/M (n = b), both UV/MA and FA/MA (fig.
2), reflect the changes observed in figure 1. The lower
ratios during maternal-to-fetal transfer result from the
higher maternal concentrations.

The mean Qu [n = 5 (fig. 3)] decreased (P < 0.02)
from 164 * 42 ml-kg™' +min~! to 123 + 25 ml-kg™' "
min~" at 3 h.

Mean fetal uptake rate [n = 5 (fig. 4)] rapidly increased
to a maximum of 53 + 21 ug-kg™'-min~! where it re-
mained with little change for the duration of the infusion.
Although fetal uptake rate rapidly declined after termi-
nation of the infusion, mean uptake rate continued for
another 20 min as indicated by the time intercept.

Mean total fetal uptake (accumulation) increased lin-
early during the infusion to 2.56 + 0.92 mg/kg (fig. 5).
Because the maternal dose (6 mg/kg) was infused at a
constant rate, at any time during the infusion it was di-
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for the following 4 h. 1
ﬁ
0 ol n——
w

2 3 4q S5
TIME (hours)

20z ludy g1 uo 3sanb Aq ypd°91.000-000£0066 |-Z¥S0000/0665€9/E8Y/€/Z L/HPd-01o11e/ABO|0ISOUISBUE/WOD IIEUYDIDA|IS ZESE//:d}}Y WOI) papeojumoq



486

KENNEDY ET AL.

Anesthesiology
V 72, No 8, Mar 1990

FIG. 3. Mean (£SE) umbilical
blood flow (ml-min™" - kg™) (n = 5)
during the 1-h lidocaine infusion
and the following 4 h.
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rectly proportional to the elapsed fraction of the first hour.
The cumulative maternal dose (X) and the cumulative
fetal uptake (Y) were correlated during the infusion period
(r = 0.998, P < 0.001). The equation ¥ = 0.45X — 213
describes this relationship.

The slope indicates that mean uptake was a constant
fraction of the maternal-infused dose. Individual uptake
fractions varied from 0.15 to 1.09, and all individual cor-
relation coefficients exceeded 0.996. Although the UV
and FA concentrations declined after the infusion ter-
minated, the difference remained positive, accounting for
an increase in uptake over the next 20 min from 2.56 to
3.00 £ 0.10 mg/kg, equal to a fetal-maternal fraction of
0.5. Except in the fetus with the highest uptake fraction,
which returned 18% to the mother by 3 h, the general
pattern was similar. Little maternal-fetal lidocaine ex-
change occurred once the maximum uptake was attained.

Urine was collected from three fetuses. The hourly
excretion of lidocaine and its metabolites is shown in fig-
ure 6.

Figure 7 shows the mean tissue concentrations of li-
docaine and metabolites in vital organs (n = 5) and, for
comparison, the 5-h mean concentration of lidocaine in

FA blood (n = 4). Concentrations of MEGX and GX were
highest in kidney and lung. The two concentrations were
similar in all tissues.

Discussion

The dose of lidocaine used in this study produced mean
maternal and fetal blood concentrations similar to those
reported after epidural anesthesia in pregnant women.®®
There were, however, considerable individual variations
in MA, UV, and FA concentration at the end of the in-
fusion, when the variation in MA concentration was
threefold. At the same time there was a sevenfold indi-
vidual difference in fetal uptake.

Variations in total fetal lidocaine uptake were much
higher than that of bupivacaine,? and we speculate that
this was caused by variations in degradation. For example,
we observed that the preparation with the highest uptake
produced the lowest metabolite concentration (MEGX)
in the fetal lung. The converse was true for the fetus with
the greatest lung MEGX concentration. This fetus had
the lowest fetal lidocaine uptake. The least urinary me-
tabolite excretion of the three fetuses from which urine

F1G6. 4. Mean (+SE) fetal lido-
caine uptake rate (ug - kg™ min™")
(n = 5) during the 1-h lidocaine in-
fusion and the following 4 h.
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FIG. 5. Plot of mean (n = 5) fetal
lidocaine uptake versus cumulative
maternal dose during a 1-h constant
rate infusion. The equation for the
regression line is ¥ = 0.45X — 213,
P < 0.001. The time equivalent of
the abscissa in minutes = 0.01 ug
so that the calculated X-intercept
in minutes is 4.73 min. Therefore,
the equation indicates that the fetal
accumulation is 45% of the mater-
nal dose offset by a 4.73-min time

lag.
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was collected was also from the fetus with the highest
uptake.

Variation of uptake appears to affect back transfer of
lidocaine from fetus to mother. The only fetus that ex-
hibited back transfer of lidocaine from fetus to mother
was the one with the highest uptake. By 3 h 18% of the
fetal uptake had returned. The occurrence of back trans-
fer with minimal metabolite concentration appears similar
to the findings in our study of bupivacaine: the drug was
not degraded and back transfer occurred in all prepara-
tions.2 The lack of back transfer of lidocaine suggests that
fetal liver must also participate in the lidocaine degra-

2,000 4,000 6,000

MATERNAL INFUSED DOSE pg/kg

dation for the decline of the fetal blood concentration to
keep pace with that of the mother. Otherwise the decline
of the fetal concentration would lag behind the maternal
concentration and create a higher fetal than maternal
concentration gradient that would favor back transfer.
Unfortunately, when the blood was analyzed for lido-
caine, we were unable to determine GX and MEGX levels
from the same sample simultaneously with lidocaine and
had not previously considered it necessary to do so.
The decrease in Qu at 3 h (fig. 3) was associated with
a simultaneous decrease in fetal blood pressure. Because
no other variations, such as changes in pH or blood gases,
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FIG. 6. Hourly fetal mean excre- g B
tion (n = 3) of lidocaine, MEGX, [
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were evident, we concluded that the changes in Qu and
blood pressure were due to lidocaine and possibly its me-
tabolites. Considering that the total dose was infused in
I h and that over the same time absorption of a similar
dose from the epidural space would have equaled 50% of
the total dose,'® the decreased blood pressure and Qu
may have resulted from a relative overdose of lidocaine.

Despite varying Qu and blood concentrations, the re-
lation of total fetal uptake to the maternally infused dose
was linear during the course of the infusion (fig. 5). The
slope of the mean regression line (¥ = 0.45X — 213) in-
terpreted as a constant indicates the weight-normalized
fetal accumulation at any time during the infusion. At 30
min, when the cumulative maternal dose was 3,000 pg/
kg (a dose that will occur clinically), the fetal accumulation
was 1,137 ug/kg, which in a 3-kg fetus would equal 3.4
mg. Because the maternal infusion of lidocaine proceeded
at a constant rate, the abscissa has a time equivalent (fig.
5). The mean X-intercept for time, calculated from the
formula in figure 5, was 4.73 min. This delay was consid-
ered to be the time lag for fetal accumulation to begin.
The required maternal and fetal circulation times from
the injection site to the fetal vessels and the time for pla-
cental transfer are offered to explain the time lag. Indi-
vidual lag times varied from 1.21 to 6.12 min.

Because fetal lidocaine uptake is a product of Qu and
concentration difference of UV and FA, the increasing
UV-FA difference noted in figure 1 implies that there
should have been an increase in fetal uptake rate. How-
ever, a rate increase did not occur after 5 min (fig. 4).
Thus, for fetal uptake rate to have remained constant
during an increase in the concentration difference re-
quired a reduction in Qu, which indeed occurred (fig. 3).
A similar inverse relation of Qu and UV-FA concentra-
tion difference occurs with fetal oxygen uptake, which

HEART
(n=5)

BRAIN
{n=4)

FETAL
ARTERY

may be unaffected by reductions in Qu of more than
25%.'""'2 We observed the same Qu UV-FA relationship
to be true of fetal uptake of bupivacaine as well.?

Mean lidocaine concentrations varied little among the
vital organs, and all were close to the FA concentration
(fig. 7). Except in the brain, MEGX and GX concentra-
tions exceeded lidocaine concentration. Higher liver con-
centrations of lidocaine have been reported previously,
but the liver was obtained when the animal was killed
soon after a maternal lidocaine injection.'?® Approximately
50% of the umbilical venous blood perfuses the liver, so
that during infusion of lidocaine, higher liver concentra-
tions would have been observed.'* In our study tissues
were examined 4 h after lidocaine infusion ended; thus,
our findings would be expected to differ. Twenty minutes
after the infusion FA concentrations, representing arterial
blood below the ductus arteriosus, approximately equaled
UV concentrations, so that the liver would not have been
perfused with two different blood concentrations. The
highest accumulations of MEGX and GX were in the lung
and kidney, suggesting that fetal accumulation was similar
to that reported in adult laboratory animals.

Lidocaine appeared rapidly in the fetal urine, with
maximum excretion occurring during the second hour
(fig. 6). The time lag in the excretion of GX in relation
to MEGX appears to be consistent with a longer time for
complete deethylation when compared with the mono-
deethylation of lidocaine to MEGX. Variation in degra-
dation was noted in the total 5-h excretion ratios of me-
tabolites over lidocaine, which were 0.48, 0.32, and 0.16.
As noted, the lowest ratio, 0.16, occurred in the fetus
with the highest uptake.

The progressive increases in each F/M, UV/MA, and
FA/MA ratio during the infusion period reached their
maximum levels during the second hour. A transplacental
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equilibrium occurred when UV concentrations equaled
FA, indicating that lidocaine was neither entering nor
leaving the fetus. At this time (1 h 45 min) the mean
observed ratio was 1.0 % 0.03. The observed ratio was
compared with the calculated ratio obtained by using the
previously reported formula to calculate the F/M (equa-
tion 2).> This formula is based on the transplacental
equilibration of unbound nonionized drug and is derived
from maternal and fetal protein binding and pH at 39°
C. The average calculated ratio for the five preparations
at maternal—fetal equilibrium was 1.00 * 0.05. The close
approximation of calculated and observed F/M substan-
tiates the values we determined for ovine protein binding.
The difference from human values for maternal and fetal
protein binding of lidocaine explains the lower human
F/M, 0.44 to 0.58.'* The similarity between predicted
and observed F/M supports the concept that the F/M
results from a transplacental equilibration of free non-
ionized drug.® Variations above or below this ratio may
be explained by drug transfer to or from the fetus.

In conclusion, these results, along with those from our
bupivacaine study, fail to support two often-quoted con-
cepts. The first states that lipid solubility, not protein
binding, produces lower fetal blood concentrations by
promoting rapid tissue uptake.! It follows, however, that
fetal uptake of bupivacaine should exceed that of lidocaine
because bupivacaine’s lipid solubility is ten times that of
lidocaine (n-heptane solubility coefficient, 27.5 vs. 2.9).
The opposite occurred: the uptake fraction of lidocaine
was approximately three times that of bupivacaine (0.16).%
Thus, maternal and fetal protein binding and pH appear
to be the fundamental components controlling the fetal
concentration.

The second concept states that if a maternal overdose
occurred, fetal toxicity would less likely occur because
fetal concentrations are lower.'® Fetal local anesthetic
concentration is established by the maternal free drug
concentration, a situation that may be compared with a
dialysis membrane with one side (maternal) containing
protein and the other side (fetal) containing only buffer.
After equilibration the protein binding is determined
from the free drug concentration in the buffer. If protein
with binding capacity is added to the buffer, then the
total concentration increases but the free drug concen-
tration remains constant. Therefore, maternal free drug
concentration determines the fetal free drug concentra-
tion regardless of the degree of fetal protein binding. Fetal
protein binding can provide little additional protection
to prevent fetal toxicity.

The amount of drug carried by the fetus into the neo-
natal period is important because, lacking maternal pla-
cental clearance, the neonate is totally responsible for drug
elimination. Evaluation of the time course of blood con-
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centrations and the F/M, on which estimation of placental
transfer is often based, casts doubt upon the validity of
using these values to estimate placental transfer. Fetal li-
docaine blood concentrations may decline as fetal uptake
progresses, so that relating umbilical artery and vein con-
centrations at delivery to neonatal pharmacologic effects
may give spurious conclusions. In distinction to bupiva-
caine, lidocaine exhibits little back transfer. Thus, should
a large intravascular dose of lidocaine occur accidentally
during an attempted epidural injection, there would be
no benefit in delaying delivery to reduce the fetal dose.

The authors wish to thank D. Ryan Cook, M.D., of the Department
of Anesthesiology, University of Pittsburgh, for his review and critique
of the manuscript and Lisa Cohn, also of the Department of Anesthe-
siology, for her editorial review.
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