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What We Already Know about This Topic

• Postoperative pain associated with living donor open partial hepa-
tectomy can be intense and persistent

• Intraoperative IV lidocaine infusions in patients undergoing open 
abdominal procedures reduce both postoperative pain scores and 
morphine requirements in the first 72 postoperative hours

• Lidocaine undergoes hepatic metabolism to the active metabolites 
monoethylglycinexylidide and glycinexylidide, which also undergo 
hepatic metabolism

• Pharmacokinetic changes experienced by patients undergoing liv-
ing donor hepatectomy are likely due to the anesthesia, laparotomy, 
and isolation of hepatic blood vessels for liver resection

What This Article Tells us That Is New

• The hypothesis that the elimination clearances of lidocaine, mono-
ethylglycinexylidide, and glycinexylidide are reduced after a partial 
hepatectomy for living liver donation was tested in 15 patients who 
received intraoperative lidocaine infusions until graft isolation

• The typical value (± standard error of the estimate) for baseline 
lidocaine elimination clearance, 0.55 (± 0.12) l/min, decreased to 
0.17 (± 0.02) l/min once the donor graft was surgically isolated, 
and monoethylglycinexylidide and glycinexylidide clearances were 
proportionately reduced after hepatectomy

• The fraction of the liver remaining was a significant model covariate

aBStract
Background: Postoperative pain associated with open partial hepatectomy 
can be intense and persistent. The multimodal approach used to lessen this 
problem includes an intraoperative intravenous infusion of lidocaine hydro-
chloride. Decreased hepatic metabolism after resection raises concerns about 
safe lidocaine dosing in this patient population. The hypothesis was that the 
elimination clearance of lidocaine and its metabolites, monoethylglycinexyli-
dide and glycinexylidide, is reduced after a partial hepatectomy, as reflected by 
observed plasma concentrations that are higher and have a longer half-life than 
expected based on pharmacokinetic modeling (estimated for normal liver func-
tion). Secondarily, this study postulated that plasma concentrations of lidocaine, 
monoethylglycinexylidide, and glycinexylidide do not reach toxic concentrations 
with institutional protocol up to 24 h after surgery.

Methods: Blood samples were collected from 15 patients undergoing a par-
tial hepatectomy for living liver donation, at the following specific time points: 
before and immediately after induction of anesthesia, during hepatectomy, 
30 min after hepatectomy completion, at case end, and 24 h after the end of 
surgery. Plasma concentrations of lidocaine and metabolites were measured by 
liquid chromatography–mass spectrometry. The population lidocaine pharma-
cokinetics were estimated, and total body weight and the fraction of remaining 
liver mass as potential model covariates were evaluated. The detection of any 
lidocaine, monoethylglycinexylidide, or glycinexylidide toxic plasma concentra-
tions at any time point during and after hepatectomy were also evaluated.

results: The typical value for lidocaine elimination clearance was 0.55 ± 0.12 
l/min (± standard error of the estimate) which, on average, was reduced to 
about one third of the baseline clearance, 0.17 ± 0.02 l/min, once the donor 
graft was surgically isolated, and remained so for 24 h according to the current 
data and model. The fraction of remaining liver was a significant covariate for the  
posthepatectomy lidocaine clearance‚ such that if 50% of the liver is removed 
the clearance is reduced by approximately 60%. Plasma concentrations of 
lidocaine and its metabolites remained below their theoretical combined toxic 
threshold concentrations throughout the surgical and postoperative course in 
all patients, with one exception obtained near induction of anesthesia. Plasma 
lidocaine concentrations decreased at case end and postoperatively, while 
metabolite concentrations continued to rise at the end of surgery with reduc-
tion postoperatively. Pharmacokinetic modeling revealed that the only significant 
covariate in the model was the fraction of liver remaining after isolation of the 
donor graft.

conclusions: Intravenous lidocaine infusions are an acceptable option for 
multimodal pain management in patients undergoing a hepatectomy for liv-
ing donation if the lidocaine infusion is stopped when the liver resection is 
complete. Clearance of lidocaine is decreased proportionally to the remaining 
liver mass, which should guide lidocaine infusion administration or dosing 
adjustments for patients undergoing liver resection surgery.
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The number of living donor hepatectomies performed 
annually in the United States, per United Network for 

Organ Sharing data, has almost doubled over the past decade, 
from 282 in 2010 to 524 in 2019.1 Acute surgical pain after 
hepatectomy for donation may be intense and persist for up 
to 1 yr in 21 to 27% of patients,2,3 with the longest dura-
tion of postsurgical pain being reported as 168 months.4 
Enhanced Recovery After Surgery protocols specific to 
patients undergoing partial hepatectomy for liver donation 
are being developed,5 sharing principles from protocols 
designed for other hepatobiliary surgeries.6–8 The analge-
sia regimen of previously reported protocols for patients 
undergoing liver resections combined regional techniques 
with multimodal intravenous (IV) analgesic agents.6–8 A 
key consideration specific to liver donors is an expected 
sensitivity to opioids due to their opioid naïveté and the 
metabolic alterations of partial hepatectomy. It is imperative 
that perioperative protocols for donors provide optimum 
analgesia while minimizing opioids and their side effects.5 
Indeed, implementation of the Enhanced Recovery After 
Surgery protocol for liver donors by Khalil et al.5 resulted in 
reduced postoperative pain during the first 3 postoperative 
days, decreased narcotic use, an earlier recovery of bowel 
function, and earlier intake of a regular diet.5

Intravenous infusions of lidocaine are routinely used 
intraoperatively for visceral pain reduction in patients under-
going open abdominal procedures. Intravenous lidocaine has 
both analgesic and antihyperalgesic effects, which are medi-
ated by sodium channel blockade in nociceptive neurotrans-
mission.9 Intravenous lidocaine (1.5 mg/kg over 10 min, 
followed by an IV infusion of 1.5 mg · kg ˗1 · h˗1) reduces 
both postoperative pain scores and morphine requirements 
in the first 72 h after major abdominal surgery, compared 

to an infusion of placebo.9 In this study, plasma lidocaine 
concentrations remained stable during the infusion and well 
below the toxic lidocaine concentration threshold (5 μg/
ml).9 However, no patients in this study underwent a liver 
resection. Lidocaine is metabolized via hepatic metabo-
lism, including both CYP3A4 and CYP1A2, producing the 
active metabolites monoethylglycinexylidide (MEGX) and 
glycinexylidide (GX), which also undergo hepatic metab-
olism.10–12 The metabolites MEGX and GX are equipotent 
and 25% as potent as lidocaine in terms of toxicity, respec-
tively.13,14 Lidocaine clearance after a bolus administration is 
reduced after a hepatectomy in dogs and humans,15 but there 
are no data examining plasma lidocaine concentrations and 
clearance when it is delivered by constant infusion during 
donor hepatectomy. Estimation of lidocaine clearance in the 
setting of partial hepatectomy will provide a rational basis 
for lidocaine dosing throughout the perioperative period.

At our institution, all patients undergoing partial hepatec-
tomy for donation receive a standardized weight-based IV 
lidocaine infusion from induction of anesthesia until com-
pletion of hepatectomy. If the elimination clearance of lido-
caine is reduced after substantial liver resection, a decreased 
clearance could lead to a higher-than-expected lidocaine 
concentration during infusion and a longer than expected 
half-life after termination of the infusion upon removal of the 
liver graft. Our hypothesis is that the elimination clearance of 
lidocaine and its metabolites is reduced during partial hepa-
tectomy. Secondarily, we postulate that this pharmacokinetic 
alteration using an infusion protocol that stops at liver resec-
tion completion does not result in toxic plasma lidocaine or 
metabolite concentrations during and up to 24 h after surgery.

Materials and Methods
This prospective study was reviewed and approved by the 
Colorado Multiple Institutional Review Board (Denver‚ 
Colorado;  approval No. 19-1626). Signed informed con-
sent was obtained from all patients before participation.

Patient Population

Any adult (at least 18 yr) patient scheduled for an open par-
tial hepatectomy for living liver donation at the University of 
Colorado Hospital (Aurora‚ Colorado) between December 
2018 and June 2019 was eligible for this study. Exclusion 
criteria included refusal to participate in the study, being 
unable to provide informed consent, or presenting with a 
plasma hemoglobin concentration less than 8 g/dl.

All study patients undergoing an open partial hepatec-
tomy for liver donation received our standardized multi-
modal analgesia regimen for living liver donors as described 
in supplemental table S1 (http://links.lww.com/ALN/
C953). These recommendations include the administration 
of an initial bolus of 1 mg/kg IV lidocaine hydrochloride 
during induction of general anesthesia, immediately fol-
lowed by a continuous infusion of 1 mg · kg ˗1 · h˗1. The 
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dosing recommendations were adjusted by the anesthesia 
team at their discretion. The lidocaine infusion was discon-
tinued when the graft was isolated.

Study Intervention

Study patients provided informed consent allowing the col-
lection of up to 30 ml of blood, collected at different time 
points during surgery and 24 h later for research purposes. 
Blood samples were obtained from a central venous catheter 
or from an arterial catheter at the following time points: 
before induction of general anesthesia in the preoperative 
area (preoperative), immediately after induction of general 
anesthesia (induction), during hepatectomy (hepatectomy), 
within 30 min after hepatectomy completion (posthepatec-
tomy), within 30 min after the end of surgery at case end/
intensive care unit arrival (surgery end), and 24 h after sur-
gery (24 h postoperative). Central venous and arterial sam-
ples sites are roughly equivalent in terms of drug mixing 
during an IV infusion, and so these data were treated equally 
for data analyses.16,17 Of note, our research assistant requested 
blood samples from the most convenient site that was avail-
able during normal clinical care to minimize interference 
with the anesthetic care of the patient. If the anesthetic care 
of the patient impeded the collection of study blood sam-
ples, the patient would be removed from the study, and no 
additional study samples would be obtained. Once collected, 
blood samples were immediately placed on ice and then 
transported to the laboratory, where the plasma was sepa-
rated by centrifugation and stored at ˗80°C until analysis.

Data Collection

We collected the following variables from each patient: 
age on the date of surgery (yr), sex, weight (kg), height 
(cm), doses of IV lidocaine hydrochloride administered  
(mg/kg; bolus dose, infusion rate(s), infusion duration, and 
total dose), graft type (right lobe, left lobe, or left lateral 
segment), duration of surgery (min), preoperative estimated 
graft volume (ml), total estimated liver volume (ml) deter-
mined by imaging (MeVis AG, Bremen, Germany), and the 
liver graft weight (g) upon surgical removal. The percentage 
of liver resected was calculated as the ratio of the actual liver 
graft weight and the estimated total liver volume.

Analysis of Plasma Concentrations of Lidocaine, MEGX, 
and GX by Liquid Chromatography–Mass Spectrometry

The samples were thawed immediately before mass spectrome-
try analysis to measure plasma lidocaine, MEGX, and GX con-
centrations. The reference compound lidocaine was obtained 
from Sigma-Aldrich (USA). MEGX and GX, as well as the 
corresponding stable isotope-labeled internal standards, were 
from Toronto Research Chemicals (Canada). All calculations 
were carried out using Sciex Analyst software (version 1.6.2; 
Sciex, USA). The analytical range was 25 to 10,000 ng/ml for 
lidocaine, MEGX, and GX. Said liquid chromatography–mass 

spectrometry analysis was carried out by iC42 Clinical 
Research and Development (USA) in an American College of 
Pathologists–accredited and Clinical Laboratory Improvement 
Amendments–certified laboratory environment. To estimate 
accuracy, 75% of calibration samples were less than ±15% from 
nominal, except for the sample with the lowest concentration 
of analyte  that can be quantitatively determined, which was 
less than ±20%. As a measure of precision, two thirds of the 
quality control samples in an analytical batch were within 15% 
of the nominal concentration. The assay and its key perfor-
mance parameters are described in more detail in the supple-
mental digital content (http://links.lww.com/ALN/C953).

Statistical Analysis

Categorical variables were summarized using frequency (%). 
Continuous variables were summarized as mean (SD) or 
median (first quartile, third quartile) based upon evaluation of 
normality via boxplots and the Shapiro–Wilk test. Prospective 
power calculations were not completed, given the lack of 
existing data on the outcomes. Rather, a minimum sample 
size of 10 was targeted during the study period, with addi-
tional cases collected if the number of procedures was higher 
than expected. MATLAB (Mathworks GmbH, Germany) 
and R version 4.1.0 (Austria) were used for all analyses.

Pharmacokinetic Modeling

For purposes of a combined pharmacokinetic model of lido-
caine and its metabolites, MEGX and GX (fig. 1), concentra-
tions of the metabolites were adjusted by their molar ratios 
relative to lidocaine. The population pharmacokinetics for 
plasma lidocaine, MEGX, and GX were analyzed in a stepwise 

Fig. 1. Schematic diagram of compartmental model used to fit 
lidocaine, monoethylglycinexylidide (MEGX), and glycinexylidide 
(GX) plasma concentrations versus time data. The drug is admin-
istered into the central compartment, VC (line topped with circle), 
of the two-compartment lidocaine model with a peripheral com-
partment, V2, and intercompartmental clearance, Q2. Lidocaine 
elimination clearance (CLlid-MEGX) represents production of MEGX 
via a delay element to a single MEGX compartment, VMEGX, from 
which it is cleared by elimination to GX (CLMEGX-GX) via a delay 
element to a single GX compartment, VGX, from which it is cleared 
by elimination clearance (CLeGX).
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manner. First, one, two, and three compartmental models were 
fitted to lidocaine concentration versus time data from which 
the most parsimonious model was determined, and then 
potential covariates were assessed for inclusion in the model. 
The lidocaine post hoc parameter estimates, including covari-
ates, were carried forward to the modeling of the MEGX and 
GX data, resulting in proportionate reductions in clearance 
posthepatectomy for these metabolites. Subsequent modeling 
of metabolites requires assumptions, as actual production (or 
dose) of the metabolites is unknown. For modeling purposes, 
we assumed that all lidocaine is metabolized to MEGX and 
that all MEGX is metabolized to GX. Thus, lidocaine, MEGX, 
and GX concentration versus time data were fit to the most 
parsimonious lidocaine model in which the elimination clear-
ance was assumed to produce MEGX with a volume of dis-
tribution equal to that of lidocaine and MEGX elimination 
clearance producing GX with a volume of distribution set to 
one half that of lidocaine. Two cell metabolic delay elements 
were placed between parent and metabolite compartments.

Pharmacokinetic Data Analysis 

Pharmacokinetic data analysis was performed with Phoenix 
NMLE 8.3 using the FOCE ELS algorithm (Certara, USA). 
Model parameters were assumed to be log-normally distrib-
uted across the population. Residual error was calculated 
as relative error. Model selection was based on a significant 
decrease in the ˗2LogLikelihood (chi-square test, P < 0.01), 
assessing goodness of fit by visual inspection, and the follow-
ing goodness-of-fit plots: conditional weighted residuals ver-
sus time plots, conditional weighted residual versus predicted 
plots, and individual predicted versus observed plots. Random 
effects (ω) were removed for parameters in which shrinkage 
values were above 0.90. Visual predicted checks were cre-
ated by simulating 500 data sets based on the model’s fixed 
and random effects parameters and comparing the simulated 
5th, 50th, and 95th quantiles to those of the actual data. The 
m3 method of Beal18 for including GX concentration data 
below the limits of quantitation was applied (all lidocaine and 
MEGX concentrations were within the quantifiable range).

Potential model covariates were sought via stepwise 
search in which potential covariates were added when the 
˗2LogLikelihood decrease was at the P < 0.05 significance 
level (χ2-test) and removal did not result in an increase of the 
˗2LogLikelihood at the P < 0.01 significance level. We used 
these relaxed levels of significance as this pilot study had 
only 15 subjects with only 6 blood samples each, inclusive of 
baseline. Demographic data considered in the covariate test-
ing were: body weight (BW) as an exponential relationship:

θi = θTV × (BW/10 )
∧
θcov

where θTV and is the typical value for the parameter, and 
θcov  is the parameter that quantifies the covariate effect. 
The fraction of remaining liver (f

liver-remaining
) was assessed as a 

time-varying covariate with a value of 1 at all times before 
the graft was surgically isolated and a constant value less 
than 1 at all times thereafter, modeled as a linear relationship:

θi = θTV ×
(
1 +

(
fliver-remaining − 1

)
∗ θcov

)

where θTV and is the typical value for the parameter, and 
θcov  is the value of the relative covariate effect. Age and 
sex were not considered for covariate analysis.

results
A total of 15 consecutive patients were approached and 
included in this study. No patients refused to participate 
or were excluded for any reason. The patient characteris-
tics and surgical details are shown in table 1. The major-
ity (11 of 15, 73%) of participants underwent a right lobe 
hepatectomy, and the resected graft size ranged from 14 
to 63% of the total donor’s liver. Preoperative samples (A) 
were missing from five patients. However, all measured pre-
operative samples were below the limits of quantification. 
Therefore, we also assumed concentrations below the level 
of quantification for the missing samples. No patients were 
removed from the study once enrolled. No adverse events 
were noted in any participant throughout the study period.

table 1. Patient Characteristics

characteristic value 

Number of patients 15 (100%)
Demographic data  
 Age, yr 35.6 (9.0)
 Male 6 (40%)
 Weight, kg 76.5 (15.5)
 Height, cm 173.2 (8.8)
Surgical procedure duration, min 343.5 (44.9)
Graft details  
 right lobe donor graft, n 11 (73%)
  Graft weight, g 860 (147.3)
  Proportion of liver resected, % 55 (7.2)
 Left lobe donor graft, n 2 (13%)
  Graft weight, g 154 and 372 (NA)
  Proportion of liver resected, % 16 and 30 (NA)
 Left lateral segment donor graft, n 2 (13%)
  Graft weight, g 240 and 290 (NA)
  Proportion of liver resected, % 18 (NA)*
Lidocaine administration details  
 Bolus dose, mg,
  Weight-based, mg · kg ˗1 · h˗1

73.8 (23.9)
0.97 (0.27)

 Infusion dose, mg/h
  Weight-based, mg · kg ˗1 · h ˗1

73.6 (14.4)
0.98 (0.17)

 Infusion duration, h 3.31 (0.69)

The data are presented as N (%), mean (SD), or minimum and maximum  
(NA; if N = 2), unless otherwise specified.
*Proportion of liver resected was available from only one patient.
NA, not applicable.
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Lidocaine Administration

All patients received an IV lidocaine bolus during induction 
of anesthesia. This bolus dose ranged from 40 to 100 mg, 
with a mean of 73.8 mg. When adjusted for individual 
patient weight, patients received a bolus between 0.47 and 
1.64 mg/kg with a mean of 0.97 mg/kg. All patients received 
a continuous IV lidocaine infusion that was initiated shortly 
after induction. The infusion rate of lidocaine was between 
0.60 and 1.48 mg · kg ˗1 · h˗1 with a mean of 0.98 mg · kg ˗1 
· h˗1. The total lidocaine infusion doses were calculated and 
ranged from 3.1 to 5.3 mg/kg with a mean of 4.1 mg/kg. 
Infusions were discontinued at the time of graft isolation, 
and no further lidocaine was administered. The summary of 
administered IV lidocaine is shown in table 1.

Graft Size

Of the 15 patients, the majority donated a right lobe graft 
with the others donating left lobe or left lateral segment 
grafts (see details in table 1). The graft weight to total esti-
mated liver volume weight was calculated as a percentage. 
For the 11 patients who had a right lobe graft removed, the 
graft constituted a mean estimated 55% of liver volume; 
for a left lobe graft, the graft constituted 23%; and for a left 
lateral segment graft, the graft constituted 18%.

Plasma Concentrations of Lidocaine, MEGX, and GX

Summarized plasma concentrations of lidocaine, MEGX, 
and GX at each time point are shown in figure 2. Samples 
were drawn at the following time points before the start of 
the lidocaine infusion, shown as median (minimum, maxi-
mum): preoperative, ˗99 min (˗120, ˗75); induction, 13 min 
(˗10, 27); and hepatectomy, 122 min (15, 235). Samples were 
also drawn at the following time points after stopping the 
infusion: posthepatectomy, 8 min (-22, 34); surgery end, 
107 min (90, 341); and 24 h postoperative: 1.202 min (1.076, 
1.278). Plasma lidocaine, MEGX, and GX concentrations 
(fig. 2a) were undetectable before induction and progres-
sively increased to reach the highest concentrations during 
and after completion of the hepatectomy. Plasma lidocaine 
concentrations decreased at the end of surgery and even 
further 24 h later. All observed plasma lidocaine concentra-
tions were below the potentially toxic threshold of 5 μg/
ml, except for a single measurement from a sample collected 
at induction of anesthesia. Based on the time point and the 
administration protocol, this could be related to a larger- 
than-average lidocaine bolus dose, coupled with an earlier 
than average collection time, thus reflecting a comparatively 
higher plasma lidocaine concentration during the early tis-
sue distribution phase. Several metabolite concentrations 
were below the level of quantification; for analysis purposes, 
these values were represented by 0. The plasma MEGX con-
centration (fig.  2b) increased after induction of anesthesia 
and continued to rise even at the end of surgery, being lower 
24 h later. The preoperative plasma concentration of GX 

(fig. 2c) was also undetectable in all samples. After induc-
tion of anesthesia, all plasma GX concentrations except one 
were undetectable. Plasma GX concentrations rose during 
hepatectomy, after hepatectomy, and through to the end of 
surgery, after which they were lower at 24 h.

Pharmacokinetic Modeling of Lidocaine and Its 
Metabolites

Individual lidocaine plasma concentrations versus time 
data are shown in figure 3a, along with a simulation of the 

Fig. 2. Summarized plasma concentrations of lidocaine (A), 
monoethylglycinexylidide (MEGX; B), and glycinexylidide (GX; C) 
from all patients. The values are at the following time points: 
column A, preoperative; column B, postinduction of anesthe-
sia (within 30 min of lidocaine infusion start); column C, during 
hepatectomy; column D, after hepatectomy; column E, at case 
end or intensive care unit dropoff; and column F, 24-h sample. 
Box-whisker plot outliers are denoted by plus signs (+).
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plasma lidocaine concentrations versus time relationship for 
an infusion of median duration using the pharmacokinetics 
of Rowland et al.19 Figure 3b displays the observed plasma 

lidocaine concentration versus time relationship along with 
the sum of toxicity potential of lidocaine, MEGX, and 
GX, calculated as the sum of concentrations: [lidocaine] + 
[MEGX] + 0.25*[GX], versus time with the reference of 
toxicity threshold at 5.0 μg/ml. Fitted lidocaine population 
pharmacokinetic models had ˗2LogLikelihoods of 107.4, 
65.5, and 64.2 for one-, two-, and three-compartment  
models, respectively; thus, a two-compartment model as 
shown in figure 1 was selected as the most parsimonious 
model. The only significant covariate in the model was the 
fraction of the liver remaining after the donor graft was 
surgically isolated with a ˗2LogLikelihood of 60.16. The 
post hoc parameter estimates for lidocaine were fixed before 
fitting the MEGX and GX concentration data to the model 
in figure  1. The final pharmacokinetic model parameter 
values are given in table  2 along with ω standard errors 
and shrinkage estimates. Estimates for the typical values 
of the metabolic delay elements were 89.9 and 37.6 min 
for CL

lid-MEGX
 and CL

MEGX-GX
, respectively, but the percent 

coefficients of variation for these parameters were greater 
than 100%. Thus, these estimates were each fixed to 45 min. 
It is likely that more blood samples would be needed to 
adequately estimate the metabolic delays. The typical value 
(± standard error of the estimate) for lidocaine elimina-
tion clearance was 0.55 ± 0.12 l/min, which, on average, 
was reduced to about one third of the baseline clearance, 
0.17 ± 0.02 l/min, once the donor graft was surgically iso-
lated and remained so for 24 h according to the current data 
and model. In accordance with our modeling assumptions, 
MEGX and GX clearances were proportionately reduced 
after hepatectomy as well.

The observed versus final typical model and post hoc indi-
vidual model predictions for lidocaine concentration are 
presented in figure 4 (a and b). The relationships between 
conditional weighted residuals versus predicted concentra-
tions and time are presented in figure 4 (c and d, respec-
tively). Similar graphs are presented in figure 4 (e through 
h) for MEGX and figure  4 (i through l) for GX data, 
respectively. The visual predictive checks were performed as 
described and are presented in figure 5.

discussion
In this prospective study, we evaluated the plasma concen-
trations of lidocaine from patients during and after open 
partial hepatectomy for liver donation receiving intraoper-
ative IV lidocaine infusions. In this patient cohort receiving 
lidocaine infusions following our institutional protocol, we 
did not observe any toxic plasma concentrations of lidocaine 
and its metabolites (MEGX and GX) during or after com-
pletion of the liver resection. The pharmacokinetic anal-
ysis of lidocaine from these patients showed the expected 
reduced clearance proportional to the resected liver graft, 
but the reduced clearance did not result in unexpectedly 
high plasma lidocaine concentrations as the infusions were 
terminated well before significant fractions of the eventual 

Fig. 3. Observed lidocaine plasma concentrations over time (in 
min) from all patients. (A) Individual lidocaine concentrations are 
represented by gray lines. The black line is the locally weighted 
scatterplot smoothing (Lowess) plot. The red line represents the 
simulated lidocaine concentration versus time following the phar-
macokinetic modeling with mean dose and median duration using 
the pharmacokinetic model by rowland et al.19 (B) Individual lido-
caine concentrations are represented by blue open circles, and 
the total toxicity-contributing concentrations of lidocaine, mono-
ethylglycinexylidide (MEGX), and glycinexylidide (GX), calculated 
as the sum of concentrations: [lidocaine] + [MEGX] + 0.25*[GX], 
are represented by orange diamonds. The dashed reference line 
signifies the 5 µg/mL lidocaine toxicity threshold.
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steady-state concentrations could be attained (i.e., 3 to 5 
elimination half-lives).

Previously, patients receiving epidural lidocaine infu-
sions have been investigated to determine the effect of 
epidural infusion and surgical procedure on lidocaine con-
centration.20 It was found that neither the catheter insertion 
site nor the procedure type had any significant effects on 
the lidocaine concentration with the exception of patients 
undergoing hepatectomy.20 Not surprisingly, patients 
undergoing hepatectomy while receiving continuous epi-
dural lidocaine infusions developed markedly elevated 
plasma concentrations at several time points throughout the 
operative period without reaching toxic concentrations.20 
However, these investigators did not evaluate concentra-
tions during the administration of an IV infusion, nor did 
they estimate the pharmacokinetic changes associated with 
partial hepatectomy.

To date, there is insufficient data supporting the safety 
of lidocaine infusions continued beyond completion of the 
hepatectomy. The purpose of this study was to ensure that 
our institutional regimen had an acceptable safety profile 
and to determine the pharmacokinetics in this patient pop-
ulation to guide lidocaine dosing in the future. Other than 
the single outlier concentration of plasma lidocaine greater 
than 5 μg/ml (shown in fig. 2), which was measured at anes-
thesia induction, no lidocaine concentrations neared toxic 

levels. The metabolite concentrations followed a similar 
pattern to lidocaine, showing concentration decreases that 
began postoperatively. There were no instances of metabo-
lite concentrations that failed to decrease as expected.

Patients undergoing living donor hepatectomy are a 
unique population as they lack confounding comorbid 
medical conditions. They have no underlying degree of 
liver dysfunction, and thus all pharmacokinetic changes are 
attributed to the conduct of anesthesia, laparotomy, and iso-
lation of hepatic blood vessels for the liver resection. These 
patients undergo extensive screening to rule out any preex-
isting medical conditions to ensure that the procedure risk 
is minimized. It is likely that performing the same study 
in patients undergoing hepatectomy for liver disease would 
yield different results; one would expect a higher degree 
of hepatic dysfunction and reduced elimination clearance 
perioperatively. However, performing this study in patients 
who are otherwise healthy without any preexisting comor-
bidities allowed the establishment of a baseline safety pro-
file and an expected minimally perturbed pharmacokinetic 
model of lidocaine for hepatectomy.

In comparison to the lidocaine pharmacokinetics esti-
mated by Rowland et al.19 in healthy volunteers (fig. 3a), 
we found that V

SS
 was larger (table 2, 1.1 l/kg versus 2.5 

l/kg) but was well within V
SS

 estimates of (0.6 to 4.5 l/
kg) reported in more comprehensive work by Rowland’s 
group.21 More significantly, the baseline estimate of lido-
caine clearance, determined during surgery but before 
hepatic resection, in these healthy adults undergoing lap-
arotomy was 70% of the estimated clearance in nonsur-
gical healthy volunteers (0.55 l/min versus 0.79 l/min, 
respectively).19 This 30% reduction in clearance compares 
to the 62 to 68% reduction in hepatic blood flow mea-
sured in 88 patients undergoing open cholecystectomy 
and open gastrectomy operation under either halothane or 
ether anesthesia,22 suggesting that such surgical interven-
tions have major effects on liver blood flow and, perhaps, 
commensurate effects on the clearance of drugs such as 
lidocaine, known to have flow-limited metabolic clearance. 
Since we do not have independent data regarding nonsur-
gical baseline, hepatic blood flow, and only limited timed 
blood samples during this time frame, we cannot rule out 
other causes for our lower estimates of clearance, including 
study design. Additionally, there was a further reduction 
in clearance at the time of surgical isolation of the donor 
liver graft, demonstrated in the covariate analysis, in direct 
proportion to the fraction of the liver removed (equation 
2 and table 2) that persisted for the 24 h of our sampling 
schedule. In this pilot study, we did not explore potential 
nonlinearities involving such factors as loss of liver mass, 
metabolic capacity, changes in hepatic blood flow and its 
autoregulation, or further deterioration in these factors in 
the postoperative period or their recovery over time.

Lidocaine pharmacokinetics share characteristics of other 
drugs used in the perioperative period. Specifically, lidocaine 

table 2. Parameters of the Final Pharmacokinetic Model

Model Parameters

typical value ± 
Standard  
error of  

estimate 

ω2 ± Standard 
error  

of estimate Shrinkage 

Lidocaine
 VC, L 74.1 ± 13.2 0.25 ± 0.16 0.27
 V2, L 120.0 ± 39.7
 Q2, L/min 0.17 ± 0.04 0.17 ± 0.21 0.52
 CL

lid-megx, L/min 0.55 ± 0.12 0.47 ± 0.28 0.07
 Covariate (fliver-remaining) 1.23 ± 0.10
 Metabolic delay, min 45*
 δ

lid
0.42 ± 0.08  1.88 ± 2.28 0.03

MEGX
 CL

megx-gx/f, L/min 1.69 ± 1.28
 δmegx

0.10 ± 0.02
GX
 CL

gx/f, L/min 0.84 ± 0.24 1.34 ± 1.01 0.03
 δgx

0.02 ± 0.005

*Fixed to 45 min. 
GX, glycinexylidide; MEGX, monoethylglycinexylidide; CLlid-MEGX, elimination clear-
ance of lidocaine and production clearance of MEGX; CLMEGX-GX/f, elimination 
clearance of MEGX and production clearance of GX; CLGX/f, elimination clear-
ance of GX, with f signifying potential deviation from the modeling assumption 
of all lidocaine elimination producing MEGX and all MEGX elimination producing 
GX in sequence and that lidocaine clearance reductions associated with partial 
hepatectomy results in proportional clearance reductions for MEGX and GX; Q2, 
intercompartmental clearance between the central compartment, VC, and the 
peripheral compartment V2; Covariate (fliver-remaining), value of the covariate for the 
fraction of the liver remaining after isolation of the donor graft; δ, proportional 
(relative) intrasubject variability; ω2, intersubject variability. 
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distributes rapidly to a volume of distribution roughly corre-
sponding to a multiple of body weight, and its metabolism by 
CYP1A2 and CYP3A4 has high capacity, which means that 
clearance is determined by liver blood flow. Since these phar-
macokinetic characteristics are similar for ketamine, propofol, 
and fentanyl, it is not unreasonable to expect similar find-
ings for these drugs administered perioperatively in patients 
undergoing donor hepatectomy. Thus, caution and further 
studies in this unique patient population are warranted.

There are limitations to our study, the most obvious of 
which is the small sample size and the implementation at 
a single institution. There were some missing data in our 
study: preoperative blood samples were missing from five 

patients, one missing a blood sample from the case end 
(E), and one patient did not have a calculated liver volume 
noted within their surgical procedure note. Thus, we were 
unable to calculate the proportion of liver resected for this 
patient (noted in table 1); instead, the fraction planned for 
resection from preoperative imaging was used. The missing 
preoperative samples were not felt to be prohibitive given 
that all remaining patients had preoperative undetect-
able concentrations for lidocaine and metabolites. Future 
evaluation of lidocaine clearance in patients undergoing 
hepatectomy for reasons other than living liver donation 
may produce different results. This is important given the 
frequency with which lidocaine infusions are utilized in 

Fig. 4. Diagnostic plots for the pharmacokinetic models of lidocaine, monoethylglycinexylidide (MEGX), and glycinexylidide (GX). Plots in 
the left column show the observed versus the predicted concentrations (open circles) for typical model-predicted (A), the post hoc individual 
models for lidocaine (B), as well as for MEGX (E and F) and GX (I and J), respectively. The black lines show identity. Plots in the middle column 
depict the conditional weighted residuals versus the predicted concentrations for lidocaine (C), MEGX (G) and GX (K), respectively. Plots in the 
right column present the conditional weighted residual time for lidocaine (D), MEGX (H), and GX (L), respectively. Red lines show the locally 
weighted scatterplot smoothing for the absolute residuals and its mirror. Blue lines show the locally weighted scatterplot smoothing at the 
50th percentile. MEGX and GX concentrations represent the concentrations normalized to that of lidocaine for modeling purposes.
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Enhanced Recovery After Surgery protocols for several 
types of surgical procedures, including those in patients 
with perioperative hepatic dysfunction.

Our findings suggest that lidocaine infusions can be con-
tinued into the postoperative period after donor hepatectomy. 
For instance, to maintain a plasma lidocaine concentration of 
1.0 μg/ml after resection of the hepatic graft, the lidocaine 
infusion should be reduced to a rate calculated according 
to the liver lobe and, thus, the approximate percentage of 
the total liver removed. In the case of the right lobe (44.5% 
remaining after graft resection), the calculation from table 2 
is as follows: C

SS
 × Cle = 1.0 μg/ml × 0.55 l/min × (1 + 

(0.445 - 1) × 1.230) = 1.0 mg/l × 0.175 l/min × 60 min/h 
= 10.5 mg/h. Similarly, the highest MEGX and GX con-
centrations would occur at steady-state, so their maximum 
contributions to potential drug effects and/or toxicities can 
be calculated for MEGX as the ratio of its production and 
elimination clearances (i.e., 0.55 l/min/1.69 l/min = 0.325) 
and for GX as the ratio of its production and elimination 
clearances, corrected for the steady-state MEGX concen-
tration relative to lidocaine or 0.325 (i.e., 1.69 l/min/0.84 
l/min × 0.325 = 0.625, which should be further corrected 
by 0.25 to account for the lower toxicity of GX, relative 
to the equipotent lidocaine and MEGX. Thus, at a steady-
state plasma lidocaine concentration of 1.0 μg/mL, the total 
plasma lidocaine concentration in terms of toxic potential 
would be: 1.0 μg/ml + 1.0 μg/ml × 0.325 + 1.0 μg/ml × 
0.625 × 0.25 = 1.48 μg/ml. If different target concentrations 
are desired, these relationships should be proportional if the 
clearances are, indeed, first order and stationary.23 Caveats to 
these dosing recommendations include using these parame-
ter estimates beyond the 12 h of data collection, beyond the 
fractions of remaining liver studied in this sample of patients 
(0.26 to 0.84) and the preliminary nature of these results, 
based on only 15 patients with 5 plasma lidocaine/metab-
olite measurements per patient. Follow-up studies to cor-
relate lidocaine plasma concentrations with postoperative 
pain scores should be combined with these pharmacokinetic 
results to implement a safe and more rational lidocaine dos-
ing regimen for reduction of postoperative pain after donor 
hepatectomy. Additionally, these results support the poten-
tially substantial effect of major open abdominal surgery and 
resection of a significant proportion of the liver on lidocaine 
elimination clearance, which justify further prospective clin-
ical trials to better elucidate these pharmacokinetic effects.

In conclusion, clearance of lidocaine is reduced during 
hepatectomy proportionally to the liver mass resected. 
Plasma concentrations of lidocaine and its metabolites 
(MEGX and GX) are expected to accumulate up until 24 h 
after liver resection. However, IV lidocaine infusions do 
not lead to unsafe accumulation of plasma lidocaine or its 
metabolites and can be used for intraoperative multimodal 
pain management during hepatectomy surgery for dona-
tion if the lidocaine infusion is stopped at completion of 
the liver resection.

Fig. 5. Visual predictive checks of lidocaine plasma concentra-
tions. (A) Plasma lidocaine concentration. (B) Plasma monoethyl-
glycinexylidide (MEGX) concentration. (C) Plasma glycinexylidide 
(GX) concentration. The blue circles represent the observed data 
for lidocaine plasma concentrations. The red dashed line rep-
resents the 50th percentile of the observed concentrations at 
each time point, and the black lines represent the 95th, 50th, 
and 5th percentiles of the simulated concentrations at each time 
point except for GX which are the 75th, 50th, and 25th percen-
tiles. MEGX and GX concentrations represent the concentrations 
normalized to that of lidocaine for modeling purposes.
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The Deadly Allure of Piso’s Cure

In pursuit of the American Dream, patent medicine entrepreneurs marketed various panaceas in the 19th century. 
One such nostrum was Piso’s Cure for Consumption, first made in Warren, Pennsylvania, in 1864. Shamelessly 
touted as a treatment for tuberculosis, Piso’s Cure contained within its gleaming bottle (left) a potent blend of 
chloroform, cannabis, opium, and alcohol. Cheerful advertisements of rosy-cheeked youth (right) promised glow-
ing health, masking the dangers that lurked within. Profits soared as growing masses—Civil War veterans and 
small children alike—fell victim to Piso’s charms. But decades later, the power of the pen would prevail. In 1905, 
journalist Samuel Hopkins Adams published a series of 11 articles in Collier’s Weekly titled “The Great American 
Fraud.” Far from curing illness, Adams argued, the quack remedies of the patent medicine industry—Piso’s Cure 
included—only hastened death. His exposé inspired passage of the Pure Food and Drug Act (1906), a set of 
consumer protection laws that mandated ingredient labels on drugs (left) and led to the formation of the Food 
and Drug Administration. Piso’s Cure for Consumption would continue to be sold until World War II, albeit 
under the milder moniker of Piso’s Remedy for Catarrh (left and right). (Copyright © the American Society of 
Anesthesiologists’ Wood Library-Museum of Anesthesiology. www.woodlibrarymuseum.org)
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