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Prevention of Surgical Site Infections and Biofilms:
Pharmacokinetics of Subcutaneous Cefazolin and
Metronidazole in a Tumescent Lidocaine Solution

Jeffrey A. Klein, MD, MPH*
Loralie J. Langman, PhD+

Background: Tumescent anesthesia antibiotic delivery (TAAD) consists of subcuta-
neous infiltration of antibiotic(s) dissolved tumescent lidocaine anesthesia. Tumes-
cent lidocaine anesthesia contains lidocaine (< 1g/L), epinephrine (< 1mg/L),
sodium bicarbonate (10 mEq/L) in 0.9% saline. Our aim was to measure cefazolin
and metronidazole concentrations over time in subcutaneous tumescent intersti-
tial fluid (TISF) after TAAD, in serum after TAAD and after intravenous antibiotic
delivery (IVAD). We hypothesize that the pharmacokinetic/pharmacodynamic
profiles of TAAD + IVAD are superior to IVAD alone for the prevention of surgical
site infections and biofilms.

Methods: Concentrations of cefazolin and metronidazole in TISF and serum fol-
lowing TAAD and in serum following IVAD were compared in 5 female volunteers.
Subjects received cefazolin or cefazolin plus metronidazole by IVAD alone and by
TAAD alone. One subject also received concomitant IVAD and TAAD of these 2
antibiotics. Sequential samples of serum or subcutaneous TISF were assayed for
antibiotic concentration.

Results: Cefazolin (1g) by TAAD resulted in an area under the curve of the concen-
tration—time profile and a maximum concentration (Cmax) in subcutaneous tissue
that were 16.5 and 5.6 times greater than in serum following 1 g by IVAD. Metroni-
dazole (500 mg) by TAAD resulted in an area under the curve and Cmax that were
8.1 and 24.7 times greater in TISF, than in serum after 500mg by intravenous de-
livery. IVAD + TAAD resulted in superior antibiotic concentrations to IVAD alone.
Conclusions: TAAD + IVAD produced superior antibiotic bioavailability in both
subcutaneous interstitial fluid and serum compared with IVAD alone. There was
no evidence that TAAD of cefazolin and metronidazole poses a significant risk
of harm to patients. (Plast Reconstr Surg Glob Open 2017;5:e1351; doi: 10.1097/
GOX.0000000000001351; Published online 30 May 2017.)

EXPERIMENTAL I

INTRODUCTION
Surgical site infection (SSI) and bacterial drug resis-
tance remain major problems."” Intravenous antibiotic
delivery (IVAD) may not reliably achieve adequate sub-
cutaneous antibiotic concentrations.? There is a need for
improved antibiotic delivery for the prevention of SSIs and
biofilms.>®
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Tumescent anesthesia antibiotic delivery (TAAD) con-
sists of a subcutaneous infiltration antibiotics dissolved in
a large volume (1-2L) of tumescent lidocaine anesthesia
(TLA). TLA consists of the subcutaneous infiltration of
dilute lidocaine (< 1g/L), epinephrine (£ 1mg/L), and
sodium bicarbonate (10 mEq/L) in a liter bag of 0.9%
physiologic saline.

Subcutaneous periincisional injections of antibiot-
ics, dissolved in saline, before incision reduce the risk of
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SSI.%'* TAAD is a novel mode of drug delivery that delays
systemic drug absorption and prolongs local subcutane-
ous drug effects.

This research was an exploratory phase 1 pharma-
cokinetic clinical trial comparing the subcutaneous and
systemic bioavailability of antibiotics following TAAD or
IVAD. After TAAD, subcutaneous interstitial fluid is desig-
nated tumescent interstitial fluid (TISF).

The principal aim of this research was to measure con-
centrations of cefazolin and metronidazole over time in
subcutaneous tissue and serum following TAAD and in se-
rum following intravenous (IV) delivery. We hypothesize
that, at equal doses, TAAD provides uniformly greater
subcutaneous antibiotic concentrations, area under the
curve (AUCe0), maximum concentrations (Cmax), and T
> minimum inhibitory concentration (MIC; duration of
time that drug concentration exceeds MIC) compared
with IV delivery.

A secondary research aim was to determine the corre-
lation between the antibiotic concentration (mg/L) in a
TAAD solution and the resulting antibiotic concentration
(mg/L) in TISF immediately after tumescent delivery. We
hypothesized that these 2 concentrations are highly cor-
related and nearly equal.

Another secondary research aim was to observe the
concentration—time profiles of cefazolin and metronida-
zole in serum and TISF after subcutaneous tumescent in-
filtration. We hypothesize that, at equal antibiotic doses
and equal concentration in TAAD solution, concentra-
tion—time profiles of cefazolin and metronidazole in TISF
are virtually identical. Further, we hypothesize that system-
ic antibiotic absorption following TAAD has a concentra-
tion—time profile in serum that resembles a slow constant
IV infusion.

METHODS

The authors funded this study. The protocol received
institutional review board approval, and written informed
consent was obtained before each research procedure. We
compared TAAD and IVAD with respect to concentration—
time profile, AUCee, and Cmax.

Only after requesting tumescent liposuction totally
by local anesthesia was a person offered the opportunity
to participate in this research. Subjects were offered li-
posuction at no cost. Eligibility requirements were good
health, American Society of Anesthesiologists physical
status classification 1 (ASA 1), good candidate for lipo-
suction, at least 18 years of age, not pregnant, no history
of allergy to lidocaine, cefazolin or metronidazole, and
good venous access. Exclusion criteria included use of
drugs that impair hemostasis or drugs that impair lido-
caine metabolism.

Standard solution TLA solution consisted of 1g lido-
caine, 1 mg epinephrine in 100 mL and 10 mEq of sodium
bicarbonate (10mL) in a 1,000 mL bag of saline (1g lido-
caine in 1,110mL = 0.09%). For subject 3, the lidocaine
and cefazolin concentrations in the TAAD solution were
877mg/L for infiltration into bilateral hips and outer
thighs to not exceed 45 mg/kg of lidocaine.

2

PRS Global Open © 2017

Adding cefazolin to a TAAD solutions involved with-
drawing 10 mL from the TLA solution and injecting it into
a vial of cefazolin powder then injecting the solubilized
cefazolin into the bag of TLA solution. Adding metroni-
dazole to a TAAD solution involved transferring 500 mg in
100mL into 1,110 mL of a TLA solution.

Subjects 1, 2, and 3 received cefazolin once by IV infu-
sion and then twice by tumescent infiltration.

Subject 4 received cefazolin and metronidazole dis-
solved in a single IV bag on 1 occasion by IVAD and by
TAAD into abdomen on another occasion.

Subject 5 received concurrent cefazolin and metroni-
dazole, once by IVAD, once by TAAD, and once by con-
comitant IVAD + TAAD. Procedures for individuals were
at least 7 days apart to assure complete antibiotic clear-
ance before a subsequent study.

Subcutaneous tumescent infiltration was accom-
plished using a peristaltic pump, infiltration tubing, and
Monty infiltration cannulas (HKSurgical.Com, San Cle-
mente, Calif.). All patients were fully awake and received
no parenteral sedation (see videos, Supplemental Digital
Content 10, which demonstrates the preferred technique
for subcutaneous infiltration of TAAD solution using a
multiholed plastic subcutaneous catheter, HK SubQKath,
http://links.lww.com/PRSGO/A443 and  Supplemental
Digital Content 11, which demonstrates the technique for
painless subcutaneous infiltration of large volumes of TLA
using multiholed stainless steel cannulas, http://links.lww.
com/PRSGO/A444).

IV antibiotic infusion was accomplished over 5 minutes
via an antecubital vein. Serum samples were obtained via
an indwelling IV catheter in a contralateral antecubital
vein. After IVAD, only serum antibiotics concentrations
were measured. After TAAD, serum and TISF concentra-
tions were measured.

Blood sampling technique first removed 2mL of
blood, which was discarded; then 10 mL of blood was ob-
tained in a second syringe for drug assay. Finally, the IV
catheter was flushed with 2mL saline and then heparin

‘B Video

Video Graphic 1. See video, Supplemental Digital Content 10, which
demonstrates the preferred technique for subcutaneous infiltration of
TAAD solution using a multiholed plastic subcutaneous catheter, HK
SubQKath. This video is available in the Related Videos section of the
Full-Text article on PRSGlobalOpen.com or available at http://links.
Iww.com/PRSGO/A443.
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‘B Video

Video Graphic 2. See video, Supplemental Digital Content 11, which
demonstrates the technique for painless subcutaneous infiltration of
large volumes of TLA using multiholed stainless steel cannulas. This
video is available in the Related Videos section of the Full-Text ar-
ticle on PRSGlobalOpen.com or available at http://links.lww.com/
PRSGO/A444.

(5 units/0.5mL). Beginning at time t = 0 immediately af-
ter antibiotic delivery, sequential blood samples were ob-
tained at hours 0, 1, 2, 3, and 4 hours and then every 2
hours. Serum samples were frozen.

Sequential samples of tumescent adipose tissue (10—
20mL) were obtained by hand-held syringe liposuction at
time TO immediately after TAAD and continued at hours
1, 2, 3, and 4 and then every 2 hours until the subject ex-
perienced liposuction-associated pain. Samples of fat aspi-
rate were centrifuged, supernatant fat was discarded, and
infranatant TISF was frozen. Both serum and interstitial
fluid samples were assayed for antibiotic concentration by
high pressure liquid chromatography.

The correlation (R?) between the antibiotic concentra-
tion (mg/L) in TAAD solution and Cmax (mg/L) in lipo-
suctioned aspirate (TISF) was determined.

The bioavailability of a drug in a tissue was measured
by calculating AUC, the area under the concentration-

time curve G(t) over the interval (0,T ), where t = 0 is the
time immediately after drug delivery and time t =T is the
time when the drug concentration in the targeted tissue
has returned to zero.

Suppose time t = T is the time of the last measurement
of the drug concentration in the tissue, and that G(T) >
0, then time T < T and T, must be estimated by visually
extending the curve C(t) to the point where C(t) crosses
the horizontal axis. Thus, AUCee = AUC(0, T) + AUC(T,
T,), where AUC(0, T) was determined using the trapezoid
rule. AUC(T, T ) has the shape of a triangular of height
C(T), base length (TT) and area 1/2 C(T) (TT).

RESULTS

The research cohort consisted of 5 healthy adult fe-
male volunteers, ages 37-64 years. Each subject partici-
pated in 2-3 pharmacokinetic procedures. There were 15
pharmacokinetic procedures: 6 IVAD procedures and 9
TAAD procedures.

The maximum concentrations of cefazolin and met-
ronidazole in a TAAD solution were 900mg/L and
413mg/L, respectively. See Figures 1-5 and Tables 1-5 for
individual concentration—time profiles. Lidocaine dosages
ranged from 20 to 45mg/kg (see additional figures and
supplemental raw data, Supplemental Digital Content 1-9,
http://links.lww.com/PRSGO/A442).

In TISF, peak antibiotic concentrations (Cmax) oc-
curred at the time of the initial sample, thereafter con-
centrations declined linearly. TAAD produced a Cmax for
both cefazolin and metronidazole in TISF approximate-
ly equal to the mg/L concentration in TAAD solution
(R?=0.97; Fig. 6). In serum after TAAD, antibiotic Cmax
occurred after 812 hours, thereafter concentrations de-
clined slowly over many hours. In serum after IVAD, Cmax
occurred at the time of the initial serum sample, thereaf-
ter concentrations declined exponentially.

When antibiotic doses by TAAD and IVAD were equal,
the antibiotic concentrations in TISF after TAAD were
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Fig. 1. (Subject 1): Comparison of concentration-time profiles of cefazolin by IVAD
(red) and TAAD (blue) into subcutaneous abdominal fat of a 74.3-kg female. Square
symbols represent 1,000 mg by TAAD1 in a 900 mg/L solution. Triangle symbols rep-
resent 1,000 mg by TAAD2 in a 450 mg/L solution. Round red symbols show 1,000 mg
by IVAD. Closed symbols represent concentrations in TISF, and open symbols are con-
centrations in serum.
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Fig. 2. (Subject 2): Comparison of concentration-time profiles of cefazolin by IVAD
(red) and TAAD (blue) in the breasts of a 76.4-kg female. Square symbols represent
500mg by TAAD1 in a 450mg/L solution (one breast). Triangle symbols represent
500mg by TAAD2 in a 225 mg/L solution (bilateral breasts). Round red symbols show
1,000 mg by IVAD. Closed symbols represent concentrations in TISF, and open symbols
are concentrations in serum.
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Fig. 3. (Subject 3): Comparison of concentration-time profiles of cefazolin by IVAD
(red) and TAAD (blue) into the hips and outer thighs of a 66.4-kg female. Square sym-
bols represent 870 mg by TAAD1 in a 228 mg/L solution (bilateral). Triangle symbols
represent 435 mg by TAAD2 in a 228 mg/L solution (one side). Round symbols show
1,000 mg by IVAD. Closed symbols represent concentrations in TISF, and open symbols

are concentrations in serum.

strictly greater than in serum after IVAD at every time
point. It follows that AUCee, Cmax, and T > MIC (for any
hypothetical MIC) in TISF after TAAD were greater than
in serum after IVAD.

Subject 1 received 1g of cefazolin by TAAD and 1g of
cefazolin by IVAD. The AUCe and Cmax in interstitial
fluid were 16.5 and 5.6 times greater, respectively, after
TAAD than in serum after IVAD.

Subject 4 received 500 mg of metronidazole by TAAD
and 500mg metronidazole by IVAD. The AUCe and
Cmax for metronidazole were 8.1 and 24.7 times greater,
respectively, in TISF after TAAD than in serum after IVAD.

After TAAD, the AUCee for cefazolin in TISF increased
when the mg/L concentration of cefazolin was increased
in the TAAD solution (subject 2) and when mg dose of
cefazolin was increased in the TAAD solution (subject 3).

4

As expected, because of differences in volume of distri-
bution and rates of clearance, equal mg doses of cefazolin
and metronidazole by IVAD produced considerably dif-
ferent concentration—time profiles in serum. In contrast,
TAAD of equal mg doses and equal mg/L concentrations
of cefazolin and metronidazole in the TAAD solution re-
sulted in identical concentration—time profiles in TISF
(subject 4; Fig. 7).

For subject 5, when the total doses of cefazolin and
metronidazole by IVAD + TAAD equaled the doses by
IVAD, IVAD + TAAD resulted in more prolonged serum
antibiotic concentration and higher TISF concentrations
compared with IVAD alone.

The maximal rates of subcutaneous tumescent infiltra-
tion ranged from 125mL/min to 250 mL/min. At this rate
the infiltration was virtually painless.
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Fig.4. A, (Subject 4): Comparison of cefazolin concentration-time profiles after 500 mg
by IVAD (red, round symbols) and 500 mg by TAAD (blue, square symbols) in 413 mg/L
solutions into subcutaneous abdominal fat of a 66.3-kg female. Closed symbols repre-
sent concentrations in TISF, and open symbols are concentrations in serum. B, (Subject
4): Comparison of metronidazole concentration-time profiles after 500mg by IVAD
(red, round symbols) and 500 mg by TAAD (blue, square symbols) in 413 mg/L solu-
tions into subcutaneous abdominal fat of a 66.3-kg female. Closed symbols represent
concentrations in TISF, and open symbols are concentrations in serum.

No adverse or unusual systemic or cutaneous reactions
(inflammation, tenderness, unusual ecchymosis) were ob-
served following TAAD.

DISCUSSION

For tumescent lidocaine at 28mg/kg in healthy subjects,
the risk of mild lidocaine toxicity is 1/5,000,000.” In patients
with significant cardiac, hepatic, or renal impairment, the tu-
mescent lidocaine dosages with TAAD may need to be reduced.
Otherwise 28mg/kg is safe with or without general anesthesia.
Anesthesiologists commonly provide general anesthesia to-
gether with IV lidocaine over 24 hours at total lidocaine dos-
ages that can exceed 28mg/kg. At these dosages of IV lidocaine
under general anesthesia toxicity is extremely rare.'®

This research was an exploratory phase 1 clinical tri-
al comparing 2 modes of antibiotic delivery: IVAD and
TAAD, a novel mode of antibiotic delivery. We compared
IVAD and TAAD with respect to bioavailability and maxi-
mum tissue antibiotic concentrations (Cmax).

TAAD consists of antibiotics dissolved in a solution of
TLA. TLA solutions consist of lidocaine (< 1g/L), epi-
nephrine (< 1mg/L), sodium bicarbonate (10 mEq/L)
dissolved in 0.9% physiologic saline.

TLA is at least a 10-fold dilution of commercial 1%
lidocaine with epinephrine 1:100,000. TLA provides
long-lasting (= 8 hours) local anesthesia, local subcutane-
ous vasoconstriction, and profound surgical hemostasis.
TLA is used for a wide range of surgical procedures.'”%

This research was intended to be a proof of concept
pharmacokinetic study in anticipation of a subsequent ran-
domized clinical trial (RCT) of TAAD + IVAD versus IVAD
alone for SSI prevention. To minimize the sample size re-
quired for the RCT, the target population ought to have
a high risk of SSI. The risk of SSI typically exceeds 15%
among open colorectal surgeries in diabetic, obese, im-
munocompromised, or trauma patients. We chose to study
cefazolin and metronidazole because they are generic, ef-
fective, inexpensive, widely available, and commonly used
for colorectal surgery SSI prophylaxis. When mixed togeth-
er, cefazolin and metronidazole are stable in solution and
are effective after subcutaneous injection for prevention of
SSIs.*#2 TAAD may prove useful in reconstructive surgery
where SSIs are more common than in cosmetic surgery.

Effective antibiotic prophylaxis of SSIs depends on ad-
equate antibiotic concentrations at the surgical incision
site throughout the duration of the surgical procedure.*
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Fig. 5. A, (Subject 5): Comparison of concentration-time profiles following 1,200 mg
of cefazolin by IVAD1, by TAAD1, and by concomitant IVAD2 + TAAD2. Square blue
symbols represent TAAD1 of a 1,200 mg/L solution. Triangle green symbols represent
800 mg by TAAD2 in a 800 mg/L solution with concomitant 400 mg by IVAD2. Round
red symbols show 1,200mg by IVAD1. Closed symbols represent concentrations in
TISF, and open symbols are concentrations in serum. B, (Subject 5): Comparison of
concentration-time profiles following 600 mg of metronidazole by IVAD1, TAAD1, and
IVAD2 + TAAD?2. Square blue symbols represent TAAD1 of a 600 mg/L solution. Triangle
green symbols represent 400 mg by TAAD2 in a 400 mg/L solution with simultaneous
200 mg by IVAD2. Round red symbols show 600 mg by IVAD1. Closed symbols repre-
sent concentrations in TISF, and open symbols are concentrations in serum.

Table 1

Subject 1, Concentration Cmax AUCe Cmax AUCe
Abdomen, Antibiotic Volume (L) (mg/L) of TAAD (mg/L) (mg-hr) /L (mg/L) (mg-hr) /L
Cefazolin. Dose (mg) of TAAD Solution of Serum of Serum of TISF in TISF
IVAD 1,000 — — 146.1 324.2 — —
TAAD1 1,000 1.110 900 20.2 245.8 822.7 5,349
TAAD2 500 2.220 450 11 111.6 456.8 2,339

Subject 1 presents the pharmacokinetic parameters for quantitative comparison of doses, concentrations and modes of delivery of cefazolin by IVAD and by TAAD
into abdominal subcutaneous tissue.

Table 2.

Subject 2, Concentration Cmax AUCe Cmax AUCe
Breast(s), Antibiotic Volume (L) (mg/L) of (mg/L) (mg-hr) /L (mg/L) (mg-hr) /L
Cefazolin Dose (mg) of TAAD TAAD Solution of Serum of Serum of TISF in TISF
IVAD 500 — — 123.3 124.3 — —
TAAD1 500 1.110 450 19.8 239.9 467.4 4,071
TAAD2 500 2.220 225 10.2 114.5 209.4 1,586.6

Subject 2 presents the pharmacokinetic parameters for quantitative comparison of doses, concentrations and modes of delivery of cefazolin by IVAD and by TAAD
into subcutaneous tissue of female breasts.
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Table 3.

Subject 3, Concentration Cmax AUCe Cmax AUCe
Hips-Outer Thighs, Antibiotic Volume (L) (mg/L) of (mg/L) (mg-hr) /L (mg/L) (mg-hr) /L
Cefazolin Dose (mg) of TAAD TAAD Solution of Serum of Serum of TISF in TISF
IVAD 870 — — 156 270.6 — —
TAAD1 870 3.774 225 16.2 178 175.3 1,196
TAAD?2 435 1.887 225 6.6 16.2 177.2 1,332

Subject 3 presents the pharmacokinetic parameters for quantitative comparison between doses, concentrations and modes of delivery of cefazolin by IVAD and by
TAAD into subcutaneous tissue of female hips and outer thighs.

Table 4.
Concentration Cmax AUCee Cmax AUCee

Subject 4, Antibiotic Volume (L) (mg/L) of TAAD (mg/L) (mg-hr) /L (mg/L) (mg-hr) /L
Abdomen Dose (mg) of TAAD Solution of Serum of Serum of TISF in TISF
Cefazolin

IVAD 500 — — 175 292.2 — —

TAAD 500 1.21 413 9.3 129 370 2,580.5
Metronidazole

IVAD 500 — — 15 121.9 — —

TAAD 500 1.21 413 4.8 81 370 2,595

Subject 4 presents the pharmacokinetic parameters for quantitative comparison between doses, concentrations and modes of delivery of solutions that contained
both cefazolin and metronidazole. Cefazolin and metronidazole were delivered simultaneously by IVAD. On a later date, cefazolin and metronidazole were deliv-

ered simultaneously by TAAD into abdominal subcutaneous tissue.

Table 5.
Concentration Cmax AUCe Cmax AUCee
Subject 5, Antibiotic Volume (L) (mg/L) of (mg/L) of (mg-hr) /L (mg/L) (mg-hr) /L
Abdomen Dose (mg) of TAAD TAAD Solution Serum of Serum of TISF in TISF
Cefazolin
IVAD 1,200 — — 175 325 — —
TAAD1 1,200 3.483 1,200/3.483 = 345 18 144 394 2,484
IVAD + TAAD2 1,200 (400 IVAD 2.000 800/2.000 = 400 60 300.5 354 2,977
and 800 TAAD2)
Metronidazole
IVAD 600 — — 14 127 — —
TAAD1 600 3.483 600/3,483 =172 4.8 81 160 1,032
IVAD + TAAD2 600 (200 IVAD 2.000 400/2,000 = 200 5.9 116.7 150 1,126
and 400 TAAD?2)

Subject 5 presents the pharmacokinetic parameters for quantitative comparison between doses, concentrations and modes of delivery of solutions that
contained both cefazolin and metronidazole. First, Cefazolin and metronidazole were delivered simultaneously by IVAD. On a later date, cefazolin and

metronidazole were delivered simultaneously by TAAD into abdominal subcutaneous tissue. After another week, solutions containing both cefazolin and
metronidazole were delivered concurrently by both by IVAD and TAAD into abdominal subcutaneous tissue.
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Fig. 6. Following TAAD, there is a close correlation between the cefazolin concentra-
tion (mg/L) in the TAAD solution and the resulting peak (Cmax) cefazolin (mg/L) con-
centration in the TISF, with a coefficient of determination of R* = 0.975.
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Fig. 7. (Subject 4): Comparison of cefazolin 500 mg (blue) and metronidazole 500 mg
(red) concentration-time profiles in TISF (closed symbols) by TAAD in 413 mg/L solu-
tions and in serum (open symbols) after 500 mg by IVAD. The pharmacokinetic profiles
are distinctly different in serum after IVAD but virtually identical in TISF after TAAD.

The risk of implant surface biofilm formation is correlated
with antibiotic concentration in periimplant tissue.**

The antibiotic concentration in TISF immediately af-
ter TAAD is virtually identical to the antibiotic concentra-
tion in the TAAD solution. Clinicians can use TAAD to
deliver a preselected initial subcutaneous antibiotic con-
centration at a proposed surgical incision site. For some
antimicrobials (e.g., aminoglycosides) achieving greater
TAAD-like subcutaneous antibiotic concentrations solely
by IVAD might not be possible or might pose a significant
risk of harm to patients.

At equal antibiotic doses, TAAD provides superior sub-
cutaneous antibiotic bioavailability (AUCee), Cmax, and T
> MIC compared with IVAD. Assuming equal IV doses, the
concomitant delivery by TAAD + IVAD is pharmacokineti-
cally superior to IVAD alone.

Tumescent drug delivery has 3 distinct therapeutic
properties: local physical effects, local pharmacologic ef-
fects, and systemic pharmacologic effects.

Local physical effects of TAAD include mechanical
compression of capillaries and veins.

The 0.9% saline component of a tumescent solution pro-
vides prolonged local tissue hydration that prevents desicca-
tion of the surgical wound surface. Tumescent tissue acts as
a subcutaneous reservoir of 0.9% saline solution at the infil-
tration (incision) site and can reduce IV fluid requirements.

Local pharmacologic effects of TAAD include epi-
nephrine-induced prolonged and profound capillary
vasoconstriction. TAAD takes advantage of the fact that
subcutaneous drug absorption is perfusion-rate limited.
Reduced subcutaneous blood flow with TAAD effectively
isolates the TISF from the systemic circulation resulting in
sustained local drug action. The concentration of a TAAD
solution of antibiotics that is nontoxic to subcutaneous tis-
sues may far exceed the antibiotic concentration that can
be reliably achieved in subcutaneous tissue by IVAD.

Continuous IV infusion of antibiotics may be more ef-
fective than intermittent bolus IV infusion in acutely ill
patients.* Continuous IV infusion may reduce the emer-
gence of bacterial resistance and overcome existing re-
sistant bacteria.** Slow systemic absorption of lidocaine
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and antibiotics following TAAD produces serum concen-
tration—time profiles that resemble a slow constant IV in-
fusion persisting for 12 hours or more.

TAAD maximizes peak drug concentrations in subcuta-
neous tissue while simultaneously minimizing serum Cmax,
compared with IVAD. For surgical procedures confined to
subcutaneous tissue, TAAD minimizes the peak antibiotic
concentration to which gut microflora are exposed.

Following IVAD, concentrations of cefazolin and met-
ronidazole are typically lower in interstitial fluid than in
serum.®%" Our results show that concentrations in serum
after IVAD were always less than in TISF after TAAD, at
every time point. Thus, TAAD + IVAD is always superior
to IVAD alone with respect to AUCee, Cmax, and T>MIC
in subcutaneous interstitial fluid and in serum, assuming
equal IVAD doses. This suggests that TAAD + IVAD ought
to improve antibiotic prophylaxis of wound infections.

TAAD + IVAD may be superior for preventing the
emergence of bacterial antibiotic resistance. The emer-
gence of bacterial antibiotic resistance is concentration
dependent. Resistant mutants proliferate at antibiotic
concentrations between the MIC and the (higher) mutant
prevention concentration (MPC) but do not proliferate at
concentrations below the MIC or above the MPC.*!

Antibiotic delivery to a surgical incision site is reduced
as a result of decreased local blood flow due to wound
cautery, capillary thrombosis, and tissue desiccation. After
IVAD, a concentration gradient can develop between an
incision site surface (lower concentration) and the vascu-
lar compartment (higher concentration).

This concentration gradient may allow resistant mu-
tants at an incision site to evade competition and flour-
ish by invading tissues with higher drug concentrations,
where less resistant strains do not survive.’>* The TAAD
concentrations above MPC at a surgical incision site, the
site of potential bacterial contamination, may improve SSI
prophylaxis and bacterial resistance prevention.**

TAAD alone is pharmacokinetically superior to IVAD
for achieving high, prolonged subcutaneous antibiotic
concentrations in wounds confined to skin and subcutane-
ous tissue. This suggests the hypothesis that TAAD alone
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may reduce the risk of incision site wound infection and
biofilm formation of subcutaneous implanted devices.

TAAD + IVAD is pharmacokinetically superior to
TAAD alone or IVAD alone, assuming equal IVAD doses,
for achieving high, prolonged subcutaneous and systemic
antibiotic concentrations. This suggests a second hypoth-
esis that TAAD + IVAD is superior to IVAD alone for pre-
venting SSI in wounds involving deep organs and tissues.

Cefazolin and metronidazole have distinctly different
pharmacokinetic characteristics after IVAD. But after TAAD,
the subcutaneous concentration—time profiles of cefazolin
and metronidazole are virtually identical. This suggests that
diverse drugs, including antibiotic, antiviral, antifungal, and
antitumor drugs, may have similar subcutaneous concentra-
tion—time profiles in TISF after tumescent delivery.

We found no adverse effects of tumescent cefazolin, met-
ronidazole, lidocaine, or epinephrine. The subcutaneous
injection of cefazolin and metronidazole is “off-label” ac-
cording to United States Food and Drug Administration—ap-
proved package insert labeling. Yet, subcutaneous antibiotic
delivery for systemic effect is commonly used for palliative
therapy.”% These reports and our present data suggest that
tumescent delivery of dilute cefazolin and metronidazole
represents a nonsignificant risk of harm to patients.

Prolonged open gastrointestinal surgical procedures
exceeding 4 hours require redosing with IV antibiotics for
optimal SSI prophylaxis.®® There is a high rate of noncom-
pliance with intraoperative redosing.®” Our data suggests
that the combination of TAAD + IVAD provides prolonged
high antibiotic concentrations in TISF and serum and may
reduce the risk of SSI associated with noncompliance to
redosing requirements.*

CLINICAL APPLICATION OF TAAD
In clinical practice, we suggest using 1L or more of
TAAD solution consisting of 1g cefazolin, 500 mg of met-
ronidazole, 1g of lidocaine with 1 mg epinephrine, and 10

mEq sodium bicarbonate per 1L bag of 0.9% physiologic
saline or Ringer’s lactate.

Stainless steel tumescent infiltration cannulas or plas-
tic tumescent subcutaneous catheters are used for effi-
cient, painless TAAD (Fig. 8, 9).

A trained nurse can perform TAAD infiltration in
the patient’s hospital room or in the preoperative area
1-3 hours before incision, thus reducing the surgeon’s
work load in the operating room and allowing time for
detumescence and optimal interstitial distribution of the
TAAD solution.

The prolonged high tumescent antibiotics concentra-
tions in subcutaneous tissue may reduce the need to pre-
cisely give IV antibiotics 30-60 minutes before an incision.
With detumescence, tissue remains anesthetic and vaso-
constricted for hours while becoming less waterlogged
and more easily manipulated.

THERAPEUTIC PROPERTIES OF

TUMESCENT LIDOCAINE

The 0.09% lidocaine in the TAAD solution reduces the
pain associated with antibiotic injection, provides immedi-
ate onset of local surgical anesthesia and prolonged post-
operative analgesia. The lidocaine component of a TAAD
solution has significant antibacterial, antiplatelet, and sys-
temic antiinflammatory effects.

Lidocaine in vivo is bactericidal at 3mM (0.09%), the
concentration of lidocaine in a TAAD solution.*"> The
lidocaine in a TAAD solution may act synergistically with
TAAD antibiotics to kill bacteria. Antibacterial effects of li-
docaine have been attributed to disruption of microbial cell
membrane permeability by transmembrane anion (Na', K¥,
Ca') channel blockade.”" Slow constant systemic absorp-
tion of lidocaine prevents SSI in a mouse model.”™

Lidocaine impairs platelet function at tumescent lido-
caine concentrations (= 3mM) and may reduce the risk
of venous thromboembolism.”"® Although tumescent

Fig. 8. A, There are 3 different types of stainless steel tumescent Monty infiltration
cannulas. The Full Monty has holes distributed along nearly its entire length. The Half
Monty has holes distributed along the distal half of the cannula. The Tip Monty has
holes confined to the distal 2.5 cm of the cannula. The Monty cannulas can be inserted
into subcutaneous fat, then withdrawn and reinserted in another direction. B, Over-
the-needle subcutaneous catheter for TAAD consists of a 15 cm flexible plastic cath-
eter, with holes distributed longitudinally along the distal 90% of the catheter length,
and a sharp-tipped hollow stainless steel stylet, shown assembled and disassembled.
The subcutaneous catheters are inserted into subcutaneous tissue and remain in one
place throughout the entire process of TAAD infiltration.
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Fig. 9. Female abdomen demonstrating the visible blanching and
tumescence following TAAD with bilateral tumescent infiltration
catheters (solid green lines) inserted into subcutaneous fat parallel

to a proposed midline abdominal incision (dotted green line).

lidocaine impairs platelet activation, it does not impair
surgical hemostasis.®'

Lidocaine has significant pharmacologic antiinflam-
matory properties at clinically safe serum concentrations.
Lidocaine may inhibit systemic inflammatory responses to
surgical trauma and bacterial infection.®® Tumescent in-
filtration into traumatized or infected tissue engulfs large
volumes of damaged tissue, which may prevent or delay
the systemic absorption of inflammatory cytokines, che-
mokines, histones, and pathogens.

The continuous systemic absorption of up to 28 mg/kg
of tumescent lidocaine provides predictably safe convenient
therapeutic serum lidocaine concentrations, in the range of
1-3mg/L, for up to 24 hours or more. Systemic lidocaine has
been reported to provide preemptive, interoperative, and
postoperative analgesia.”” Lidocaine local anesthesia reduces
postoperative narcotic use with earlier return of normal bowl
function and earlier postoperative ambulation.”*'*! Sodium
bicarbonate in the TAAD solution raises the pH of the solu-
tion and eliminates the stinging pain associated with acidic
pH of commercial solutions of lidocaine and epinephrine.'”?

RISKS OF TUMESCENT DRUG DELIVERY

Human error is the most dangerous aspect of tumescent
drug delivery. To avoid miscommunication, legible written
physician orders must specify the amount of lidocaine in
terms of total milligrams per bag of tumescent solution and
total mg/kg dosage permitted for any individual patient.
Every bag of TAAD solution must be clearly labeled on both
sides with tumescent safety labels that state, “Subcutaneous
Tumescent Lidocaine, Not for IV.” Inadvertent IV delivery
of a TAAD solution must be avoided.
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LIMITATIONS OF THIS STUDY

This research has involved a limited number of patients
and is not designed to replicate procedures, test hypoth-
eses, or estimate pharmacokinetic parameters. Our data
suggest that TAAD + IVAD is pharmacokinetically superior
to IVAD for SSI prevention, but it does not show that TAAD
+ IVAD is clinically superior to IVAD for SSI prevention.

Some measurements of antibiotic tissue concentrations
were discontinued before complete clearance of the antibiot-
ic. In such cases, the last measured antibiotic concentration
was > 0, and the estimation of AUCee required a subjective
visual estimation of the terminal concentration—time curve.
Nevertheless, the differences between clinically measured
portions of the AUCee were so pronounced that the size of
the last portion of the AUCee did not affect the conclusions.

It is plausible that the transient tumescent vasocon-
striction and local tissue hypoxia produced by TLA may
adversely affect the incidence of SSIs. However, the in-
cidence of SSIs associated with large volume tumescent
liposuction totally by local anesthesia performed under
standard aseptic technique is extraordinarily small.'**-%°

We only investigated the use of cefazolin and metro-
nidazole. The use of other antibiotics for TAAD or IVAD
requires clinical investigation to document its safety.

FUTURE RESEARCH
We propose a multicenter RCT of concomitant TAAD
+ IVAD versus IVAD alone, with the primary endpoint
being a reduced incidence of SSI for a variety of surgi-
cal procedures. Secondary endpoints are postoperative
thromboembolism, surgical blood loss, systemic and local
inflammatory response to surgical trauma and surgery,
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postoperative narcotic requirements, time to postopera-
tive ambulation, and length of stay in hospital. Potential
target population include patients undergoing procedures
at high risk for SSIs, such those involving prolonged com-
plex plastic surgical procedures, contaminated abdominal
wounds, diabetes, impaired immunity, combat wounds,
burns, and patients within medically indigent communi-
ties (Supplemental Digital Content 2, http://links.lww.com/
PRSGO/A442).

CONCLUSIONS

Subcutaneous antibiotic bioavailability using TAAD is
superior to that of IVAD. The hypothesis that combined
TAAD + IVAD is more effective than IVAD alone for SSI
prevention, assuming equal IV antibiotic doses, remains
to be tested with RCT. There was no evidence that TAAD
of cefazolin and metronidazole poses a significant risk of
harm to patients.
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