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Abstract

Tumescent injections are a method of delivering concentrated antibiotic directly to skin
infections. We present a detailed physical picture, based on diffusion-weighted magnetic
resonance imaging, computed tomography, and 3D-scanning on live and dead pigs, that
highlights its potential to effectively treat drug-resistant wound infections. Subcutaneous
tissue has the remarkable ability to expand several times in thickness upon injections of high
volumes of fluid. Pores are opened up, dispersing the fluid and dramatically increasing tissue
permeability. The tumescent fluid (here, physiological saline) remains localized for a couple
hours on its own, or over 7 hr with 1:100 000 dilute epinephrine. Adding high concentrations
of antibiotic to the tumescent fluid will expose invading organisms - even drug-resistant ones
- to levels above their minimum inhibitory concentration for many hours, yet the total dose
will remain low. Clinical trials testing this technique should begin immediately.
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Can skin infections and chronic wounds1

(diabetic ulcers, pressure sores, etc.) be2

treated with targeted antibiotic injections?3

If you infuse concentrated antibiotic into4

the tissue directly underneath an infected5

wound, will it cure the infection? The chief6

advantage of local treatments is that drugs7

can be delivered directly to the affected re-8

gions at higher concentration with reduced9

risk of systemic toxicity. Topical applica-10
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tion can be effective in some cases, but not11

for treating chronic, especially antibiotic-12

resistant, wounds. What about infusing an-13

tibiotic into the volume of the infection it-14

self in a way that causes it to completely15

permeate the tissue?16

This question appears simple to answer.17

Surely someone must have tried targeted18

antibiotic injections in the nearly hundred19

years since humanity discovered penicillin.20

Yet there is a surprising void in the litera-21

ture on this topic. Perhaps someone tried22
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Figure 1: A tumescent injection of 10 mL saline
(dyed blue) causes a large, conspicuous bleb to form
in the skin of a dead pig (inset). Slicing into it re-
veals that the liquid is trapped in the subcutaneous
tissue, which was forced to expand to accommodate
the liquid.

but it was not effective and not reported.23

Or perhaps no one has tried because there24

are good medical reasons and/or rational-25

izations why it could not work, or, in fact,26

be dangerous. For instance, a concentrated27

antibiotic may be toxic to tissue and cause28

necrosis. Further, injecting fluid into an in-29

fection is a great way to make it spread30

(Duran-Reynals, 1929, 1942); but is this31

still the case if the fluid is an antibiotic?32

Even if the injection is safe in itself, if it is33

absorbed and distributed to the entire body34

rapidly, then the net effect of the injection is35

equivalent to a systemic dose, and the ben-36

efits of a local treatment are lost.37

For antibiotic injections to be effective,38

they must be done in such a way where:39

1) The drug is at least tolerated by skin40

and subcutaneous tissue at concentrations41

high enough to kill the offending organism.42

2) The drug thoroughly permeates the en-43

tire volume where the organism resides, in-44

cluding micro-pores in the interstitial ma-45

trix. A simple injection may be coarsely46

distributed in a root-like, or river-delta like,47

pattern, leaving regions in-between rivulets48

untreated; this is to be avoided. 3) The49

drug must reside in the infected tissue long50

enough to kill the infection. There is a51

trade-off between criteria 1) and 3); higher52

concentrations will require less time to erad-53

icate the infection.54

We argue that tumescent antibiotic injec-55

tions can fulfill all these criteria and will56

become a safe, effective, and irreplaceable57

method of curing skin and soft-tissue in-58

fections, particularly chronic wounds, and59

especially antibiotic-resistant ones. Crite-60

rion 1) is easily satisfied. For instance,61

Nicolau and Silberg (2015) report that ce-62

fazolin at a concentration of 1.024 mg mL−1
63

is above the minimum inhibitory concen-64

tration (MIC) of all but 1 of 1239 MRSA65

isolates tested. Although the cefazolin con-66

centration that would cause necrosis in sub-67

cutaneous tissue is not known, Harb et al.68

(2009) tested ceftriaxone at 350× higher69

concentration with no sign of toxicity. Fur-70

ther, slow, subcutaneous antibiotic infu-71

sions are regularly performed as an alterna-72

tive to oral or IV delivery (Azevedo et al.,73

2012), without adverse effect. Herein we74

present evidence aggregated from various75

experiments on live and dead pigs, includ-76

ing computed tomography (CT), diffusion-77

weighted magnetic resonance imaging (DW-78

MRI), and 3D scanning, that demonstrates79

that tumescent injections can also achieve80

criteria 2) and 3).81
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Figure 2: Subcutaneous tissue of a Yorkshire pig can swell 4-5× in thickness upon injection of saline.

Tumescent injections thoroughly dis-82

perse antibiotic83

Tumescent injections are performed by84

inserting a needle or cannula into subcu-85

taneous tissue and infusing sufficient vol-86

umes of fluid at a fast enough rate to cause87

swelling. This is distinguished from hypo-88

dermoclysis (HDC) or subcutaneous admin-89

istration of antibiotics, where care is taken90

to avoid swelling. HDC is becoming a pop-91

ular method of hydrating geriatric patients92

due to its simplicity and safety, where liters93

of fluids, usually saline, are infused at a rate94

of about 1-2.5 mL min−1 for many hours.95

Similar infusion rates are used when admin-96

istering antibiotics subcutaneously (but not97

tumescently) as an alternative to the intra-98

venous (IV) route. As the non-tumescent99

subcutaneous route is used as an alterna-100

tive for systemic delivery, research on it101

has focused on the altered pharmacokinet-102

ics (Harb et al., 2009; Azevedo et al., 2012;103

Frasca et al., 2010), not on its potential for104

localized treatment. These infusion rates,105

which are small compared to the body’s106

circulation, are chosen so that the addi-107

tional fluid is dispersed before it can build108

up and cause swelling. Tumescent infusions109

are done 10-100× faster, with total volumes110

ranging between 0.1-2 L, depending on the111

surface area to be covered. A 10 mL tumes-112

cent injection of blue-dyed saline into a dead113

Yucatán mini-pig leaves a bleb about 4 cm114

across, and 1 cm thick (figure 1). Amaz-115

ingly, the fluid gets trapped within the ex-116

tracellular matrix, and forces it to expand117

to several times its initial volume. Figure 2118

shows an expansion of about 4× in the sub-119

cutaneous tissue of a dead Yorkshire pig,120

transforming it from opaque and fleshy in121

appearance, to semi-transparent and glass-122

like.123

Even more remarkable, is that despite124

the trauma of expansion, the tissue recov-125

ers and heals quickly, on its own. The126

tumescent technique was invented by Jef-127

frey Klein in the late 1980s as an alterna-128

tive method of liposuction (Klein, 1987),129

that has since proven itself a safe, low-130

complications procedure and become com-131

mon practice (Hanke et al., 2004). Under132

this procedure, up to several liter of saline133
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Figure 3: Histology of a) normal and b) tumescent
subcutaneous tissue after a 5 mL saline injection.

are infused into subcutaneous tissue before134

a suction cannula is inserted and fat is re-135

moved. Patients recover in a few days,136

faster and with less bruising, than with-137

out the tumescent technique (Klein, 1990).138

Trauma to, and recovery of, tumesced tissue139

was never an issue in 688 patients followed140

for six months (Hanke et al., 2004).141

The hydraulic conductivity (Darcy per-142

meability) of normal subcutaneous tissue is143

low, about 10−11 cm4 dyne−1 sec−1 (Swabb144

et al., 1974), but can increase by over four145

orders of magnitude upon swelling (Guyton146

et al., 1966). As the tumescence expands,147

the length scale of the extracellular matrix148

grows as well, opening up pores, and fill-149

ing the extra volume with the infusate. Not150

surprisingly, the forced expansion mechani-151

cally fractures subcutaneous tissue on a mi-152

croscopic level, as revealed by histological153

samples of normal and tumesced tissue (fig-154

ure 3), increasing permeability further. Low155

tissue permeability prevents infections from156

spreading by keeping them isolated. Indeed,157

Duran-Reynals (1929, 1942) demonstrated158

that increasing tissue permeability near an159

infection causes it to spread perilously, and160

so it is generally advised to avoid injecting161

fluids into an infection.162

We acknowledge the risk involved, but163

note that if the fluid is a concentrated an-164

tibiotic, it is substantially mitigated. In165

fact, considering the fractured nature of the166

tumesced tissue, we see an opportunity to167

treat infections by using an antibiotic solu-168

tion as the tumescent fluid. In this light, the169

enhanced permeability works in our favor.170

The injection drives concentrated solution171

throughout the infected volume by forcing172

pores that might harbor bacteria to open,173

and flushing them with antibiotic. If small,174

unexpanded pockets remain, they are still175

surrounded by the solution, and the antibi-176
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Figure 4: Diffusion MRI imaging easily detects
tumescent tissue due to its high permeability. Panel
a) is an axial image of the left thigh and pelvis of
a juvenile Yucatán pig viwed from the legs up after
40 mL have been infused into the thigh. Lighter
regions correspond to higher ADC. Lineouts along
the green line in a) are shown in b), as more liquid
is infused into the subcutaneous tissue. The tumes-
cent region is selected, and its volume and spatially
averaged ADC are plotted in c).

otic will reach the pocket via diffusion.177

DW-MRI is a non-invasive method of178

measuring the apparent diffusion constant179

(ADC) within tissue (Bihan et al., 1986).180

Various volumes of saline were infused suc-181

cessively into both right and left thighs of an182

anesthetized juvenile Yucatán pig, and DW-183

MRI images were taken to quantify the size184

of tumescence and the ADC as a function of185

total volume infused (0, 5, 10, 20, 40 mL).186

The image resolution was 1×1×5 mm, and187

the ADC was acquired using 5 b values (0,188

50, 100, 400, 800 s mm−2).189

Figure 4 a) is an axial image intersecting190

the tumescence (large light region) in the191

left leg after 40 mL was infused. Lineouts192

Figure 5: The degree of swelling of tumesced tis-
sue is characterized by its wet-to-dry weight ratio.
Comparing to the wet-to-dry weight ratio of control
samples gives the degree of expansion. The scatter
amongst injections of the same volume is due to
spatial variations within the same tumescence.

crossing the tumescence (figure 4 b)), have193

a zero ADC value in empty space, and about194

1.4·10−3 mm2 s−1 in the muscle underneath195

the tumescence, consistent with the litera-196

ture (Schwenzer et al., 2009). Amazingly,197

within the tumescence, the ADC saturates198

at a value equal to the self-diffusion coef-199

ficient of water, 2.5·10−3 mm2 s−1 (Wang,200

1965), for even the smallest injection per-201

formed, 5 mL. Even for such small injec-202

tions, the tissue has expanded enough where203

the structure of the interstitial matrix neg-204

ligibly restricts diffusion. As more fluid is205

infused, the tumescence expands both into206

the empty space above the skin, but also207

into the body below. Not shown, is that in208

addition to the thickness growing, the area209

covered broadens as well. The total volume210

of the tumescence gives a measure of the211

average degree of expansion (figure 4 c)).212

For instance, when 20 mL were infused, the213

high-ADC volume was 30 mL, meaning that214

10 mL of tissue expanded to 30 mL, and so215

the average degree of expansion was 3×. For216

5, 10, and 40 mL, the degree of expansion217

was 2.25, 2.25, and 3.7× respectively.218
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Figure 6: Three orthogonal CT views of a 20 mL
tumescent injection into the abdomen of an adult
Yucatán pig, viewed in maximum-intensity-pixel
(MIP) mode. Green and blue lines indicate the cen-
ter and extent of the MIP slabs.

However, there is considerable variation219

in the degree of expansion within each220

tumescence, as indicated by the visible221

white streaks within the blue region in Fig-222

ure 1. To get a feel for the amount of223

variation, 5-11 small samples (about 0.5 g224

each) were cut off from the much larger225

tumescence, and weighed before and after226

desiccation. While taking samples, we at-227

tempted to avoid regions with visible white228

streaks (presumed to be fatty tissue) and229

focused instead on the more transparent,230

high-expansion regions. The fatty regions231

are expanded as well, but to a lesser de-232

gree. Consequently, the points on the graph233

should be interpreted as representative of234

local maxima in expansion, not random235

samples. For the smaller volume injections,236

it was difficult to avoid the streaks embed-237

ded within the tumescence and more found238

their way into the samples. The wet-to-dry-239

weight-ratio is shown in figure 5 for vari-240

ous volumes injected, and is roughly pro-241

portional to volume injected. Control sam-242

ples, taken from regions without injection,243

have a wet-to-dry-weight-ratio of 1.7, while244

tissue tumesced with 20 mL saline had re-245

gions with ratios of 10-50, which implies an246

expansion of 6-30×.247

The fluid doesn’t remain in place very248

long; pressure gradients act to distribute it,249

and the resulting flow further assures the250

fluid is well-dispersed. We observe distinct251

processes as the tumescence returns to nor-252

mal. Once the injection is complete, a pres-253

sure gradient exists between the tumesced254

site and the surrounding tissue, and the255

tumescence slowly expands and softens on256

the few minute timescale. This process is257

characterized by fluid flow within the sub-258

cutaneous tissue in the regions near the in-259

jection and is observed in live and dead pigs.260

In live pigs, we also observe the circula-261

tion absorbing the fluid and distributing it262

through the body on a multi-hour timescale.263

We have studied the rapid, local spreading264

with computed tomography (CT) as well as265

3D-scanning.266

Eight tumescent injections were made267

in the abdomen of an anesthetized adult268

Yucatán pig, 2 each of 2.5 mL, 5 mL,269

10 mL, and 20 mL saline solution contain-270

ing 20 mg mL−1 iodine contrast (6 mL Om-271

nipaque 350 diluted to 100 mL). CT scans272

(resolution of 1× 1× 1 mm) were made ev-273

ery 5-10 min for 70 min. Figure 6 displays274

three orthogonal views of one of the 20 mL275

injections immediately after the injection.276

The volume and mean attenuation within277

each tumescence were measured, and are278

displayed in figures 7 a) and b) respectively.279

For comparison, the attenuation of the pure280

solution (saline and contrast) and normal281

subcutaneous tissue were measured to be282

500 HU and -90 HU respectively. Note that283

there is a rise in the tumescent volume dur-284

ing the first 5-10 min, corresponding with a285

drop in the mean attenuation. This reflects286

the fluid spreading within the subcutaneous287

tissue, overtaking more unexpanded tissue,288

but staying localized. Multiplying the mean289

attenuation by the volume gives the total290

contrast curve in figure 7 c). If the con-291

trast was being taken away from the tumes-292

cence by the circulation, this curve would293
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Figure 7: The evolution of different volume tumes-
cent injections over an hour as measured by CT.

decrease, and so its initial flatness confirms294

our localized spreading interpretation. On295

longer timescales, we do see slow absorp-296

tion by the circulation. Once again we can297

estimate the average expansion by compar-298

ing the mean attenuation within the tumes-299

cence (200-300 HU depending on the time300

after injection) to that before (-90 HU) and301

that in the pure solution (500 HU), yield-302

ing expansions of 3-5×, consistent with our303

previous estimates.304

We studied the evolution of the tumes-305

cent skin profile with a Fuel-3D Scanify 3D306

camera. A 20 mL tumescent injection was307

performed in the abdomen of a dead ju-308

venile Yucatán, and 3D photographs were309

taken periodically for 20 min. Figure 8a)310

shows the raw data before and immediately311

after injection. Note that the Z-scale is 10×312

smaller than the X and Y scale. Lineouts313

along Y and X are shown in figures 8b)314

and c) respectively for various times after315

the injection. It is clear that the tumes-316

cence changes shape very rapidly early on,317

dropping more in the first two minutes than318

in the subsequent seventeen. After about319

10 min, changes are imperceptible, less than320

the uncertainties of our measurement. The321

contour maps of figures 8e) and f) show the322

difference between the skin profile at t=0 or323

t=19 min respectively and the profile before324

the injection. Plotting the max difference325

and cross-sectional area at half-max over326

time gives figure 8d). The product of the327

height and area curves, proportional to the328

tumescent volume, is constant within uncer-329

tainties. We fit the data with stretched ex-330

ponential curves (Exp[−(t/τ)β], τ is in the331

range of 2-5 min, and .5 < β < .8), but332

we admittedly do not have any reason to333

expect such a form for the decay. There is334

an open theoretical question of the expected335

form of such a flow based on Darcy’s law in a336

medium whose permeability depends on the337

degree of expansion (coupled flow and gel338

mechanics, see Netti et al. (2003)). Since339

the 3D-scan data was acquired on a dead340

pig, there is no circulation to distribute the341

injection through the body, and we are as-342

sured that the observed dynamics are purely343

flow in the interstitial matrix. In a live pig,344

when the local spreading slows enough, the345

circulation becomes the dominant mecha-346

nism of further distribution.347
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Figure 8: 3D scans yield
the tumescent skin profile
over time. Panels b) and
c) are lineouts of the full
3D data, shown imme-
diately before (red) and
after (black) injection in
panel a). Two perpendic-
ular green lines are drawn
along the tumescent sur-
face in a) to help guide the
eye. The difference be-
tween the skin surface at
various times after the in-
jection, with that before
the injection, is used to
calculated the tumescent
height and cross-sectional
area at half-height, d).
Panels e) and f) are con-
tour plots of the differ-
ence at times t=0 and
t=19 min respectively.

Tumescent injections reside for hours348

Eventually the tumescence dissipates and349

the interstitial tissue returns to normal,350

but the timescales of this process were not351

measured directly before this work. Indi-352

rect estimates based on plasma lidocaine353

concentrations following tumescent liposuc-354

tion (Klein, 1993) suggest that the tumes-355

cence exists ∼ 10 hr. But tumescent fluid356

used for anesthesia usually contains dilute357

epinephrine, a vasoconstrictor, to minimize358

blood loss and slow down the rate of lido-359

caine absorption (Rubin et al., 1999). We360

expect epinephrine would also extend the361

tumescence residence time.362

We performed CT scans periodically over363

seven hours to see the tumescence dissi-364

pate both with and without epinephrine.365

As before, eight tumescent injections were366

made in the abdomen of an anesthetized367

adult Yucatán pig, 2 each of 2.5 mL, 5 mL,368

10 mL, and 20 mL saline solution contain-369

ing 20 mg mL−1 iodine contrast (6 mL Om-370

nipaque 350 diluted to 100 mL). A few371

weeks later, we performed the same ex-372

periment, with the addition of 1:100 000373

epinephrine to the tumescent solution.374

Coronal images in maximum-intensity-375

pixel (MIP) mode are shown in figures 9 and376

10 without and with epinephrine respec-377
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Figure 9: CT coronal images in MIP mode show-
ing the time evolution of various volume tumescent
injections of saline with iodine contrast into abdom-
inal subcutaneous tissue of an adult Yucatán pig.
Two injections of 20 mL, 10 mL, 5 mL, and 2.5 mL
each were done on opposite sides of the pigs ab-
domen, with large volume injections closer to the
pigs head (top of images) and smaller ones towards
the feet (bottom of images). The white dots along
the center of the abdomen are markers placed in the
same axial plane as the injection location. Images
for t > 4 hr are not shown because the injections
are difficult to see.

tively (all images have the same contrast378

setting). In both cases, localized spread-379

ing occurs between the t = 0 and the t =380

0.5 hr images, as indicated by the tumes-381

cence boundary becoming less sharp; we382

did not expect epinephrine to affect this.383

As time progresses, the tumescence fades384

away. Without epinephrine, it is hard to see385

any remaining contrast after three hours.386

With epinephrine, it is easily visible after387

seven hours. For a more precise compari-388

son, we took lineouts crossing the center of389

each spot, seen in figure 11, and plotted the390

peak value vs time in figure 12. Attenu-391

ation levels after six hours in the presence392

of epinephrine are comparable to those after393

half an hour without epinephrine. However,394

even without epinephrine, the contrast re-395

Figure 10: CT coronal images in MIP mode show-
ing the time evolution of various volume tumes-
cent injections of saline with iodine contrast and
1:100 000 epinephrine into abdominal subcutaneous
tissue of an adult Yucatán pig. Volumes and loca-
tion of tumescent injections are the same as in figure
9. The white dots along the center of the abdomen
are markers placed in the same axial plane as the
injection location. The white dots that form on the
side of the tumescent spots in the later images are
tumescent fluid leaking out of the puncture wounds.

mains substantially localized for 2-3 hr for396

the larger injections. In general, the larger397

injections decay somewhat slower.398

On the question of time duration required399

for concentrated antibiotic to eradicate an400

infection, we offer some comments. Since401

bacteriostatic drugs work by preventing the402

growth of bacteria, we can estimate that403

that drug should remain concentrated for404

several bacteria doubling times. Doubling405

times during the exponential-growth phase406

are 20-40 min for most MRSA and other407

common strains (Okuma et al., 2002; Pow-408

ell, 1958), and so a residence time of a few409
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Figure 11: Lineouts crossing the center of the
tumescent spots in figures 9 and 10.

hours satisfies this requirement. Bacteria410

in chronic wounds, however, might not be411

in the exponential-growth phase, so longer412

times might be needed. On the other hand,413

bacteriostatic drugs often become bacteri-414

cidal at high concentrations (Pankey and415

Sabath, 2004), whereupon the doubling-416

time-scale is no longer applicable. Further417

studies are needed to provide a definitive418

answer.419

Conclusion420

Tumescent injections force the expansion421

of subcutaneous tissue from the inside out,422

opening up pores, and saturating the in-423

terstitial matrix with fluid. The fluid res-424

idence time is 2-3 hr without any special425
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Figure 12: Decay of CT attenuation as the circula-
tion removes tumescent fluid from the injection site.
Epinephrine dramatically increases the tumescence
residence time.

preparation, and can be extended several426

times with the use of epinephrine. The427

criteria we raised in the introduction, by428

which we judge if tumescent antibiotic in-429

jections have a chance of being effective,430

have been met. Could this be an effec-431

tive method of treating antibiotic-resistant432

infections? Interestingly, there is a proce-433

dure currently in FDA phase 2 clinical tri-434

als (Sonescence, Inc., 2010) that uses tumes-435

cent antibiotic injections (10 mg mL−1 Ce-436

fazolin), but with a twist. After the injec-437

tion, therapeutic ultrasound is applied to438

the skin surface, and claimed to disperse439

the antibiotic within the tissue. The injec-440

tion and ultrasound combination has suc-441

cessfully treated 108 patients off-label or un-442

der an institutional-review-board-approved443
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phase 1 pilot study (Sonescence, Inc., 2014),444

including many with drug-resistant infec-445

tions. Tumescent injections without exter-446

nal ultrasound have not been tried. It may447

be that the ultrasound is essential, but given448

the physical picture we present, we wonder449

if the injection would work equally well on450

its own.451

452

453

The use of all animals in this study was454

approved by the UCLA Animal Research455

Committee.456
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