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Assessment of Postoperative Analgesia after
Application of Ultrasound-Guided Regional
Anesthesia for Surgery in a Swine Femoral
Fracture Model

Joseph M Royal,” Timothy L Settle,! Michael Bodo,?? Eric Lombardini,* Michael L Kent,’
Justin Upp,’ and Stephen W Rothwell3

Management of pain in research swine used for studies involving painful procedures is a considerable challenge. Here
we assessed whether a regional anesthesia method is effective for pain control of hindlimb injuries in pigs used for research
in bone fracture healing. For this randomized controlled study, we administered regional anesthesia before an experimental
femoral injury was produced. Using ultrasound guidance, we placed sterile infusion catheters near the sciatic and femoral
nerves and administered local anesthetic (bupivacaine) for the first 24 h after surgery. We evaluated various behavioral and
physiologic parameters to test the hypothesis that this regional anesthesia would provide superior analgesia compared with
systemic analgesia alone. We also collected blood samples to evaluate serum levels of cortisol and fentanyl postoperatively.
At the end of the study period, we collected sciatic and femoral nerves and surrounding soft tissues for histopathologic
evaluation. Treatment pigs had lower subjective pain scores than did control animals. Control pigs had a longer time to first
feed consumption and required additional analgesia earlier in the postoperative period than did treatment pigs. Ultrasound-
guided regional anesthesia is a viable and effective adjunct to systemic analgesics for providing pain control in swine with

experimental femoral fractures.

Abbreviation: VAS, visual analog scale.

Experimentally induced injuries in research animals may
cause pain that requires the use of analgesia to ensure the wel-
fare of the animal and to avoid the profound physiologic effects
of unalleviated pain that can confound research. Our institution
used swine for an induced femoral fracture model to study
bone healing. Because of the potentially painful nature of such
injuries and the extended follow-up required, pain control was
a considerable concern.

Pain in research swine is often alleviated by using systemic
opioids. The most common opioid used in research swine
is buprenorphine, a centrally acting mixed opioid receptor
agonist-antagonist that derives most of its analgesic effect
from its partial agonistic activity at the p opioid receptor.?®
However, the multiple parenteral injections that are necessary
over the course of a day to achieve continuous analgesia can be
distressing to pigs. Another opioid analgesic that has been used
in swine is fentanyl, a centrally acting pure u opioid receptor
agonist, which can be administered transdermally. However,
transdermal fentanyl absorption in the pig is highly variable
and may not reliably achieve effective levels in the blood.3>0
NSAID, such as meloxicam, act by inhibiting the cyclooxygen-
ase enzymes, which are key components of inflammatory pain
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pathways.?® These drugs can be delivered parenterally or orally.
However, oral analgesics may be difficult to deliver reliably in
swine, and NSAID alone may not provide sufficient analgesia
for moderate to severe pain.?’ Furthermore, in addition to their
analgesic and antiinflammatory effects, NSAID can affect renal
function, platelet function, and the integrity of gastrointestinal
mucosa, especially at higher doses and with long-term adminis-
tration.?® Because their antiinflammatory and other effects may
potentially alter research outcomes, NSAID analgesics are often
contraindicated in animal research.

An alternative option for providing effective analgesia
that can be administered with minimal stress to the animal is
perineural infusion of a local anesthetic. Local anesthetics such
as lidocaine or bupivacaine produce anesthesia by blocking the
function of voltage-gated sodium channels in the neuronal cell
membrane, thus inhibiting neuronal signal conduction.?® In this
way, they can produce different degrees of anesthesia, analgesia,
and motor blockade in a localized area, with minimal systemic
effects. Perineural catheters allow administration of regional
anesthesia over extended periods of time with minimal stress
to the patient. These methods have seen much use in human
patients and constitute an effective option for postoperative
pain control.#

Successful delivery of regional anesthetic treatments can be
facilitated by the use of ultrasound imaging. Regional anesthesia
and ultrasound-guided regional anesthesia have been described
extensively in the biomedical literature, and many reviews of
these techniques are available. 6184651596365 J]trasound-guided
methods of regional anesthesia have demonstrated distinct
advantages over methods that involve blind injection or nerve
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stimulation. Reported advantages include increased success
of the nerve block, use of less local anesthetic, faster procedure
time, and faster onset.!8°159

Regional anesthesia is commonly used for surgical procedures
in veterinary patients.2021495368 Continuous or intermittent
infusion of local anesthetics for postoperative or persistent
pain in animals has also been reported.!>*7! Techniques for
preprocedural single injection ultrasound-guided and nerve-
stimulation—-assisted regional anesthesia in dogs have been
described.>?1523 Swine have been used as a model for evaluat-
ing complications of regional anesthesia, such as intraneural
injection and systemic and localized toxicity due to local an-
esthetics.11012487273 However, there are no published studies
in the literature on the use of ultrasonography for placement
of peripheral perineural infusion catheters for treatment of
postoperative pain in animals.

Anesthesia-related studies in swine are scarce. Peripheral
nerve regional anesthesia with or without ultrasound guid-
ance for analgesia of painful injuries in research pigs has not
been reported. A few clinical trials in the literature describe
pain assessment and control in pigs.?® This dearth of informa-
tion is problematic given the common use of pigs as research
models involving surgical procedures and the standards and
legal requirements for alleviation of pain in laboratory animals.
The development of advanced anesthetic techniques, such as
the method we present here, can support advances in medical
research and satisfy accepted animal welfare standards.

All pigs in this study received systemic opioids, includ-
ing parenteral buprenorphine and transdermal fentanyl, and
NSAID for analgesia. However, because of the nature of the
injury, we recognized regional anesthesia as a viable option for
additional anesthesia. We tested the hypothesis that ultrasound-
guided regional anesthesia as an adjunct to systemic analgesics
would reduce the need for systemic analgesics and improve
subjective pain scores compared with systemic analgesics alone
for postoperative management of painful femur fractures in
research swine.

Materials and Methods

Animals. This study was reviewed and approved by the Uni-
formed Services University of the Health Sciences IACUC and
was performed in accordance with the Animal Welfare Act® and
the Guide for the Care and Use of Laboratory Animals.®® Our study
evaluated 19 female Yorkshire swine (Sus scrofa domestica) that
were being used in a study on bone healing. At time of surgery,
median age was 109 d (range, 95 to 134 d), and mean weight
was 38.3 kg (range, 33.0 to 45.5 kg). The pigs were obtained from
an approved commercial source (Animal Biotech Industries,
Danboro, PA) from a herd that is free of major pathogens. Pigs
were received from the supplier in pairs and underwent physical
examination by a veterinarian on their arrival at the facility.

Housing and husbandry. Study animals were housed individu-
ally in pens equipped with automatic watering systems and
were fed a standard swine diet (Teklad Miniswine Diet 8753,
Harlan, Madison, WI) ad libitum. Primary enclosures were
cleaned and sanitized twice daily by animal care staff. Each
pig was allowed a minimum of 5 d to acclimate to the facility
before use in the study.

Anesthesia and monitoring. For analgesia, all pigs received
a transdermal fentanyl patch (50 ug/h, Watson Laboratories,
Corona, CA) approximately 1 d prior to surgery (mean, 21.3 h;
1 SD, 3.1 h). Hair was removed from the skin over the dorsal
trunk by using a commercial depilatory agent (Nair, Church
and Dwight, Princeton, NH). The site then was rinsed, dried,

and wiped with isopropyl alcohol before the fentanyl patch
was placed and a transparent film dressing (Tegaderm Film,
3M, St Paul, MN) was applied over the patch. On the day of
surgery and before anesthesia, all pigs were premedicated
with tiletamine-zolazepam (6 mg/kg IM; Telazol, Fort Dodge
Animal Health, Overland Park, KS) in the neck. They then were
intubated and maintained on 1.5% to 2.5% isoflurane anesthesia
for the duration of the procedure. All pigs were maintained on
an intravenous infusion of lactated Ringer solution at a rate
of approximately 10 mL/kg/h, and a closed urine-collection
system was used for the duration of the procedure. A trained
anesthesia technician monitored and recorded intraoperative
parameters, including electrocardiography, pulse oximetry,
capnography, bispectral index, end-tidal and inspired isoflurane
concentration, respiratory rate, body temperature, noninvasive
blood pressure, and anesthetic depth.

Regional anesthesia administration. Prior to surgery, one pig of
each pair was randomly assigned to the treatment (bupivacaine,
Hospira, Lake Forest, IL) group and the other to the control
(saline, Hospira) group in a blinded randomized controlled trial
design. Once the pigs were anesthetized, we used ultrasound
guidance to locate the sciatic nerve (as it exits the pelvis through
the greater sciatic foramen in the parasacral region) and the
femoral nerve (in the proximal inguinal region). The skin over
each site was marked for reference.

After antiseptic preparation and sterile draping of the right
dorsal parasacral area, the ultrasound probe was placed in a
sterile sleeve and applied to the injection site, which was coated
with sterile ultrasound gel. After the sciatic nerve was located,
a Tuohy needle (17 gauge; length, 9 cm) was inserted in plane
with the probe with a short-axis view of the nerve (Figure 1).
With ultrasound visualization, the needle was advanced until
it was immediately adjacent to the nerve. A syringe containing
10 mL of either 0.5% bupivacaine (treatment group) or 0.9%
sodium chloride (control group) was attached to the hub of the
needle, and after aspiration and confirmation of the absence of
blood, 1 mL was injected. If the ultrasound image showed cor-
rect placement of the injected fluid, the remaining volume was
infused while the ultrasound image was observed. A 19-gauge
closed-tip multiorifice polyamide infusion catheter (Perifix or
Contiplex Tuohy Set, B Braun, Melsungen, Germany) then was
threaded through the Tuohy needle and held in place while the
needle was retracted. The catheter was secured by using tissue
adhesive and transparent adhesive dressings with an accessible
injection port.

For the femoral nerve, a short-axis view of the nerve was
obtained in the inguinal area as far cranial as possible. After
antiseptic preparation and draping of the lateral flank, the
Tuohy needle was introduced through the skin of the lateral
ventral flank area cranial to the thigh and directed medially
and caudally in plane with the ultrasound probe toward the
site of interest (where the femoral nerve exits the inguinal canal;
Figure 2). Local anesthetic (0.5% bupivacaine) or saline (10 mL)
was then infused, and the infusion catheter was placed and
secured, as described for the sciatic nerve (Figure 3).

For ultrasound guidance of catheter placement, we used a
UMS 700 Digital Ultrasonic Diagnostic Imaging System (model
DP6600Vet) with a 7.5-MHz linear transducer (Universal Medi-
cal Systems, Bedford Hills, New York). With the first 4 pigs, we
also used a peripheral nerve stimulator (Stimuplex HNS12, B
Braun, Melsungen, Germany) to confirm the accuracy of ultra-
sonography in localizing the nerves of interest.

Injury. After application of regional anesthesia and aseptic
preparation of the right lateral thigh, femurs were prestabilized
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Figure 1. Ultrasound view of the parasacral sciatic nerve approach,
showing the approximate position of the needle used for placement
of the infusion catheter. At this level, the sciatic nerve (SN) lies deep
to the gluteal musculature (GM) and on the surface of the ilium. The
needle is directed ventromedially. L, lateral; M, medial.

Figure 2. Ultrasound view of the femoral nerve approach, showing
the approximate position of the needle used for placement of the infu-
sion catheter. The femoral nerve (FN) lies immediately lateral (L) to
the femoral artery (FA) and vein (FV). The needle is directed medially
M).

by using an external fixation device. A right-side midshaft femo-
ral fracture then was produced by using a captive-bolt device
on the lateral aspect of the thigh. All fractures were evaluated
radiographically immediately after injury. The degree of injury
was generally consistent across groups, with penetration of

Ultrasound-guided regional anesthesia in swine

Cranial s

Femoral n. catheter /

.

Figure 3. Regional anesthesia infusion catheters after placement.
Transparent adhesive dressing covers the entry sites, and injection
ports are secured in an easily accessible location for administration of
local anesthetic.

both cortices and fragmentation around the fracture site. After
evaluation, the limb and fixation device were covered with a
protective cast.

Postoperative monitoring and analgesia. After surgery and
before recovery from anesthesia, all pigs received a single dose
of buprenorphine (0.05 mg/kg IM; Hospira) and a single dose of
meloxicam (0.4 mg/kg SC; Boehringer Ingelheim Vetmedica, St
Joseph, MO). Repeat doses of bupivacaine (0.25%, 10 mL at each
site) or the same volume of sterile saline then were administered
every 6 to 8 h for the first 24 h postoperatively, after which the
pig was sedated with a combination of ketamine (10 mg/kg;
Fort Dodge Animal Health) and xylazine (2 mg/kg IM; Vedco),
and the perineural catheters were removed. In all, 4 doses of
local anesthetic or saline were administered to each pig: one
dose preoperatively and 3 doses postoperatively.

After full recovery from anesthesia on the day of surgery, pigs
were monitored frequently, with full evaluations at least every
6 to 8 h during the first 24 h after surgery. Pigs were evaluated
regularly throughout the study by a clinical veterinarian. Any
animal assessed, according to the veterinarian’s clinical judg-
ment, to be in pain warranting treatment was given rescue
analgesia (buprenorphine, 0.05 to 0.1 mg/kg IM). Feed was of-
fered immediately after full recovery from anesthesia, and time
to first consumption of any feed was recorded. We also evaluated
several pain indicators before and after surgery, including heart
rate as measured by direct cardiac auscultation, respiratory rate
by observation, and subjective pain assessment. Activity levels
were estimated by using a remote telemetry monitoring system
(Data Sciences International, St Paul, MN), which counted physi-
cal movements by the subjects starting the day before surgery
through the fourth postoperative day.

To obtain baseline measurements, all evaluations were per-
formed at 2 time points preoperatively: once before and once
after placement of a transdermal fentanyl patch. Evaluations
were then repeated at 3 time points on the day of surgery: 2
and 4 h after recovery from anesthesia and again the night after
surgery (approximately 10 to 11 h postsurgery). Each pig was
then evaluated twice daily for the next 4 d: once each morning
(AM) and afternoon (PM). In addition, each pig was weighed
prior to surgery and weekly thereafter.

Five categories of subjective pain indicators were scored by
using a modified visual analog scale (VAS): passive observation
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of the pig from outside its enclosure before entering (VASI,
observation); strength and character of response to physical
contact when a hand was placed on the side of abdomen (VAS2,
contact); impairment of ability or willingness to ambulate
(VAS3, ambulation); nature and intensity of vocalization (VAS4,
vocalization); and an overall dynamic and interactive subjective
assessment of pain level after completion of the full evaluation
(VASS5, overall). The VAS chart consisted of a 100-mm horizontal
line for each category. After assessing the animal, the evalua-
tor placed a mark on the line according to the assessed level of
pain, with pain scores increasing from left to right on the scale
(Figure 4). The VAS score then was derived by measuring the
distance of the mark (in mm) from the left side of the scale. In all
cases, a higher score indicated more severe impairment or pain.

All personnel involved in the study were blinded to treat-
ment; the same person performed 90% of all evaluations. In
cases where other evaluators were used, each pair of pigs was
evaluated by the same person.

Blood sampling and analyses. Blood samples were collected
from anesthetized pigs intraoperatively and from heavily
sedated pigs at approximately 24 h after surgery, to evaluate
serum levels of cortisol and fentanyl. Additional blood samples
were taken from sedated pigs at 1 wk after surgery, to measure
serum fentanyl levels.

Hematology and serum biochemistry data were analyzed for
changes consistent with pain or distress, such as hyperglycemia,
altered neutrophil:lymphocyte ratios, and dehydration due to
decreased water intake.

Histopathology. At 3 wk after surgery, all pigs were eutha-
nized and necropsied for collection of peripheral nerves and
surrounding soft tissue for histopathologic analysis. Bilaterally,
5-cm portions of both femoral and sciatic nerves were dissected
free, along with surrounding skeletal muscle, for evaluation. Tis-
sue samples were fixed in 10% buffered formalin, embedded in
paraffin wax, sectioned at approximately 5 ym, and submitted
to the Armed Forces Radiobiology Research Institute Division of
Comparative Pathology for evaluation. Sections were routinely
stained with hematoxylin and eosin and examined by light
microscopy in a blinded manner for histopathologic evaluation
by a board-certified veterinary pathologist. Sections were evalu-
ated for any pathologic change within the peripheral nervous
system and surrounding soft tissues, with specific emphasis on
degenerative or inflammatory changes within nerves.

Statistical analysis. Physical activity data were collected and
processed by using the Physiology Platform (DSI Ponema, Val-
ley View, OH). Telemetry data containing counts of physical
movements were divided into 12-h segments corresponding
to the light (0700 to 1900) and dark (1900 to 0700) phase of the
room light schedule. Total counts per hour for each segment
were calculated and then compared between treatment and
control groups by using a linear mixed-effects model as de-
scribed following.

We evaluated data graphically for normality and used the
Student f test to compare means and the Mann-Whitney U test
to compare medians, for continuous independent variables. For
data with repeated measures, we used the Student ¢ test with no
adjustment for multiple comparison to compare preoperative
time points and postoperative time points that were beyond
the expected period of analgesia (that is, day 2 and later). We
used a linear mixed-effects model to compare overall differences
between treatment groups and differences between treatment
groups over time during the treatment period (thatis, days 0 and
1). When the main effect of group or the groupxtime interaction
was significant in the mixed model, individual time points were

1. Observe from outside run before handling

Quiet, resting,
comfortable, calm,

Somewhat restless, mild
to moderate agitation,
some shifting, bruxism

Severe agitation, anxious,
tense, constant shifting

or asleep

2. Response to touch (place hand on side of abdomen)

Moderate

Strong response,
vocalization, avoidance
behavior, flinching

Minimal to no
response

movement

3. Ability or willingness to ambulate (walk)

Will not or cannot
walk without
assistance

Walks with encouragement
(light contact, vocal
persuasion)

Walks voluntarily

4. Vocalization

Squealing when

touched or moved Squealing while

undisturbed or at rest

5. Overall pain level assessment

Worst pain
possible

Figure 4. VAS scoring sheet used for subjective pain-level assessments.
Evaluators were instructed to mark each line at the most appropriate
position, using the descriptions in the boxes as guidelines. In general,
the left side of the scale represents no pain, and the right side the high-
est level of pain.

compared by using the Student ¢ test with no adjustment for
multiple comparisons. We used the log-rank test and Kaplan—
Meier curves to compare data measuring time to an event, and
we estimated hazard ratios by using Cox proportional hazards
regression.

Statistical software packages were used to perform all statisti-
cal analyses (SPSS Statistics version 19, IBM, Chicago, IL) and
to create graphs of study data (Prism 6, GraphPad, San Diego,
CA). Unless otherwise indicated, data are expressed as mean *
SEM. All differences were considered significant if the 2-tailed
P value was less than 0.05. Because this study was appended to
an ongoing study, sample size was predetermined by the needs
of the parent study.

Results

Three pigs were removed from the study early; 2 of these (one
treatment and one control pig) were euthanized early because
of inadequate stabilization of the femur fracture. Another pigin
the treatment group died during the immediate postanesthetic
period due to apparent laryngospasm after endotracheal tube
removal. Compared with the treatment group, the control group
had a significantly (P < 0.05) higher heart rate at the time of
prestudy physical examination (Table 1). Weight, temperature,
and respiratory rate did not differ significantly at any time
point. No difference in pain control was noted between the
initial 4 subjects in which nerve electrostimulation was used
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Table 1. Prestudy physical examination data for all pigs by treatment
group

Group? Mean + SEM P
Weight (kg) 0.90
Treatment 27.8+23
Control 282+28
Temperature (°C) 0.09
Treatment 38.9+0.10
Control 39.2+0.11
Heart rate (bpm) 0.02
Treatment 118.8+6.9
Control 151.3+11.0
Respiratory rate (breaths per min) 0.12
Treatment 432+33
Control 50.7+£3.3
Age (d) 0.97
Treatment 822+4.6
Control 824+52

n =10 for treatment group; n = 9 for control group.

and the remaining pigs in which ultrasound alone was used
for catheter placement.

The median (+ SE of the median) time at which the pigs ate
their first meal was 4.0 £ 0.4 h for the treatment group and 11.0
+ 5.0 h for the control group (Figure 5). Median time to first
defecation was 4.0 + 1.4 h for the treatment group and 19 3.3
h for the control group (Figure 5).

At each evaluation, the evaluator determined whether the
pig was in sufficient pain to merit rescue analgesia. The median
time of first intervention was 28 £ 22.6 h for the treatment group
and 11 £ 10.4 h for the control group. (Figure 5) When the total
quantity of buprenorphine administered postoperatively was
compared, control subjects tended to receive greater quantities
on average (Figure 6). However, differences did not achieve
statistical significance at any time point.

No significant differences in mean passive observation scores
(VAS1, Figure 7), mean ambulation scores (VAS3, Figure 8),
or mean vocalization scores (VAS4, Figure 9) were noted.
Mean scores for response to contact (VAS2) were higher at all
time points for the control group, and there was a significant
(P = 0.009) difference in overall means between groups in the
mixed-effects model. In the pairwise comparison, the difference
achieved significance at 3 time points within the first 24 h of
surgery (Figure 10). In the overall pain level assessment score
(VAS5), there was a significant difference between groups in
the mixed-effects model (P = 0.008), and pain assessment scores
at 2 time points differed significantly (P < 0.05) in the pairwise
comparison (Figure 11). None of the VAS parameters showed
a significant interaction between treatment and time in the
mixed-effects model.

Physical examination parameters. At each evaluation, the
evaluator measured heart rate by cardiac auscultation with
a stethoscope, and respiratory rate was measured by visual
observation of thoracic movement. Heart rate decreased in the
treatment group during the first 24 h after treatment but stayed
relatively constant in the control group (Figure 12). However,
the average heart rate did not differ significantly between treat-
ment groups overall (P = 0.061) or between groups over time
(P = 0.64) in the mixed-effects model.

The mean respiratory rate was higher in the control group
than in the treatment group during the first 24 h after surgery.

Ultrasound-guided regional anesthesia in swine

100+ -+. Bupivacaine
| —— Saline
754 L
)
&
5 504 | A
O ]
[0} ]
o ]
254 |
Leeesy —
c l= ) ] L) L)
0 10 20 30 - 40 50
Time (h)
100 -+. Bupivacaine
—— Saline
754 |
S L
g i B
[
o 50- !
o [}
R
25- i
[,
[}
0 . L .
0 10 20 30
Time (h)
—— Saline
-+- Bupivacaine
()
(@)
8
S C
(&)
o e e
o |
25+ lmmt
c L} L L] L) L)
0 20 40 60 80 100

Time (h)

Figure 5. Kaplan-Meier cumulative survival curves, showing the time
(in h) to occurrence of the event of interest. (A) Time to first consump-
tion of feed after surgery. Hazard ratio (95% confidence interval): 4.4
(1.0-18.7). The curves differ significantly (P = 0.048). (B) Time to first
bowel movement after surgery. Hazard ratio (95% confidence inter-
val): 5.0 (1.3-19.6). The curves differ significantly (P = 0.021). (C) Time
to first administration of rescue analgesia after surgery. Hazard ratio
(95% confidence interval): 3.9 (1.0-14.7). The survival curves differ sig-
nificantly (P = 0.044).

However, in the mixed-effects model, the differences between
treatment groups (P = 0.18) and between groups over time
(P = 0.25) were not significant.
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Figure 7. Mean VASI (observation) scores by treatment group. Arrows
indicate doses of local anesthetic or saline (control). d0, day of surgery;
d1, first day after surgery; and so forth. Error bar, +1 SEM.

Activity levels, estimated as the frequency of physical
movements or motion measured telemetrically during the
postoperative period, dropped sharply after surgery relative
to preoperative levels. Although activity levels tended to be
slightly higher in the control group, we did not note a significant
effect of treatment (P = 0.84) or a significant interaction between
treatment and time (P = 0.99) in the mixed-effects model.

Clinical pathology. Serum biochemistry values did not dif-
fer between treatment groups (Table 2). Of the hematology
parameters measured, RBC count, Hgb, and Hct measured at
24 h were all significantly (P < 0.05) increased in the control
group compared with the treatment group (Table 3). Blood
samples were collected for serum fentanyl measurement at 3
approximate time points: 24, 48, and 72 h after application of a
transdermal fentanyl patch (Figure 13). Overall fentanyl levels
(mean * SEM) for both groups combined were 0.31 +0.070 ng/
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Figure 8. Mean VAS3 (ambulation) scores by treatment group. Arrows
indicate doses of local anesthetic or saline (control). d0, day of surgery;
dl, first day after surgery; and so forth. Error bar, +1 SEM.

mLat24h,0.21 +0.045ng/mL at48 h, and 0.12 +0.023 ng/mL
at 72 h. There were no significant differences between treatment
and control groups in mean fentanyl levels at any of the time
points (Table 4).

Histopathology. Histopathologic examination of all submitted
tissues revealed a mix of lesions in both saline and bupivacaine
cohorts. These findings included examples of degenerative
radiculoneuropathy characterized by myelin sheath ectasia,
fiber shrinking, angulation, hyperchromatism and loss (Figure
14), and focally extensive and severe rhabdomyocytic atrophy
and loss with fibrosis (Figure 15).

Within the saline cohort, 89% of the pigs showed histopatho-
logic evidence of pathology in at least one of the sampled
nerves. Of these pigs, 75% had right-sided pathology, 75%
had left-sided pathology, and 62.5% showed bilateral lesions.
Within the bupivacaine cohort, 62.5% of pigs displayed nerve
fiber pathology, of which 100% had right-sided lesions and
25% had bilateral lesions. However, none of the differences
were statistically significant, and no correlation was observed
between presence of histopathologic lesions and clinical signs
of altered limb function.

Two lesions were classified as severe by the pathologist.
Both were from muscle tissue around the right femoral nerves
of bupivacaine-treated pigs. The first lesion was characterized
as thabdomyocytic loss that was focally extensive and severe,
with fibrosis, hemosiderosis, perivascular lymphoplasmocytic
cellulitis, and myelin sheath ectasia with axonal loss. The other
lesion had rhabdomyocytic atrophy, degeneration, necrosis, loss,
and fibrosis that was severe and multifocal to coalescing, with
multifocal rare axonal swelling.

Discussion
This study provides substantial evidence for a beneficial effect
of regional anesthesia in addition to traditional systemic anal-
gesics for hindlimb pain in swine. Most notably, untreated pigs
required rescue analgesia earlier after surgery than did treated
pigs. Furthermore, treated pigs ate food and defecated earlier in
the postoperative period than did their untreated counterparts.
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Figure 9. Mean VAS4 (vocalization) scores by treatment group. Ar-
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Figure 10. Mean VAS2 (contact) scores by treatment group. Arrows
indicate doses of local anesthetic or saline (control). Significant differ-
ence (Student t test) between groups on a particular day is indicated
by an asterisk. d0, day of surgery; d1, first day after surgery; and so
forth. Error bar, +1 SEM.

Because anorexia and decreased bowel function can occur with
pain in animals, these differences provide evidence for an anal-
gesic effect of the treatment. In addition, the observed effect on
time to defecation may reflect greater inhibition of bowel func-
tion in control pigs because they received more postoperative
opioid analgesics, which are known to decrease motility and
increase transit time in the gastrointestinal tract.*

The results in some categories of subjective pain assessment
suggest a beneficial effect of the treatment. Control pigs had

Ultrasound-guided regional anesthesia in swine
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by an asterisk. d0, day of surgery; d1, first day after surgery; and so
forth. Error bar, +1 SEM.
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Figure 12. Mean heart rate (bpm) as measured by direct cardiac aus-
cultation during physical examination. Arrows indicate doses of local
anesthetic or saline (control). Error bar, £1 SEM.

higher pain scores even though they tended to receive rescue
analgesia sooner than did treatment animals. The response to
physical contact (VAS2) and the overall assessment of pain levels
after examination (VAS5) appeared to best discriminate between
groups. In addition to demonstrating a positive effect of the
regional anesthetic treatment, this result shows that subjective
assessment that includes response to physical contact may be
helpful in assessing pain in swine.

In addition, VAS score trends over time are consistent with the
expected time course of the regional anesthesia effects. Scores
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Table 2. Serum chemistry data at 24 h after surgery

Table 4. Fentanyl levels (ng/mL) by time point and treatment group

Reference
Group n Mean+SEM range? P
Sodium (mmol/L) 142-149 043
Bupivacaine 7 1452%47
Saline 7 1450£1.0
Chloride (mmol/L) 100-109  0.69
Bupivacaine 7 100.3+2.6
Saline 101.3+£0.9
Glucose (mg/dL) 85-160 0.25
Bupivacaine 7 96.3£8.3
Saline 7 1133+£72
BUN (mg/dL) 6-30 0.24
Bupivacaine 7 7605
Saline 7 8.3+0.6
Creatinine (mg/dL) 0.5-2.1 0.79
Bupivacaine 7 +0.
Saline 7 1.2+£0.1
Serum total protein (g/dL) 6.1-7.5 0.11
Bupivacaine 8 50+
Saline 9 59+0.3
Cortisol (ng/mL) — 0.42
Bupivacaine 8 16.2+0.7
Saline 9 17.1+£0.7

2Reference ranges were provided by the commercial laboratory conduct-
ing the analyses; no reference range has been established for cortisol
in swine.

Table 3. Hematology results at 24 h after surgery

Reference
Group Mean+SEM P range?®
Hct (%) 0.011 36.9-55.0
Bupivacaine 27.4+0.49
Saline 29.5+0.50
RBC count (x10°/uL) 0.024 55-82
Bupivacaine 5.4+0.082
Saline 59+0.14
Hemoglobin (g/dL) 0.012 12.6-19.4
Bupivacaine 8.9+0.15
Saline 9.6+0.19
Neutrophil:lymphocyte ratio® 0.91 0.7
Bupivacaine 1.8+0.84
Saline 1.9 £0.56

Both groups contained 6 pigs. Samples were collected at 24 h from
sedated subjects and placed in EDTA tubes.

aReference ranges for erythrocyte indices were provided by the refer-
ence laboratory.

PReference value was obtained from reference 38.

tended to be very similar between treatment groups at the first
postoperative evaluation (2 h after surgery). At that time point,
it might be expected that the residual effects of anesthesia and
postoperative analgesics either controlled pain sufficiently or
resulted in sufficient sedation to mask the effects of pain as
assessed by the subjective observer. However, starting at the
next time point (4 h after surgery), VAS scores in the control
group tended to be higher than those in the treatment group,
suggesting better pain control in the treatment group. This

Group n Mean £ SEM P
24 h 0.095
Bupivacaine 10 0.198 £ 0.060
Saline 9 0.431£0.12
48 h 0.85
Bupivacaine 10 0.199 +0.057
Saline 122 0.217 £0.071
72h 0.45
Bupivacaine 4 0.099 £ 0.041
Saline 4 0.137 £0.023

In some pigs, fentanyl patches began detaching and had to be replaced
earlier than planned. Because blood draw time points were fixed already,
some pigs had two 48-h measurements but no 72-h measurements.
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Figure 13. Serum fentanyl levels (ng/mL) at time (h) since placement
of a fentanyl patch (50 ng/h). Boxes represent bupivacaine-treated
pigs; circles indicate saline controls. Blood sampling occurred at the
following times (h; mean + 1 SD) after fentanyl patch placement: first
sampling, 21.1 + 2.5 h; second sampling, 47.4 + 3.5 h; and third sam-
pling, 73227 h.

difference persisted through the treatment period and then
regressed at approximately 8 to 24 h after the last bupivacaine
treatment. It is noteworthy that simple observation of the pig
from outside the pen—a common practice for pain assessment
in laboratory animals—failed to detect any difference between
groups. Furthermore, although ability to ambulate improved
significantly in both groups over time, it did not differ between
groups, suggesting that this parameter is not a reliable indicator
of pain control in this model. Alternatively, the cast material
on the legs may have impeded ambulation sufficiently in both
groups to obscure any pain-related differences in ambulation.
Furthermore, ambulation may have been inhibited by impair-
ment of motor function in the treated limb due to the regional
anesthesia, but this possibility was not assessed in the study.
The VAS pain scoring system, a commonly used, validated
method for quantifying self-reported pain levels in human
patients,®?8 was applied to the subjective assessment of pain in
swine in our current study through the observation of behavio-
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Figure 14. Right sciatic nerve of a bupivacaine-injected pig, showing
axonal degeneration and loss characterized by hyperchromatic con-
densation of the axons (arrows). Hematoxylin and eosin stain; mag-
nification, 600x.

Figure 15. Skeletal muscle in the area of the right femoral nerve of a
bupivacaine-injected pig, showing rhabdomyocytic atrophy and loss
that is focally extensive and severe with abundant fibrosis. Hematoxy-
lin and eosin stain; magnification, 400x.

ral and physiologic indicators of pain. Multiple studies report
the use of subjective VAS assessments of pain in animals, with
most studies done in dogs.”11333344460 The absolute values on
the VAS scale do not necessarily correlate with any absolute pain
level, and significant interobserver variation has been observed
in subjective pain assessments in animals.3* However, the aim
of the current study was not to determine absolute quantitative
pain levels in individual pigs but rather to compare relative pain
levels between pigs at equivalent time points and to determine
how differences between groups change over time. Furthermore,
we used a blinded, experienced observer to compare subjective
pain levels in randomly assigned treatment and control pigs to
eliminate possible bias.

At the time of entry into the facility prior to any experimen-
tal manipulation, average heart rate on physical examination
was higher in the pigs that would form the control group than
those in the treatment group. However, all pigs were assigned
randomly to the treatment or control group, and other physi-

Ultrasound-guided regional anesthesia in swine

cal examination data (temperature, respiratory rate, weight)
showed no other indications of baseline differences between
treatment and control groups. Furthermore, after acclimation
to the facility, subsequent pre- and postoperative examinations
showed no significant difference in heart rate between groups.
In light of these findings, we believe that this initial difference
represents random variation in conditions and not any true
baseline difference between groups.

A trend toward decreased heart rate in the treatment group
was noted for about the first 24 h after surgery, though the
difference between groups was not statistically significant. All
pigs were evaluated at equivalent time points relative to sur-
gery and anesthesia, so it unlikely that this apparent difference
resulted from the effects of general anesthesia. Bupivacaine has
been shown to affect heart rate in human patients undergoing
regional anesthesia, with some studies reporting increased heart
rates and others decreased heart rates.*3174! The decreased heart
rates in bupivacaine-treated pigs in our current study may be a
result of a direct effect of bupivacaine on heart function. How-
ever, decreased activity due to impaired mobility may result in
lower heart rates, with a more pronounced effect in the group
with enhanced pain control.

Erythrocyte measures (RBC count, Hct, and Hgb) differed
between groups at the 24-h postoperative time point, with
slightly lower indices in the treatment group. This difference
at 24 h may represent random variation in RBC mass between
the 2 groups or may indicate slight dehydration. In addition, we
cannot rule out the possibility of a direct effect of bupivacaine
on RBC in swine.

We assessed serum cortisol as an indirect measure of pain-
induced sympathetic nervous system stimulation.?**® Cortisol
levels did not differ significantly between the treatment and
control groups. This result may be due to lack of sensitivity
of the assay, effects of handling and sedation for blood col-
lection, or high stress in both groups due to immobility and
handling.24f37f40'57

Blood glucose levels can be affected transiently by stress,
fear, pain, feed consumption, and the use of sedatives.?23%5
Blood glucose levels did not differ significantly between
treatment and control groups in our study, and this result
suggests that blood glucose may be an insensitive measure
of pain in swine.

We measured serum fentanyl levels to ensure that the
analgesic effect was similar between groups and to evaluate
whether transdermal fentanyl delivery at the dose used re-
sulted in consistently adequate analgesic levels for 72 h. Other
studies have evaluated serum fentanyl levels in swine with
transdermal fentanyl administration. For example, one study
reported serum fentanyl levels at 24 h of 0.47 ng/mL (range,
0.17 to 1.0 ng/mL), with peak concentrations at around 12 to 24
h, by using an approximate dose of 2.0 pg/kg/h.% Our study,
which used alower dose (1.3 pg/kg/h), found a proportionally
lower mean serum fentanyl value (0.31 ng/mL). The authors
of another study postulated based on extrapolation from other
species that therapeutic plasma fentanyl levels in pigs may
reasonably be assumed to fall within the approximate range of
0.2 to 3.0 ng/mL.”° If we assume the low end of this estimate
(0.2 ng/mL), then 50%, 64%, and 100% of the pigs in our study
were at subtherapeutic levels at 24, 48, and 72 h, respectively.
This result suggests that the transdermal fentanyl dose used in
the present study likely is insufficient to produce therapeutic
levels in swine.

Some of the histopathologic lesions observed in our study
were similar to the findings of others.”””2 However, we found
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no significant patterns of distribution between treatment and
control groups or between left and right limbs. The prevalence
of background lesions in the neural and perineural soft tissue
obscures any potential correlation between lesions and treat-
ments. Consequently, whether the lesions were incidental or
related to injection of fluid, presence of bupivacaine, the bone
injury, or prolonged recumbency is unclear.

This study faces several limitations. The small sample size
and relatively high variability in some parameters limits the
power to detect significant differences. Another limitation
involves the difficulty in evaluating pain in animals such
as pigs.? Pigs commonly object strongly to human handling
even in the absence of pain, which makes it difficult to discern
whether avoidance, guarding, vocalization, or reactions to
touch are indicators of pain or simply behavioral idiosyncrasies.
Furthermore, depending on the nature and severity of pain,
pigs may demonstrate increases or decreases in activity, move-
ment, and responsiveness.?>?¢% Analgesics, such as fentanyl
and buprenorphine, can cause sedation, which may confound
interpretation of behavioral signs of pain. Lastly, our control
pigs received rescue analgesia earlier than did those that were
treated, and this variation may have abrogated some of the
differences in pain-related parameters.

Another challenge for the current study is confirming
continual efficacy of the regional block. After placement, the
infusion catheter tip may migrate as the animal moves, resulting
in some or all of the local anesthetic not reaching the desired
site. If catheter migration occurred in some subjects, it could
have artificially shortened the apparent duration of analgesia
achieved. Repeat imaging of the catheter prior to its removal
would have confirmed correct placement throughout the treat-
ment period.

In the present study, pigs concurrently received a pure
1 opioid receptor agonist (fentanyl) and a partial p agonist
(buprenorphine). Because buprenorphine has a stronger af-
finity for the p opioid receptor, it has the potential to displace
and thus decrease the effects of fentanyl.®? Prolongation or
potentiation of the adverse effects of opioids and decreases in
expected analgesic effects have been reported with concurrent
use of buprenorphine and pure p agonists.!#2%5 However, other
studies have reported no effect of the combination therapy on
adverse effects of opioids.?” Furthermore, some studies have
shown additive or synergistic analgesic effects when combining
buprenorphine and fentanyl in human and animal studies.*?4362
It cannot be determined what effect, if any, resulted from com-
bining buprenorphine and fentanyl in the pigs in our study. It
is also unknown whether displacement of fentanyl from opioid
receptors by buprenorphine altered the serum fentanyl levels
that we measured.

The relative novelty of ultrasound-guided regional anesthesia
necessitates additional research, including the use of alterna-
tive local anesthetics, such as ropivacaine, or local anesthetic
adjuncts, such as vasoconstrictors,*”53% 02 adrenergic agonists,
opioids, benzodiazepines, and corticosteroids.31/47,5253:5561,66
Future studies may examine the use of continuous-infusion
devices to provide more stable regional anesthesia and differ-
ent behavioral or physiologic parameters for assessing pain,
such as quantified intensity and frequency of vocalization and
neuroendocrine markers of pain.3>

The current study presents a postoperative pain assessment
method for use in swine and supports the hypothesis that ultra-
sound-guided regional anesthesia provides superior analgesia
compared with systemic analgesics alone for management of
pain in hindlimb injuries. The temporal patterns of treatment

effects fit well with expected values, with maximal differences
present during the postoperative treatment period and absent
between 8 and 24 h after cessation of treatment; this pattern is
consistent with the known duration of effect of bupivacaine.*
In conclusion, ultrasound-guided regional anesthesia represents
an important refinement in pain management in laboratory
animals and may realize superior analgesia with fewer potential
systemic effects, thus improving both animal welfare and the
validity of research outcomes.
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