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Background: Local infiltration analgesia (LIA) with liposomal bupivacaine (LB) in patients undergoing
total knee arthroplasty (TKA) has yielded mixed results. The PILLAR study, which was designed to
minimize limitations associated with previous studies, compared the effects of LIA with or without LB on
pain scores, opioid consumption, including proportion of opioid-free patients, time to first opioid rescue,
and safety after primary unilateral TKA.
Methods: Patients (N ¼ 140) were randomized to LIA with LB 266 mg/20 mL (admixed with bupivacaine
HCl 0.5%, 20 mL) or LIA with bupivacaine HCl 0.5%, 20 mL. Standardized infiltration techniques and a
standardized multimodal pain management protocol were used. The coprimary efficacy endpoints were
area under the curve (AUC) of visual analog scale pain intensity scores 12-48 hours (AUC12-48) post-
surgery and total opioid consumption 0-48 hours postsurgery.
Results: Mean AUC12-48 of visual analog scale pain intensity score was 180.8 with LB and 209.3 without
LB (least squares [LS] mean treatment difference �26.88, P ¼ .0381). LS mean total opioid consumption
0-48 hours postsurgery was 18.7 mg with and 84.9 mg without LB (LS ratio 0.220, P ¼ .0048). Significant
differences in favor of LB were observed for the percentage of opioid-free patients (P < .01) and time to
first opioid rescue (P ¼ .0230). Treatments were similarly well tolerated.
Conclusion: This study provides data on LIA with LB administered using optimal techniques specific to
TKA. In this setting, LIA with LB significantly improved postsurgical pain, opioid consumption, and time
to first opioid rescue, with more opioid-free patients and no unexpected safety concerns.
© 2017 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Managing postsurgical pain after total knee arthroplasty (TKA)
is challenging but critical to successful surgical outcomes,
including patient recovery and rehabilitation [1,2] and overall
closed potential or pertinent
ent, either direct or indirect,
the biomedical field which

rest with this work. For full
6/j.arth.2017.07.024.

490.
ent of Orthopaedic Surgery,
44195.

Inc. This is an open access article u
satisfaction [1,3]. Clinical practice guidelines recommend multi-
modal therapy combining preoperative, intraoperative, and
postoperative medications, including opioids, nonsteroidal anti-
inflammatory drugs, gabapentin, pregabalin, and local anes-
thetics [4,5]. Local infiltration analgesia (LIA) with anesthetic
agents has been demonstrated to improve pain control and reduce
morphine consumption [6,7]. It also shortens lengths of hospital
stays compared with peripheral nerve block [7], which is known
to be associated with poor mobility [2].

Liposomal bupivacaine (LB; EXPAREL, bupivacaine liposome
injectable suspension; Pacira Pharmaceuticals, Inc., Parsippany, NJ) is
an amide local anesthetic approved for single-dose infiltration into
the surgical site to produce postsurgical analgesia [8]. Numerous
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studies have evaluated LIAwith LB in patients undergoing TKA, some
demonstrating a benefit [9e11] and others not [12e19]. Barrington
et al [9], for example, reported that periarticular injection of LB
provided better pain control at 6 and 12 hours after TKA compared
with periarticular injection of ropivacaine. In contrast, Schroer et al
[19] found no differences in postsurgical pain with periarticular in-
jection of LB vs bupivacaine. When attempting to reconcile the
conflicting findings in the literature, a variety of differences in study
design and methodology are apparent, including differences in
infiltration techniques, opioid use, and pain assessments, all ofwhich
may have contributed to the disparate results.

The conflicting findings reported in the literature and the need
for data obtained using optimal infiltration techniques led us to
initiate the PILLAR study [20]. The objectives of the PILLAR study are
to compare the effects of LIA, with or without LB, on pain scores,
opioid consumption, including proportion of opioid-free patients,
time to first opioid rescue, and safety after primary unilateral TKA.
To minimize the limitations that may have affected previous study
results, including inadequate infiltration volume and technique,
lack of opioid minimization in the postsurgical pain management
protocol, suboptimal pain assessments, and attrition due to cur-
tailed hospital stay, we used a standardized infiltration protocol
alongside an opioid-sparing multimodal pain management proto-
col and robust analytical methods.

Methods

Methods for the PILLAR study (NCT02713490) were previously
published in detail [20]. This phase 4, randomized, double-blind,
active-controlled, parallel-group study was conducted at 16 US
centers between April 25, 2016, and January 19, 2017. Institutional
review boards at each site approved the study protocol, and the
study was conducted in accordance with the International Council
for Harmonisation Guidelines for Good Clinical Practice [21]. All
patients provided written consent before participation. Patients
were adult men and nonpregnant women who were scheduled to
undergo primary, unilateral, tricompartmental TKA under spinal
anesthesia, had a primary TKA indication of degenerative knee
osteoarthritis, and had an American Society of Anesthesiologists
physical status classification of 1, 2, or 3.

Randomization (1:1) was performed via a centralized system to
LIA with LB 266 mg/20 mL admixed with bupivacaine HCl 0.5%,
20 mL or LIA with bupivacaine HCl 0.5%, 20 mL only, each expanded
with saline to a total volume of 120mL. Study drug was administered
before and after cementation using six 20-mL syringes with 22-
gauge needles, each stick delivering approximately 1-1.5 mL to the
intended area to achieve visible tissue expansion with minimal
leakage. Injection sites were selected based on the areas of highest
nerve density. A visual representation of the injection sites is shown
in Figure 1. All investigators were required to watch a Video
demonstrating the infiltration techniques and to receive training by a
medical representative from the study sponsor (Pacira Pharmaceu-
ticals, Inc.). Note, the dosage in the video differs from that discussed
in this article (Appendix A). Competency in the standardized
approach was confirmed with a quiz and intraoperative observation
by the study sponsor (minimum of 3-5 cases for experienced in-
vestigators; otherwise, at the sponsor's discretion); all surgeonswere
deemed competent. Study drug was prepared and administered by
unblinded personnel uninvolved with the study assessments.

All patients received acetaminophen 1000 mg, celecoxib 200 mg,
oral pregabalin 300 mg, and intravenous (IV) tranexamic acid 1 g
within 4 hours before surgery. Intraoperative medication was
limited to fentanyl or its analogs. Other analgesics were prohibited
intraoperatively except for emergency use to treat an adverse event
(AE). Patients were required to stay at the hospital facility for
�48 hours after surgery, and they received a multimodal pain
regimen until discharge (oral acetaminophen 975-1000 mg every
8 hours [maximum 3000 mg/d] and oral celecoxib 200 mg every
12 hours), including rescue analgesics as needed (oral immediate-
release oxycodone �10 mg every 4 hours or as needed or,
if unable to tolerate oral medication, IV morphine 2.5-5 mg
or hydromorphone 0.5-1 mg every 4 hours or as needed). Patients
received rescue medication only upon request for pain control. Other
rescuemedications and patient-controlled analgesiawere prohibited.

The study's coprimary efficacy endpoints were area under the
curve (AUC) of visual analog scale (VAS) pain intensity scores from
12 to 48 hours after surgery (AUC12-48) and total opioid consump-
tion (IVmorphine equivalents, mg) from0 to 48 hours after surgery.
To reduce bias in pain assessments, pain intensity scores during
periods of rescue medication administration were replaced by the
highest observed score before rescue medication use. Secondary
efficacy endpoints were total postsurgical opioid consumption
through 72 hours (or discharge), the percentage of opioid-free
patients through 48 and 72 hours (or discharge), and the time to
first opioid rescue through 72 hours (or discharge). Safety end-
points included the incidence of treatment-emergent AEs (TEAEs)
and serious AEs, including opioid-related AEs and TEAEs of special
interest (cardiac events, neurologic events, and falls), through day
29 after surgery.

The safety population was composed of all patients who
received study drug, and the efficacy population included all pa-
tients from the safety population who underwent the planned
surgery. Efficacy analyses were based on actual treatment received.
The coprimary efficacy endpoints were analyzed using analysis of
variance with main effects of treatment and site. Because reduction
in pain scores was being evaluated between treatment groups, one-
tailed tests were used. A covariate analysis of AUC12-48 of VAS pain
intensity scores taking into account body mass index was also
performed. Because the opioid data were not distributed normally
(Shapiro-Wilk normality test, P ¼ .004, a ¼ 0.01; Fig. 2), they were
log-transformed prior to analysis, and LS means (the predicted
means if there was a balanced distribution of the data) were re-
ported instead of arithmetic means (parameter for normally
distributed data) or medians. Log-transformed total opioid con-
sumption through 48 hours was tested only if the between-group
comparison of AUC12-48 of VAS pain intensity scores was signifi-
cant. The secondary efficacy endpoints were analyzed using a hi-
erarchical, fixed-sequence, sequentially rejective approach. Total
postsurgical opioid consumption through 72 hours was analyzed as
described for the coprimary endpoints. The proportion of opioid-
free patients was analyzed using the Cochran-Mantel-Haenszel
test stratified by site. Time to first opioid rescue was analyzed us-
ing logistic regression and Kaplan-Meier methods; and a log-rank
test was used to compare the survival curves. All treatment com-
parisons used a significance level of P < .05. Safety endpoints were
summarized descriptively by treatment group.

Patient disposition is summarized in the Appendix (Fig. A1).
Recruitment was stopped based on an estimate of power based on
blinded data, which showed that adequate power was reached
despite the lower than targeted sample size. According to this
power analysis, 70 evaluable patients per treatment group were
needed to achieve 80% power to detect a 40-point difference in AUC
of VAS pain intensity scores (common standard deviation [SD] 67.3)
and a 30% difference in log-transformed total opioids (common SD
0.67) between treatment groups at a one-sided 0.05 alpha level
with sequential testing. The sample size of 70 patients per treat-
ment group provided 96% power to detect a 40-point difference in
AUC of VAS pain intensity scores, 83% power to detect a 30% dif-
ference in log-transformed total opioids, and 80% power to detect
both. The safety and efficacy populations each included 139



Fig. 1. Drug infiltration technique for total knee arthroplasty. Reproduced with permission from Dysart et al. [20].
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patients (with LB, n ¼ 70; without LB, n ¼ 69). Demographic,
clinical, and surgery characteristics were similar in the 2 treatment
groups (Table 1). Mean age of the overall population was 66 years,
59.0% were women, and 87.8% were white. Most patients were
American Society of Anesthesiologists classification 2 (61.2%) or 3
(35.3%), and the mean VAS score was 1.90 (range 0-10). Mean
duration of surgery was 1.5 hours (range 0.6-3.4), with a tourniquet
and drain used in 84.2% and 44.6% of the cases, respectively. The
most common intraoperative medications administered were fen-
tanyl (63.3%), followed by fentanyl citrate (1.4%). In the LIA without
LB group, 1 patient received hydromorphone intraoperatively and 1
patient received morphine intraoperatively.
Fig. 2. Categorical distribution of total opioid consumption data. Chi-square test for 2-wa
significantly different with vs without LB.
Results

LIA with LB significantly improved pain scores compared with
LIA without LB (Fig. 3). Mean (SD) AUC12-48 of VAS pain intensity
scores, the coprimary efficacy endpoint, was 180.8 (94.80) with LB
and 209.3 (78.97) without LB, with a significant least squares (LS)
mean treatment difference (�26.88, P ¼ .0381). A significant dif-
ference between treatment groups was also observed in a covariate
analysis taking into account body mass index (P ¼ .017).

LIA with LB also significantly reduced total opioid consumption
(Fig. 4). LS geometric mean (standard error) total opioid con-
sumption from 0 to 48 hours after surgery was 18.7 (7.74) mg with
y table yielded a P value of .015, indicating that the proportions in each category are



Table 1
Baseline Characteristics.

Characteristica With LB
(n ¼ 70)

Without LB
(n ¼ 69)

Total
(N ¼ 139)

Age (y) 66 (8.61) 66 (7.21) 66 (7.92)
Women, n (%) 43 (61.4) 39 (56.5) 82 (59.0)
Race, n (%)
White 61 (87.1) 61 (88.4) 122 (87.8)
Black 7 (10.0) 5 (7.2) 12 (8.6)
Other 2 (2.9) 3 (4.3) 5 (3.6)

BMI (kg/m2) 32.4 (5.81) 31.3 (5.19) 31.9 (5.52)
ASA classification, n (%)
1 3 (4.3) 2 (2.9) 5 (3.6)
2 45 (64.3) 40 (58.0) 85 (61.2)
3 22 (31.4) 27 (39.1) 49 (35.3)

VAS score (cm) 1.91 (2.12) 1.89 (2.24) 1.90 (2.17)
Right TKA, n (%) 39 (55.7) 44 (63.8) 83 (59.7)
Duration of surgery (h) 1.5 (0.53) 1.5 (0.53) 1.5 (0.53)
Total incision length (cm) n ¼ 65

14.0 (2.89)
n ¼ 66
14.7 (2.64)

n ¼ 131
14.3 (2.78)

Tourniquet used, n (%) 61 (87.1) 56 (81.2) 117 (84.2)
Duration (min) n ¼ 60

63.6 (40.18)
n ¼ 54
68.2 (36.14)

n ¼ 114
65.8 (38.22)

Maximum inflation
pressure (mm Hg)

n ¼ 61
275.8 (33.29)

n ¼ 55
274.1 (34.01)

n ¼ 116
275.0 (33.50)

Drain used, n (%) 34 (48.6) 28 (40.6) 62 (44.6)
Duration (h) n ¼ 28

30 (13.32)
n ¼ 23
38 (23.15)

n ¼ 51
33 (18.68)

ASA, American Society of Anesthesiologists; BMI, body mass index.
a Mean (SD) unless otherwise specified.
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LB and 84.9 (35.50) mgwithout LB, with a significant LS ratio (0.220
[95% confidence interval 0.070-0.692], P ¼ .0048). Total inpatient
postsurgical opioid consumption from 0 to 72 hours also showed
a significant reduction with (20.9 [8.70]) vs without (93.6 [39.43])
LB (Fig. 4; LS ratio 0.223 [95% confidence interval 0.070-0.707],
P ¼ .0108).

Consistent with these effects on pain and total postsurgical
opioid consumption, LIA with LB significantly increased the pro-
portion of opioid-free patients and significantly delayed time to
first opioid rescue compared with LIA without LB. Overall, 90% of
patients receiving LIA with LB took opioid rescue medication vs
100% of patients receiving LIAwithout LB. The percentage of opioid-
free patients through 48 and 72 hours (or discharge) was signifi-
cantly greater (all P < .01) with vs without LB (Fig. 5). The time to
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first opioid rescue ranged from 0.25 to 48 hours (censored) with LB
and from 0.27 to 33 hours without LB, and the time to rescue of 50%
of patients was 4.1 and 2.9 hours, respectively, with a significant
difference between the survival curves (P ¼ .0230; Fig. 6).

Both treatments were well tolerated (Table 2). The incidence of
�1 TEAE was 64.3% with LB and 56.5% without LB, and most TEAEs
were mild or moderate in severity. The most common TEAEs were
nausea, dizziness, and muscle spasms. Opioid-related AEs and AEs
of interest are summarized in Table 2. One patient in each group
experienced a serious AE (incision-site cellulitis in LIA with LB
group, influenza in LIAwithout LB group); both events resolved and
were considered unrelated or unlikely to be related to study drug.
No patient discontinued the study because of a TEAE.
Discussion

The PILLAR study was designed to address the limitations of
previous studies of LIAwith LB in TKA that may have contributed to
discrepant results reported in the literature. The study objectives
were to compare pain scores, opioid consumption, time to first
opioid rescue, and safety with LIA with and without LB using a
standardized infiltration protocol alongside a multimodal analgesia
protocol. The study results show that LIA with LB produced statis-
tically significant and clinically meaningful improvements for all
efficacy endpoints with no unexpected safety concerns.

With 140 patients, the PILLAR study was moderate in size.
Although this can be considered a study limitation, it is a reflec-
tion of the stringent inclusion and exclusion criteria that were
applied (eg, exclusion for previous use of short- or long-acting
opioids or history of contralateral TKA), which helped to mini-
mize potential confounding elements. Within the opioid-sparing
multimodal analgesia protocol, opioids were the only permitted
rescue medication. Because of this, opioid consumption was
minimal, but the results may in fact underestimate the potential
for further reduction in opioid consumption in clinical practice,
wherein nonopioid analgesics may be used as the first line of
rescue. Recovery time and healthcare costs were not evaluated in
the PILLAR study, and lengths of stay could not be assessed



Table 2
Summary of Treatment-Emergent Adverse Events (Safety Population).

AE, n (%) With LB
(n ¼ 70)

Without LB
(n ¼ 69)

Total
(N ¼ 139)

�1 TEAE 45 (64.3) 39 (56.5) 84 (60.4)
�1 related TEAE 4 (5.7) 2 (2.9) 6 (4.3)
Discontinuation due to a TEAE 0 0 0
�1 SAE 1 (1.4) 1 (1.4) 2 (1.4)
Most common TEAEs (�5% in either group)
Nausea 21 (30.0) 22 (31.9) 43 (30.9)
Dizziness 3 (4.3) 8 (11.6) 11 (7.9)
Muscle spasms 6 (8.6) 0 6 (4.3)
Vomiting 5 (7.1) 5 (7.2) 10 (7.2)
Hypokalemia 4 (5.7) 1 (1.4) 5 (3.6)

ORAEs,a

Constipation 3 (4.3) 3 (4.3) 6 (4.3)
Pruritus 3 (4.3) 0 3 (2.2)
Sedation 0 0 0

TEAEs of special interest,b

Mental status changes 0 2 (2.9) 2 (1.4)
Bradycardia 1 (1.4) 1 (1.4) 2 (1.4)
Arrhythmia 0 1 (1.4) 1 (0.7)
Falls 0 1 (1.4) 1 (0.7)

ORAEs, opioid-related adverse events; SAE, serious adverse event.
a Nausea and vomiting are reported under the most common TEAEs.
b Dizziness is reported under the most common TEAEs.
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because all patients were required to remain in the hospital for 2
days. However, this requirement ensured that opioid consumption
and pain data, which could be assessed as AUC instead of discrete
time points, remained reliable and valid throughout the study
period. Thus, although introducing certain limitations, the strict
study protocol helped to ensure consistent and meaningful anal-
gesic outcomes.

A key strength of the PILLAR study was the use of a meticulous
and standardized infiltration protocol. The infiltration techniques
reflect the extensive clinical experience of various practitioners,
including members of the investigative team, with perioperative
local anesthetics, including LB, as part of multimodal pain man-
agement in TKA. Important elements include expanding the drug to
an adequate total volume, use of numerous, small-volume in-
jections throughout the layers of incision, use of the right needle
size to minimize leakage, and admixing with bupivacaine HCl to
provide adequate early analgesia. A similar approach has been used
successfully by Connelly et al [22] and is described in a recent
consensus recommendation [23]. Rigorous field training was
instituted to ensure consistent use of these techniques across
study sites. A straightforward opioid-sparing multimodal pain
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management protocol including scheduled acetaminophen/cele-
coxib and opioids only as needed for rescue was utilized. This
protocol allowed for pain to be appropriately and safely managed
with minimal and, in some cases, no opioids.

As mentioned previously, some studies of LIA with LB in TKA
have reported positive results [9e11], whereas others have re-
ported neutral or negative results [12e19]. These disparities may be
partly attributable to differences in study design and methodology,
including infiltration techniques. For example, the neutral results
reported by Schroer et al [19] could reflect several methodologic
factors, including nonequivalence of the bupivacaine HCl dose in
the LB (75 mg) and control groups (150 mg), which may have led to
greater initial pain in the LB vs control group, and an inability to
“catch up” pain control at later periods (data were not stratified by
time periods). Other limitations included use of a suboptimal
infiltration volume (LB 50 mL, bupivacaine HCl 60 mL), assessment
of pain scores at discrete time points, and lack of opioid minimi-
zation [19]. Similar limitations related to infiltration techniques
(including partial infiltration, overly large gauge needle, no bupi-
vacaine HCl bridging) [13e17], pain assessment or primary
outcome [12e16,18], and opioid minimization [15,16] are evident in
other previous studies reporting negative or neutral findings. In the
PILLAR study, the treatment groups received equal amounts of
bupivacaine HCl; an optimal infiltration volume (120mL) was used;
pain scores were analyzed as AUC based on repeated assessments
at standardized intervals; and steps such as prohibiting patient-
controlled analgesia and avoiding scheduled opioids were taken
to minimize opioids. Possible additional reasons for negative or
neutral findings in the literature include potential lack of study
power [12,13,15,18] and issues with patient selection [14,17,18]. It is
worth pointing out that the primary endpoint for the PILLAR study,
AUC12-48 of VAS pain intensity scores, was chosen because a
between-group difference in earlier postsurgical pain control (eg,
0-12 hours) was not expected given that both treatment groups
received bupivacaine HCl.

Consistent with the current findings, a prospective, randomized,
double-blind controlled trial demonstrated significant improve-
ments in postsurgical pain scores and opioid consumption with LIA
with LB vs a concentrated multidrug cocktail [10]. Patients
receiving LIA with LB also reported significantly higher satisfaction
with pain control overall and while in the hospital. Although this
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study also had limitations (eg, potential lack of study power, lack of
bupivacaine bridging, suboptimal pain assessment), this is the only
randomized, double-blind controlled trial to date that used what
might be considered optimal LB volume and infiltration techniques.

The reduction in opioid consumption with LIA with LB in the
PILLAR study is important in light of the negative impact of opioid-
related AEs on patient outcomes [24] and the opioid epidemic.
Orthopedic surgery has one of the highest rates of opioid pre-
scribing [25], which puts patients at increased risk for chronic
opioid use, misuse, and abuse [26e28]. The impact of the current
opioid epidemic cannot be overstated, with 91 Americans dying
from opioid overdose each day [29]. The American Academy of
Orthopaedic Surgeons has recently called for orthopedic surgeons
to implement patient education and pain management strategies
to reduce opioid use [30]. In addition, the American Academy of
Orthopaedic Surgeons has launched a multimedia campaign to
further raise awareness of this issue among patients and doctors
[31]. Orthopedic surgeons may play a substantial role in
addressing these concerns by reducing the number of patients
who remain on chronic opioid treatment for months and years
after the acute postsurgical period. For patients suspected to be at
risk for opioid misuse, such as individuals with a personal or
family history of substance abuse, history of depression or bipolar
disorder, or aberrant behavior (eg, early refill requests) [25],
opioid-free surgery should be considered a realistic goal moving
forward.

The potential for LB to facilitate opioid-free surgery and
ambulatory joint arthroplasty programs [32] is relevant to another
key topic, healthcare costs. Although the current data demon-
strate improved outcomes using LIA with LB, evidence of
reasonable costs is needed to further establish the benefit of this
approach. Overall, cost-benefit is driven by not only the price of
the medication but also factors such as operative time, use of
opioids and pain pumps and their associated complications, pace
of functional recovery, hospital lengths of stay, and readmissions.
Although the cost of LB is $300 higher than that of bupivacaine
HCl, retrospective study data suggest a net reduction in hospital
costs compared with standard of care [33e35]. A case-control
study of >2000 joint arthroplasties performed using a standard
of care multimodal pain protocol with periarticular injection or a
protocol including LB periarticular injection demonstrated a sig-
nificant improvement in pain outcomes and an average reduction
in hospital overall direct cost of $1246 per patient using LB [36]. A
forthcoming manuscript will further address costs by reporting
related endpoints such as discharge readiness, lengths of stay,
incidences of readmission, and health services use after discharge
in the PILLAR study.

In addition to cost data, comparisons with multidrug cocktails
would further inform the clinical effectiveness of LB. Refinement of
patient demographics, genetics, and cytokine levels to more accu-
rately predict responders and nonresponders is worthy of future
study. Studies targeting specific patient populations, such as
opioid-naive patients, patients who abuse opioids, and patients
undergoing other types of joint arthroplasty, could also be fruitful
as the field continues to evolve.
Conclusions

The PILLAR study provides data on the efficacy and safety of LB
when administered using optimal infiltration techniques as part of
a standardized opioid-sparing multimodal pain management pro-
tocol. Results show that an opioid-sparing multimodal pain man-
agement approach using LIA with LB can safely manage pain while
further reducing or eliminating the need for opioids following TKA.
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