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Abstract

Many additives to local anesthetics to prolong the duration of analgesia for peripheral nerve
blocks have been studied. In this review, the authors focus on the more commonly described
additives, including epinephrine, clonidine, dexmedetomidine, buprenorphine, dexamethasone,
tramadol, sodium bicarbonate, and midazolam. While the primary focus of this review is the effect
of the additive on the duration of analgesia, neurotoxicity and other safety concerns are also
discussed.

Introduction

Single-shot peripheral nerve blocks as (i) an alternative to general anesthesia and (ii) an
opioid-sparing analgesic have become a portion of standard anesthesia practice throughout
the world. While perineural catheters for postoperative analgesia for the days after surgery
have increased, the majority of anesthesiologists still perform single-shot blocks.
Commercially available local anesthetics have a limited duration of analgesia that frequently
leaves patients complaining of pain for the first time during their first postoperative night
when they are likely most vulnerable. While there are longer acting formulations and new
concepts on the horizon, there are limits to what local anesthetics alone can provide. In this
review, the authors will describe both evidence and potential future directions for the use of
described adjuncts with each other and with long-acting local anesthetics. The focus will be
on the onset and analgesic duration of single-shot nerve blocks, along with any neurotoxic
concerns or neuroprotective potential.

Epinephrine

While epinephrine certainly has analgesic benefit when used with short- and intermediate-
acting local anesthetics, there are limited data regarding the efficacy of epinephrine for
prolonging the analgesic duration of long-acting local anesthetics (ropivacaine, bupivacaine,
levobupivacaine). Some studies with long-acting local anesthetics (e.g., ropivacaine) failed
to show an increased duration of analgesia with co-administration of epinephrine.! The
limited available data make it impossible to assess the potential analgesic benefits for the
addition of epinephrine.
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Clonidine

Epinephrine remains the most widely used adjunct for local anesthetics in peripheral nerve
blockade; however, the increased use of ultrasound and potential concerns about
neurotoxicity may temper the enthusiasm of its use for some anesthesiologists. A review by
Neal (2003) notes the differential blood flow of the extrinsic and intrinsic systems in the
peripheral nerve and questions whether epinephrine has any true impact on neurotoxicity.?
Decreases in blood flow? 3 and the increased duration of analgesia® are due to the o;-
adrenoceptor agonist effect of epinephrine.# Some local anesthetics, including lidocaine and
ropivacaine, will also cause vasoconstriction and are synergistic with epinephrine. Whether
the effect of epinephrine is simply due to decreased systemic uptake leading to a greater
effect of the local anesthetic on the peripheral nerve is still not completely understood;2 >
however, perineural epinephrine alone does not cause sensory or motor blockade.*

The controversy surrounding widespread use of epinephrine in combination with local
anesthetics is the argument as to whether it is protective or harmful. There is no question
that epinephrine can be a valuable marker for the detection of intravascular injection, and
some experts believe that the early detection of intravascular injection greatly outweighs the
potential neurotoxic or myotoxic effects. The increased use of ultrasound worldwide allows
for visualization of the needle tip and real-time assessment of local anesthetic spread;
however, unintentional intravascular injection of local anesthetic with subsequent
cardiovascular collapse using ultrasound has still been reported and remains a legitimate
concern. Along with other experts, however, we believe that the addition of epinephrine to
local anesthetics may increase the potential neurotoxicity, which may be especially
concerning in those patients at higher risk for nerve injury (i.e., patients with diabetes
mellitus, hypertension, and/or a history of smoking).8 We still recommend the use of
epinephrine as an additive for test dose purposes in out-of-plane ultrasound blocks or nerve
stimulator blocks. Beta blockade may limit the use of epinephrine as a marker of
intravascular injection. Avoidance of high volume blocks, use of in-plane ultrasound
guidance, slow injections, and limited sedation with constant assessment of central nervous
system excitatory effects are likely equally or more important for limiting potential
cardiotoxicity. The authors only recommend the use of epinephrine for nerve blocks done
without ultrasound guidance, or blocks in which the needle tip and local anesthetic spread is
not adequately visualized, as a safety measure to detect intravascular injection.

Clonidine, an oy-adrenoceptor agonist, has been used for many years as an additive to
short-, intermediate-, and long-acting local anesthetics.”- 8 Meta-analyses and systematic
reviews clearly show an analgesic benefit from the addition of clonidine to local
anesthetics.”- 8 The duration of additional benefit is difficult to assess due to the
heterogenous nature of the outcomes measures used in the various studies; however,
clonidine likely provides approximately 100 additional minutes of analgesia with long-
acting local anesthetics.” Most studies used between 100-150 g, with higher doses showing
side effects, including sedation, bradycardia and hypotension.’” A dose of 100 pg clonidine
may produce mild, treatable side effects also seen with other anesthetics; anecdotally, lower
clonidine doses may be prudent to use (to avoid hypotension) for patients in the sitting
position with spontaneous ventilation, as is commonly the case with arthroscopic or “mini-
open” shoulder surgery.¢

The mechanism of action of clonidine on the peripheral nerve has been elucidated in basic
science studies, but has often failed to be translated to clinical literature. Clinical researchers
have written about (i) «,-adrenoceptor mediated vasoconstriction in the periphery, or (ii)

‘1’http://WWW.apsf.org/newsletters/pdf/summer2007.pdf; Last accessed on 12/11/10
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centrally mediated analgesia. Multiple studies have clearly demonstrated that the perineural
effect of block prolongation is not o,-mediated, however.# %-11 Instead, the peripheral
effects of clonidine are through inhibition of the hyperpolarization-activated cation current
(I current). This current normally functions to restore nerves from a hyperpolarized state to
resting potential for a subsequent action potential. The effect appears to be more profound
on C-fibers (pain fibers) than Ao-fibers (motor fibers),1! thereby making the effects
potentially more sensory specific.

While modest efficacy has been demonstrated, the availability and convenience have limited
the widespread use of clonidine in nerve blocks. At most institutions in the United States,
clonidine is packaged in 1000 pg single-use vials at a cost significantly above that of local
anesthetics (University of Michigan costs: 0.5% ropivacaine = $18.20 for a 30 mL vial;
clonidine 1000 pg [10 mL] vial = $46.93). As such, much of the vial is wasted, unless
prepared in sterile fashion in multiple syringes by a pharmacist, or unless multiple syringes
can be separately prepared and immediately used in very high case volume programs. Given
that its use in peripheral nerve blocks is not patented, clonidine is unlikely to be packaged
with local anesthetics. That said, both authors routinely use clonidine in their practice.

Dexmedetomidine

The use of another o,-adrenoceptor agonist, dexmedetomidine, for peripheral nerve
blockade is not as widespread and is not currently approved for use in the United States.
Preclinical data have demonstrated increased duration of sensory and motor blockade in
bupivacaine and ropivacaine sciatic nerve blocks in rats.12-14 The effects have been shown
to be dose-dependent! and peripherally mediated.12 An /n vitro model of frog sciatic nerve
blockade also demonstrated a reduction in compound action potentials with
dexmedetomidine that was more potent than clonidine.® This effect was not reversed with
oy-adrenoceptor antagonists.

There are only two studies using dexmedetomidine for peripheral nerve blocks in humans.
In a well-designed clinical trial, Obayah et al.1® showed an increase in the time to first
analgesic request following greater palatine nerve blocks cleft palate repair in children when
bupivacaine plus dexmedetomidine (1 pg/kg) was compared with bupivacaine alone (22 hr
vs. 14.2 hr, p < 0.001). In addition, pain scores in the dexmedetomidine group were
significantly lower for the first 24 hr. There were no differences in sedation scores or
hemodynamic variables between the two groups. A recent prospective, randomized, blinded,
controlled trial found an improved onset time and increased duration of analgesia when
dexmedetomidine (100 pg) was added to levobupivacaine for axillary nerve blocks in
humans.1” The dexmedetomidine group was associated with more bradycardia and
hypotension, which was treated in some cases with atropine. The use of a nerve stimulator-
guided block and high volumes (40 ml) of local anesthetic may have lessened the analgesic
effects, as the effect of perineural dexmedetomidine is known to be concentration-
dependent.14 In addition, the use of a large volume could have increased the amount of
systemic uptake of the dexmedetomidine leading to the higher rates of bradycardia.

Similar to clonidine,® dexmedetomidine pretreatment extends the time-to-cardiotoxicity
from intravenous bupivacaine infusion in rats, and increases the total dose required to induce
cardiac arrest.1® Whether this cardioprotective effect applies to co-administration with local
anesthetics is not known. While the data tfo date are supportive, the authors believe that
further clinical studies are warranted to better establish the appropriate dosing, potential side
effects and safety prior to widespread clinical use.

Int Anesthesiol Clin. Author manuscript; available in PMC 2012 October 01.
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Buprenorphine

The use of traditional opioids in peripheral nerve blocks has not been shown to be effective
in clinical studies;2% however, there is ongoing research with buprenorphine. Buprenorphine
is an opioid receptor p-agonist and x antagonist, having both analgesic and antihyperalgesic
properties.2 The original studies by Candido et al.?2: 23 demonstrated analgesic efficacy
from the addition of the addition of buprenorphine to combinations of mepivacaine,
tetracaine, and epinephrine. More recently, the same group compared the postoperative
analgesic effects of buprenorphine added to bupivacaine compared with controls (including
an intramuscular control group) for sciatic nerve blocks, and the results were less impressive
than the original studies.?* While both buprenorphine groups (perineural and intramuscular)
had lower pain scores for the first 48 hours when compared with bupivacaine alone, there
were no differences between the two buprenorphine groups for pain scores or opioid
consumption at any of the assessed time points. The only significant differences were found
when the groups were assessed over time through an analysis of variance. Both
buprenorphine groups experiences more side effects (especially nausea and vomiting in the
absence of antiemetic prophylaxis), while there were no differences in satisfaction between
any of the groups.

While there are data to support peripheral anti-inflammatory effects2® and laboratory studies
demonstrating opioid receptors on primary sensory afferents (dorsal root ganglia and
terminal endings),26 it remains unclear as to how buprenorphine acts when added to local
anesthetics in peripheral nerve blocks. Future research with other long-acting local
anesthetics (or in combinations with other adjuvants) and appropriate controls is warranted.
The authors are divided as to the clinical utility of buprenorphine in peripheral nerve blocks.
Dr. Williams regularly uses buprenorphine clinically, while Dr. Brummett does not
recommend its use.

Dexamethasone

In a recent review,2” dexamethasone (as a corticosteroid) was reported to attenuate C-fiber
responses. More recent publications since the aforementioned review indicate that 8 mg
dexamethasone added to perineural local anesthetic injections augment the duration of
peripheral nerve block analgesia.?8 22 The increase in the duration of analgesia is unclear, as
the two studies found widely divergent results; the latter of which using combined
bupivacaine, clonidine, and epinephrine as the active control group.2? In rats,
dexamethasone alone or when combined with aqueous bupivacaine has no effect on the
analgesic effects of a sciatic nerve block;30 but when combined with bupivacaine
microspheres, the effects were significant. Clinical data of dexamethasone with long-acting
plain local anesthetic alone are not known, while the dexamethasone data with
mepivacaine?8 refute the claim of a long duration sensory-selective blockade. Further
research is needed to better delineate the impact of dexamethasone with long-acting local
anesthetics both with and without other adjuvants. Until more efficacy data are available
showing a significant increase in the duration of long-acting local anesthetics or a selective
sensory blockade, the authors recommend detailed attention being directed to potential dose-
response efficacy and adverse effects in preclinical models with respect to dexamethasone
combined with local anesthetics. Clinically, Dr. Brummett does not recommend the use of
perineural dexamethasone, while Dr. Williams sparingly uses dexamethasone restricted to
1-2 mg perineural doses.

Sodium Bicarbonate

Sodium bicarbonate is widely used in epidural (and to a lesser extent, perineural) anesthesia
to hasten the time to sensory and motor block.31 However, the effects of alkalinization of
local anesthetics for peripheral nerve blockade is less clear.32-35 Some studies report a
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Tramadol

Midazolam

shortening of time to block onset, but whether these provide clinically meaningful results is
not clear.34 35 Sodium bicarbonate does not appear to have any effect on block duration;
although adding sodium bicarbonate to a local anesthetic solution containing clonidine
offsets the increases to analgesic duration normally resulting from perineural clonidine
use.38 Given the lack of significant efficacy, the authors do not recommend the use of
sodium bicarbonate in peripheral nerve blocks.

In a recent review,2” tramadol was described to stimulate serotonin release intrathecally,
while inhibiting norepinephrine reuptake centrally. It also is a weak p- and x-opioid receptor
agonist, and also blocks voltage-gated sodium channels /n vitro in a fashion that is not
opioid-receptor related. While tramadol appears to have effects on in vitro models of
compound action potientials,3”: 38 the clinical data have been largely negative, especially
when combined with long-acting local anesthetics3%-41 or when systemic controls have been
included.?! There appears to be little future value in tramadol as a single adjuvant in local
anesthetic nerve blocks, and the authors do not recommend the use of perineural tramadol in
clinical practice.

The use of midazolam in regional anesthesia has been debated for many years, and its safety
and analgesic efficacy remain in question. In a recent review,2’ the authors described the
actions of peripheral midazolam as acting on GABA-A receptors in axons of mammalian
peripheral nerve trunks, although other mechanisms (e.g., peripheral benzodiazepine
receptors) may prove to be relevant.42 While there are studies demonstrating efficacy,*3 the
data are limited. Since this review, only one other study has been reported regarding the
perineural (brachial plexus) use of midazolam,** yielding identical results as the only other
reported use of perineural brachial plexus midazolam.*3 There have been multiple studies
showing neurotoxicity when midazolam is administered intrathecally in animals.*> 46 Given
the concerns for neurotoxicity, the authors do not recommend the clinical use of perineural
midazolam combined with local anesthetics in peripheral nerve blocks.

Neurotoxicity

Neurological sequelae are feared complications for all clinicians, and are likely greatly
underreported due to failure of anesthesiologists to routinely assess patients after nerve
blocks. Local anesthetics are known to be neurotoxic4’~4? and myotoxic.59 Whether these
effects are clinically significant is not known, yet prospective observational trials assessing
postoperative neurological sequelae have demonstrated alarmingly high rates of significant
sensory symptoms, along with significant associations between nerve injury and paresthesia
and pain during the injection.>1-53 There are no data available to determine whether there is
a causal effect with peripheral nerve blockade or possibly more correlation with patient
positioning and surgery, but there are strong clinical associations implicating peripheral
nerve blockade as a potential contributor. Much of the available literature is based on
healthy animals and humans, and is therefore not as applicable to the average patient
population. There is a growing belief that a re-evaluation of our standard care with a focus
on an enhanced safety profile rather than simply trying not to be worse than the current
standard of care (local anesthetics) is warranted, especially in at-risk patients.6: 27 54

The potential additive risk or neuroprotection from some of the described perineural
adjuvants has been studied, but is not clear. Epinephrine alone does not appear to have any
neurotoxic effects, but when mixed with local anesthetics, neurotoxicity is increased.? The
clinical implications of epinephrine’s enhancement of neurotoxicity is still unclear.2 Alpha-2
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adrenoceptor agonists have been found to be neuroprotective in preclinical models of central
nervous system ischemia.®® In addition, clonidine was shown to attenuate the hyperalgesic
response to nerve injury in rats through an o,-mediated effect on inflammatory cells.6: 57
Perineural dexmedetomidine attenuates the bupivacaine-induced acute perineural
inflammation.3 A poorly designed trial reported neurotoxicity with epidural
dexmedetomidine in rabbits.?8 The study had a high rate of technical failure for epidural
placement (25%), failed to include a vehicle control group, and used large catheters. In
addition, a “drug effect” was described despite harvesting the spinal cords for
histopathology only 60 minutes after injection, which is too early to truly ascribe a drug-
related effect (Generally require 24 hours for acute toxicity and 14-21 days to assess
delayed toxicity). Randomized, blinded, controlled studies of high-dose dexmedetomidine
with long-acting local anesthetics for peripheral nerve blocks in rats found no neurotoxic
effects.13: 14 Whether oy -adrenoceptor agonists are neuroprotective in peripheral nerve
blocks is not known but preclinical datal 14 are encouraging. There has been interest in
using dexamethasone for a potential anti-inflammatory neuroprotective effect. While the
study was underpowered to detect a difference in postoperative neurological sequelae, there
were no trends favoring dexamethasone compared with controls added to mepivacaine
assessed prospectively at 2 weeks after the nerve block (8 of 24 patients with sensory
complaints in the dexamethasone group vs. 5 of 21 in the normal saline control group, p =
0.248).28 Prospective clinical trials of such outcomes are somewhat impractical, therefore
clinicians may have to depend on preclinical data to assess potential neurotoxicity and
neuroprotective effects.

There are no clinical or preclinical data to support increased risk or safety from the addition
of buprenophrine, tramadol, dexamethasone, or sodium bicarbonate. There are /n vivo
intrathecal animal studies demonstrating neurotoxicity associated with midazolam.*> 46
Since perineural dexamethasone in patients has only been reported at the 8 mg dose, it will
be critical to evaluate preclinical models and potential dose-response neurotoxic effects in
combination with local anesthetics.

Additional Safety Concerns

Intravascular injection remains one of the most serious concerns in regional anesthesia and
is a source of potential morbidity and mortality.>%-61 While ultrasound may decrease the risk
for intravascular injection, ultrasound alone does not obviate all risk.5% Lipid emulsion
therapy appears to be beneficial in treating local anesthetic-induced cardiac arrest;5?
however, the trend towards reduction of the dosage and volume of local anesthetics with
ultrasound-guided nerve blocks will likely have the greatest impact on safety.53 There are
limited data to support the potential adverse effects associated with additives in the event of
intravascular injection. As was noted in the “Epinephrine” section above, epinephrine can be
a useful marker for intravascular injection, although its effects can be delayed or blunted by
beta blockade. Pretreatment with o,-adrenoceptor agonists (clonidine and
dexmedetomidine) attenuates local anesthetic-induced cardiotoxicity and increases the
safety threshold.18: 19 Whether co-administration of o,-adrenoceptor agonists and local
anesthetics will have similar safety effects is not known and merits further study. Giving a
bolus of either clonidine or dexmedetomidine could lead to bradycardia and hypotension.
Buprenorphine, tramadol, sodium bicarbonate, and midazolam are all administered
intravenously and would not be expected to have any additional adverse effects when co-
administered with local anesthetics. Ultimately, local anesthetics have the greatest potential
for toxicity, if administered intravenously, and reductions of local anesthetic dosing will
likely have the greatest impact on patient safety.
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The use of combinations and mixtures increases the potential for human drug error. The
Anesthesia Patient Safety Foundation has recently pushed for the use of prefilled and labeled
syringes.¢ They also advocate for clinicians to create standard concentrations for all
medications. While this effort is not focused on regional anesthesia, many of the concerns
apply to our field and deserve consideration. This is certainly challenging given that many of
the available additives are generic. Vigilance remains a cornerstone for regional anesthesia
and particularly applies to careful calculations and drug preparation.

Conclusions

The authors recommend the clinical use of perineural clonidine (100 mcg for the average
adult). Epinephrine is recommended as a marker for intravascular injections when
performing nerve blocks without ultrasound (1:400,000 ratio), or when out-of-plane
ultrasound techniques are employed. While early data for dexmedetomidine are
encouraging, the authors recommend against widespread clinical use until further clinical
data are available. The use of buprenorphine is only recommended by one (BAW) of the two
authors, in the context of clonidine-buprenorphine combinations with local anesthetics.
More data for dexamethasone are needed prior to its widespread use, especially related to
potential dose-response-related neurotoxicity when combined with local anesthetics. The
authors caution against combining midazolam and local anesthetics due to potential
neurotoxicity, while sodium bicarbonate and tramadol appear to have little efficacy.

The authors believe that well-designed clinical trials with appropriate and reproducible
outcomes of additives to local anesthetics are needed, especially in the age of ultrasound-
guided peripheral nerve blocks. While safety should be a focus in such research, future
studies should aim to find clinical options that are safer than the standard-of-care local
anesthetics.

Acknowledgments

Financial Support: Dr. Brummett is supported by grant UL1RR024986 from the National Institutes of Health and
the Department of Anesthesiology, University of Michigan, Ann Arbor, MI. The cell culture research summarized
in this review is supported by NIH grants DA025146 and RR024153, as well as a special grant from the Office of
the Senior Vice Chancellor for the Health Sciences, University of Pittsburgh. Dr. Williams received consulting fees
from B.Braun USA (2010); B.Braun USA was not involved with the design or conduct of these studies, or with the
preparation of this review. Neither this manuscript or nor its contents have been made available to B.Braun USA
prior to publication

References

1. Weber A, Fournier R, Van Gessel E, Riand N, Gamulin Z. Epinephrine does not prolong the
analgesia of 20 mL ropivacaine 0.5% or 0.2% in a femoral three-in-one lock. Anesth Analg. 2001;
93:1327-1331. [PubMed: 11682424]

2. Neal JM. Effects of epinephrine in local anesthetics on the central and peripheral nervous systems:
Neurotoxicity and neural blood flow. Reg Anesth Pain Med. 2003; 28:124-134. [PubMed:
12677623]

3. Myers RR, Heckman HM. Effects of local anesthesia on nerve blood flow: studies using lidocaine
with and without epinephrine. Anesthesiology. 1989; 71:757-762. [PubMed: 2817471]

4. Kroin JS, Buvanendran A, Beck DR, Topic JE, Watts DE, Tuman KJ. Clonidine prolongation of
lidocaine analgesia after sciatic nerve block in rats Is mediated via the hyperpolarization-activated
cation current, not by alpha-adrenoreceptors. Anesthesiology. 2004; 101:488-494. [PubMed:
15277933]

PAnesthesia Patient Safety Foundation Newsletter, Spring 2010; Last accessed 12/20/10.
http://www.apsf.org/newsletters/pdf/spring_2010.pdf

Int Anesthesiol Clin. Author manuscript; available in PMC 2012 October 01.


http://www.apsf.org/newsletters/pdf/spring_2010.pdf

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Brummett and Williams

Page 8

. Hickey R, Blanchard J, Hoffman J, Sjovall J, Ramamurthy S. Plasma concentrations of ropivacaine

given with or without epinephrine for brachial plexus block. Can J Anaesth. 1990; 37:878-882.
[PubMed: 2253294]

. Welch MB, Brummett CM, Welch TD, Tremper KK, Shanks AM, Guglani P, Mashour GA.

Perioperative peripheral nerve injuries: a retrospective study of 380,680 cases during a 10-year
period at a single institution. Anesthesiology. 2009; 111:490-497. [PubMed: 19672188]

. Popping DM, Elia N, Marret E, Wenk M, Tramer MR. Clonidine as an adjuvant to local anesthetics

for peripheral nerve and plexus blocks: a meta-analysis of randomized trials. Anesthesiology. 2009;
111:406-415. [PubMed: 19602964]

. McCartney CJ, Duggan E, Apatu E. Should we add clonidine to local anesthetic for peripheral nerve

blockade? A qualitative systematic review of the literature. Reg Anesth Pain Med. 2007; 32:330-
338. [PubMed: 17720118]

. Dalle C, Schneider M, Clergue F, Bretton C, Jirounek P. Inhibition of the I(h) current in isolated

peripheral nerve: a novel mode of peripheral antinociception? Muscle Nerve. 2001; 24:254-261.
[PubMed: 11180209]

10. Leem JW, Choi Y, Han SM, Yoon MJ, Sim JY, Leem SW. Conduction block by clonidine is not

11.

12.

13.

mediated by alpha2-adrenergic receptors in rat sciatic nerve fibers. Reg Anesth Pain Med. 2000;
25:620-625. [PubMed: 11097671]

Gaumann DM, Brunet PC, Jirounek P. Hyperpolarizing afterpotentials in C fibers and local
anesthetic effects of clonidine and lidocaine. Pharmacology. 1994; 48:21-29. [PubMed: 8309984]

Brummett CM, Amodeo FS, Janda AM, Padda AK, Lydic R. Perineural dexmedetomidine
provides an increased duration of analgesia to a thermal stimulus when compared with a systemic
control in a rat sciatic nerve block. Reg Anesth Pain Med. 2010; 35:427-431. [PubMed:
20814283]

Brummett CM, Norat MA, Palmisano JM, Lydic R. Perineural administration of dexmedetomidine
in combination with bupivacaine enhances sensory and motor blockade in sciatic nerve block
without inducing neurotoxicity in rat. Anesthesiology. 2008; 109:502-511. [PubMed: 18719449]

14. Brummett CM, Padda AK, Amodeo FS, Welch KB, Lydic R. Perineural Dexmedetomidine Added

15.

16.

17.

18.

19.

20.

21.

22.

to Ropivacaine Causes a Dose-dependent Increase in the Duration of Thermal Antinociception in
Sciatic Nerve Block in Rat. Anesthesiology. 2009; 111:1111-1119. [PubMed: 19858875]

Kosugi T, Mizuta K, Fujita T, Nakashima M, Kumamoto E. High concentrations of
dexmedetomidine inhibit compound action potentials in frog sciatic nerves without alpha(2)
adrenoceptor activation. Br J Pharmacol. 2010; 160:1662-1676. [PubMed: 20649570]

Obayah GM, Refaie A, Aboushanab O, Ibraheem N, Abdelazees M. Addition of dexmedetomidine
to bupivacaine for greater palatine nerve block prolongs postoperative analgesia after cleft palate
repair. Eur J Anaesthesiol. 2010; 27:280-284. [PubMed: 19935071]

Esmaoglu A, Yegenoglu F, Akin A, Turk CY. Dexmedetomidine added to levobupivacaine
prolongs axillary brachial plexus block. Anesth Analg. 2010; 111:1548-1551. [PubMed:
20889939]

Gulec S, Aydin Y, Uzuner K, Yelken B, Senturk Y. Effects of clonidine pre-treatment on
bupivacaine and ropivacaine cardiotoxicity in rats. Eur J Anaesthesiol. 2004; 21:205-2009.
[PubMed: 15055893]

Hanci V, Karakaya K, Yurtlu S, Hakimoglu S, Can M, Ayoglu H, Erdogan G, Okyay RD, Turan
10. Effects of dexmedetomidine pretreatment on bupivacaine cardiotoxicity in rats. Reg Anesth
Pain Med. 2009; 34:565-568. [PubMed: 19916248]

Murphy DB, McCartney CJ, Chan VW. Novel analgesic adjuncts for brachial plexus block: a
systematic review. Anesth Analg. 2000; 90:1122-1128. [PubMed: 10781465]

Koppert W, Ihmsen H, Korber N, Wehrfritz A, Sittl R, Schmelz M, Schuttler J. Different profiles
of buprenorphine-induced analgesia and antihyperalgesia in a human pain model. Pain. 2005;
118:15-22. [PubMed: 16154698]

Candido KD, Franco CD, Khan MA, Winnie AP, Raja DS. Buprenorphine added to the local
anesthetic for brachial plexus block to provide postoperative analgesia in outpatients. Reg Anesth
Pain Med. 2001; 26:352-356. [PubMed: 11464356]

Int Anesthesiol Clin. Author manuscript; available in PMC 2012 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Brummett and Williams

23

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Page 9

. Candido KD, Winnie AP, Ghaleb AH, Fattouh MW, Franco CD. Buprenorphine added to the local
anesthetic for axillary brachial plexus block prolongs postoperative analgesia. Reg Anesth Pain
Med. 2002; 27:162-167. [PubMed: 11915063]

Candido KD, Hennes J, Gonzalez S, Mikat-Stevens M, Pinzur M, Vasic V, Knezevic NN.
Buprenorphine enhances and prolongs the postoperative analgesic effect of bupivacaine in patients
receiving infragluteal sciatic nerve block. Anesthesiology. 2010; 113:1419-1426. [PubMed:
21042200]

Sharp BM, Roy S, Bidlack JM. Evidence for opioid receptors on cells involved in host defense and
the immune system. J Neuroimmunol. 1998; 83:45-56. [PubMed: 9610672]

Fields HL, Emson PC, Leigh BK, Gilbert RF, Iversen LL. Multiple opiate receptor sites on primary
afferent fibres. Nature. 1980; 284:351-353. [PubMed: 6244504]

Williams BA, Murinson BB, Grable BR, Orebaugh SL. Future Considerations for Pharmacologic
Adjuvants in Single-Injection Peripheral Nerve Blocks for Patients With Diabetes Mellitus. Reg
Anesth Pain Med. 2009; 34:445-457. [PubMed: 19920420]

Parrington SJ, O'Donnell D, Chan VW, Brown-Shreves D, Subramanyam R, Qu M, Brull R.
Dexamethasone added to mepivacaine prolongs the duration of analgesia after supraclavicular
brachial plexus blockade. Reg Anesth Pain Med. 2010; 35:422-426. [PubMed: 20814282]
Vieira PA, Pulai I, Tsao GC, Manikantan P, Keller B, Connelly NR. Dexamethasone with
bupivacaine increases duration of analgesia in ultrasound-guided interscalene brachial plexus
blockade. Eur J Anaesthesiol. 2010; 27:285-288. [PubMed: 20009936]

Castillo J, Curley J, Hotz J, Uezono M, Tigner J, Chasin M, Wilder R, Langer R, Berde C.
Glucocorticoids prolong rat sciatic nerve blockade in vivo from bupivacaine microspheres.
Anesthesiology. 1996; 85:1157-1166. [PubMed: 8916834]

Benzon HT, Toleikis JR, Dixit P, Goodman I, Hill JA. Onset, intensity of blockade and
somatosensory evoked potential changes of the lumbosacral dermatomes after epidural anesthesia
with alkalinized lidocaine. Anesth Analg. 1993; 76:328-332. [PubMed: 8424510]

Chow MY, Sia AT, Koay CK, Chan YW. Alkalinization of lidocaine does not hasten the onset of
axillary brachial plexus block. Anesth Analg. 1998; 86:566-568. [PubMed: 9495416]

Sinnott CJ, Garfield JM, Thalhammer JG, Strichartz GR. Addition of sodium bicarbonate to
lidocaine decreases the duration of peripheral nerve block in the rat. Anesthesiology. 2000;
93:1045-1052. [PubMed: 11020760]

Tetzlaff JE, Yoon HJ, Brems J, Javorsky T. Alkalinization of mepivacaine improves the quality of
motor block associated with interscalene brachial plexus anesthesia for shoulder surgery. Reg
Anesth. 1995; 20:128-132. [PubMed: 7605759]

Tetzlaff JE, Yoon HJ, O'Hara J, Reaney J, Stein D, Grimes-Rice M. Alkalinization of mepivacaine
accelerates onset of interscalene block for shoulder surgery. Reg Anesth. 1990; 15:242-244.
[PubMed: 2176815]

Contreras-Dominguez V, Carbonell-Bellolio P, Sanzana Salamanca E, Ojeda-Grecie A. Addition
of sodium bicarbonate and/or clonidine to mepivacaine: influence on axillary brachial plexus block
characteristics. Rev Esp Anestesiol Reanim. 2006; 53:532-537. [PubMed: 17297828]

Katsuki R, Fujita T, Koga A, Liu T, Nakatsuka T, Nakashima M, Kumamoto E. Tramadol, but not
its major metabolite (mono-O-demethyl tramadol) depresses compound action potentials in frog
sciatic nerves. Br J Pharmacol. 2006; 149:319-327. [PubMed: 16921387]

Guven M, Mert T, Gunay |. Effects of tramadol on nerve action potentials in rat: comparisons with
benzocaine and lidocaine. Int J Neurosci. 2005; 115:339-349. [PubMed: 15804720]

Kumar M, Batra YK, Panda NB, Rajeev S, Nagi ON. Tramadol added to bupivacaine does not
prolong analgesia of continuous psoas compartment block. Pain Pract. 2009; 9:43-50. [PubMed:
19019050]

Kesimci E, lzdes S, Gozdemir M, Kanbak O. Tramadol does not prolong the effect of ropivacaine
7.5 mg/ml for axillary brachial plexus block. Acta Anaesthesiol Scand. 2007; 51:736-741.
[PubMed: 17425616]

Mannion S, O'Callaghan S, Murphy DB, Shorten GD. Tramadol as adjunct to psoas compartment
block with levobupivacaine 0.5%: a randomized double-blinded study. Br J Anaesth. 2005;
94:352-356. [PubMed: 15608044]

Int Anesthesiol Clin. Author manuscript; available in PMC 2012 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Brummett and Williams

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Page 10

Beurdeley-Thomas A, Miccoli L, Oudard S, Dutrillaux B, Poupon MF. The peripheral
benzodiazepine receptors: a review. J Neurooncol. 2000; 46:45-56. [PubMed: 10896204]

Jarbo K, Batra YK, Panda NB. Brachial plexus block with midazolam and bupivacaine improves
analgesia. Can J Anaesth. 2005; 52:822-826. [PubMed: 16189333]

Laig N, Khan MN, Arif M, Khan S. Midazolam with bupivacaine for improving analgesia quality
in brachial plexus block for upper limb surgeries. J Coll Physicians Surg Pak. 2008; 18:674-678.
[PubMed: 18983789]

Demirel E, Ugur HC, Dolgun H, Kahilogullari G, Sargon ME, Egemen N, Kecik Y. The
neurotoxic effects of intrathecal midazolam and neostigmine in rabbits. Anaesth Intensive Care.
2006; 34:218-223. [PubMed: 16617644]

Erdine S, Yucel A, Ozyalcin S, Ozyuvaci E, Talu GK, Ahiskali B, Apak H, Savci N. Neurotoxicity
of midazolam in the rabbit. Pain. 1999; 80:419-423. [PubMed: 10204757]

Kalichman MW, Powell HC, Myers RR. Pathology of local anesthetic-induced nerve injury. Acta
Neuropathol. 1988; 75:583-589. [PubMed: 3376761]

Myers RR, Kalichman MW, Reisner LS, Powell HC. Neurotoxicity of local anesthetics: altered
perineurial permeability, edema, and nerve fiber injury. Anesthesiology. 1986; 64:29-35.
[PubMed: 3942334]

Zink W, Graf BM. The toxicity of local anesthetics: the place of ropivacaine and levobupivacaine.
Curr Opin Anaesthesiol. 2008; 21:645-650. [PubMed: 18784493]

Zink W, Seif C, Bohl JR, Hacke N, Braun PM, Sinner B, Martin E, Fink RH, Graf BM. The acute
myotoxic effects of bupivacaine and ropivacaine after continuous peripheral nerve blockades.
Anesth Analg. 2003; 97:1173-1179. [PubMed: 14500177]

Borgeat A, Ekatodramis G, Kalberer F, Benz C. Acute and nonacute complications associated with
interscalene block and shoulder surgery: a prospective study. Anesthesiology. 2001; 95:875-880.
[PubMed: 11605927]

Candido KD, Sukhani R, Doty R Jr. Nader A, Kendall MC, Yaghmour E, Kataria TC, McCarthy
R. Neurologic sequelae after interscalene brachial plexus block for shoulder/upper arm surgery:
the association of patient, anesthetic, and surgical factors to the incidence and clinical course.
Anesth Analg. 2005; 100:1489-1495. table of contents. [PubMed: 15845712]

Liu SS, Zayas VM, Gordon MA, Beathe JC, Maalouf DB, Paroli L, Liguori GA, Ortiz J,
Buschiazzo V, Ngeow J, Shetty T, Ya Deau JT. A prospective, randomized, controlled trial
comparing ultrasound versus nerve stimulator guidance for interscalene block for ambulatory
shoulder surgery for postoperative neurological symptoms. Anesth Analg. 2009; 109:265-271.
[PubMed: 19535720]

Williams BA, Murinson BB. Diabetes mellitus and subclinical neuropathy: a call for new paths in
peripheral nerve block research. Anesthesiology. 2008; 109:361-362. [PubMed: 18719433]
Maier C, Steinberg GK, Sun GH, Zhi GT, Maze M. Neuroprotection by the alpha 2-adrenoreceptor
agonist dexmedetomidine in a focal model of cerebral ischemia. Anesthesiology. 1993; 79:306—
312. [PubMed: 8102042]

Lavand'homme PM, Eisenach JC. Perioperative administration of the alpha2-adrenoceptor agonist
clonidine at the site of nerve injury reduces the development of mechanical hypersensitivity and
modulates local cytokine expression. Pain. 2003; 105:247-254. [PubMed: 14499442]
Lavand'homme PM, Ma W, De Kock M, Eisenach JC. Perineural alpha(2A)-adrenoceptor
activation inhibits spinal cord neuroplasticity and tactile allodynia after nerve injury.
Anesthesiology. 2002; 97:972-980. [PubMed: 12357167]

Konakci S, Adanir T, Yilmaz G, Rezanko T. The efficacy and neurotoxicity of dexmedetomidine
administered via the epidural route. Eur J Anaesthesiol. 2008:1-7. [PubMed: 17594738]
Clarkson CW, Hondeghem LM. Mechanism for bupivacaine depression of cardiac conduction: fast
block of sodium channels during the action potential with slow recovery from block during
diastole. Anesthesiology. 1985; 62:396—405. [PubMed: 2580463]

Gnaho A, Eyrieux S, Gentili M. Cardiac arrest during an ultrasound-guided sciatic nerve block
combined with nerve stimulation. Reg Anesth Pain Med. 2009; 34:278. [PubMed: 19436190]
Polley LS, Santos AC. Cardiac arrest following regional anesthesia with ropivacaine: Here we go
again! Anesthesiology. 2003; 99:1253-1254. [PubMed: 14639135]

Int Anesthesiol Clin. Author manuscript; available in PMC 2012 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Brummett and Williams Page 11

62. Leskiw U, Weinberg GL. Lipid resuscitation for local anesthetic toxicity: is it really lifesaving?
Curr Opin Anaesthesiol. 2009

63. Riazi S, Carmichael N, Awad I, Holtby RM, McCartney CJ. Effect of local anaesthetic volume (20
vs 5 ml) on the efficacy and respiratory consequences of ultrasound-guided interscalene brachial
plexus block. Br J Anaesth. 2008; 101:549-556. [PubMed: 18682410]

Int Anesthesiol Clin. Author manuscript; available in PMC 2012 October 01.



