Comparison of Tissue Distribution, Phrenic Nerve Involvement and Epidural Spread in Standard versus Low Volume Ultrasound-Guided Interscalene Plexus Block Utilising Contrast Magnetic Resonance Imaging – A Randomised, Controlled Trial.
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Short Running Title
Magnetic Resonance Imaging of Interscalene Plexus Block
Prior presentation
Preliminary results of this study were presented as an abstract during the annual conference of the American Society of Regional Anesthesia (ASRA) in Las Vegas, NV on May 15-16, 2015.


Summary
Background: Ultrasound guidance allows for the use of much lower volumes of local anaesthetics for nerve blocks, which may be associated with less aberrant spread and complications. This randomised, controlled study utilised contrast magnetic resonance imaging to visualize differential-volume local anaesthetic distribution, and compared analgesic efficacy and respiratory impairment.
Methods: 30 patients undergoing shoulder surgery were randomised to receive ultrasound-guided interscalene block by a single, blinded operator with 20ml or 5ml injection of ropivacaine 0.75% plus contrast dye gadopentetate-dimeglumine, followed by magnetic resonance imaging. The primary outcome was epidural spread. Secondary outcomes were central non-epidural spread, contralateral epidural spread, spread to the phrenic nerve, spirometry, ultrasound investigation of the diaphragm, block duration, pain scores during the first 24 hours, time to first analgesic consumption, and total analgesic consumption.
Results: All blocks provided fast onset and adequate intra- and postoperative analgesia, with no significant differences in pain scores at any time point. Epidural spread occurred in two subjects of each group (13.3%); however, spread to the intervertebral foramen, phrenic nerve and extensive intramuscular local anaesthetic deposition were significantly more frequent in the 20ml group. Diaphragmatic paralysis occurred twice as frequently (n=8 vs 4), and changes from baseline peak respiratory flow rate were larger (Δ = -2.66 [±1.99] vs -1.69 [±2.0] l min-1) in the 20ml group. 
Conclusions: This study demonstrates that interscalene block is associated with epidural spread irrespective of injection volume; however, less central (foraminal) and aberrant spread after low-volume injection may be associated with a more favourable risk profile.

MESH Keywords
Brachial Plexus Block
Magnetic Resonance Imaging
Anesthetics, Local
Phrenic Nerve
Injections, Intramuscular

Trial Registry Number
This study was registered with the European Medicines Agency (Eudra-CT number 2013-004219-36), as well as with the US National Institutes’ of Health registry and results base, clinicaltrials.gov (identifier NCT02175069).



Interscalene plexus blockade (ISB) is among the most frequently used regional anaesthetic approaches for surgery of the upper limb. Its efficacy in providing pain control is superior to other modes of analgesia.1 However, critical structures are located in close proximity to the injection site, including neck muscles and tendons, vessels of the neck, the phrenic and recurrent laryngeal nerves, and structures of the spinal cord. Phrenic blockade was once considered an assumed outcome from an ISB.2 Other potential complications of ISB include intramuscular deposition of local anaesthetic with potential for subsequent myotoxicity.3 4 Moreover, case reports evidence the occurrence of contralateral block and total spinal anaesthesia after ISB, presumably invoked through epidural and intrathecal spread of local anaesthetics, respectively.5-7 
The widespread use of ultrasound for peripheral nerve blocks has allowed for a dramatic reduction the volume of local anaesthetic required to perform a successful block. Lower local anaesthetic volumes are believed to ameliorate the risk for adverse events. However, little is known about the pattern of local anaesthetic distribution after ISB and whether differential injection volumes bear impact on it. Following a case of contralateral shoulder anaesthesia in a patient that received an ISB at our institution, our research group previously performed a cadaveric study of ISB followed by computed tomography to assess epidural spread using progressively higher volumes of contrast dye.8 Higher volumes were associated with a significantly higher incidence of ipsilateral and contralateral epidural spread.
	The present randomised, controlled trial was designed to test the hypothesis that standard volumes (20 ml) 9 of local anaesthetic for ultrasound-guided ISB (US-ISB) in patients undergoing shoulder surgery would cause more central (epidural) spread when compared to lower volumes (5 ml) as visualized by contrast magnetic resonance imaging (cMRI). The primary outcome was defined as the incidence of spread of local anaesthetics to the epidural space. Secondary outcomes were defined as central non-epidural spread (to the transverse process or intervertebral foramen), contralateral epidural spread, spread of local anaesthetic to the phrenic nerve on the anterior scalene muscle, bed side spirometry, ultrasound investigation of the diaphragm, self-reported block duration, pain scores during the first 24 hours, time to first analgesic consumption, and total analgesic consumption.


Methods
This study was evaluated and approved as an investigational pharmacological study by the ethics committee of the county of Salzburg, Austria (file number 415-E/1691/9-2014) and the Austrian Federal Office for Safety in Healthcare, Vienna, Austria. It was registered with the European Medicines Agency (Eudra-CT number 2013-004219-36), as well as with the US National Institutes’ of Health registry and results database, clinicaltrials.gov (identifier NCT02175069). Principal investigator’s name is Peter Gerner, MD (Chairman of department), date of registration is April 17, 2014. A mandatory patient insurance contract was arranged with HDI Insurance Company, Vienna, Austria (contract No 01645847).  The reporting of this study follows the Consolidated Standards of Reporting Trials guidelines.10

A total of 30 patients scheduled to undergo shoulder surgery were included. Eligible patients were identified and approached consecutively during their pre-surgical evaluation in the anaesthesia clinic one day prior to surgery, informed about the study, and if they agreed to participate, were asked to provide written consent. Inclusion criteria were: planned shoulder surgery, age between 18 and 75 years, and American Society of Anesthesiologists physical score I, II or III. 11 Exclusion criteria included language barrier, hearing impairments or other conditions impeding study participation; serious cardiac or pulmonary disease; hepatic or renal impairment; hypersensitivity to ropivacaine or gadopentetate-dimeglumine (contrast dye); contraindications for peripheral nerve blocks or MRI; chronic use of opioids or adjunctive pain medications; psychiatric disorders; neuropathy; and pregnancy. Patients were randomly assigned to the Standard Volume group (20 ml) or Low Volume group (5 ml). Randomisation was achieved through computer-generated lists. 12 Allocation information was prepared in sealed, opaque envelopes by an otherwise uninvolved third person. The de-randomisation key was only accessible after study completion or in case of emergency. An envelope was added to each participant’s chart in a consecutive order. On the day of surgery, an unblinded anaesthesia nurse not otherwise involved in the study prepared the study medication according to the randomisation result in the envelope, supervised by a pharmacy consultant.

Baseline assessments were carried out immediately preceding ISB (see below). Patients either received 20 ml of ropivacaine 0.75% (Naropin®; AstraZeneca Austria GmbH, Vienna, Austria) mixed with 0.05 mmol of the contrast dye, gadopentetate-dimeglumine (Magnevist® 0.5 mmol ml-1; Bayer Vital GmbH, Leverkusen, Germany), or 5 ml ropivacaine 0.75% mixed with 0.0125 mmol of gadopentetate-dimeglumine for ultrasound-guided ISB. All blocks were performed in the MRI scanner anteroom, by a blinded single practitioner (GF) with many years of experience in regional anaesthesia. Routine monitoring consisted of electrocardiography, pulse oxymetry and non-invasive blood pressure monitoring. Mild sedation with midazolam (1-2 mg) and fentanyl (0.05 mg) was administered. After skin disinfection and sterile draping of the injection site, structures of the 5th and 6th cervical root were identified using a sterile-wrapped ultrasound probe (Sonosite™ M-Turbo, 13 MHz linear probe, Sonosite Corp. Bothell, WA, USA). A skin wheal was placed at the designated injection site (1ml lidocaine 1% [Xylocain] AstraZeneca Austria GmbH, Vienna, Austria). The ISB was then performed using an in-plane technique, moving the needle (PlexoLong® Nano Line™ Facet Set, 19 Gauge, 50 mm; Pajunk Corp. Geisingen, Germany) from lateral through the middle scalene muscle close to the roots of C5 and C6. Using two 3-way stopcocks, the needle was connected with (1) a 2 ml syringe containing normal saline, (2) a syringe containing the study drug, and (3) an injection pressure monitoring device 13 14. Injection pressure was continuously monitored utilising a standard intravascular pressure transducer plus monitoring device (Philips Healthcare, Best, The Netherlands) and limited to 150 millimetres of mercury (approximating 3psi) at all times. Identical syringes with a maximum capacity of 22ml were used for both groups. For patient and investigator-blinding purposes, the study drug syringe was fully wrapped in an opaque cover. Before injection of the study drug, the location of the needle tip was confirmed via injection of small amounts (<0.2ml) of normal saline. Once correct needle placement was confirmed, the study drug was injected into the space lateral to the C5 and C6 root between the brachial plexus and middle scalene muscle. No needle repositioning or attempts to surround or inject on both sides of the brachial plexus were carried out. A continuous-infusion catheter (PlexoLong® Catheter, Pajunk Corp., 20G, 50cm, Geisingen, Germany) was then inserted, with the end of the catheter threaded in to approximate the final needle position.
	
Magnetic resonance exams were performed immediately after ISB on a 1.5-tesla magnet (Philips Ingenia™, Philips Healthcare, Best, The Netherlands). Patients were placed in a head coil with an additional anterior coil. From craniad to caudad, the imaged region reached from the level of the third cervical vertebra down to the third thoracic vertebra. Images acquired included transverse T2-weighted turbo-spin echo for anatomic orientation, and transverse T1 fast-field echo/double echo 3D (Dixon technique15); additionally, multiplanar reformations were prepared. After the MRI examination, patients were assessed for sensory and motor function of the nerve roots C5, C6 and C7 every two minutes for 20 minutes or until full block onset (i.e., a score of zero was reached in all sensory and motor subcategories).

Following MRI, patients were immediately transferred to the adjacent trauma surgical ward, and attended to by another blinded anaesthesiologist not present during block placement. General anaesthesia was induced using propofol (1-3 mg kg-1; Fresenius Kabi, Graz, Austria), fentanyl (0.002 mg kg-1; Janssen-Cilag Pharma, Vienna, Austria) and rocuronium (0.6 mg kg-1; Esmeron®, Organon, Oss, The Netherlands). The patient’s trachea was intubated, anaesthesia was maintained with sevoflurane (AbbVie, Vienna, Austria) at an age-dependent mean alveolar concentration between 1 and 2.5 %, and patients were placed in a recumbent beach-chair position. Patients were ventilated using a mixture of oxygen and air with an inspiratory concentration of oxygen between 40% and 60%; nitrous oxide was not used. Patients received an additional intravenous bolus of fentanyl (0.025mg) only whenever either blood pressure or heart rate exceeded 30% of baseline at any point during surgery. Patients received intravenous ondansetron (4mg; Zofran®, GlaxoSmithKline Pharma, Vienna) and diclofenac (75mg; Ratiopharm, Vienna) or (in case of contraindications to the latter) paracetamol (1g; Fresenius Kabi, Graz, Austria) towards the end of surgery. A patient-controlled analgesia (PCA) device was prepared and attached to the plexus catheter in the post-operative care unit (PACU) (CADD-Solis® Infusion Pump, Smiths Medical, St. Paul, MN, USA). The perineural catheter PCA infusion protocol was commenced when the patient first complained of pain in the operative shoulder with a numerical rating scale (NRS) score of 4 or higher. Then, a 5ml bolus of ropivacaine 0.2% was delivered by the pump, followed by a continuous infusion of 3ml ropivacaine 0.2% per hour. Subsequently, patients could request further 5ml boluses of ropivacaine 0.2% every 20 minutes via PCA control. In case analgesia was insufficient by use of the PCA device alone, patients were free to request intravenous “rescue” analgesics, consisting of diclofenac (75mg; max. twice daily), or in case of contraindications, i.v. paracetamol (1g; max. three times daily) for mild to moderate pain, or piritramid (7.5mg; Dipidolor®, Janssen-Cilag, Vienna, Austria) for severe pain exceeding 6 points on the NRS scale. The time of first pump request was recorded, along with patients’ total PCA ropivacaine consumption and rescue analgesic requirement until the last follow-up visit 24 hours after block placement.

All assessments were performed by one of three fully blinded investigators (OS, AK or TD), who were not present during block placement, MRI, or surgery.
Pain assessments were performed eight times: at baseline before ISB, immediately postoperatively in the PACU as soon as the patient was alert, at 6 hours, 8 hours, 10 hours, 12 hours, 14 hours, and on the morning of postop day one, 24 hours after block placement, respectively. Pain was assessed using a 10-point numerical rating scale (NRS; 0 = no pain, 10 = worst pain imaginable), asking for the worst pain since the preceding follow-up (if any), distinguishing (1) pain at rest and (2) pain at movement.
Forced vital capacity (FVC), forced one-second expiratory volume (FEV1) and peak flow rates (PEFRs) were recorded at baseline and immediately after surgery in the PACU (EasyOne™ Spirometer, ndd Medical Technologies, Andover, MA, USA). Correct performance of spirometry was practiced extensively with the patient on the day of study enrolment. At the same time points, real-time ultrasonography of the hemidiaphragm on the side of the ISB was performed.16 The zone of apposition of the diaphragm and costal margin (between the midclavicular line and the anterior axillary line) were displayed sonographically, both in B-mode and M-mode (Sonosite M-Turbo, 5-2 MHz curvilinear probe, Sonosite Corp. Bothell, WA, USA).  Patients were asked to breathe normally, inspire deeply, and perform a sniffing (Mueller) manoeuvre. Movement of diaphragm (caudad – normal, or cephalad – paradoxical) was noted for each of these manoeuvres.
Two blinded radiologists (MM, RF) with extensive experience in MRI interpretation individually assessed the MRI sequences for each patient.  Results were tabulated and compared. Where no immediate agreement was reached, the sequence in question was re-reviewed and a consensus was reached in each case. Craniocaudal distance () from the tip of the dens axis to the basal endplate of the 7th cervical vertebra, and the transaxial neck distance at the level of the glottis () were measured in a mid-cervical frontal plane. A neck dimension coefficient () was calculated as an anthropometric parameter allowing for comparison of neck geometry. The extent of farthest medial spread of contrast agent was expressed utilising parasagittal planes through pre-defined anatomical stage landmarks: (I) lateral edge of transverse process, (II) intervertebral foramen, and (III) epidural space. Moreover, spread to single anatomical regions was evaluated in a binary fashion: nerve roots C3 through C7, brachial plexus trunci, distal phrenic nerve, and intramuscular spread in the scalene muscles, defined as presence of moderate or severe muscular hyperintensities within the muscle tissue.

A prospective power analysis was performed utilising previous data from the authors’ cadaveric study, suggesting a difference of 60% in epidural spread during use of small versus large volume of radiopaque contrast agent.8 In order to detect a difference of 60% or more, a sample size of 12 patients per group would needed to achieve a power of 81% with a two-sided Fisher’s Exact test with a significance level of 5%.  A total of 15 patients per group was defined for this study in order to allow for drop-outs due to technical failure or protocol deviations, as well as allow for more subtle differences between groups.
Data were analyzed using Stata 13 (StataCorp, College Station, TX, USA) on Microsoft Windows 7 and Apple Mac OS X. Normality of outcome variables was assessed by examination of Q-Q normal plots and the Shapiro-Wilk test for normality. Between-group comparisons were performed using a t-test for normally distributed continuous variables, Mann-Whitney U test for non-normally distributed continuous variables, and chi-square test for binary variables. Repeated measures analysis of variance (ANOVA) was used to assess changes in pain at rest and movement in the 24 hours following the procedure. 

Results
Figure 1 displays the CONSORT flowchart for this study. Of the 31 patients deemed eligible for participation, thirty (96.8%) agreed to participate. Table 1 displays demographic parameters and mean neck geometry scores. There were no significant differences between groups. There were no block failures, technical issues or serious adverse events. All patients completed the study protocol. In two patients, the peripheral nerve catheter dislodged shortly after surgery (one patient in each group). In those patients, no PCA consumption volume is available and related data points were omitted in the analysis. One patient in the low volume group did not complain of any pain until 24 hours after the surgery, and thus the pump was not started before completion of the study. One patient in the low volume group showed signs of Horner’s syndrome after initiation of the PCA pump, which resolved after approximately four hours, during which the pump was paused. There were no differences in intra- and perioperative hemodynamic measures between groups.

The different local anaesthetic spread across groups, as evidenced by MRI imaging, is displayed in Figure 2. The incidence of epidural spread (primary outcome) was equal between groups (n = 2 [13.3%] for both groups). However, the 20ml group showed significantly more aberrant spread, including spread reaching the intervertebral foramen, phrenic nerve involvement and copious intramuscular deposition of local anaesthetic.  Examples of MRI images of intervertebral foramen, phrenic nerve spread, extensive as well as limited intramuscular spread are show in Figures 3a-e. There was no incidence of contralateral epidural spread or clinical signs of contralateral blockade.

Similarly, comparing the 20ml to 5ml group, the incidence of diaphragmatic paralysis was twice as high (n=8 [53.3%] vs 4 [26.7%], p = 0.136), and changes from baseline peak respiratory flow rate were larger (Δ = -2.66 [±1.99] vs -1.69 [±2.0] l min-1, p = 0.202), however, the results were not statistically significant.

There were no differences in sensory or motor block onset between the two groups. All blocks provided adequate intraoperative analgesia with equally low median supplemental fentanyl requirement (Standard Volume: 200 μg, Low Volume: 150 μg, p=0.620). No contralateral sensory or motor disturbances occurred.
There was a significant linear trend of postoperative pain over time overall at rest (F(6,156) = 4.96, p = 0.001) and during movement (F(6,156) = 7.75, p < 0.001). However, there were no between group differences in pain at rest (F(1,156) = 0.00, p = 0.978) or movement (F(1,156) = 0.02, p = 0.890), and there was no interaction between group and time point in pain scores at rest (F(6,156) = 0.66, p = 0.678) or movement (F(6,156)= 1.44, p = 0.204). This indicates that the linear trajectory of pain scores was similar for both the 20ml group and 5 ml group. (see Table 3). While the 20ml group requested PCA start later than the 5ml group (755 [±230] vs 498 [±245] minutes, p=0.013), total PCA consumption was not different (118 [±117] vs 142 [±42] ml ropivacaine 0.2%, p=0.712). The incidence of postoperative rescue analgesic consumption was not significantly different between groups. There was no difference in time to first PCA bolus request by procedure type (Arthroscopic: 610 [±338] min, Open: 608 [±200] min, p = 0.541).

Comparing subjects with or without epidural spread, mean craniocaudad distance () was not different (115.50 [±15.15] mm vs. 115.42 [±9.59] mm, p=0.989). However, the transaxial neck diameter at the level of the glottis () was by trend smaller in patients where epidural spread was detected (128.96 [±16.45] mm vs. 111.75 [±13.15] mm, p=0.0568). The neck dimension coefficient () was larger than one in the group with epidural spread (0.90 ± 0.12 vs. 1.03 ± 0.034, p = 0.040). This might indicate that a longer, thinner neck anatomy is more prone to central spread. The coefficient also correlated well with the extent of medial spread.

Discussion
Although our primary hypothesis of increased epidural spread was not supported, the 20ml group demonstrated more aberrant spread when compared to the 5ml group (Figures 2 and 3).  It is important to note that while not different between the two groups, epidural spread did occur in 4 of the 30 patients (13.3%).  Unlike our previous cadaveric study, we did not see spread to the contralateral epidural space, but it is possible that this would happen with higher volumes.  There are important clinical implications to the secondary outcomes. Our findings support that low volume ISBs may contribute to avoid central spread, phrenic nerve involvement, and intramuscular infiltration with risk of myotoxicity and, potentially, subsequent neurotoxicity.
Knowledge about central spread after ISB, most notably evidenced by contralateral block, is currently limited to a small number of case reports.5 Lombard and colleagues7 report of a patient developing contralateral limb paraesthesia 15 minutes after injection of a mixture of 15ml lidocaine 2% and 20ml bupivacaine with epinephrine. Occurrence of bilateral Horner’s syndrome and numbness in both shoulders in a patient discharged home with an outpatient interscalene catheter is reported in another case report.6 In a cadaveric study, the authors’ group 8 found epidural deposition of contrast agent when it was injected beneath the prevertebral lamina of the deep cervical fascia in four of five specimens, while no epidural spread occurred after extrafascial injection. The authors conclude that anaesthetic effects of ISB exceeding the desired block area may be caused by central spread of local anaesthetics. While our study found no clinical contralateral block effects, contrast enhancement in the epidural space was observed in 13.3% of subjects, with equal incidence in the low (5ml) and standard (20ml) volume groups. This indicates that injection volume might not be a direct determinant of the likelihood of epidural spread. In the standard volume group, spread to central locations was noted significantly more frequently. Additionally, anatomic factors may influence distribution. Both epidural enhancement and more central spread of contrast agent were associated with a short transaxial neck distance at the level of the glottis (), which may be explicable with the shorter distance between injection site and central neuraxis in these patients.
Traditional approaches to block the brachial plexus at the interscalene level, utilising anatomical landmark and/or paraesthesia techniques, demanded injection of high volumes of local anaesthetic – often exceeding 50ml – along with a high incidence of respiratory complications. Hemidiaphragmatic paralysis is reportedly associated with short-term respiratory impairment, particularly in patients with comorbid pulmonary conditions like chronic-obstructive pulmonary disease.17  Famously, a study by Urmey and co-workers 2 reports one hundred percent incidence of temporary hemidiaphragmatic paralysis as an “inevitable consequence” after ISB with 34-52ml 1.5% mepivacaine plus epinephrine and bicarbonate, utilising the paraesthesia technique for nerve localisation. Recent dose finding studies ultimately report effective local anaesthetic volumes for ISB as low as 5ml when injected directly through the primary needle,18 or 7ml when injected through a pre-placed catheter. 19-21
[bookmark: _GoBack]While these findings clearly associate hemidiaphragmatic paralysis to higher injection volumes of local anaesthetic, it is unclear whether the paralysis originates from blockade of the peripheral phrenic nerve taking its course in the vicinity of the original target (i.e. the brachial plexus), or at a more central location (i.e. C3-5 nerve roots). Our results show a high incidence of local anaesthetic spread to the peripheral phrenic nerve (Figure 2), along with clinical signs of hemidiaphragmatic paresis and larger impairments in spirometry indices in the standard volume group, compared to the low volume group. Phrenic block is thus likely volume-dependent and due to blockade of the peripheral phrenic nerve rather than the C3, 4, 5 nerve roots. Arguably, little clinical consequence arises from temporary phrenic nerve block in most patients with traditional local anaesthetics. 22 However, given the recent evidence on interdependence of local anaesthetic-invoked myotoxicity and subsequent nerve damage, 23 injection of local anaesthetic into the muscle (see Figure 3d/3e) may very well contribute not only to localised myopathy, but also to structural damage of adjacent non-muscular structures, including the phrenic nerve.
Much like in our results, most available studies note no difference in quality of postoperative analgesia when lower volumes of local anaesthetics have been used.18-21  Our study demonstrates that a lower volume of local anaesthetic provides equal intraoperative analgesia compared to a larger volume; however, the time to first request for the perineural catheter bolus was significantly sooner (Tables 2 and 3). Individual variation in effect may be explained by patient-dependent differences in anatomy and metabolism. With the advent of newer, longer acting local analgesic agents, 24 the disadvantage of earlier analgesic request in the low volume group can potentially be ameliorated, providing equal analgesic potential to more harmful higher volumes of traditional local anaesthetics and the inconveniences and complexities of perineural catheters.  However, aberrant spread of long-acting local anaesthetics could also lead to prolonged phrenic block and local anaesthetic effects in the unwanted areas to which it sometimes spreads.  Hence, the finding of the present study of more central spread, peri-phrenic nerve, and muscle spread may have even more impact as advances are made in local anaesthetics.
	A number of limitations of our study must be mentioned. First, it cannot be determined whether further spread occurred in the period after the initial imaging. However, local anaesthetic depots were reported to reach their maximum distribution shortly after injection followed by quick systemic absorption in previous studies.25 26 The time point for imaging immediately after block placement rather than after onset of block was chosen to avoid the occurrence of time-dependent alterations in spread. Moreover, pharmacological interactions between the contrast dye and the local anaesthetic cannot be excluded. However, the contrast agent gadopentetate-dimeglumine has been frequently used in combination with local anaesthetics including ropivacaine for magnetic resonance arthrography, and previous studies in this field  have neither indicated changes in local anaesthetic efficacy nor effects on signal intensity during cMRI27. Finally, blinding of the block placing operator could not be fully assured. However, this limitation was accounted for by excluding the operator from all further data sampling procedures and the operation, as well as by strictly anonymized data handling.
	In this randomised, controlled clinical trial, there were no differences in the incidence of epidural spread between a low (5ml) and standard (20ml) interscalene brachial plexus block as assessed by a post-block MRI.  The Low Volume group did have significantly lower rates of spread to the central structures (intervertebral foramen), phrenic nerve and surrounding muscle when compared to the Standard Volume group. The Low Volume group did, however, request their first bolus of the perineural catheter significantly sooner than the Standard Volume group without any other differences in pain or analgesic consumption to follow.
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