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Introduction

The majority of patients admitted for fracture and total replacement of the hip is 65 years or older."”
3 The patients may be frail, obese, suffer from comorbidity, and have an increased risk of

. . . . 14
perioperative complications.

Peripheral nerve blockade is based on injection of local anaesthetic around a nerve/nerves or a
nerve plexus in the peripheral nervous system — either as a perineural injection or an injection into a
fascial plane. Peripheral nerve/plexus blocks are associated with more stable haemodynamics and
fewer complications compared with general and neuraxial anaesthesia.”' A combination of
nerve/plexus blockade and sedation is probably also associated with improved haemodynamics
compared to standalone general anaesthesia. Moreover, peripheral nerve/plexus blocks provide
adequate postoperative analgesia with a minimum requirement of opioids reducing the risk of

71112

opioid adverse effects. Effective and safe peripheral nerve blockade in hip surgery patients are

therefore suitable.

Ultrasound guided lumbosacral plexus block techniques for surgical anaesthesia and postoperative
analgesia of the hip are limited by inadequate visualisation of particularly the target nerves and the
topographical sonoanatomy.">? Limited visualisation may limit the understanding of the spread of
injectate and decrease the accuracy — and thereby the efficiency and safety — of the perineural
injection. Fused real-time ultrasonography and magnetic resonance imaging (MRI) can be applied
to improve ultrasound guided techniques by improving the visualisation of target nerves,
sonoanatomy, and injectate spread.”**> Consequently, this improved understanding may increase
the accuracy of perineural injection in ultrasound guided lumbosacral plexus blockade.*® Hitherto,
described ultrasound/MRI fusion of the lumbar spine for regional anaesthesia is limited to a fusion

protocol in a phantom and in volunteers without application on needle guidance.?’
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We conducted three blinded randomised controlled trials with crossover design. We investigated
block-procedure related outcomes, spread of injectate, effectiveness, safety, and cost-effectiveness
of I) ultrasound guided Shamrock vs. Lumbar Ultrasound Trident techniques for lumbar plexus
blockade, I1) ultrasound/MRI fusion vs. ultrasound guided Suprasacral Parallel Shift techniques for
lumbosacral plexus blockade, and III) ultrasound/MRI fusion vs. ultrasound guided Shamrock

techniques for lumbar plexus blockade in healthy volunteers.

The originality of this dissertation is that we conducted the first randomised controlled trials of the
ultrasound guided Shamrock technique and of the real-time ultrasound/MRI fusion application of
the lumbar spine for needle guidance in regional anaesthesia. The dissertation contributes with new
knowledge to the evidence-base of effectiveness, safety, ease-of-performance, procedure-associated
outcomes, and injectate spread of the investigated techniques assessed with ultrasound/MRI fusion

and MRI only in normal volunteers.

The following review presents the background of the research problem with a literature review, the
research question, the aims and hypotheses, the methodological considerations, and the results.
Finally, a discussion including the future aspects, the conclusions as well as a summary of the

dissertation and the three studies are presented.
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Background

Epidemiology of Hip Surgery Patients

The incidence rate of hip fracture worldwide is estimated to fourfold from 1.63 millions per year in
2000 to 3.94 millions per year in 2015 and 6.26 millions per year in 2050 due to demographic
changes including an increasing population of elderly.”** In the United States, the number of total
hip replacements is expected to rise from 325,000 in 2005 to 669,000 in 2030 due to an increasing

43031

number of elderly and obese. In Denmark, the prevalence of acute hospitalisation for hip

fracture and elective surgery for hip replacement was 11.000 and 9.000, respectively, in 2015.%

The mean age of incident hip fracture patients in Denmark in 1998 to 2003 was 80 years — 90%
were 65 years or older and 30% were 85 years or older.' Seventy percent were female.! Although
there has been an increase in men aged 60 years or less undergoing primary total hip replacement at
a British hospital,”® the majority of total hip replacement patients worldwide are still female and 65

2
years or older.”* **

This is important because many elderly may present with comorbidities, e.g. diabetes, myocardial
infarction, congestive heart failure, and chronic obstructive pulmonary disease.' '**° Of the 11,985
patients hospitalised with an incident hip fracture in Denmark in 1998 to 2003, 53% suffered from

comorbidity." Some are “high-risk patients” with an increased risk of perioperative complications."

The majority of hip fractures are treated with surgery.'® Hip fractures account for the greater part of
the direct medical costs for society compared with other fractures associated with osteoporosis.** In
patients with arthritis of the hip, total hip replacement is successful in both clinical and cost-

effective terms compared to other medical interventions.®' **
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Anatomy of the Lumbosacral Plexus and Innervation of the Hip

The hip and lower extremity are innervated exclusively by the lumbosacral plexus (Fig. 1).>°*” The
lumbosacral plexus is the generic term for the lumbar plexus, the sacral plexus as well as the
coccygeal and pudendal plexuses. Below is a general description of the anatomy that is most

relevant for lumbosacral plexus innervation of the hip.*®

)— T12
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nerve
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Fig. 1. Schematic overview over the lumbosacral plexus.*
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The Lumbar Plexus
The lumbar plexus is derived from the anterior rami of the first three lumbar spinal nerves (L1 to
L3), the major subset of the anterior ramus of the fourth lumbar spinal nerve (L4), and — in some

humans — a branch from the anterior ramus of thoracic spinal nerve 12 (Th12) (Figures 1 and 2).*°

40 41

The femoral, obturator, and the lateral femoral cutaneous nerves are the three main terminal nerves
of the lumbar plexus with relevance for hip surgical anaesthesia and post-operative analgesia.’® The
femoral nerve is formed by branches from the dorsal divisions of the anterior rami of spinal nerves
L2, L3, and L4. The dorsal branches of the anterior rami of spinal nerves L2 and L3 also give rise to
the lateral femoral cutaneous nerve. The obturator nerve arises by branches from the ventral
divisions of the anterior rami of spinal nerves L2, L3 and L4. If present, an accessory obturator

. . . . 4
nerve arises from branches of the anterior rami of spinal nerves L3 and L4.%®*

The lumbar plexus has a close relationship to the psoas major muscle. Therefore is the psoas major
muscle often used as a proxy marker of the location of the plexus — in regional anaesthesia and in
anatomical studies.*” The psoas major muscle consists of a larger anterior and a smaller posterior
lamina. The anterior lamina arises from the lateral margins of the vertebral bodies of Th12 to L4,
the intervertebral discs between them, and from tendinous arches stretched over the sides of lumbar
vertebrae L1 to L4. The posterior lamina arises from the anterior surface of the roots of the
transverse processes of vertebrae L1 to LS. The spinal nerves L1 to L4 emerge from the
intervertebral (neural) foramina. The anterior rami of spinal nerves L2 and L3 and part of the
anterior ramus of L4 enter the fascial plane between the two lamina of the psoas major muscle
anterior to the transverse processes. Here, in the “intra-psoas compartment” between the posterior
one third and anterior two thirds of the psoas major muscle, the anterior rami of spinal nerves L2,
L3, and partially L4 form the lumbar plexus.*>* The anterior ramus of spinal nerve L1 does not
enter the fascial plane between the two lamina of the psoas major muscle. Thus, a lumbar plexus

block with an injection into the fascial plane does not anaesthetise the lumbar plexus nerves from
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Fig. 2. Frontal overview of the lumbosacral plexus of a dissected cadaver. The preparation and the image are

from professor emeritus Herbert Mauria, Division of Clinical and Functional Anatomy, Medical University
of Innsbruck, Austria. Asterisks (yellow), ventral rami of spinal nerves L1 to L5; Area (green), simulation of
cranial attachment of lumbosacral ligament; Area (yellow), furcal nerve; FN, femoral nerve; ILM, iliacus
muscle; IVD, intervertebral disk; LFCN, lateral femoral cutaneous nerve; LST, lumbosacral trunk; ON,
obturator nerve; PMM, psoas major muscle; S, sacral ala; SN, sciatic nerve; TP L1 to 5, transverse processes

of vertebrae L1 to L5; VB L1 to L5, vertebral bodies of L1 to L5.
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spinal nerve L1 — the iliohypogastric and ilioinguinal nerves. The lateral cutaneous branch of the
iliohypogastric nerve innervates the skin of the lateral side of the hip region between the iliac crest
and the greater trochanter. Rarely, the lumbar plexus is formed posterior to the psoas major muscle

on the surface of the posterior abdominal wall.**

The femoral and lateral femoral cutaneous nerves lie closely together within the psoas major muscle
and emerge from the postero-lateral margin of the muscle at the level of the transverse process of
L5 and the cranial margin of the sacrum,* where the muscle begins to deviate antero-laterally (Fig.
3).*! The femoral nerve runs in the groove between the psoas major and iliac muscles while the
lateral femoral cutaneous nerve runs on the surface of the iliacus muscle. Both nerves lie between
the muscle and the iliac fascia (i.e. the transversalis fascia).** The femoral nerve enters the thigh
posterior to the inguinal ligament, where it is lateral to the femoral sheath. It ends in the femoral
triangle, where it splits into numerous branches. It innervates the iliacus (in the abdomen),
pectineus, quadriceps, and sartorius muscles as well as the antero-lateral hip joint capsule (Fig. 4)

and the skin on the antero-medial thigh.*' ***

The lateral femoral cutaneous nerve enters the femoral triangle medial to the anterior superior iliac
spine and posterior to the lateral end of the inguinal ligament. It pierces or runs either superficial or
deep to the sartorius muscle and pierces the fascia lata 5 to 10 cm caudal to the anterior superior
iliac spine. The anterior branch of the lateral femoral cutaneous nerve innervates the skin and fascia
of the antero-lateral surface of the thigh.*' The posterior branch innervates the skin and fascia on the

proximal lateral thigh in the region of the greater trochanter.

The obturator nerve emerges from the medial margin of the psoas major muscle at the level of
vertebra L4. It descends anterior to the transverse process of L5 and the iliolumbar ligament, and
then the ala sacrum, where it is located lateral to the lumbosacral trunk. The anterior and posterior
branches of the obturator nerve innervate the external obturator, adductors (brevis, longus, and

magnus), pectineus, and gracilis muscles as well as the antero-medial hip joint capsule (Fig. 4).*' *
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% The cutaneous branch is frequently absent. Occasionally — when present — it innervates the distal

two-thirds of the skin on the medial thigh.*®

Anterior

Fig. 3. A) Cross-sectional image of the lumbosacral region at level of the intervertebral disc L5/S1. Please
note that the lateral femoral cutaneous nerve is displaced laterally compared to in vivo, where it is typically
juxtapositioned to the femoral nerve at the lateral margin of the psoas major muscle. B) Overview where the
blue plane represents the level of the axial plane displayed in A. Asterisks (blue), ventral ramus of spinal
nerve L4; Asterisk (green), femoral nerve; Asterisk (magenta), lateral femoral cutaneous nerve; Asterisk
(red), ventral ramus of spinal nerve L5; IVD, intervertebral disk of L5/S1; PMM, psoas major muscle; S1,
vertebra of S1. Modified image from VH Dissector ™ Pro v. 5.2.60 2003-2016 (Touch of Life Technologies

Inc., Aurora, Colorado, USA).

The Sacral Plexus
The sacral plexus is composed of the lumbosacral trunk (from the anterior rami of spinal nerves L4
and L5) as well as the anterior rami of the first three sacral spinal nerves (S1 to S3) and a subset of

the anterior ramus of the fourth sacral spinal nerve (S4) (Fig. 1).*' The subset of the anterior ramus
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of lumbar spinal nerve L4, which joins the anterior ramus of lumbar spinal nerve L5 to become the
lumbosacral trunk, does not enter the intra-psoas compartment. At the level between the transverse
process of L5 and the cranial margin of sacrum (Fig. 3), the anterior rami of spinal nerves L4 and
L5 are located together with the obturator nerve (not visualised on Fig. 3) postero-medial to the
psoas muscle. The lumbosacral trunk is formed more caudal, medial to the psoas major muscle on

the sacral ala, and descends and fuses with the anterior rami of spinal nerve S1.

Fig. 4. Schematic illustration of the right hip capsule and its approximate innervation zones. A) Anterior
view: the anterior and antero-lateral part (light blue) is primarily innervated by the femoral nerve; the
anterior and antero-medial part (brown) is primarily innervated by the obturator nerve; and the mid anterior
part is an overlap zone innervated by both the femoral and the obturator nerves. B) Posterior view: the
postero-lateral part (yellow) is primarily innervated by the superior gluteal nerve; the postero-inferior part
(red) is primarily innervated by the sciatic nerve via a branch to the quadratus femoris muscle; and the

postero-superior part (blue) is primarily innervated directly by branches from the sciatic nerve.*

The lumbosacral and the sacral anterior rami of spinal nerves S1 to S3 (and partly S4) converge and

form the triangular sacral plexus on the posterior pelvic wall and in the lesser sciatic foramen
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between the piriformis muscle and the lesser pelvic fascia. The dorsal branches from spinal nerves
L4 to S1 form the superior gluteal nerve. The superior gluteal nerve exits through the greater sciatic
foramen superior to the piriformis muscle and innervates the gluteus medius and minimus muscles
as well as the tensor fascia latae muscles and the postero-lateral hip joint capsule (Fig. 4).**” The
most cranial segments (L4 to S1) of the ventral branches from the sacral plexus that form the tibial
nerve (L4 to S3) supply direct branches to the postero-superior part of the hip joint capsule.*’
Furthermore, a branch is formed to the quadratus femoris muscle. This branch also innervates the
postero-inferior hip joint capsule with articular branches.*” The tibial nerve from the sciatic nerve
innervates — with a minor contribution from the common fibular nerve — the hamstrings and the

gastrocnemius muscles.

Anaesthesia and Analgesia of the Hip

Anaesthesia

General and neuraxial anaesthesia are the most conventional techniques for surgical anaesthesia of
the hip. General anaesthesia induces unconsciousness, amnesia, analgesia, loss of some autonomic
reflexes, and sometimes muscle relaxation. This is achieved by either inhalation of anaesthetic gas,
intravenous injection, or infusion of drugs — or by a combination. Neuraxial anaesthesia together
with peripheral nerve and plexus blocks are generically termed regional anaesthesia. During sole
regional anaesthesia, the patient remains conscious but is pain free in a specific anatomical region.
This is achieved by perineural injection of local anaesthetic that penetrates the neuronal membrane
and blocks the conduction of afferent signals to the brain. Hence, the dermatomes, myotomes, and
sclerotomes that are innervated by the blocked nerve or nerves become anaesthetised and
unresponsive to pain. With a neuraxial block, the local anaesthetic is injected into the central
nervous system, either into the cerebrospinal fluid (intrathecal or spinal blockade) or into the
epidural space (epidural blockade), and a bilateral anaesthesia at the lumbar and sacral levels is
achieved. With a peripheral nerve/plexus block, the local anaesthetic is injected perineurally around

selective terminal nerves or nerve plexuses and a selective unilateral anaesthesia can be achieved.
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. . . . . . . 10 4
General and spinal anaesthesia are associated with a risk of complications,’ '***

e.g. aspiration,
intraoperative awareness including long-term neuropsychological disorder, and pulmonary
complications for general anaesthesia and infection, neural damage, epidural or intrathecal
hematoma, and paraplegia for neuraxial blockades.” The worst-case scenario is fatal complications.”’
* Although peripheral nerve/plexus blocks are associated with some complications similar to
neuraxial anaesthesia, e.g. infections, neural damage, vascular puncture, and local anaesthetic
systemic toxicity, complications are rare and peripheral nerve blocks for hip surgery are related to
more stable haemodynamics and less complications compared to general and neuraxial anaesthesia
— especially in elderly patients.” " ***° However, blockade of the lumbosacral plexus for hip
surgery is based on a paravertebral injection of local anaesthetics, close to the neural foramina, and

is therefore associated with a risk of epidural spread of local anaesthetic.'® >

Analgesia

Perioperatively, hip surgery patients suffer moderate to severe pain.'>” In addition to severe
discomfort and dissatisfaction of the patient, insufficient pain treatment may result in prolonged in-
hospital length of stay, impaired rehabilitation and recovery as well as increased risk of
postoperative complications. Multimodal pain treatment based on non-opioid analgesics including
non-steroid anti-inflammatory drugs has successfully decreased the use of opioids and resulted in
increased patient satisfaction and early recovery.'? However, patients treated with multimodal pain
treatment often need considerable doses of opioids, e.g. morphine, in addition to the non-opioid
analgesics. Opioids are associated with many adverse effects, e.g. nausea, vomiting, constipation,
impaired motor function, depression of the central nervous system, and addiction. The use of
opioids in old, frail, and/or high-risk hip surgery patients is therefore undesirable.'”>’ Peripheral
nerve blocks provide efficient postoperative analgesia, which can minimise the use of opioids and

thereby the risk of adverse effects.'' >
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Lumbar and Lumbosacral Plexus Blocks and Ultrasound Guidance

Blockade of the lumbar plexus between the two lamina of the psoas major muscle, in the intra-psoas
compartment, provides adequate postoperative analgesia of the hip and lower limb.” **** A lumbar
plexus block also provides sufficient surgical anaesthesia for hip fracture surgery as well as total hip
replacement if it is supplemented with sacral plexus and iliohypogastric nerve blocks.> >> %
Alternatively, a single-injection block that anaesthetises the caudal part of the lumbar plexus and
the cranial part of the sacral plexus (hereafter referred to as a “lumbosacral plexus block™) can be

applied for surgical anaesthesia in hip fracture patients.® ®°

Several lumbar plexus block techniques and one lumbosacral plexus block technique guided by
anatomical landmarks, “loss-of-resistance”, paresthesia, and/or electrical nerve stimulation have
been presented.” ®%* These guidance techniques are referred to as “blind techniques” because they
do not involve any visualisation of the target lumbar and sacral plexuses. On the contrary,
ultrasound guidance has gained popularity within regional anaesthesia because of the real-time
ultrasonographic visualisation of target nerves, anatomical landmarks, the block needle, and the

perineural spread of local anaesthetics.**

Ultrasound Guided Lumbar Plexus Block Techniques
After the first description of the paravertebral ultrasonoanatomy in cadavers,” and studies of

posterior ultrasound guided lumbar plexus block approaches in cadavers and paediatric patients,' *°

multiple posterior ultrasound guided lumbar plexus block techniques have been presented.'*'®?!
The various techniques differ in positioning of the patient, level of injection, needle orientation in
reference to the ultrasound probe, and location of the insertion point of the needle. However, they
all apply a paravertebral location of the probe, close to the median plane and a needle insertion in-
plane with an axial> ' 1® 214 or a sagittal® ' orientation of the ultrasound beam. Needle insertion

between transverse processes of L4 and L5 is advocated in order to decrease the risk of renal

puncture and hematoma.®® Depending on the location of the needle insertion point and inclination of

21/78



the needle, the mean distance between the skin and the target lumbar plexus varies between 5.0 to
9.4 (standard deviation [SD] 2.1) cm in adults.'* '® 37 Due to the deep location of the target lumbar
plexus and the paravertebral lumbar bony structures, the inherent limitations of ultrasonography
(explained below) may result in insufficient visualisation of the target nerve plexus, the
sonoanatomical landmarks, the block needle, the needle tip and trajectory, and the spread of local

d. 14182021 A g result, the

anaesthetic when a posterior paravertebral scanning technique is applie
accuracy of the injection of local anaesthetic may be decreased and thereby the efficiency of the
blockade is impaired. In addition, insufficient visualisation may potentially reduce the safety due to

an increased risk of vascular puncture, intravascular injection, nerve injury, muscular injury, renal

injury and puncture, and epidural spread of local anaesthetic.

The Lumbar Ultrasound Trident (LUT) technique, using a paravertebral sagittal position of the
probe and an out-of-plane needle insertion close to the probe, is the best-established ultrasound
guided technique for lumbar plexus blockade."” ' However, in a case report of the LUT technique,
the lumbar plexus was only visualised in 3/5 (60%) patients.'” Moreover, the LUT technique was
aborted in 1/20 (5%) volunteers due to bloody aspiration and 5/17 (29%) volunteers had epidural

spread in a randomised controlled trial."

The ultrasound guided Shamrock technique for lumbar plexus blockade is based on axial scanning
from the flank of the patient and a posterior in-plane needle insertion.”” This scanning position
improves the visualisation of the lumbar paravertebral anatomy including the target lumbar plexus,
the needle tip, and the local anaesthetic spread compared to the posterior paravertebral scanning
techniques.”” > Furthermore, the axial orientation of the probe allows tissue compression, which
decreases the distance from the probe to the target lumbar plexus.®” The Shamrock technique and

modifications hereof have been described in letters to the editor, investigated in a dose-finding

22596873 |y o 10-12

study, and discussed in correspondences, as most lumbar plexus block techniques

14-16 1 . . : . . 1314 16-18 20 21
618 _ not investigated in a randomised controlled trial."? 14 16-1820
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Lumbosacral Plexus Block Techniques

A paravertebral injection of local anaesthetic between the transverse process of L5 and the cranial
margin of the sacral ala into the compartment posterior to the psoas major muscle may spread
around the terminal nerves of the lumbar plexus — after they have emerged from the psoas major
muscle — and to the cranial part of the sacral plexus (the lumbosacral trunk).® In a cadaver study,
“reasonable” spread of injected dye to the lumbar plexus terminal nerves and the lumbosacral trunk
was found after lumbosacral plexus block guided by anatomical landmarks and loss of resistance.
However, 3/20 (15%) cadavers had only “very weak staining” of spinal nerve S1 and 2/20 (10%)
had epidural spread.®® Only one ultrasound guided lumbosacral plexus block technique — the
Suprasacral Parallel Shift (SSPS) — has been described." In a randomised controlled trial in healthy
volunteers, the SSPS technique was equally effective for lumbar plexus blockade and more
effective for blockade of the lumbosacral trunk compared with the LUT technique."” Two/18 (11%)

volunteers had epidural spread when the SSPS technique was applied."

Strengths and Limitations of Ultrasound Guidance

Compared to blind techniques guided by surface anatomical landmarks and/or electrical nerve
stimulation, ultrasound is associated with avoidance of unpleasant muscle contractions during
electric nerve stimulation, decreased risk of intraneural or intravascular injection of local
anaesthetics (and hence the risk of local anaesthetic systemic toxicity), reduced block procedure
time, reduced dose of local anaesthetic, faster onset time of blockade, and longer duration and
improved effect of blockade.*” ® 7> Furthermore, ultrasound guidance (alone or in combination
with electrical nerve stimulation) is associated with higher success of surgical anaesthesia compared
with guidance by electrical nerve stimulation alone.*’ Ultrasound guidance has also shown to be
more cost-effective than guidance with electrical nerve stimulation.’® In practice though, blind
techniques can be used to secure the correct position of the ultrasound probe (anatomical
landmarks), indicate penetration of ligaments (loss of resistance), and alert to the risk of intraneural
position of the needle tip (electrical nerve stimulation), which can be helpful particularly when

ultrasonographic visualisation is limited.
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Compared with other imaging modalities, ultrasound has several advantages as well.”’

Ultrasonography allows real-time visualisation of anatomy and pathology without potentially
harmful ionizing radiation.*® ’® Ultrasound systems are portable point-of-care systems with low user
and maintenance costs.”®”’ Ultrasound scanning has also proved to be a practical, fast, and

successful examination.”’

However, achievement of sufficient ultrasonographic visualisation may be impaired by the inherent
limitations of ultrasonography.**”’ First, high-resolution imaging requires sound waves of high
frequency, but the high frequency decreases tissue transmission, resulting in low-resolution imaging
at larger tissue depths. Second, sound waves cannot penetrate air or bony structures, resulting in
dark or black acoustic shadows on the ultrasonographic image, which limit the visualisation of
tissues or structures positioned in the acoustic shadow. Third, age-related anatomical changes and
diseases, e.g. morphometric changes in the lumbar vertebrae and intervertebral discs, "
osteoporosis, and decalcification, can cause decreased reflection of the bony landmarks and reduce

the quality of the ultrasonographic image. Furthermore, as all practical procedures, the quality and

time of the procedure are dependent of the skill of the operator.**

All these limitations are relevant for ultrasonographic visualisation of the lumbar and lumbosacral
plexuses due to the deep target location and the demographics of the target patients. The limited
visualisation may decrease the accuracy, and thereby the effectiveness and safety, of the blockade
in these patients. Although ultrasonographic visualisation of the lumbar plexus is improved with the
Shamrock technique, a recent dose-finding study reported poor visualisation of the lumbar plexus in
9/28 (32%) patients.”> Although the ultrasound guided SSPS technique improved the success of
lumbosacral blockade compared to the LUT technique, it may not block the lumbosacral trunk and
thereby become insufficient for an incision in the hip capsule.'” Furthermore, undesired epidural

spread of local anaesthetic and bilateral anaesthesia may occur."’
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Real-time Image Fusion of Ultrasound and MRI

Real-time image fusion of datasets acquired with multiple image modalities means that the image
datasets are combined and displayed in overlay or side-by-side.”” The rationale for medical image
fusion is improved targeting of anatomical and/or pathological structures of interest in order to
refine diagnostic accuracy, treatment, and monitoring of patients compared with the use of one
image dataset only.**** By combining real-time ultrasonography with a high-resolution magnetic
resonance imaging (MRI) dataset, the technical limitations of ultrasound can be overcome and the
accuracy of the ultrasound guided procedure increased because of the additional visualisation with

MRI.

In practice, an MRI dataset of the region of interest is recorded and uploaded to the advanced
ultrasound system equipped with image fusion software. The ultrasound system is connected to a
field generator that transmits an electromagnetic field. In this field, the system registers the position
and orientation of a reference that is attached to the patient (patient tracker, Fig. 5). The system also
registers the position and orientation of sensors that are attached to the ultrasound probe and the
block needle (Fig. 5) in reference to the patient tracker. The MRI dataset is co-registered with the
ultrasonographic reference space by match of a manually identified internal plane and point in that
specific plane in both image datasets. Alternatively, the co-registration can be based on at least
three manually identified — internal or external — points in any plane in both image datasets. After
the co-registration, the MRI dataset is segmented and reformatted in real-time to best fit with the
ultrasound matrix assuming exact three-dimensional (3D) congruence between the MRI and
ultrasound datasets. Any tilt, rotation, and shift of the ultrasound probe — or the patient or parts of
the patient in relation to the ultrasound probe — after the co-registration, results in a synchronic tilt,
rotation, and shift applied as a real-time multiplanar reformatting of the 3D MR dataset in order to
display the MR image in the same plane as the ultrasound image. Any misalignment of the fused
image datasets can be adjusted at any time by means of tilt, rotation, and shift of the MRI dataset in

relation to the ultrasonographic matrix.
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Fig 5. A) Ultrasound probe with mounted sensor (black arrow). B) Phantom needle with mounted sensor

(black arrow). C) Patient tracker.

The image fusion software includes electronic needle tip tracking that displays the registered
position of the block needle, its anticipated trajectory, and the presumed intersection between the
needle tip and the ultrasound beam on the monitor. It is also possible to plan and assess the
predicted needle trajectory (target planning). Target planning is carried out by marking the target
and the anticipated entry point of the needle on the skin, which hereafter are displayed on both

image modalities on the monitor.

The use of image fusion based on real-time ultrasound has gained popularity within multiple
medical specialities, especially within interventional radiology.”” ** The technique has been
successfully applied on advanced image guided procedures, where high accuracy is desirable and
blind techniques or ultrasound guidance alone are insufficient.”” ** In interventional chronic pain
management, applications of ultrasound/computed tomography (CT) or ultrasound/MRI fusion
guided local anaesthetic injections have been reported for the hand, wrist, and sacroiliac joint and

around the pudendal nerve in cadavers and in patients.***’ Ultrasound/CT fusion of cadavers has
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also been described as a powerful educational tool to improve ultrasound guided periradicular and
facet joint infiltrations of local anaesthetic.”® Within regional anaesthesia, published material is
limited to a brief description of approaches for ultrasound/CT fusion and ultrasound/MRI fusion of
the lumbar spine in a phantom and in volunteers, respectively.”’ However, no injections were
described and electronic needle guidance was not explored.”’ To the best of our knowledge, so far
no reports have been published on ultrasound/MRI fusion guided injections of local anaesthetic in

the lumbosacral region for surgical anaesthesia and/or postoperative analgesia.
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Aims and Hypotheses

Study I

We aimed to compare block procedure time of ultrasound guided lumbar plexus blockade with the
Shamrock technique vs. the LUT technique. Based on a pilot study, we hypothesised that the block
procedure time would decrease from 280 s with the LUT technique to 140 s with the Shamrock

technique.

Study II

We aimed to compare the proportion of study subjects with successful lumbosacral plexus blockade
using the SSPS approach either with ultrasound/MRI fusion or ultrasound guidance. Based on a
previous study and experimental training, we hypothesised that the proportion of study subjects
with successful lumbosacral plexus blockade would increase from 75% with ultrasound to 100%

with ultrasound/MRI fusion guidance.

In addition, we aimed to employ ultrasound/MRI fusion as well as the MRI sequences recorded
after injection of local anaesthetics with added contrast to explore patterns of perineural and

compartmentalised injectate spread.

Study II1

We aimed to compare the proportion of study subjects with successful lumbar plexus blockade
using the Shamrock approach either with ultrasound/MRI fusion or ultrasound guidance. Based on
previous studies and experimental training, we hypothesised that the proportion of study subjects
with successful lumbar plexus blockade would increase from 40% with ultrasound to 70% with

ultrasound/MRI fusion guidance.
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In addition, we aimed to employ ultrasound/MRI fusion as well as the MRI sequences recorded
after injection of local anaesthetics with added contrast to explore patterns of perineural and

compartmentalised injectate spread.
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Methodological Considerations

Ethical Considerations

The ultrasound guided Shamrock technique has not been compared to the ultrasound guided LUT
technique or investigated in a randomised controlled trial before. The ultrasound/MRI fusion
protocols applied on the SSPS and Shamrock techniques were developed during the present PhD
study. We therefore chose to assess the techniques in a standardised setting with healthy study
subjects prior to any implementation in clinical studies with hip surgery patients. The Ethics
Committee on Biomedical Research of the Central Denmark Region, the Danish Medicines
Authority, and the Danish Data Protection Agency approved all trials. The Good Clinical Practice
Unit of Aalborg and Aarhus University Hospitals monitored all trials. All trials were prospectively
registered in EudraCT and ClinicalTrials.gov. All study subjects were included after informed oral

and written consent. All trials were conducted according to the Declaration of Helsinki.*®

Study Participants

We enrolled healthy (American Society of Anesthesiologists [ASA] physical status I*?) study
subjects 18 years or older. All study subjects were recruited through a Danish website for research

volunteers.” The inclusion and exclusion criteria are specified in the supplemental Paper I to III.

Study Designs

All trials were blinded randomised controlled trials with crossover design. All trials were conducted
at the Department of Radiology, Aarhus University Hospital. Fig. 6 illustrates the general flow of
the study subjects in all trials. However, the "MRI for fusion" was only conducted in studies II and
III. The specific elements in Fig. 6 and the endpoints are presented in detail in the supplemental

Paper I to III and are considered below.
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Day | MRI for fusion

Baseline Muscle Force
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Intervention A

Follow-up

Intervention A
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Fig 6. General study flow of the trials. Magnetic resonance imaging (MRI) for fusion was only conducted in
studies II and III. The subjects were randomised to receive either intervention A on the first experimental day
and intervention B on the second experimental day or vice versa; hence each subject followed either the

green or the orange arrows.
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MRI for Ultrasound/MRI Fusion (Studies II and III)

The purpose of the MRI dataset for fusion is to visualise the target nerves and the relevant
sonoanatomy with a higher resolution compared to ultrasound. Supine is technically the most
suitable body position and — for old and frail hip surgery patients — the most realistic choice of body
position for recording MRI. However, the real-time ultrasound guided needle insertions in the SSPS
and Shamrock techniques are performed in the lateral decubitus position. Change from supine to
lateral decubitus positioning, movement, peristalsis, and respiration of the subject during the MRI
recording and the real-time ultrasonography for fusion may affect the accuracy of the co-registered
datasets,”” and hence the accuracy of the ultrasound/MRI fusion guided block. Anyhow, the target
lumbar plexus nerves are juxtapositioned to the rigid lumbosacral spine, and the iliopsoas muscle is
not significantly displaced when position is changed from supine to lateral decubitus.”’
Furthermore, we have carried out a pilot study with study subjects 60 years or older, which showed
only minor displacement of the ventral rami of spinal nerves L3 and L4 on MRI recorded in the
lateral decubitus compared to the supine position (see Supplements). Consequently, we assessed
that it was possible to adjust for the anticipated minor misalignments of the co-registered datasets
(see below), and that residual inaccuracies would be within acceptable limits of measurement error

of the procedure.

Based on the above, the subjects were placed in the supine position with a pillow supporting their
knees to minimise lumbar lordosis before acquiring 3D T2-turbo spin echo (TSE) sequences with
an isotropic resolution of 1.2x1.2x1.2 mm’ (overlapping 2.3 mm slices with 1.2 mm spacing), echo
time (TE) 60 ms, and repetition time (TR) 1,200 ms from vertebral body of L1 to S4 with a 1.5 tesla
(T) Philips Ingenia MRI scanner (Koninklijke Philips Electronics N.V., Eindhoven, the
Netherlands) (Fig. 7). We chose the 3D T2-TSE sequence for fusion because of the high-resolution
isotropic nature and good soft tissue contrast for visualisation of the anatomy. The isotropic nature
of this 3D sequence allows reconstruction in all planes with high resolution, which is optimal for
real-time image fusion of ultrasound and MRI, where ultrasound defined arbitrary planes are

reconstructed in real time. However, the 3D T2-TSE sequence was unsuitable for visualising neural
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tissue (nerves and plexuses) inside the psoas major muscle, because it was not possible to separate
the MR signal from the neural tissue from that of the muscular tissue. Consequently, both neural
tissue and muscular tissue appears dark with the 3D T2-TSE sequence. Fat, however, appears bright
with the 3D T2-TSE sequence and nerves were visible in fat tissue, e.g. inside the peri-psoas major
compartments. The MR sequences were sampled in the coronal plane with a feet-head phase in
order to minimise artefacts due to peristalsis and respiration. The 3D image datasets were
reformatted to two-dimensional (2D) axial plane sequences, using a “digital imaging and
communications in medicine” (DICOM) viewer (OsiriX v. 6.5.2. 64-bit; Pixmeo SARL, Bernex,
Switzerland) prior to upload in the ultrasound system with image fusion software (PercuNav) (Epiq
7 1.4; Koninklijke Philips Electronics N.V., Eindhoven, the Netherlands). The reformatting was

carried out because the Epiq 7 1.4 can only import datasets in the axial orientation for fusion.

Fig 7. Three-dimensional isotropic T2-turbo spin echo sequence of one subject showing multiplanar

reconstructions in all three standard planes (from the left: sagittal, axial, and coronal).
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Interventions

All study subjects in each trial received two interventions in a randomised order with a one-week
interim period (Fig. 6). All subjects had a peripheral intravenous access for safety (and for blood
sampling in studies I and 1) and were monitored with three-lead electrocardiography, non-invasive
blood pressure measurement, and pulse oximetry. For all interventions, the subjects were placed in
the lateral decubitus position with the side to be anaesthetised non-dependent and with slightly

flexed hip and knee joints.

Study Medicine

All injections were composed of 20 ml 2% lidocaine with adrenaline 1:200,000 (Lidokain-adrenalin
SAD; Amgros I/S, Copenhagen, Denmark)’” added 1 ml of diluted 27.9% gadoterate meglumine
(0.13 mL Dotarem®; Guerbet, Roissy CdG Cedex, France’ in 0.87 ml 0.9% isotonic saline).
Twenty ml 2% lidocaine-adrenaline corresponds approximately to the minimum effective
anaesthetic volume to achieve lumbar plexus blockade with the Shamrock technique in 50% of
patients (EDs).”> We chose to inject 20 ml lidocaine-adrenaline in order to standardise the
comparisons and allow fast discharge of the subjects. The diluted MRI contrast agent (gadoterate
meglumine) was added to the local anaesthetic prior to injection in order to allow assessment of
spread of the injectate on MRI. A prospective laboratory study demonstrated that the local
anaesthetic and the contrast agent as well as the local anaesthetic and contrast agent diluted in
isotonic saline were physically compatible (see Supplements). Similar mixtures have been injected
perineurally in other trials without reports of toxic reactions or harm." °**> Another gadolinium
based contrast agent, gadopentetate dimeglumine, has been mixed with lidocaine and adrenaline
without release of free gadolinium.’® Considering the above and that only a very small volume of
gadoterate meglumine (0.13 ml) was needed to visualise 20 ml lidocaine-adrenaline, it was assessed

that the risk of toxic effects and of harm were negligible.
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Operator and Equipment

Lumbar and lumbosacral plexus blocks are expert techniques that should only be performed by
experienced regional anaesthetists. The ultrasound/MRI fusion protocol has been developed during
the present PhD study. The anaesthesiologist (T.F.B.) — who conducted all interventions — has
comprehensive clinical experience with lumbar and lumbosacral blocks guided by ultrasound and
electrical nerve stimulation as well as experimental experience of SSPS and Shamrock blocks
guided by ultrasound/MRI fusion and needle navigation. For all interventions, a curvilinear
ultrasound probe was used to allow sonographic visualisation of the deeply located target plexuses
and sonographic landmarks. In the ultrasound/MRI fusion studies, a sensor was mounted onto the
probe to allow tracking of the position and orientation of the probe or strengthen blinding of the

subjects.

Co-registration of Real-time Ultrasound and MRI (Studies Il and I1I)
The subject was positioned supine and the patient tracker (Koninklijke Philips Electronics N.V.,
Eindhoven, the Netherlands) was fixed with adhesive transparent film to the subject’s iliac crest on

the side to be anaesthetised (Fig. 8).

Fig. 8. Position of the patient tracker.
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The position and orientation of the patient tracker serves as a reference for the sensors affixed to the
ultrasound probe (and thereby for the MRI and ultrasound matrices) and the block needle. It is
recommendable to attach the patient tracker to a rigid bony structure that assumedly does not
deform with movement. We attached the patient tracker to the skin on the iliac crest on the side of
the intervention, because the patient tracker needs to be within the electromagnetic field of the
transmitter. Care has to be taken that the patient tracker does not overlap the anticipated needle

insertion point or placement of the probe on the skin.

The field generator (Koninklijke Philips Electronics N.V., Eindhoven, the Netherlands) was
positioned so that the dome-shaped electromagnetic field covered the abdomen, the lumbosacral

region, and the flanks (Fig. 9A).

W PERCUNAV

Fig. 9. Co-registration of real-time ultrasound and magnetic resonance imaging (MRI) datasets using an axial
internal plane. A) The field generator (FG) is positioned so that the dome-shaped electromagnetic field
(green) covers the region of interest. The ultrasound probe with the mounted sensor is axially oriented
approximately at the level of the umbilicus. B) Screen-shot of the monitor displaying the internal plane-
match of the axial plane intersecting the jointing of the common iliac arteries (red asterisks) on both image
modalities. On the left-hand side of the monitor, the ultrasonogram is visualised as a transparent yellow
overlay superimposed onto the MR image. The MR image is shown alone on the right-hand side of the

monitor.
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The probe with the mounted sensor was placed in the axial plane approximately at the level of the
umbilicus (Fig. 9A). The axial plane that intersected with the jointing of the bifurcation of aorta and
a corresponding point were identified and marked on both the MR and the real-time
ultrasonographic image (Fig. 9B). A plane match was executed to obtain the best match between
the MRI and the ultrasonographic image, which would allow linked scrolling with real-time 2D
segmenting and reformatting of the MRI dataset. The alignment of the fused image modalities was
reviewed using the anterior border of the vertebral body, the abdominal aorta, the inferior vena

cava, and the common iliac arteries (Fig. 10).

Fig. 10. Screen-shot of the monitor displaying the real-time sonogram and the previously sampled magnetic

resonance (MR) image, which are co-registered and visualised as overlay (A) and as separate images (B and
C). Image D visualises the three-dimensional position and orientation of the ultrasound probe and beam in
relation to the MRI dataset. The common iliac arteries (red asterisks), the inferior vena cava (turquoise
asterisks), and the anterior border of the vertebral body (VB) are employed for alignment of the ultrasound

and MR images.
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We chose to conduct an internal plane match instead of a point match because of the difficulty of
identifying at least three identical points in the lumbar region that are visible with both MRI and
with real-time ultrasound imaging. The plane match was carried out in the supine position using the
jointing of the common iliac arteries as landmark in order to obtain the same axial level with both
image modalities. The subject was turned to the lateral decubitus position in order to allow posterior
needle insertion. Similar to the Shamrock technique, the probe was placed with axial orientation in
the mid-axillary line in the flank of the subject. In order to compensate for any inaccuracies of the
co-registration due to the positions change, the paravertebral sonoanatomy and the MRI dataset
were aligned using the borders of the vertebral body, transverse process, and the neural foramen of
L4, and the positions of the psoas major, the quadratus lumborum, and the erector spinae muscles.
Any misalignment was adjusted with the system built-in means of rotating and aligning the MR

image in relation to the ultrasonographic image.

Ultrasound/MRI Fusion and Ultrasound Guided Lumbar and Lumbosacral Plexus Blocks

We chose to compare the Shamrock technique with the LUT technique, because the LUT technique
is probably the best-established technique of the posterior paravertebral approaches to lumbar
plexus blockade. We chose to investigate real-time ultrasound/MRI fusion applied on the SSPS
technique for lumbosacral plexus blockade and on the Shamrock technique for lumbar plexus
blockade, because these deep blocks with inherent limitations of ultrasonography are important for

. . . 1922
hip surgery anaesthesia and analgesia.'’

The ultrasound guided Shamrock, LUT, and SSPS techniques have been described in-depth
previously.® " ” 2% The ultrasound guided Shamrock and LUT technique are described briefly in
the supplemental Paper 1. The ultrasound/MRI fusion guidance applied on the SSPS and Shamrock
techniques is described in the supplemental Paper II and III. Figures 11 to 15 illustrate the position
of the probe and landmark sonograms of the techniques. All injections were carried out with the

subject in the lateral decubitus position with the side to be anaesthetised non-dependent.
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Fig. 11. The Shamrock technique guided by ultrasound used in studies I and III. A) The probe was axially
orientated in the axillary midline in the flank of the subject. B) The probe was slid posteriorly and the
Shamrock landmark sonogram — the erector spinae (ESM), quadratus lumborum (QL), and psoas major
(PMM) muscles representing the three leaves, and the transverse process (yellow asterisk) of vertebra L4
(VB L4) representing the stem of a three-leaved cloves — was visualised. C) The tail of the probe was tilted
cranially to improve any visualisation of the anterior rami of spinal nerve L4 (yellow arrow) to the lumbar
plexus. Hereafter, the needle (red arrow) was inserted in-plane, approximately 3 to 4 cm lateral to the lumbar
median, until the needle tip was visualised within the mass of psoas major muscle, at the margin of the target

lumbar plexus, if possible.

| /4

Fig. 12. The Lumbar Ultrasound Trident technique guided by ultrasound used in study I. The probe was
placed in the sagittal orientation across the caudal margin of the transverse process of L5 and the cranial
margin of the sacral ala. The probe was slid cranially while counting the transverse process of L4, L3, and
L2. If possible, the lumbar plexus was visualised within the psoas major muscle anterior to the transverse

processes. A) The block needle was inserted with a steep out-of-plane technique. B) The needle (represented

39/78



by the yellow line) was advanced until the needle tip was approximately 20 mm (represented by the blue
line) anterior to the posterior margin of transverse process of L3 or L4 (red asterisk). The transverse process
generates an acoustic shadow coined the “trident sign” (yellow asterisk). The image is modified from

Bendtsen et al.

‘ posterior_
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Fig. 13. The Suprasacral Parallel Shift technique guided by ultrasound used in study II. A and B) The probe
was placed across the iliac crest (blue line) on the side to be anaesthetised. The probe is shifted parallel and
medial until the interspace (osteofibrotic) between the caudal margin of the transverse process of L5 (tp5)
and the cranial margin of the sacral ala (S) was visualised. Here, the probe was rotated to the sagittal plane.
C) The osteofibrotic tunnel was centred in the ultrasonographic image. In this position, the block needle (red
arrow) was inserted with a steep out-of-plane technique. The needle tip was advanced until it penetrated the
lumbosacral ligament, confirmed with “loss-of-resistance” and ultrasonographic visualisation — if possible,

and was in the retro-psoas subcompartment (rpsc). Es, erector spinae muscle; i, iliac bone; pm, psoas major.
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Fig. 14. The Suprasacral Parallel Shift technique guided by ultrasound/magnetic resonance imaging (MRI)
used in study II. A) The probe was placed in the sagittal orientation across the transverse process of vertebra
L5 and the cranial margin of the sacral ala. The needle with mounted sensor is held in an out-of-plane
orientation. B) Fused real-time ultrasound (left) and MRI (right) displayed side-by side. The needle is
projected as the blue line in the top of the images. The green circle marks the assumed intersection between
the needle tip and the image plane, coinciding with the target plexus nerves (yellow arrow) between the
transverse process of L5 (yellow asterisk) and the cranial margin of the sacral ala (S). The green dots mark
the needle trajectory in-plane. The blue and yellow dots mark the needle trajectory out-of-plane. Asterisk

(green); transverse process of vertebra L4; PMM, psoas major muscle.

Fig. 15. The Shamrock technique guided by ultrasound/magnetic resonance imaging (MRI) used in study II1.

A) The probe is placed in the axial orientation in the flank of the patient. The block needle with the mounted
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sensor (blue arrow) is inserted in-plane. B) Fused real-time ultrasound and MRI displayed side-by side:
ultrasound to the left and MRI to the right. The block needle is projected as the blue/green line, where the
green needle tip is in-plane with the image plane. The needle tip and the large green circle, which marks the
intersection between the needle tip and the image plane, is in the intra-psoas compartment between the
anterior and posterior lamina of the psoas major muscle (PMM). Asterisk (yellow); the anterior rami of
spinal nerve L4 and the branch to the femoral nerve; ESM, erector spinae muscle, QLM, quadratus

lumborum muscle; VB L4, vertebral body of L4.

Endpoints

In all three studies (I to III), we assessed procedure related outcomes, patterns of perineural spread
of the injectate on MRI, epidural spread, sensorimotor effects, and cost-effectiveness. In studies I

and II, we also assessed the time-dependent plasma concentration of lidocaine (p-lidocaine).

Procedure-related Outcomes
In order to compare time consumption, precision, and safety of the interventions, we recorded the
following procedure related outcomes:
* preparation time (studies II and III)
* procedure time
* the minimal electrical nerve stimulation required to trigger a motor or paraesthesia response
prior to injection
* the frequency of type of motor/paraesthesia response — if any
* the number of needle insertions
* the horizontal distance from the needle skin insertion point to the lumbar median
* the distance from the needle skin insertion point to the needle tip immediately prior to
injection
* the discomfort of the procedure assessed by the subject on a numeric rating scale (NRS) 0 to

10 immediately after completed intervention
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* the change in mean arterial pressure (AMAP) from immediately before start of pre-scanning
(and co-registration) to five minutes after completed intervention

* the frequency of direct ultrasonographic visualisation of the lumbar plexus (study III)

Injectate Spread Analysed on MRI

Assessment of injectate spread on MRI is an objective proxy measure of the accuracy and
effectiveness of the injection. We scanned 3D T1-weighted mDixon sequences that can be
reconstructed to generate both in-phase, out-of-phase, water-only (fat-suppressed), and fat-only
(water-suppressed) images from the same scan.”” The 3D T1-weighted mDixon sequence is suitable
for analysis of gadolinium-enhanced injectate spread. On these images the MRI contrast agent
(Dotarem®) provides a strong signal — although water is suppressed — and is visualised as very
bright areas due to the effect of the contrast agent on the T1 relaxation. We assumed that the
gadolinium contrast agent was fully dissolved in the local anaesthetic, and hence that the visual
spread of the contrast agent corresponded to the spread of the local anaesthetic. In order to improve
visual differentiation of nerves and muscle, an additional standard single shot echo-planar imaging
(EPI) diffusion weighted sequence with b-values of 0 and 500 was sampled, as this sequence
provides different contrast for neural and muscular tissue and therefore allows identification of the
nerves when they are located inside the psoas major muscle.” The MR sequences were analysed in
a DICOM viewer (OsiriX v. 6.5.2. 64-bit) in order to estimate the perineural spread of the injectate

and compartmentalised injection spread.

Sensorimotor Blockade

Standard clinical criteria for an effective and successful blockade, i.e. no requirement for rescue
blocks, conversion to general or spinal anaesthesia, or analgesics, are inapplicable in healthy study
subjects. Dermatomal mapping for sensory testing of the lower limb can be used, but is relatively
unreliable due to considerable anatomical variation, overlapping of contiguous segmental and
terminal nerve territories as well as missing innervation in some cutaneous areas.”” We therefore

chose to use motor blockade based on tests of baseline and post-block muscle force with a hand-
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held dynamometer (Commander Muscle Testing; JTECH Medical, Midvale, USA) as a proxy
marker of sensory blockade of the femoral, obturator, and superior gluteal (lumbosacral trunk)
nerves as well as — in study I — the sciatic nerve. In order to take account of multiple nerve
innervation of the hip adductors, motor blockade was defined as > 50% decrease in post-block
muscle force compared to baseline in study I. However, to the best of our knowledge, no consensus
exists on the association between decreased muscle force in healthy subjects and an effective
sensory blockade in clinical patients. We therefore defined motor blockade as a decrease in post-
block muscle force compared to baseline in studies II and III. As a supplement and in order to
evaluate epidural spread, we mapped sensory blockade of the subjects’ sensations for cold, warmth,
touch, and pain in the appropriate dermatomes. The method for testing motor force and sensory

mapping is described in the supplemental Paper I to II1.

Pharmacokinetics of Lidocaine
Bio banks were established and blood was sampled during 90 minutes after the completed
interventions in studies I and II. The p-lidocaine was analysed with liquid chromatography tandem

1
mass spectrometry.'”

Cost-effectiveness
As a measurement of cost-effectiveness or “price per patient”,”® unit costs were collected and
converted into Great British Pound (GBP). The cost for the use of the Philips Ingenia 1.5T MRI

scanner was expressed in time units due to the complexity of calculating and generalising the cost

expressed in monetary units.

Randomisation and Blinding

All studies were blinded randomised controlled trials. The procedure of randomisation in each study
is described in the supplemental Papers I to III. All observers and analysts of data were blinded to

the allotted sequence of intervention. T.F.B. performed blinded analyses of injectate spread on the
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anonymised MRI sequences in a random order using the DICOM viewer OsiriX v. 6.5.2. 64-bit. We
sought to blind all study subjects by identical trial setup and not reveal randomisation prior to
finalisation of all data analyses. A strict protocol was designed for the operating anaesthesiologist
who could not be blinded. A non-blinded assistant double-controlled the allotted sequence of

intervention in order to control the protocol compliance of the operating anaesthesiologist.
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Results

All results are reported in detail in the supplemental Paper I to I1I. The key findings are summarised

below.

Study I: Ultrasound Guided Shamrock vs. LUT

The ultrasound guided Shamrock technique had a shorter block procedure time compared with the

ultrasound guided LUT technique (238 [SD 74] vs. 334 [SD 156] s; p = 0.009).

The Shamrock technique required fewer needle insertions for correct placement of the block needle
tip (2 [interquartile range (IQR) 1 to 3] vs. 6 [2 to 12] insertions; p =0.003) and was also assessed as
a more comfortable procedure (3 [IQR 2 to 4]) vs. 4 [IQR 3 to 6] NRS units; p = 0.03) compared to

the LUT technique.

There was no difference in the proportion of subjects with blockade of the femoral, obturator, and
lateral femoral cutaneous nerves. For both techniques, the analyses of sensory blockade and
perineural spread on MRI showed a similar primary effect on and perineural spread to the anterior
rami of spinal nerves L2 to L4 and the terminal femoral, obturator, and lateral femoral cutaneous
nerves. There was no difference in AMAP, proportion of subjects with epidural spread, or lidocaine
pharmacokinetics (Fig. 16) between the techniques. The mean marginal cost was A£2.0 per lumbar

plexus block in favour of the Shamrock technique.

No serious adverse reactions or harm occurred.
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Fig. 16. Plasma concentration of lidocaine 0 to 90 minutes after ultrasound guided injection with the
Shamrock vs. Lumbar ultrasound Trident (LUT) techniques. Values are presented as mean (standard

deviation).

Study II: Ultrasound/MRI Fusion vs. Ultrasound Guided SSPS

There was no difference in the proportion of subjects with blockade of the femoral and obturator
nerves and the lumbosacral trunk between the ultrasound/MRI fusion vs. the ultrasound guided

SSPS techniques (23/26 [88%] vs. 23/26 [88%] subjects; p = 1.00).

The ultrasound/MRI fusion guided SSPS required longer time for preparation and performance of
the block compared with the ultrasound guided technique (preparation time: ultrasound/MRI, 686
[IQR 552 to 1,023] s; ultrasound, 196 [IQR 167 to 228] s; p < 0.001, and performance time:
ultrasound/MRI, 333 [IQR 254 to 439] s; ultrasound, 216 [IQR 176 to 294] s; p = 0.001).

The analyses of sensory blockade and perineural spread on MRI showed a similar primary effect on
and perineural spread to the anterior rami of spinal nerves L2 to S1 and the terminal femoral,

obturator, and lateral femoral cutaneous nerves and the lumbosacral trunk. There was no difference
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in AMAP, proportion of subjects with epidural spread, or lidocaine pharmacokinetics (Fig. 17)
between the two techniques. The mean marginal cost was A£22.91 and 6 min and 34 s in the 1.5T

MRI scanner per lumbosacral plexus block in favour of the ultrasound guided SSPS technique.
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Fig. 17. Plasma concentration of lidocaine 0 to 90 minutes after ultrasound/magnetic resonance imaging
(US/MRI) fusion guided vs. US guided injection with the Suprasacral parallel shift technique. Estimates are

presented as mean (standard deviation).

During the MRI analysis of spread of lidocaine-adrenaline added contrast, we identified three
characteristic patterns of spread. These were medial (inside the so-called para-psoas compartment
[PPC], Fig. 18), posterior (inside the so-called retro-psoas subcompartment [RPSC], Fig, 19), and

lateral (inside the retroperitoneal compartment, Fig. 20) to the psoas major muscle, respectively.

No serious adverse reactions occurred. Few adverse events and reactions occurred — these are

described in the supplemental Paper II.
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Fig. 18. Magnetic resonance imaging of the spread of
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Fig. 19. Magnetic resonance imaging of the spread
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Fig. 20. Magnetic resonance imaging of the spread
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Study III: Ultrasound/MRI Fusion vs. Ultrasound Guided Shamrock

There was no difference in the proportion of subjects with blockade of the femoral, obturator, and
lateral femoral cutaneous nerves with the ultrasound/MRI fusion vs. the ultrasound guided

Shamrock techniques (16/22 [73%] vs. 18 [82%] subjects; p = 0.69).

The ultrasound/MRI fusion guided technique required longer block preparation time compared with
the ultrasound guided technique (ultrasound/MRI, 868 [IQR 661 to 947] s; ultrasound, 471 (IQR
369 to 631) s; p <0.001). The sensory mapping corresponded to the analysis of perineural spread of
injectate, which was similar for both techniques, showed primarily spread to the anterior rami of
spinal nerves L2 and L3 and the terminal femoral, obturator, and lateral femoral cutaneous nerves.
There was no difference in AMAP or proportion of subjects with epidural spread between the
techniques. The mean marginal cost was A£17.64 and 6 min and 34 s in the 1.5T MRI scanner per

lumbar plexus block in favour of the ultrasound guided Shamrock technique.

The MRI analysis of injectate spread demonstrated a consistent spread of the injectate within the
intra-psoas subcompartment (IPSC) between the anterior and posterior lamina of the psoas major
muscle (Fig. 21). In the cranio-medial direction, the injectate did consistently spread to the neural
foramina of L2 and L3. In the caudal direction, the injectate deviated with the psoas major muscle
antero-laterally. We did not observe spread of the injectate posterior to the psoas major muscle
inside the RPSC. No or minor spread was observed into the PPC medial to the iliopsoas

compartment and caudal to the transverse process of vertebra L5.

No serious adverse reactions occurred. Few adverse events and reactions occurred — these are

described in the supplemental Paper III.
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Fig. 21. Magnetic resonance imaging of the spread
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Discussion

The three studies are discussed in detail in the supplemental Paper I to III. Below is a general
discussion of the study design, the study subjects, and the ultrasound guided and ultrasound/MRI
fusion guided techniques for lumbar and lumbosacral plexus blocks. The discussion focuses on
quality and safety, the benefits and limitations of MRI in regional anaesthesia, compartmental

spread, and future aspects.

Study Design and Subjects: Randomised Controlled Trials with Healthy Volunteers

Several techniques for ultrasound guided lumbar plexus block and one technique for ultrasound

13-22 101
3-223910 However, to the best of

guided lumbosacral plexus block have been described previously.
our knowledge, only two of these techniques have been compared in a randomised controlled trial."
Thus the evidence-base of assessment of the effectiveness, safety, and ease-of-performance of the
described techniques is very limited. Randomised controlled trials on healthy volunteers allow a
relatively fast recruitment process and an exhaustive, in-depth study design and data sampling.
Furthermore, investigation of new techniques like real-time ultrasound/MRI fusion guidance in
regional anaesthesia in healthy volunteers allows validation prior to any implementation in clinical
trials and clinical practice. Similarly, other novel ultrasound guided techniques for lumbar plexus
blockade have initially been validated in cadavers and in healthy volunteers.”’ ' © Our studies
contribute with new knowledge about effectiveness, safety, ease-of-performance, block related
outcomes, cost-effectiveness, and injectate spread of the investigated techniques based on
assessment of ultrasound/MRI fusion in normal volunteers. The new insight may assist regional
anaesthetists in the choice of block technique and improve the anatomical understanding of injectate
spread. However, as discussed in the supplemental Paper I to III, the results of our studies should be
considered as measures of comparisons of the techniques and an initial assessment of the fusion

protocol developed during this PhD study — not as results directly applicable in a clinical setting

with old, frail, comorbid and/or obese patients for hip surgery.
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Ultrasound Guided Techniques for Lumbar Plexus Blockade: Shamrock vs. LUT

Quality and Efficiency

We found that the ultrasound guided Shamrock technique was faster to perform and it required
fewer needle insertions compared to the ultrasound guided LUT technique in healthy normal weight
volunteers. The procedure time and the number of needle insertions can be considered proxy
markers for the difficulty of achieving sufficient visualisation of the target nerves. Our study
therefore supports previous literature, claiming that the ultrasound guided Shamrock technique is
more easy-to-perform and improves visualisation of the paravertebral lumbar sonoanatomy —
including the target lumbar plexus and ultrasonographical landmarks — as well as the block needle
tip, the needle trajectory, and the perineural spread of injectate compared to a posterior
paravertebral scanning technique.”” > ® % Scanning from the flank allows some tissue compression,
reducing the distance from the ultrasound probe to the target. Scanning from the flank while the
needle is inserted some distance away from the probe in the posterior paravertebral lumbar region
also allows avoidance of a needle skin insertion that may interrupt the contact between the skin and
the probe.”* However, in overweight patients, in whom fat deposits tend to be located at the flanks
rather than at the paravertebral lumbar region, a posterior paravertebral scanning technique may be
advantageous. It may also be a challenge to localize the best needle skin insertion point and
angulation of the needle with the ultrasound probe placed in the flank and the needle in the

paravertebral region.

The subjects’ assessment of comfort was better for the Shamrock technique compared to the LUT
technique, which may be explained by the lower number of needle insertions required for the

Shamrock technique.

Sensorimotor effect was used as a surrogate marker for efficiency of the blockade. Because
sensorimotor mapping in normal volunteers may be unreliable, we included analysis of perineural

injectate spread on MRI as an objective measure of the efficiency. The sensorimotor mapping and
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the analysis of injectate spread of both techniques demonstrated a consistent effect on the anterior
rami of spinal nerve L2 to L4 and on the terminal nerves of the lumbar plexus — the femoral,
obturator, and lateral femoral cutaneous nerves. Consequently, there was no evidence for any
difference in block success; the proportion of subjects with motor blockade of the femoral and
obturator nerves as well as sensory blockade of the lateral femoral cutaneous nerve was similar.
Because the target of injection was the same, this result was — to some extent — expected. The

Shamrock has primarily been described in letters to the editor and in case reports.”” ¢ ¢ 12

Anyhow,
our results are in keeping with the results of a dose-finding study of Shamrock lumbar plexus
blockade in patients undergoing lower limb surgery.”> The LUT technique has been described in a
case series and investigated in a randomised controlled trial with healthy volunteers."” '
Nevertheless, the LUT lumbar plexus blockade was combined with a sacral plexus blockade in the
case series and a different definition of “block success” was used in the randomised controlled
trial.'> Consequently, the results are not directly comparable with our results, though the results on

sensory blockade of the anterior rami of spinal nerves L3 to S1 and of the lateral femoral cutaneous

nerve were similar with ours for the LUT technique."’

Finally, the cost-effectiveness was in favour of the Shamrock technique, which was explained by

the shorter procedure time for this technique.

Safety

Change in MAP, incidence of epidural spread, and lidocaine pharmacokinetics were used as proxy
markers of the safety of the techniques. There was no evidence of any differences in AMAP or
incidence of epidural spread between the techniques; however, the study was not powered to detect
such differences. The incidence of epidural spread in our study was low compared to the dose-
finding study of the Shamrock technique and the randomised controlled trial of the LUT

: 19, 22
technique.'”

However, in the dose-finding study of the Shamrock technique up to 52.2 ml of
0.5% ropivacaine was injected. In the present study, 20 ml of local anaesthetic was injected in all

study subjects. Injections of a more clinical relevant volume, larger than 20 ml, may have resulted
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in a higher proportion of subjects with epidural spread — as well a greater difference in AMAP and
higher p-lidocaine — in the present study. Continuing, also the lidocaine pharmacokinetics of the
Shamrock and LUT techniques were similar between the techniques and did not exceed toxic
levels.®” Similar to previous studies on plasma concentration of local anaesthetics in regional
anaesthesia, the maximum concentration of lidocaine peaked approximately one hour after
injection.'® ' This result implies that if any local anaesthetic systemic toxicity is suspected, a
patient should be observed for at least one hour. Finally, we did not observe any serious adverse

effects or harm during or after the trial.

Ultrasound/MRI Fusion Guidance of SSPS and Shamrock Techniques

Quality, Efficiency, and Safety

We applied real-time ultrasound/MRI fusion to improve visualisation and needle navigation of the
SSPS and Shamrock techniques in order to assess the potential benefit of ultrasound/MRI fusion on
effectiveness and safety compared to ultrasound guidance alone. However, in studies I and III, we
did not observe such potential differences. We found that the ultrasound/MRI fusion and the
ultrasound guided techniques were equally effective and safe in healthy, normal-weight, young
volunteers. Kwok and Karmakar have briefly described an application of fused real-time ultrasound
and CT as well as MRI of the lumbar spine in a phantom and in healthy volunteers.”” The authors
did not use fusion for needle guidance nor did they investigate fusion with needle navigation.
Therefore our studies are not directly comparable with the observational study by Kwok and
Karmakar.”” Klauser et al and Zacchino et al assessed accuracy and efficiency of fusion of real-time
ultrasound and CT or MRI for guidance of sacroiliac joint injections in cadavers and in patients
after failed conventional therapy.® *® They found that real-time image fusion is accurate and

efficient in chronic pain treatment.® *

Common for the techniques by Kwok and Karmakar, Klauser et al as well as Zacchino et al is that

the real-time fusion and — for Klauser et al and Zacchino et al — needle guidance was performed in
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the same body position as the CT or MRI recording.”” * ¥ Moreover, Klauser et al and Zacchino et
al co-registered their datasets based on match of points on bony structures, e.g. on the lumbosacral
spine, the pelvis, and the femoral heads, and achieved a registration error < 3 mm.> % We sampled
the MRI datasets in the supine position while the real-time fusion needle guidance was performed in
the lateral decubitus position. The shift in position may have decreased the congruence and
dimensional stability of the 3D topography of MRI and real-time ultrasound, and hence the
accuracy of the ultrasound/MRI fusion guided procedures compared to Kwok and Karmakar,
Klauser et al as well as Zacchino et al. The use of two different body positions for co-registration
and alignment is also more time-consuming compared to one single position. Although our
observation of prolonged preparation time and — for the ultrasound/MRI fusion guided SSPS
technique — performance time is in keeping with previous studies on image fusion guided
techniques.”* Co-registration based on plane match is associated with a higher registration error
compared to point match, according to the producer of the ultrasound system with fusion software.
With point match, the MRI is segmented and reformatted based on three registration points and an
increased number of points proportionally decreases the registration error. With plane match, it is
critically important that the ultrasound image plane corresponds as exactly as possible to the
internal MRI plane, because a minor shift, rotation, and/or angulation of the probe — in any axis — in
relation to the internal MRI plane results in a misalignment that increases with increased distance
from the matched plane. However, the plane match involved fewer steps and was faster and more

practical compared to point registration in our hands.

The number of needle insertions and procedural comfort were similar for the ultrasound/MRI fusion
and ultrasound guided techniques. In study I, the performance time together with the number of
needle insertions and procedural comfort were used as a surrogate marker for ease of visualisation
of the target lumbar plexus. Applying the same parameters to assess ease of visualisation of the
target lumbar plexus in the fusion-studies (studies II and III using the SSPS and Shamrock
technique, respectively), real-time ultrasound/MRI fusion guidance was equal to ultrasound

guidance alone. In study III, the target lumbar plexus was visualised in an equal proportion of
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subjects with the ultrasound/MRI fusion and ultrasound guided Shamrock techniques. The overall
results of the fusion-studies may be explained by the demographics of the subjects. We investigated
the ultrasound/MRI fusion guidance in normal young volunteers in whom sufficient
ultrasonographic visualisation was probably achieved with a higher frequency compared to clinical

patients.

In neither of the fusion-studies was there any difference in the proportion of subjects with a
successful blockade in the ultrasound/MRI fusion group compared to the ultrasound group. There
was concordance between the sensorimotor assessment and the analysis of perineural spread of the
injectate on MRI in both studies. The proportion of successful lumbar plexus blockade with the
Shamrock technique was higher in study III compared to study I. This difference can be explained
by the different definition of a “successful” blockade in study I compared to studies I1I (and II).
Any definition of successful blockade in healthy volunteers is an arbitrary measure that can only be
used as a measure of comparison between the alternative techniques, and should not be considered
as an external valid measure of successful blockade in a clinical setting. The estimates of successful
blockade in the fusion-studies (studies II and III) should be interpreted with caution because they
are based on proxy motor estimators of successful sensory blockade of the femoral and obturator
nerves. The estimates are potentially biased by triple innervation of the hip adductor muscles. The

analyses of compartmentalised injectate spread are discussed below.

There was no evidence of any difference in the safety surrogate markers between the
ultrasound/MRI fusion and ultrasound guided techniques. I.e. the estimates of number of needle
insertions, AMAP, incidence of epidural spread, and — in study II — pharmacokinetics of lidocaine
were similar for the compared groups. The results were similar compared to a previous study
concerning the SSPS technique in healthy volunteers." In addition, the results of AMAP and
epidural spread of the ultrasound/MRI fusion guided and ultrasound guided Shamrock techniques in

Study III were similar to the results of the ultrasound guided Shamrock technique in Study 1.
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However, none of the studies were powered to detect such assumed differences. No serious adverse

events occurred; neither in study II nor in study III.

Finally, the cost-effectiveness analyses favoured ultrasound guidance compared to ultrasound/MRI
fusion guidance. These differences were explained by the time spent on preparing and performing
the MRI scan for fusion by the radiographer, and by the ancillary time spent by the
anaesthesiologist and the assistant on co-registering and aligning the real-time ultrasound and MRI

datasets for fusion and on needle navigation.

MRI in Regional Anaesthesia: Potential Benefits and Limitations

Image Fusion

Image fusion has several limitations: 1) the high-end ultrasound systems with image fusion software
are expensive compared to low- or midrange ultrasound systems usually employed by
anaesthesiologists; 2) a MRI dataset has to be recorded in advance; 3) the MRI dataset has a size
limit and it is required to have a format that is compatible with the fusion software; 4) the MRI
dataset has to be transferred to the ultrasound system; 5) the fusion technique requires expertise and
— for use in regional anaesthesia — inter-disciplinary cooperation between radiologists and
anaesthesiologists; 6) the fusion procedure is time-consuming compared to ultrasound guidance

alone; and 7) the image fusion systems and software are in the process of being fully developed.®

Our present protocoled application of high-resolution 3D MRI for fusion with real-time ultrasound
has contributed to the understanding of the complex anatomy and ultrasonoanatomy relevant for
lumbar and lumbosacral region. This is in keeping with Galiano et al, who found a form of video-
based fusion of real-time ultrasound and CT in cadavers to be a useful educational tool to improve
identification of ultrasonographical landmarks and alignment of the block needle in relation to the
ultrasound beam for lumbar and cervical facet joints injections.”® Although Karmakar et al did not

apply MRI for fusion, the authors compared the ultrasonoanatomy of the lumbar region with axial
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MRI and images from the Visible Human Project cadaver dataset for validation of an ultrasound

guided lumbar plexus blockade prior to investigation in a clinical study.'**

In study 11, the
ultrasound/MRI fusion based observations of compartmentalised spread of local anaesthetic
generated the insight to the proposal of a new lumbosacral block technique with an anterior

approach.

Perineural and Compartmental Injectate Spread

We employed MRI to visualise the perineural and compartmental anatomical spread of a contrast
agent added to the local anaesthetic.”” '°° This is a powerful supplement in the assessment of a
regional anaesthetic technique in healthy volunteers, because — as discussed in the supplemental
Paper I to III and above — the sensorimotor assessment of a “successful blockade” may be
unreliable as well as arbitrary. The assessment of injectate spread on MRI does not only allow
evaluation of perineural injectate spread, but also allows evaluation of compartmental patterns of
injectate spread. Bendtsen et a/ and Mannion ef al have investigated the injectate spread in
volunteers with MRI after single-shot lumbosacral plexus blocks and continuous psoas
compartment blocks (lumbar plexus blocks), respectively.” '°> Our observations of perineural
spread (anterior rami of spinal nerves L2 to LS5, the femoral and obturator nerves, and the
lumbosacral trunk) using the SSPS technique in study II are comparable to the observations made
by Bendtsen et al.”” In addition, we estimated perineural spread to the anterior ramus of spinal nerve

S1 and to the lateral femoral cutaneous nerve.

Moreover, we employed MRI after local anaesthetic/contrast injection to explore patterns of
compartmentalised spread of injectate. We observed consistent patterns of spread into three
compartments. First, into the para-psoas compartment (PPC), which is located medial to the
iliopsoas compartment.'® The PPC contains the anterior rami of spinal nerves L4 and L35, the
lumbosacral trunk, and the terminal part of the obturator nerve. Second, into the retro-psoas
subcompartment (RPSC), which is an iliopsoas subcompartment posterior to the psoas major

muscle caudal to the transverse process of vertebra L5 and anterior to the iliacus muscle. The RPSC
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contains the femoral and lateral cutaneous nerves after they emerge from the psoas major muscle.
Third, into the retroperitoneal compartment, which is lateral to the psoas major muscle and the
iliopsoas compartment. The retroperitoneal compartment contains no nerves. Chayen et al originally
described the RPSC.** Because it is a subcompartment of the iliopsoas compartment, we suggest
coining it the “retro-psoas subcompartment”. Our observations imply that local anaesthetic has to
be injected into the PPC as well as into the RPSC in order to produce a sufficient spread the
injectate to all target lumbosacral plexus nerves for surgical anaesthesia of the hip. Based on these
observations, we presented a plausible ultrasound/MRI fusion guided anterior approach for

lumbosacral plexus blockade.

In study I1I, we observed consistent injectate spread inside the intra-psoas compartment,
surrounding the anterior rami of spinal nerves L2 and L3 and the lumbar plexus between the
anterior and posterior lamina of the psoas major muscle. Mannion et al observed perineural spread
around all anterior rami of the spinal nerves L1 to L4 in addition to spread into the space between
the psoas major and quadratus lumborum muscles, which are in contrast to our observations.'”” We
concluded that the Shamrock technique primarily blocks the anterior rami of spinal nerves L2 and

L3, the lumbar plexus, and only the femoral nerve subset of the anterior ramus of spinal nerve L4.

Limitations

The limitations of the studies are discussed in the supplemental Paper I to II. The studies are based
on samples of healthy, normal-weight, and young volunteers, which limits the external validity. The
lumbar paravertebral anatomy and pharmacokinetics change with age.””*' '” The typical hip
surgery patient is older than 65 years and may be frail, comorbid, and obese. Moreover, we
employed a relatively low local anaesthetic volume of 20 ml 2% lidocaine-adrenaline, which
corresponds approximately to the EDsy of 0.5% ropivacaine required for successful lumbar
blockade in patients undergoing lower limb surgery.*” Injection of a more clinical relevant volume,
greater than 20 ml of local anaesthetic, would result in a higher plasma concentration of lidocaine.

Further, we cannot exclude that an injection of a greater volume than 20 ml would result in different
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values of AMAP and epidural spread as well as different patterns of compartmentalised spread.
However, the aim of our trials was to investigate the effectiveness and safety of ultrasound/MRI
fusion and ultrasound guidance using Shamrock and SSPS approaches in healthy volunteers — not to
obtain clinical applicable results. It should be noted that procedure time and success rate of a new
technique is proportional to experience. Before the full potential and benefit of ultrasound/MRI
fusion can be assessed, more research is needed. Finally, blinding of the operator was impossible.
We endeavoured to reduce the effect of this potential source of bias by adhering to a strict double-

controlled protocol.

Future Aspects

Based on the findings of compartmentalised injectate spread using the SSPS technique in study II,
we have suggested an anterior ultrasound/MRI fusion guided approach in the supine position for
injection of local anaesthetics into the retro-psoas subcompartment as well as into the para-psoas
compartment. This approach would probably be time-efficient and produce effective blockade of all
the terminal nerves from the lumbosacral plexus that are relevant for hip joint innervation. Further

research is, however, needed to validate this technique.

Our present real-time ultrasound/MRI fusion protocol is not matured for use in clinical research or
practice. Short procedure time and high success rate follow a learning curve. Target planning can be
used to simplify the guidance of the needle and to increase safety of the needle insertion. Multiple
MRI datasets can be imported for fusion with real-time ultrasound. It would be possible to import
both a 3D T2-TSE MRI sequence for optimal imaging of the lumbar paravertebral anatomy, as well
as a diffusion weighted MRI sequence for optimal visualisation of the target lumbar plexus and
terminal nerves. Co-registration can be carried out using point registration of external landmarks
(MRI compatible fiducials) as an alternative to plane registration. Further, the hardware and
software for real-time ultrasound and MRI fusion are rapidly evolving. Automatic co-registration
based on image recognition of the hepatic blood vessels in both image datasets is a time-efficient

alternative to manual co-registration (Fig. 22). Additional research is needed before the final value
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of ultrasound/MRI fusion in regional anaesthesia for hip surgery and postoperative analgesia can be

assessed.

Fig. 22. Automatic co-registration based on MR and ultrasound image recognition of the hepatic blood

vessels. The red lines mark the hepatic blood vessels that are automatically identified in the MRI dataset
only. The green lines mark the hepatic blood vessels that are automatically identified in a recorded
ultrasound sweep of the liver as well as in the MRI dataset. The latter vessels are used for the automatic co-
registration. A) Overlay of ultrasound and MRI. B) Ultrasonography alone. C) MRI alone. D) Reformatted
3D image of the MRI dataset illustrating the position and orientation of the ultrasound probe and image

plane. Image provided with permission to print from Philips Ultrasound, Bothell, Washington, USA.
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Conclusions

Study I

The ultrasound guided Shamrock technique for lumbar plexus blockade was faster to perform,
required fewer needle insertions, and was a more comfortable procedure for the study subjects
compared to the ultrasound guided Lumbar Ultrasound Trident technique. The shorter performance
time and fewer needle insertions required for the Shamrock compared to the Lumbar Ultrasound
Trident technique were probably due to the improved ultrasonographical visualisation of the lumbar
plexus, ultrasonographic landmarks, needle tip and trajectory, and the perineural spread of the

injectate.

Study II

The ultrasound/MRI fusion guided Suprasacral Parallel Shift (SSPS) technique had similar success
of lumbosacral plexus blockade, but prolonged preparation and performance times, compared to the
ultrasound guided SSPS technique. The similar block success was probably explained by a high
frequency of easy and good quality ultrasonographic visualisation of the anatomical landmarks and
target lumbosacral plexus in the normal, healthy, and young study subjects. The prolonged
preparation and performance times of the ultrasound/MRI fusion guided technique were explained
by the additional time spent on co-registration and alignment of real-time ultrasound and MRI and

the time spent on use of needle navigation.

In addition, three consistent patterns of compartmentalised injectate spread were observed. First,
into the so-called para-psoas compartment (PPC), which is medial to the iliopsoas compartment,
caudal to the transverse process of vertebra LS5, and anterior to the sacral ala. The PCC contains the
anterior rami of spinal nerves L4 and L5, the lumbosacral trunk, and the obturator nerve after
emergence form the psoas major muscle. Second, into the so-called retro-psoas subcompartment

(RPSC), which is posterior to the psoas major muscle caudal to the transverse process of vertebra
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L5. The RPSC contains the femoral and lateral femoral cutaneous nerves after they emerge from the
psoas major muscle. Third, into the so-called retroperitoneal compartment lateral to the iliopsoas
compartment. The retroperitoneal compartment contains no major terminal nerves from the lumbar
plexus. Based on our observations of the compartmentalised spread, we suggest an anterior
approach to the lumbosacral plexus blockade using real-time ultrasound/MR image fusion
guidance, which would allow injection into the PPC and the RPSC with the patient supine.
However, further research is required to validate the efficacy, safety, and ease-of-performance of

this technique.

Study II1

The ultrasound/MRI fusion and ultrasound guided Shamrock techniques for lumbar plexus blockade
were equally successful. The fusion technique required prolonged preparation time compared to the
ultrasound guidance. The similar block success rate was probably explained by the high frequency
of easy and good ultrasonographic visualisation of the target lumbar plexus nerves in the normal,
healthy, and young volunteers. The prolonged preparation time of the ultrasound/MRI fusion
guided technique was explained by the additional time spent on co-registration and alignment of

real-time ultrasound and MRI.

In addition, we observed a consistent pattern of injectate spread into the so-called intra-psoas
subcompartment (IPSC). The IPSC contains the anterior rami of spinal nerves L2 and L3, the
branch of anterior ramus of spinal nerve L4 to the femoral nerve, and the femoral and lateral
femoral cutaneous nerves. It was not possible to assess whether the obturator nerve subset of
anterior ramus of spinal nerve L4 entered the IPSC, and joined the L2 and L3 contribution to the
obturator nerve, before it descended into the PPC alongside the lumbosacral trunk. No or minor
injectate was observed inside the PPC or inside the PPC caudal to the transverse process of LS. The
Shamrock approach provides lumbar plexus blockade primarily of the anterior rami of spinal nerves
L2 and L3, the intra-psoas part of the lumbar plexus, the femoral and lateral cutaneus nerves as well

as the L2/L.3 subset of the obturator nerve.
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Summary

Summary in English

Ultrasound guided lumbosacral plexus blockade for anaesthesia and postoperative analgesia in hip
surgery may be limited by insufficient ultrasonographical visualisation of the target lumbosacral
plexuses and the topographic anatomy. Limited visualisation may reduce the accuracy of perineural
injection — and thereby the effectiveness and safety of the lumbosacral plexus blockade. Real-time
ultrasound may be fused with magnetic resonance imaging (MRI) in order to increase the accuracy
of image guided procedures, but ultrasound/MRI fusion guidance is practically non-existent in

regional anaesthesia research and clinical practice.

The aims of the this PhD dissertation and the three randomised controlled trials with healthy
volunteers were to investigate quality (block procedure related outcomes, spread of the injectate,
sensorimotor effectiveness, and cost effectiveness) and safety (number of needle insertions, change

in mean arterial pressure, epidural spread of the injectate, and lidocaine pharmacokinetics) of:

I.  ultrasound guided Shamrock vs. Lumbar Ultrasound Trident (LUT) technique for lumbar
plexus blockade
II.  real-time ultrasound/MRI fusion vs. ultrasound guided Suprasacral Parallel Shift (SSPS)
technique for lumbosacral plexus blockade
III.  real-time ultrasound/MRI fusion vs. ultrasound guided Shamrock techniques for lumbar

plexus blockade.

The ultrasound guided Shamrock technique was faster, more comfortable, required fewer needle
insertions, and was equally effective and safe compared to the ultrasound guided LUT technique.
The ultrasound/MRI fusion guided techniques were equally effective and safe compared to the US

guided techniques, but required longer preparation and — for the SSPS technique — performance
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time. Distinct patterns of compartmentalised injectate spread were observed on MRI after the SSPS
and Shamrock techniques, respectively. The patterns of spread indicated that consistent anaesthesia
of all lumbosacral nerves relevant for hip joint anaesthesia would require injection of local
anaesthetic into the para-psoas compartment as wells as into the retro-psoas subcompartment. We

present a new anterior ultrasound/MRI fusion guided approach for lumbosacral plexus block.

In conclusion, the Shamrock approach provides good visualisation of the lumbar paravertebral
sonoanatomy and is faster-to-perform and equally effective and safe compare to the LUT technique
in healthy volunteers. We used ultrasound/MRI fusion and MRI to validate established ultrasound
guided lumbar and lumbosacral block techniques and to suggest a new anterior approach for

lumbosacral plexus blockade.

Resumé pa dansk

Ultralydvejledt plexus lumbalis og plexus lumbosacralis blokade med henblik pa hoftekirurgisk
anastesi og postoperativ analgesi kan have begranset effekt pa grund af insufficient
ultrasonografisk visualisering af malnerverne og de omkringliggende anatomiske strukturer.
Insufficient visualisering kan mindske pracisionen af den perineurale injektion — og dermed
effektivitet of sikkerhed af lumbosacral plexusblokade. Fusion i realtid af ultralyd og magnetisk
resonans (MR) billeddannelse kan gge pracisionen af billedvejledte procedurer, men ultralyd/ MR

fusion til regional bedovelse er praktisk talt uudforsket.

Formalene med denne ph.d. athandling og de tre randomiserede, kontrollerede undersggelser med
raske forsggspersoner var at undersegge kvalitet (procedure-relaterede parametre, spredningsmenstre
af injektatet, sensomotorisk effektivitet) og sikkerhed (antal af nélefremforinger, &ndring 1 middel

arterielt blodtryk, epidural spredning af injektatet og farmakokinetik af lidokain) af:

[.  ultralydvejledt Shamrock vs. Lumbar Ultrasound Trident (LUT) teknik til plexus lumbalis

blokade
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II.  ultralyd/MR fusion vs. ultralyd ved Suprasacral Parallel Shift (SSPS) teknik plexus
lumbosacralis blokade

III.  ultralyd/MR fusion vs. ultralyd ved Shamrock teknik til plexus lumbalis blokade

Ultralydvejledt Shamrock teknik var hurtigere, mere behagelig for forsegspersonerne, krevede
feerre naleindstik og var lige sé effektiv og sikker som ultralydvejledt LUT teknik. De ultralyd/MR
fusionsvejledte teknikker var lige s effektive og sikre som de ultralydvejledte teknikker, men
kraevede lengere forberedelsestid og — for SSPS — tillige gennemforelsestid. Vi observerede
karakteristiske spredningsmenstre for injiceret lokalanalgetikum med kontrast p4 MR for bide
SSPS og Shamrock teknikkerne. Spredningsmenstrene indikerede at konsistent analgesi af alle
lumbosacrale terminale nerver med relevans for anastesi og analgesi af hofteleddet ville kraeve
injektion af lokalanalgetikum 1 para-psoas compartment og 1 retro-psoas subcompartment. Vi

prasenterer et nyt anteriort ultralyd/MR billedfusionsvejledt blok til lumbosacral plexusblokade.

Konklusion: Shamrock-teknikken giver god ultrasonografisk visualisering af den lumbale
paravertebrale sonoanatomi og er hurtigere at udfere og lige sa effektiv og sikker som LUT
teknikken til plexus lumbalis blokade i raske forsegspersoner. Vi anvendte ultralyd/MR fusion i
realtid til at validere etablerede teknikker til ultralydvejledt blokade af plexus lumbalis og plexus

lumbosacralis. Vi foresldr en ny teknik til anterior lumbosacral plexusblokade.
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Abstract

Background The currently best-established ultrasound guided lumbar plexus block (LPB)
techniques employ paravertebral location of the probe, e.g. the Lumbar Ultrasound Trident
(LUT). However, paravertebral ultrasound scanning can provide inadequate sonographic
visualisation of the lumbar plexus in some patients. The ultrasound guided Shamrock LPB
technique allows real time sonographic visualisation of the lumbar plexus, various
anatomical landmarks, advancement of the needle, and spread of local anaesthetic
injectate in most patients. We aimed to compare block procedure outcomes, effectiveness,
and safety of Shamrock vs. LUT.

Methods Twenty healthy men underwent ultrasound guided Shamrock and LUT LPBs (20
ml 2% lidocaine-adrenaline added 1 ml diluted contrast) in a blinded randomised crossover
study. Primary outcome was block procedure time. Secondary outcomes were procedural
discomfort, number of needle insertions, injectate spread assessed with MRI, sensorimotor
effects, and lidocaine pharmacokinetics.

Results Shamrock LPB procedure was faster than LUT (238 [SD 74] s vs. 334 [SD 156] s;
P=0.009), more comfortable (Numeric rating scale 0 to 10: 3 [interquartile range (IQR) 2 to
4] vs. 4 [IQR 3 to 6]; P=0.03), and required fewer needle insertions (2 [IQR 1 to 3) vs. 6
[IQR 2 to 12]; P=0.003). Perineural injectate spread visualised with MRI was similar
between the groups and consistent with motor and sensory mapping. Zero/20 (0%) and
1/19 (5%) subjects had epidural spread after Shamrock and LUT (P=1.00), respectively.
The lidocaine pharmacokinetics were similar between the groups.

Conclusions Shamrock was faster and more comfortable compared to LUT. The

techniques were equally effective.
Keywords

lumbosacral plexus; nerve block; ultrasonography

Clinical trial registration
NCT02255591
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Peripheral regional anaesthesia for hip surgery is related to improved haemodynamic
stability and fewer complications compared with general or spinal anaesthesia.'”
Peripheral regional anaesthesia also provides effective perioperative analgesia with
minimal use of opioids.?®’

Complete anaesthesia of the three main lumbar plexus nerves that innervate the hip
region — the femoral, obturator, and lateral femoral cutaneous nerves — can be achieved
with a single lumbar plexus block (LPB).2° Combined with an iliohypogastric nerve block
and a sacral plexus block, LPB provides effective anaesthesia for hip surgery.'® ™
Previously described ultrasound guided LPB techniques recommended a paravertebral
position of the ultrasound probe with axial or sagittal orientation.'??° The well-established
Lumbar Ultrasound Trident (LUT) technique, described in 2008, employs a sagittally
oriented probe in the paravertebral lumbar region.’®?' However, this often provides
inadequate sonographic visualisation of the target lumbar plexus, topography, needle,
needle tip, and perineural spread of local anaesthetic.’® 2" Furthermore, LUT may be
associated with a relatively high incidence of epidural spread of local anaesthetics (5/17
[29%)] subjects) and may thereby impair hemodynamic stability.?’ An effective and safe
LPB technique is desirable because patients admitted for hip surgery are typically elderly
and may suffer severe cardiovascular comorbidity.?2*

The ultrasound guided Shamrock technique, first described in 2013, employs an axially
oriented probe placed in the posterior axillary line in the flank of the patient.’®?® This
provides fast, easy, and sufficient real-time sonographic visualisation of the target lumbar
plexus, surrounding anatomical structures, needle, needle tip, and perineural local
anaesthetic spread. Theoretically, the improved visualisation will increase the precision,
hence the efficiency and the safety of the block.

The aim of this prospective randomised controlled crossover trial in volunteers was to
evaluate whether the Shamrock technique would reduce procedural time, defined as the
time from placement of the probe on the skin until withdrawal of the block needle,
compared to LUT. Secondary outcomes were procedure-related estimates, injectate

spread, sensorimotor function, and lidocaine pharmacokinetics.
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Methods
Ethics

This blinded randomised controlled crossover study was approved by the Regional Ethics
Committee (MJ: 1-10-72-138-14), the Danish Health and Medicines Authority (2013-
005346-10), and the Danish Data Protection Agency (1-16-02-423-14), and was monitored
by the Good Clinical Practice (GCP) Unit at Aalborg and Aarhus University Hospitals.
Written informed consent was obtained from all volunteers. The study was prospectively
registered in ClinicalTrials.gov (NCT02255591) and complied with the Declaration of
Helsinki Il.

Study subjects

We recruited male subjects aged =18 yr with ASA | status via a Danish website for
research volunteers during February 9-24, 2015. Exclusion criteria were inability to
cooperate or communicate in Danish, daily consumption of analgesics, allergy to local
anaesthetics or contrast agents, abuse of medicine or alcohol, infection or prior surgery in
the lumbar paravertebral region or the flank, contraindications to magnetic resonance
imaging (MRI), and legal incompetence.

The trial was conducted during two 2-day sessions one week apart in February and March

2015 at the Department of Radiology, Aarhus University Hospital, Denmark.

Block procedures

During the study, all subjects received two ultrasound guided LPBs — one with the
Shamrock'®?®> and one with the LUT'®?" technique — on the contralateral side one week
apart. Each LPB was a single injection of 20 ml 2% lidocaine-adrenaline with addition of 1
ml contrast —i.e. 0.13 ml MRI contrast agent (27.9% gadoterate meglumine [Dotarem®;
Guerbet, Roissy CdG Cedex, France]) diluted in 0.87 ml 0.9% isotonic saline.

Peripheral IV access was established prior to each block. The subjects were monitored
with 3-lead electrocardiography, non-invasive blood pressure, and pulse oximetry. The
subjects were placed in the lateral decubitus position with the side to be anaesthetised
facing upwards.

One anaesthesiologist (T.F.B.) with extensive experience of ultrasound and electrical
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nerve stimulation guided lumbar plexus blocks for LUT as well as Shamrock techniques
performed all blocks using a Sonosite X-porte ultrasound system (Sonosite, Bothell,
Washington, USA) and a 5-2 MHz curved array transducer (C60xp; Sonosite, Bothell,
Washington, USA). A pre-scan including marking of the anticipated needle insertion point
was performed. The skin was swapped with chlorhexidine in isopropy! alcohol and a sterile
fenestrated sheet. The probe was draped with a sterile cover. The skin and subcutaneous
tissue were infiltrated with 2 ml 2% lidocaine before insertion of the 22 Gauge, 100 mm
nerve block needle (Stimuplex Ultra, B. Braun, Melsungen, Germany).

Shamrock: The curvilinear probe was aligned axially in the flank of the subject immediately
cephalad to the iliac crest. The probe was shifted posteriorly until the transverse process
of vertebra L4 and the quadratus lumborum, erector spinae, and psoas major muscles
were identified as a shamrock or three-leaved clover.’®?® The tail of the probe was tilted
cephalad, targeting the hyperechoic lumbar plexus between the thin posterior and the thick
anterior lamina of the psoas major muscle. The needle was inserted in-plane, 3 to 4 cm
lateral to the sagittal lumbar midline, and advanced in a postero-anterior direction between
the L4 and L5 transverse processes until the needle tip was visible at the lateral margin of
the lumbar plexus.

LUT: The probe was oriented paramedian, visualising the upper margin of the sacral ala
and the L5 transverse process. By shifting the probe first cephalad and then medial, the L3
transverse process and the L3 superior articular facet of the L2/L3 zygapophyseal joint
were identified. The L2, L3, and L4 transverse processes were visualised as the “trident
sign”.’ 2! With the psoas major muscle anterior to the transverse processes, the lumbar
plexus was identified within the major psoas muscle whenever possible. The block needle
was inserted with a steep out-of-plane approach and advanced until the needle tip was
located approximately 20 mm? anterior to the posterior border of the L3 and L4 transverse
processes immediately lateral to the zygapophyseal joint.

During both procedures, an electrical nerve stimulator (0.1 ms, 2 Hz, 0.2 mA) was
connected to the block needle as a safety device in order to alert about intraneural needle
tip location. The endpoint of injection was an adequate visualisation of the needle tip
adjacent to the target lumbar plexus or an appropriate motor response to electrical nerve

stimulation with 0.3 to 0.5 mA either from the quadriceps femoris or the thigh adductors
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whenever the lumbar plexus was not ultrasonographically visible. Local anaesthetic with
added MRI contrast agent was injected in refracted doses with intermittent aspiration.
Both techniques have been described in detail previously.'® 1°#! 2

Time zero (To) min was defined as the time when the block needle was withdrawn after
completed injection. The follow-up continued until Tgo. Each subject was observed until the

sensorimotor blockade had worn off.

Outcomes and assessment

The primary outcome was block procedure time (s) defined as the time from placement of
the probe on the skin after sterile preparations until withdrawal of the block needle.

The secondary outcomes were: (a) number of block needle insertions estimated as the
number of retractions of the block needle followed by advancement regardless of the
number of skin penetrations; (b) horisontal distance (cm) from median to needle skin
insertion point; (c) distance (cm) from needle skin insertion point to needle tip at the
endpoint of injection gauged by reading the markings on the needle shaft; (d) minimum
electrical nerve stimulation level (mA) required to trigger a motor response immediately
prior to injection; (e) type of response to electrical nerve stimulation (“Quadriceps femoris”,
“Sartorius”, “Other motor”, "Paraesthesia” or "No response"); (f) maximum procedural
discomfort assessed by the subject on a NRS (0=no discomfort, 10=worst possible
discomfort) at To; (g) change in mean arterial blood pressure (A MAP) from baseline to Ts;
(h) perineural spread of lidocaine; (i) epidural spread of lidocaine; (j) motor blockade; (k)
sensory blockade; (I) block success rate; (m) peak plasma concentration of lidocaine (Cmax
of p-lidocaine); (n) time to Cmax (Tomc); (0) p-lidocaine concentration-time area under the
curve; and (p) cost-effectiveness.

Spread of the injectate was evaluated on axial 3D T1-weighted MRI sequences (mDixon
all generating in-phase, out-of-phase, water, and fat images and diffusion weighted
images) sampled with a 3T Philips Achieva 3.0T dstream scanner (Koninklijke Philips
Electronics, Eindhoven, the Netherlands) at T1s. Perineural spread was assessed as
"present" or "absent" direct visual contact between the injectate and the anterior rami of
the spinal nerves L1 to S1, the femoral, obturator, and lateral femoral cutaneous nerves,

and the lumbosacral trunk, respectively. Epidural spread was defined as “present” when
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circumferential (360°) epidural distribution of the injectate was observed on any level
together with absent sensation for cold in at least one pair of bilateral dermatomes during
the sensory mapping at Tss.

Motor blockade of the femoral, obturator, superior gluteal, and tibial (sciatic) nerves were
defined as a =50% reduction in muscle strength (mmHg) at Tz, compared to baseline.
Muscle strength was assessed in the supine position as active strength against resistance
with a handheld dynamometer (Commander Muscle Testing; JTECH Medical, Midvale,
USA) during knee extension (with 90° flexion of the hip and knee joints), hip adduction
(with extended and 45° abducted lower limb), hip abduction (with extended lower limb),
and knee flexion (with extended knee and passive elevation of the lower limb),
respectively.?® An observer instructed the subject to exert pressure with maximum strength
against the stationary held dynamometer. The maximum value of three tests with
intermittent 20 s intervals was recorded for each type of movement.

Sensory blockade of warmth, cold, touch, and pain in the dermatomes Th8 to S3 and in
the skin area innervated by the lateral femoral cutaneous nerve were tested bilaterally at
T4s. Somatosensation was assessed either as "present" or "absent", where absence was
considered a successful sensory blockade. Warmth, cold, touch, and pain were tested with
standardised stimuli: 40° and 25° thermo test (Rolltemp Il; Somedic, Hérby, Sweden),
brush (SENSELab™ Brush-05; Somedic AB, Horby, Sweden), and punctuate needle
stimulator (PinPrick 512 mN; MRC Systems GmbH, Heidelberg, Germany), respectively.
Block success was defined as motor blockade of the femoral and obturator nerves and
sensory blockade (pain and/or cold) of the lateral femoral cutaneous nerve.

Blood samples for the pharmacokinetic analysis of p-lidocaine were collected via the IV
access at To, 5, 10, 20, 40, 60, and 90 @nd centrifuged at 1,800 G for 9 minutes. The plasma was
transferred to 1.5 ml cryotubes and stored at -80 °C until analysis. P-lidocaine
concentration was measured using liquid chromatography tandem mass spectrometry.?’ #’
Cost-effectiveness was estimated as the difference in mean marginal cost for the
techniques.?® For medical staff, average annual wages including pensions, holiday pay,
and employer fees for 1,924 paid hours were collected in Danish Kroner (DKK) in July
2016 and converted into British Pound (100 GBP=874 DKK).
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Randomisation and Blinding

Three study-independent assistants performed computerised randomisation assigning the
sequences of intervention (Shamrock and LUT) and left and right side to 20 anonymous
identification numbers. Twenty sheets pre-printed with the randomly allocated sequences
were put in 20 identical opaque sealed envelopes marked with the identification numbers.
Immediately prior to each procedure, T.F.B. who performed the blocks and A.R.S. who
double-controlled the randomised procedure opened the envelope, checked the allocated
intervention and side without revealing it to others, returned the sheet to the envelope, and
resealed it. The procedure was repeated on the second experimental day.

Independent observers who were blinded to the allocation and did not attend the block
procedure sampled all data. The MRI data were anonymised and analysed by an

anaesthesiologist (T.F.B) with extensive knowledge of the lumbar paravertebral anatomy.

Statistical analysis

The primary outcome was block procedure time in seconds. Based on a pilot study, we
hypothesised that the Shamrock technique would reduce block procedure time from 280 s
to 140 s compared with LUT. Detection of a 50% reduction in a crossover trial and 80%
power (1-B) and a=0.05 would require a sample size of 17 subjects in a two-sided
crossover analysis (Stata IC 10.1; StataCorp LP, College Station, USA). Twenty subjects
were enrolled to avoid decreased power due to dropouts.

All statistical analyses were conducted with Stata IC 14.1 (StataCorp LP, College Station,
USA). Normality of distribution was assessed visually with normal Q-Q plot. Differences
between paired continuous variables with normal distribution were analysed with the one-
sample Student t-test. Differences between paired continuous variables with non-normal
distribution and between paired ordinal variables were analysed with the Wilcoxon
matched-pairs signed rank test. Differences between paired categorical variables were
analysed with McNemar’s test. The level of significance was 0.05. Data are presented as
mean (SD) for continuous variables with normal distribution, as median (IQR) for
continuous variables with non-normal distributions, ordinal variables, and age, and as

frequencies (percentage) for categorical variables.
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Results

Twenty volunteers were included after written and oral informed consent (Fig 1). One of
the included subjects did not show up on the second experimental day (study-unrelated

reason). Both intervention A and B were completed per protocol in 19 volunteers.

Characteristics

Median (range) age of the 19 subjects who were included in both groups was 22 (21 to 28)
yr, mean weight was 80.1 (8.0) kg, mean height was 186 (6.5) cm, and mean BMI was
25.1 (2.8) kg m?2.

Median (range) age of the 20 subjects who were included in the Shamrock group was 22.5
(21 to 30) yr, mean weight was 80.1 (7.8) kg, mean height was 185 (6.9) cm, and mean
BMI was 25.3 (2.9) kg m™.

Outcomes

The procedure-related outcomes are displayed in Table 1. Due to registration errors, value
for block procedure time is missing for one subject in the LUT group and values for
minimal electrical nerve stimulation and response are missing for one subject in the
Shamrock group.

Fig 2 illustrates the spread of injectate on MRI in one subject. The MRI analysis showed
no difference in perineural injectate spread to the anterior ramus of L1 (Shamrock, 7/20
[85%]; LUT, 7/19 [87%]; P=1.00), L2 (Shamrock, 19/20 [95%]; LUT, 15/19 [79%)]; P=0.38),
L3 (Shamrock, 18/20 [90%]; LUT, 16/19 [84%]; P=1.00), L4 (Shamrock, 15/20 [75%]; LUT,
12/19 [63%]; P=0.63), and L5 (Shamrock, 3/20 [15%)]; LUT, 6/19 [32%]; P=1.22), the
femoral (Shamrock, 18/20 [90%]; LUT, 15/19 [79%]; P=0.69), obturator (Shamrock, 14/20
[70%]; LUT, 14/19 [74%]; P=1.00), and lateral femoral cutaneous (Shamrock, 16/20 [80%];
LUT, 15/19 [79%]; P=1.00) nerves, as well as the lumbosacral trunk (Shamrock, 3/20
[15%]; LUT, 6/19 [32%]; P=0.22).

Epidural spread of the injectate was confirmed in 0/20 (0%) subjects after Shamrock and
in 1/19 (5%) subjects after LUT (P=1.00). The sensory effect of the epidural spread was
observed in the dermatomes L5 and S1 of the one subject.

Values for baseline and post-block muscle strength are displayed in Table 2.
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Table 3 displays the number of subjects with sensory blockade at T4s.

There was no difference in block success (Shamrock, 7/20 [35%]; LUT, 7/19 [37%)];
P=1.00). An exploratory analysis showed no difference in motor block success of the
femoral (Shamrock, 14/20 [70%]; LUT, 15/19 [79%]; P=0.73), obturator (Shamrock, 12/20
[60%]; LUT, 14/19 [74%]; P=0.55), superior gluteal (Shamrock, 3/20 [15%]; LUT, 5/19
[26%]; P=0.69), and sciatic (Shamrock, 9/20 [45%]; LUT, 10/19 [53%]; P=0.73) nerves, or
in motor block success of the femoral and obturator nerves combined (Shamrock, 12/20
[60%]; LUT, 14/19 [74%]; P=0.55).

The mean Cnax, median Tomce, and the p-lidocaine concentration-time area under the curve
were similar for the techniques and showed no statistically significant differences (Fig 3).
The mean marginal cost per LPB was 2 GBP, corresponding to the shorter mean block
procedure time for Shamrock (98 s) and estimating the total cost per hour for an
anaesthesiologist and an assistant nurse to be 81 GBP. Both techniques were related to

the same marginal costs for disposals and equipment.

Safety

No harm or unintended effects were observed during the trial.
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Discussion

In this first randomised controlled crossover trial investigating the Shamrock technique, we
found that Shamrock was faster to perform, required fewer needle insertions, and was
more comfortable in healthy normal-weighted volunteers compared with the LUT
technique. The techniques were apparently equally effective for anaesthesia.

The shorter Shamrock procedure time can be considered a proxy marker of an improved
visualisation of the target lumbar plexus, the paravertebral topography, and the block
needle compared to LUT. The better visualisation may also explain that fewer needle
insertions were required with Shamrock. The target plexus is often not directly visualised

with LUT," which is also the case with several other previously described techniques.'? '

19

The shorter procedure time and fewer needle insertions probably explain why Shamrock
was a more comfortable procedure than LUT. The fewer needle insertions with the
Shamrock technique can also be speculated to reduce the risk of tissue injury and
complications such as nerve injury, muscular or vascular lesions, and haematomas. As
direct visualisation of the target lumbar plexus often is inadequate with LUT, it can be
speculated to induce a higher risk of epidural spread of local anaesthetics compared to the
Shamrock technique in some patients.?' However, the study was not powered to detect
such differences.

The lumbosacral sonoanatomy has been compared to MRI previously?® although only a
few studies have explored the spread of local anaesthetic after LPB with MRI.2' *° The
sensorimotor mapping demonstrated a primary effect on the muscles and dermatomes
innervated by the femoral, obturator, and lateral femoral cutaneous nerves — the terminal
nerves of the anterior rami of the spinal nerves of L2 to L4. The terminal nerves can be
anaesthetised by spread of local anaesthetic either around the anterior rami of spinal
nerves L2 to L4, or around the lumbar plexus branches between the two layers of the
psoas major muscle, or around the terminal nerves after they have emerged from the
psoas major muscle. The sensorimotor results are in accordance with the MRI analysis of
injectate spread, which demonstrated primary perineural spread around the anterior rami
L2 to L4 as well as the terminal nerves. This accordance was also found in previous

studies.?' *°
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Both Shamrock and LUT aim to inject local anaesthetic into the fascial plane between the
anterior and posterior lamina of the psoas major muscle. The MRI scans display how the
local anaesthetic is contained inside this fascial plane implicating that significant blockade
of the lumbosacral trunk as well as the superior gluteal nerve cannot be expected.

The success rate in the present study is only relevant as a measure of comparison of the
effectiveness of the techniques — it is inapplicable as an estimate of the success rate in a
clinical setting. In a recent dose-finding study with 30 patients scheduled for lower limb
surgery, it was found that the minimum effective anaesthetic volume of ropivacaine 0.5%
to achieve block success in 50% of the patients (EDso) with the Shamrock technique was
20.4 ml (95% CI 13.9 to 30.0), and that EDgs was 36.0 ml (95% Cl 19.7 to 52.2).%° We
used a relatively low volume of 20 ml lidocaine because the volunteers were discharged on
the day of the intervention. The aim of the present study was not to obtain maximum LPB
success, but to validate and compare two LPB techniques. Consequently, we chose
lidocaine as local anaesthetic and a dose that we expected to be approximately the EDsg
dose.

Furthermore, defining block success in healthy volunteers is complex; the standard criteria
for clinically successful blockade in patients, i.e. no need for rescue blocks, conversion to
general or spinal anaesthesia, or analgesic drugs, are inapplicable. In the present study,
motor blockade (of the femoral and obturator nerves) was used as a proxy marker of
sensory blockade, because sensory testing based on dermatomal mapping of the lower
limb is unpredictable due to anatomical variation of segmental and terminal nerve
innervation and overlapping of adjacent segmental and terminal nerve cutaneous
territories.®' In our study, a successful motor blockade was defined as at least 50%
decrease in baseline muscle strength in order to avoid overestimation due to dual nerve
innervation. However, this is an arbitrary cut-off and the success rate should be
considered merely a measure of comparison between the two techniques.

The uncertainty related to dermatomal sensory mapping should be taken into account
when interpreting the results of sensory blockade. While motor and sensory blockade is
variable and depends on the trial subject, blinded analysis of the perineural injectate
spread on MRl is an objective measure. We therefore recommend inclusion of analysis of

perineural injectate spread on MRI in healthy volunteers as part of the validation of new
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block techniques.

The lidocaine pharmacokinetics results were similar for the two techniques and p-lidocaine
did not exceed toxic dose.*? The time interval from injection of lidocaine-adrenaline to
maximum concentration of p-lidocaine was approximately 1 h, which complies with
previous pharmacokinetic studies about the plasma concentration of local anaesthetics in
regional anaesthesia.?' * Since we used approximately the EDsy of lidocaine-adrenaline
for the Shamrock technique,? an injection of a larger and more clinical relevant volume
may affect the p-lidocaine differently.

The present study has a number of limitations. The lumbar paravertebral anatomy may

change with age® *°

and the results of this study may therefore be different in older hip
surgery patients compared to healthy normal-weighted young men. The lumbar plexus can
be more difficult to visualise in the many over-weighted hip surgery patients and the skin to
target needle depth varies proportional to BMI.'® % This may limit the external validity. By
using an endpoint for nerve stimulation in the range 0.3 to 0.5 mA — whenever the target
lumbar plexus was not ultrasonographically visible — appropriate needle-nerve proximity
could be assumed.®” However, current settings >0.5 mA have sometimes been advocated
to prevent unintentional needle-to-nerve contacts and improve safety during peripheral
nerve block procedures.®® All observers were blinded and we strived towards blinding all
subjects with identical trial setup. However, the anaesthesiologist who performed all
interventions could not be blinded to group allocation. To minimise this source of bias, the
operator adhered to a strict double-controlled protocol procedure, although the risk of
performance bias cannot be ruled out, as is the case with all procedure related studies.
Future clinical studies should include the clinical applicability of the Shamrock technique

combined with a sacral plexus block for hip surgical anaesthesia in old and fragile patients.

Conclusion
The Shamrock technique was faster to perform, required fewer needle insertions, was
more comfortable, and was equally effective compared to the Lumbar Ultrasound Trident

technique.
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Table 1 Procedure-related outcomes for the Shamrock vs. the Lumbar Ultrasound Trident

(LUT) technique. Values are displayed as mean (SD), median (IQR), or frequency (%).

MAP, mean arterial pressure; NRS, numeric rating scale (O=no discomfort, 10=worst

possible discomfort).

Block procedure time (s)
Number of needle insertions
Needle insertion point from midline (cm)
Needle depth (cm)
Minimal nerve stimulation (mA)
Response on nerve stimulation
Quadriceps femoris
Sartorius
Other motor
Paresthesia
None
Procedural discomfort (NRS units)
AMAP (mmHg)

Shamrock

(n=20)

238 (74)

2 (1-3)

3.0 (3.0-3.0)

8.0 (7.0-8.5)

0.50 (0.32-0.70) (n=19)

17 (89%)
1 (5%)

LUT
(n=19)

334 (156) (n=18)

6 (2-12)

5.0 (5.0-6.0)
7.0 (6.5-7.0)
0.36 (0.32-0.46)

13 (68%)
3 (16%)

P value

0.009
0.003
<0.001
0.001
0.07
0.57
0.45
0.63
1.00
1.00
1.00
0.03
0.47



Table 2 Baseline and post-block muscle strength for the Shamrock vs. the Lumbar

Ultrasound Trident (LUT) technique. Values are displayed as median (IQR).

Knee extension (femoral nerve)
Baseline muscle strength
Post-block muscle strength
P value

Hip adduction (obturator nerve)
Baseline muscle strength
Post-block muscle strength
P value

Hip abduction (superior gluteal nerve)
Baseline muscle strength
Post-block muscle strength
P value

Knee flexion (sciatic nerve)
Baseline muscle strength
Post-block muscle strength
P value

Shamrock
(n=20)

264 (242-313)
0 (0-156)
<0.001

160 (136—189)
31 (0-121)
<0.001

147 (137-162)
110 (82—147)
<0.001

259 (239-294)
154 (75-207)
<0.001

LUT
(n=19)

275 (261-310)
0 (0-46)
<0.001

156 (138-171)
0 (0-77)
<0.001

149 (140-166)
110 (79-147)
0.006

248 (215-286)
121 (63-187)
<0.001

P value

0.44

0.36

0.83

0.61
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Table 3 Block of somatosensation tested in the dermatomes Th8 to S3 and in the skin area innervated by the lateral femoral
cutaneus nerve (LFCN) 45 minutes after the Shamrock (n=20) vs. the Lumbar Ultrasound trident (LUT) technique (n=19).

Values are presented as frequency (%).

Cold Warmth Touch Pain
Shamrock LUT P value Shamrock LUT P value Shamrock LUT P value Shamrock LUT P value
Th8 0 (0) 0 (0) 1.00 0 (0) 0 (0) 1.00 0 (0) 0 (0) 1.00 0 (0) 0 (0) 1.00
Th9 0 (0) 0 (0) 1.00 0 (0) 0 (0) 1.00 0 (0) 0 (0) 1.00 0 (0) 0 (0) 1.00
Th10 0 (0) 0 (0) 1.00 0 (0) 0 (0) 1.00 0 (0) 0 (0) 1.00 0 (0) 0 (0) 1.00
Thi1 0 (0) 0 (0) 1.00 0 (0) 0 (0) 1.00 0 (0) 0 (0) 1.00 0 (0) 0 (0) 1.00
Th2 0 (0) 0 (0) 1.00 0 (0) 0 (0) 1.00 0 (0) 0 (0) 1.00 0 (0) 0 (0) 1.00
L1 2 (10) 0(0 1.00 4 (20) 1(5) 0.63 4 (20) 0 (0) 0.25 4 (20) 0 (0) 0.25
L2 12 (60) 9 (47) 0.45 12 (60) 8 (42) 0.34 11 (55) 6 (32) 0.18 13 (65) 8 (42) 0.18
L3 16 (80) 15(79) 1.00 15 (75) 15(79) 1.00 7 (35) 10 (53) 0.58 12 (60) 15(79) 0.34
L4 11 (55) 15(79) 0.23 11 (55) 15(79) 0.34 9 (45) 12 (63) 0.58 9 (45) 13 (68) 0.39
L5 5 (25) 6 (32) 1.00 2 (10) 3 (16) 1.00 0 (0) 0(0 1.00 0(0 2 (11) 0.50
S1 14 (70) 14 (74) 1.00 10 (50) 9 (47) 1.00 0(0 0(0 1.00 2 (10) 3 (16) 1.00
S2 0 (0) 1(5) 1.00 0 (0) 1(5) 1.00 0(0 0(0 1.00 0 (0) 2 (11) 0.50
S3 0 (0) 1(5) 1.00 0 (0) 1(5) 1.00 0(0 1(5) 1.00 1(5) 2 (11) 1.00
LFCN 14 (70) 9 (47) 0.13 15 (75) 10 (58) 0.29 16 (80) 8 (42) 0.02 13 (65) 9 (47) 0.22
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Figures and Legends

Assessed for eligibility (n=22)

Excluded (n=2)
——— 5| ¢ Not meeting inclusion criteria (n=1)
+ Not eligible for study dates (n=1)

Randomized (n=20)

Allocated to Shamrock (n=10) e t \ Allocated to LUT {n=10)

¢ Received allocated intervention (n=10) ¢ Received allocated intervention (n=10)

¢ Did not receive allocated intervention (n=0) ¢ Did not receive allocated intervention (n=0)
Discontinued intervention (n=0) Discontinued intervention (n=0)
Analysed (n=10) Analysed (n=10)
¢ Primary outcome (n=10) ¢ Primary outcome (n=10)
+ Secondary outcomes (n=10) ¢ + Secondary outcomes (n=10) ¢

Allocated to Shamrock (n=10) Allocated to LUT (n=10)

+ Received allocated intervention (n=10) + Received allocated intervention (n=9)

¢ Did not receive allocated intervention (n=0) + Did not receive allocated intervention (no-show) (n=1)
Discontinued intervention (n=0) Discontinued intervention (n=0)
Analysed (n=10) Analysed (n=9)
¢ Primary outcome (n=10) ¢ Primary outcome (n=9)
¢ Secondary outcomes (n=10) + Secondary outcomes (n=9)

| © See text for detalls. |

Fig 1 Modified CONSORT 2010 flow diagram of the study subjects. LUT, Lumbar

Ultrasound Trident.
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Fig 2 Spread of injectate (lidocaine-adrenaline with added contrast agent) in one subject

visualised on a T1-weighted mDixon all in-phase sequence with fat suppression. The
injectate (green arrow) is visualised as the bright area between the anterolateral large
layer and the posteromedial small layer of the major psoas muscle (PMM), surrounding the
lumbar plexus (grey-black structures within the local anaesthetic) including the femoral
nerve root from spinal nerve L3 (magenta arrow). a) Axial plane b) Frontal plane: The

green lines indicate the level of the axial plane. L1-S1, vertebral bodies of L1 to S1.

2.0+
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Fig 3 Plasma concentration of lidocaine 0 to 90 minutes after injection with the Shamrock

vs. the Lumbar Ultrasound Trident (LUT) technique. Values are presented as mean (SD).
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Summary

Fusion of real-time ultrasound and magnetic resonance imaging (MRI) is successfully used
to improve the accuracy of advanced image guided procedures especially in interventional
radiology. However, its use for advanced needle guidance in regional anaesthesia is
practically non-existent. The aim of this randomised controlled crossover trial is to 1)
investigate efficacy and safety of real-time ultrasound/MRI fusion vs. ultrasound guidance
alone applied on the Suprasacral Parallel Shift (SSPS) technique for lumbosacral plexus
blockade, and 2) explore patterns of injectate spread with real-time ultrasound/MRI fusion
guidance of the SSPS technique. Twenty-six healthy subjects aged 21-36 years received
two SSPS blocks (20 ml 2% lidocaine-adrenaline added 1 ml diluted contrast) guided by
ultrasound/MRI fusion vs. ultrasound alone. Primary outcome was block success of the
femoral and obturator nerves and the lumbosacral trunk defined as a decrement in muscle
force compared to baseline. Secondary outcomes were procedure-related, MRI analysed
injectate spread, sensory blockade, and lidocaine pharmacokinetics. Block success was
similar (ultrasound/MRI, 88%; ultrasound, 88%; p = 1.00). Median (IQR [range])
preparation and procedure times (s) were longer for the ultrasound/MRI fusion guided
technique (686 [552—1023 (393-2501)] vs. 196 [167—228 (105-351)], p < 0.001 and 333
[254-439 (201-1421)] vs. 216 [176-294 (117-458)], p = 0.001). Both techniques
produced perineural spread and corresponding sensory analgesia from L2 to S1. Epidural
spread (ultrasound/MRI, 12%; ultrasound, 19%; p = 0.73) and lidocaine pharmacokinetics
were similar. The ultrasound/MRI fusion guided SSPS technique was equally effective and
safe compared to the ultrasound guided technique, but had prolonged preparation and
procedure time. We identified three characteristic compartmentalised patterns of injectate
spread. Based on these specific patterns we suggest a possible new anterior approach

employing the desirable properties of real-time image fusion of ultrasound and MRI.
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Introduction

A safe, effective and easy-to-perform peripheral nerve block technique for surgical
anaesthesia of the hip and concurrent postoperative analgesia would be advantageous
because many of the patients admitted for hip surgery are elderly, fragile and sometimes
impaired by severe cardiovascular comorbidity. [1-3] Compared to general and spinal
anaesthesia, more stable haemodynamics, fewer complications and superior
postoperative pain relief are achieved with peripheral regional anaesthesia with a minimal
use of opioids. [4-8]

The femoral and obturator nerves are the terminal nerves of the lumbar plexus that
innervate the hip joint together with the lumbosacral trunk of the sacral plexus. All these
nerves can be anaesthetised with a single injection paravertebrally between the transverse
process of the fifth lumbar (L5) vertebra and the cranial margin of the sacral ala. [9-11]
However, the accuracy of targeting the nerves with an ultrasound guided injection may be
impaired due to the deep location of the target nerves as well as the lumbosacral bony
structures generating acoustic shadows that impede the visualisation of the needle
trajectory [12] — especially in old, fragile, comorbid or obese patients. [13-16] The impaired
visualisation and accuracy due to the depth and bony structures near by the neuraxis may
undesirably affect efficiency of the blockade and safety with epidural spread of the
injectate, as well as vascular, neural, or muscular injury. [12]

The accuracy of image guided procedures may be improved by fusing real-time ultrasound
with magnetic resonance imaging (MRI) thus defeating the limitations of ultrasonography
as a stand alone technique. [17, 18] Furthermore, the image fusion technology includes
electromagnetic needle tip tracking, which allows the operator to continuously assess the
best needle insertion point, the needle trajectory, and the target of the injection.

In all practicality, a MRI dataset of the region of interest is uploaded to the ultrasound
system with image fusion software. An electromagnetic field generator is placed to cover
the region of interest. In the electromagnetic field, the fusion system records the three-
dimensional (3D) position and orientation of sensors mounted on the ultrasound probe and
the block needle in reference to a patient tracker affixed to the patient. [17, 18] The MRI
dataset is spatially co-registered with real-time ultrasound using synchronisation of an

internal plane and/or external or internal landmarks. The MRI is hereafter reformatted to fit
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the ultrasonographic matrix and any movement of the probe results in synchronised
movements of both image modalities displayed side-by-side or overlaid. [18] Any
misalignment of the datasets can be manually adjusted by system built-in means of
rotation and shifting. [19] When the block needle is within the electromagnetic field, a
projection of its position, present and anticipated needle trajectory and the anticipated
intersection between the needle and the plane of the ultrasound beam are displayed on
both image modalities on the monitor.

Image fusion of real-time computer tomography (CT) or MRI has been used successfully
especially in interventional radiology. [17, 18] An application of fused ultrasonography and
CT or MR images of the lumbar spine for neuraxial needle guidance has been briefly
described in a phantom and in volunteers, respectively, but no injections were performed.
[19] In chronic pain therapy, only a few cadaver and case reports have assessed the
benefit of ultrasound/CT or MRI fusion guided injections primarily of the sacroiliac joint,
hand, and wrist. [20-24]

In this randomised controlled crossover trial, we aim to investigate real-time
ultrasound/MRI fusion vs. ultrasound needle guidance applied on the Suprasacral Parallel
Shift (SSPS) technique for lumbosacral plexus blockade. Primary outcome is block
success of the femoral and obturator nerves as well as the lumbosacral trunk. Secondary
outcomes are procedure-related, injectate spread analysed with MRI, sensory blockade,
lidocaine pharmacokinetics, and cost-effectiveness. In addition, we aim to explore the

patterns of injectate spread with the ultrasound/MRI fusion guided SSPS technique.
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Methods

Ethics

The Regional Research Ethics Committee (MJ: 1-10-72-179-13), the Danish Medicines
Agency (2013-004013-13), and the Danish Data Protection Agency (1-16-02-160-14)
approved this randomised controlled crossover trial. The study was registered in EudraCT
(2013-004013-41) and in ClinicalTrials.gov (NCT02593370), monitored by the Good
Clinical Practice unit at Aalborg and Aarhus University Hospitals, and complied with the

Declaration of Helsinki Il. Written informed consent was obtained from all study subjects.

Recruitment

Study subjects aged =18 years with an ASA physical status of | were recruited through a
Danish website for research volunteers. Subjects who were non-Danish speakers, unable
to cooperate, had a history of allergy to local anaesthetics or MRI contrast agents, daily
consumption of analgesics, abuse of medicine or alcohol, contraindication to MRI including
pregnancy, infection or prior surgery of the paravertebral lumbosacral region, and/or who
were legally incompetent were excluded.

The study was conducted at the Department of Radiology, Aarhus University Hospital, in
Denmark during two three-day sessions with a one-week interim period in October to

November 2015. The volunteers received payment for participation.

MRI for fusion with ultrasound

An experienced radiographer recorded supine MRI scans of all subjects with a 1.5T Philips
Ingenia MRI scanner (Koninklijke Philips Electronics N.V., Eindhoven, Netherlands) upon
arrival on the first session. The subjects were scanned with a pillow under their knees to
minimise lumbar lordosis and a dS flex coverage anterior coil for signal reception. The
recordings of the lumbar spine were coronal 3D T2-TSE sequences (VISTA) with an
isotropic scanning resolution of 1.2x1.2x1.2 mm? (overlapping 2.4 mm slices, 1.2 spacing),
TE 60 ms, and TR 1200 ms. A feet-head phase encoding was applied to minimise
artefacts due to respiration and peristalsis. All sequences were converted to axial
orientation using OsiriX v6.5.2 64-bit (Pixmeo SARL, Bernex, Switzerland) prior to upload

to the ultrasound system with image fusion software (Epiq 7 1.4; Koninklijke Philips
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Electronics N.V., Eindhoven, Netherlands), because the system only accepts axially

orientated datasets for fusion.

Lumbosacral plexus block procedure

The subjects were monitored with three-lead ECG, non-invasive blood pressure
measurement, and pulse oximetry. A peripheral intravenous access was established for
blood sampling and safety.

All blocks were performed with the Epiq 7 1.4 ultrasound system. The regional
anaesthetist (T.F.B.) who performed all block procedures has extensive clinical experience
with ultrasound and electrical nerve stimulation guided nerve blocks and experimental
experience with real-time image fusion guided lumbosacral procedures.

While performing all block procedures the field generator (Koninklijke Philips Electronics
N.V., Eindhoven, Netherlands) was positioned over the lumbosacral region to generate the
electromagnetic field or strengthen blinding of the subjects. After pre-scanning and any co-
registration of ultrasound and MRI, the skin was swapped with chlorhexidine in isopropyl
alcohol and covered with a sterile fenestrated drape. The curved array ultrasound probe
(C5-1; Koninklijke Philips Electronics N.V., Eindhoven, Netherlands) with the attached
sensor was draped with a sterile cover. The skin and the subcutaneous tissue were
infiltrated with 2 mL 2% lidocaine prior to insertion of a 22 Gauge, 100 mm nerve block
needle (Stimuplex Ultra; B. Braun, Melsungen, Germany).

The injectate of each nerve block was 20 ml 2% lidocaine-adrenaline added 1 ml diluted
MRI contrast (0.13 ml 27.9% gadoterate meglumine [Dotarem®; Guerbet, Roissy CdG
Cedex, France] and 0.87 ml 0.9% isotonic saline).

Ultrasound/MRI fusion guided SSPS: The patient tracker was affixed to the iliac crest with
adhesive tape on the side to be anaesthetised. The initial co-registration was conducted
with the subject supine. The probe was oriented axially on the abdomen. The axial plane
immediately caudad to the aortic bifurcation and an identical reference point in the plane at
the bifurcation of the common iliac arteries were selected for co-registration of the real-
time ultrasound and the MRI dataset. The overlaid ultrasound and MR images were
aligned using the iliac arteries, the aortic bifurcation, and the anterior margin of the lumbar

vertebral body at the same level. Subsequently, the subject was turned to the lateral
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decubitus position with the side to be anaesthetised facing upwards. The alignment of the
ultrasound and MR images was fine adjusted as good as possible for the position change
using the borders of the L5 transverse process and vertebral body as well as the positions
of the psoas major, quadratus lumborum, and erector spinae muscles. Hereafter, the
ultrasound and MRI were displayed side-by-side. The probe was placed in the sagittal
plane on the iliac crest and parallel shifted medially until the interspace (osteofibrotic
tunnel) between the transverse process of L5 and the cranial margin of the sacral ala was
visualised on both images. Based on ultrasound/MR visualisation of the intertransverse
ligament (posteriorly) and the lumbosacral ligament (anteriorly) — marking out the
osteofibrotic tunnel — the tip of the block needle with mounted sensor was placed in the
anticipated position for needle insertion caudad to the intercristal line. Using needle
navigation, the position and angle of insertion were adjusted until the anticipated
intersection of the needle tip and the ultrasound beam coincided with the target psoas
compartment (i.e. the subcompartment posterior to the psoas major muscle at the level of
the osteofibrotic tunnel [9]) displayed on the MRI image (Fig. 1). Guided by real-time
ultrasound/MRI fusion and needle navigation, the needle was advanced until a “loss of
resistance” confirmed the visualised penetration through the lumbosacral ligament and the
needle tip positioned anterior to the ligament inside the retro-psoas subcompartment on
MRI.

Ultrasound guided SSPS: This technique has been described in detail previously. [12] The
endpoint of injection was “loss of resistance” confirming the needle penetration of the
lumbosacral ligament (sonographically visualised if possible).

An electrical nerve stimulator (0.1 ms, 2 Hz, 0.2 mA) was connected to the block needle
during both procedures as a safety device in order to decrease the risk of intraneural
injection of local anaesthetics. Prior to injection, any response to electrical nerve
stimulation with 0.3 to 0.5 mA was registered, [25] but was not used for target nerve
location. The local anaesthetic with contrast was injected with intermittent aspiration.
Time zero (To) min was the time of withdrawal of the block needle from the skin after
completed injection. All subjects were followed up until Tgo for data sampling and were

observed for adverse effects until the sensorimotor blockade had worn off.
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Outcomes and assessment

The primary outcome was success of motor blockade of the femoral and obturator nerves
and the lumbosacral trunk defined as a reduction of baseline muscle force (N) of the knee
extensors, hip adductors, and hip abductors, respectively, at T4. Muscle force was
estimated in the supine position with a dynamometer (Commander Muscle Testing; JTECH
Medical, Midvale, USA) maintained immobile by a steady grip of an observer. The
observer instructed the subject to exert maximal pressure against the dynamometer during
knee extension (with 90° flexion of the hip and knee joints), hip adduction (with the lower
limb extended and 45° abducted), and hip abduction (with extended lower limb). The
highest value of three tests with 20 s intermittent intervals was recorded for each motion.
As exploratory analysis, the values for muscle force and motor blockade of the separate
nerves are reported.

The secondary outcomes were: a) preparation time (s) from positioning of the subject on
the bed until end of pre-scanning and co-registration, if any; b) block procedure time (s)
from placement of the probe on the skin until withdrawal of the block needle after
completed injection; ¢) number of needle insertions defined as each withdrawal of the
needle followed by an advancement regardless the number of skin penetrations; d) needle
insertion point defined as the horizontal distance (cm) from the sagittal midline to the skin
penetration; e) depth of needle tip gauged by reading the distance (cm) marked on the
needle shaft at the endpoint of the injection; f) minimal electrical nerve stimulation (mA)
required to trigger any sensorimotor response immediately prior to injection; g) type of
response to electrical nerve stimulation (“Quadriceps”, “Adductor”, “Other motor”,
“Paraesthesia”, “None”); h) maximum procedural discomfort assessed by the subject with
NRS score 0-10 (0 = "no discomfort”, 10 = "worst possible discomfort”) at To; i) change in
mean arterial blood pressure (AMAP) from baseline to Ts; j) perineural spread of injectate;
k) compartmental spread of injectate; ) epidural spread of injectate; m) sensory blockade;
n) maximum p-lidocaine (Cmax); 0) time to Cmax (Tome); P) p-lidocaine concentration-time
area under the curve; and q) cost-effectiveness.

Injectate spread was analysed on axial 3D T1-weighted MRI sequences (mDixonAll
generating in-phase, out-of-phase, water, fat, and diffusion weighted images) sampled with

a Philips Achieva 3.0T dstream scanner (Koninklijke Philips Electronics, Eindhoven,
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Netherlands) at T1s. Perineural spread was assessed for the anterior rami of spinal nerves
L2 to S1 and for the femoral, obturator, and lateral femoral cutaneous nerves, and the
lumbosacral trunk in their intra- or extra psoas major trajectories. Perineural spread was
considered “present” when direct contact was visualised between the injectate and the
target nerve. The MRI scans were also analysed for patterns of confinement of injectate
inside fascial compartments and associated spread of injectate around compartment-
specific nerves. Epidural spread was considered “present” when there was circumferential
epidural distribution of the injectate on any axial MRI level and concomitant bilateral
blockade of cold in at least one pair of dermatomes.

Sensory blockade of cold, warmth, touch, and pain of the dermatomes Th12-S3 [26] and
the skin innervated by the lateral femoral cutaneous nerve was tested with standardised
stimuli (40° and 25° thermo test [Rolltemp II; Somedic, Hérby, Sweden], brush
[SENSELab™ Brush-05; Somedic AB, Horby, Sweden], and punctuated pin prick [PinPrick
512 mN; MRC Systems GmbH, Heidelberg, Germany]) at Tso. Sensation for each stimulus
was assessed as “present” or “reduced/absent” where “reduced/absent” was considered a
successful blockade. The dermatomes Th12, L1, S2, and S3 were included in order to
assess the effect of any epidural spread.

For the analysis of p-lidocaine, blood samples were collected at Ty s, 10, 20, 40, 60, and 90 @nd
centrifuged at 1,800 G for 9 min. The plasma was transferred to 1.5 mL cryotubes and
stored at -80°C until analysis with liquid chromatography tandem mass spectrometry. [27]
The difference in mean marginal cost of the interventions was calculated as a measure of
cost-effectiveness (extra price per patient). [28] Unit costs were collected in Danish Kroner
(DKK) in July 2016 and converted into GBP (euros/US dollars) in October 2016 (100 DKK
=£12.08 [€13.44/$14.86]). Average annual total wages were used to calculate unit costs
for medical staff corresponding to the difference in preparation and block procedure time
used by an anaesthesiologist and an assistant nurse and in time used by the radiographer
for preparations and sampling of the MRI VISTA scan for the fusion guided procedure (20
min). Because of the complexity of calculating the expense for the 1.5 T MRI scanner use,

this cost is given as a time unit.
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Randomisation and blinding

J.M.C.S. enrolled all subjects. Two study-independent assistants randomly assigned 26
consecutive subject identification numbers to sequences of interventions (Ultrasound/MRI
fusion guided SSPS on day one and ultrasound guided SSPS on day two or vice versa)
and side (right on day one and left on day two or vice versa). Twenty-six sheets with the
sequences pre-printed were put in 26 identical opaque and sealed envelopes marked 1 to
26. T.F.B. and S.B. double-checked the intervention assignment immediately prior to each
procedure without revealing the allocation to others. The sheet was re-enveloped and
resealed. The procedure was repeated prior to the second intervention.

All sampling and analyses of data were blinded to the intervention. All interventions were
performed with identical trial setup and equipment in order to blind the subjects. The MRI
records of injectate spread were anonymised by a radiographer and analysed in a random
order by T.F.B.

Statistics

The primary outcome was block success of the femoral and obturator nerves and the
lumbosacral trunk. We hypothesised an increase in block success from 75% with
ultrasound guidance to 100% with ultrasound/MRI fusion guidance. Detection of a 25%
increase with 80% power (1-) and =0.05 would require a sample size of 24 subjects in a
two-sided crossover analysis. [29] To avoid decreased power due to dropouts, we included
26 subjects.

Statistics were analysed with Stata IC 14 (StataCorp LP, College Station, USA). Normality
of distribution was assessed visually with the normal Q-Q-plot. Normally distributed
differences between paired continuous variables were analysed with one-sample Student
t-test. Non-normally distributed differences between paired continuous variables and
differences between paired ordinal variables were analysed with Wilcoxon matched-pairs
signed rank test. Differences between paired categorical variables were analysed with
McNemar’s test. The level of significance was 0.05. Data are presented as mean (SD) for
continuous variables with normal distribution, as median (IQR [range]) for continuous
variables with non-normal distribution and ordinal variables, and as number (proportion) for

categorical variables.
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Results

Twenty-six subjects (14/26 [54%)] males) were enrolled during October 3 to 24, 2015 (Fig.
2). Twenty-five subjects completed both interventions and follow-up per protocol. One
ultrasound guided SSPS intervention was aborted due to aspiration of blood, but the
subject completed the follow-up and contributed with his data per protocol.

The median (IQR [range]) age for all 26 subjects was 22.0 (22.0—-24.0 [21.0-36.0]) years,
mean (SD) weight was 73.2 (11.7) kg, mean (SD) height was 178 (8.1) cm, and mean (SD)
BMI was 23.4 (2.7) kg.m™.

Appendix 1 displays values for block success and motor blockade of the separate nerves.
Appendix 2 displays values for base line and post-block muscle force. Appendix 3 displays
values for the procedure-related outcomes. There was no evidence for any difference
between the techniques except for median (IQR [range]) preparation time (ultrasound/MRl,
686 [552—-1023 (393-2501)] s; ultrasound, 196 [167-228 (105-351)] s; p < 0.001) and
block procedure time (ultrasound/MRI, 333 [254—439 (201-1421)] s; ultrasound, 216 [176—
294 (117-458)] s; p = 0.001).

Three characteristic patterns of injectate spread were identified in the study subjects. Fig.
3, 4, and 5 are of three different subjects illustrating these patterns.

Appendix 4 displays values for perineural spread. Appendix 5 displays values for sensory
blockade. There was no evidence for any difference between the techniques.

Epidural spread was recorded in 3/26 (12%) and 5/26 (19%) of subjects subjected to
ultrasound/MRI fusion and ultrasound guided SSPS block (p = 0.73), respectively. The
sensory effect was observed in the dermatomes L1 to S3 with individual variation.
Appendix 6 illustrates the mean (SD) Cmax Of p-lidocaine. There was no evidence for any
difference in mean (SD) Cnax, median (IQR [range]) Tome, Or mean (SD) concentration-time
area under the curve (Appendix 6). [30] One subject in the ultrasound group was excluded
from the analysis due to insufficient blood sampling.

The mean marginal cost of a SSPS block was A£22.91 (€23.60/$28.19) and 6 min and 34
s in the 1.5 T MRI scanner for the ultrasound/MRI fusion guided procedure compared to

the ultrasound guided.
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Safety and harm

No serious adverse events were observed.

One subject experienced a transitory hot flush starting prior to the intervention due to
vasovagal needle phobia. Four subjects had two incidents of vasovagal syncope and three
incidents of dizziness; two were related to reinsertion of an intravenous catheter or blood
sampling during the follow-up and one was related to previously diagnosed orthostatic

hypotension.
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Discussion

This is the first randomised controlled trial investigating ultrasound/MRI fusion guided
lumbosacral plexus blockade. We found that the ultrasound/MRI fusion guided technique
was equally effective and safe, but required longer preparation and block procedure time
compared to the ultrasound guided technique.

The initial hypothesis of higher block success with ultrasound/MRI fusion guidance
compared to ultrasound was falsified. This may be explained by the demographics of the
study subjects; i.e. the target clinical group would be elderly and fragile patients in whom
the ultrasonoanatomical image quality may be impaired. In such patients, it can be
speculated that the additional visualisation and needle navigation with ultrasound/MRI
fusion might improve the efficiency of needle guidance. In young volunteers, however,
adequate ultrasonographic quality is achieved with a higher frequency thus making the
MRI scan, real-time image fusion and needle navigation redundant. Nonetheless, we
chose to assess the fusion guided technique in healthy volunteers instead of a clinical
patient trial because only lumbar ultrasound/MRI fusion — without fusion guided lumbar
needle insertions — has been explored in phantoms and volunteers previously. [19]
Furthermore, the subjects were positioned supine during the MRI sampling because this is
technically and clinically most optimal, but the real-time fusion guided procedure was
performed in the lateral decubitus position. Dissimilar positioning, movement, respiration
as well as peristalsis during the sampling, co-registration and alignment of MRI and
ultrasound may deform the topography and dimensional stability of the anatomical
structures under study, which in turn may affect the accuracy of the ultrasound/MRI fusion
guided injection. [18, 21] Although any misalignment can be manually adjusted and a pilot
study revealed no evidence that the target nerves — situated paravertebral to the rigid
lumbar spine — moved significantly during change from supine to lateral decubitus position,
we cannot entirely rule out such an effect.

The prolonged total procedure time for the ultrasound/MRI fusion guided technique is in
keeping with previous studies concerning real-time fusion, and is explained by the extra
time used on co-registration and alignment of the datasets and on needle navigation. [17]
The lower mean marginal cost for the ultrasound guided technique reflects this time

difference as well as the cost of the MRI system and its operation by authorised personnel.
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Notably, both success rate and procedure time of a new technique follow a learning curve
and technical perfection requires practice. [17]

Few previous studies have compared ultrasonography and MRI of the lumbosacral
anatomy [31] and analysed injectate spread with MRI. [12, 32] The sensory mapping
demonstrated segmental anaesthesia from L2 to S1 in accordance with the perineural
spread analysed on MRI. A cadaver study on lumbosacral plexus blockade guided by
anatomical landmarks showed weak staining of spinal nerve S1 in only 3/20 (15%)
cadavers. [10] Our study demonstrates that an injection — guided by ultrasound/MRI fusion
or ultrasound — at the neuraxial level of L5/S1 may indeed block the cranial part (the
lumbosacral trunk from anterior rami of spinal nerves L4 and L5) of the sacral plexus.
However, the sensory mapping of dermatomes should be interpreted with caution as it
may be unreliable due to anatomical variation and overlapping of innervation of adjacent
cutaneous segments and terminal nerves territories. [33] We used motor blockade as a
proxy marker of sensory blockade, but the definition of motor blockade does not take
account for bi- and triple nerve innervation of specific muscle groups or measurement error
of the method to estimate muscle force. However, knowledge concerning the correlation
between reduced muscle force in healthy volunteers and sufficient motor blockade in
clinical patients is lacking, indicating that any definition of successful motor blockade in
healthy volunteers is arbitrary. The values of block success should therefore be
considered as a measure of comparison of the techniques — not as a clinically applicable
measure. Due to the uncertainty of sensorimotor mapping and assessment of block
success in healthy subjects, where the clinical criteria for a successful blockade does not
apply and the interpretation of the blockade is subjective, we recommend inclusion of an
objective analysis such as MRI of injectate spread when validating techniques in healthy
subjects.

No dose-finding studies have been conducted for the SSPS technique, but the minimal
effective anaesthetic volume of 0.5% ropivacaine to accomplish a successful lumbar
plexus blockade with the Shamrock technique in 95% of patients (EDgs) is 36.0 ml (95% CI
19.7 to 52.2). [34] Since the aim of the current study was to compare two techniques in a
standardised setting and the subjects were discharged on the day of the intervention, we

chose a comparatively low dose of 20 ml 2% lidocaine-adrenaline, corresponding
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approximately to the EDsg of 0.5% ropivacaine [34] and allowing fast discharge of the
volunteers. The mean Cnax was similar for the techniques and showed a peak Cpax
approximately one hour after injection, which is in accordance with previous studies
investigating plasma concentration of local anaesthetics in regional anaesthesia. [12, 35]
However, injection of more clinical relevant local anaesthetic volumes in excess of 20 ml
lidocaine-adrenaline would result in an increased Cnax. Also, pharmacokinetics of local
anaesthetic changes with age, and the results might therefore not be directly applicable in
elderly patients. [36]

Apart from the external limitations discussed above, the expert anaesthesiologist
performing all blocks could not be blinded — as is the case with all procedure related
studies. We endeavoured to limit this source of bias by adhering to a strict double-
controlled protocol.

The additional aim of this study was to explore the patterns of injectate spread because
inclusion of high-resolution MRI for fusion with ultrasound and analysis of injectate spread
offers the potential of improved understanding of the (ultrasonographic) anatomy without
limitations due to acoustic artefacts and depth. [24] This additional knowledge can be
applied to revise existing and to develop new ultrasound guided regional anaesthetic
techniques. Fig. 3, 4 and 5 show three characteristic patterns of injectate spread in three
different fascial compartments observed in this study.

The first compartment is medial to the psoas major muscle (Fig. 3). It extends from the
level of the neural foramen of vertebra L4 cranially to the neural foramen of S1 caudally
and contains the anterior rami of spinal nerves L4 and L5, the lumbosacral trunk and the
obturator nerve. We call it the para-psoas (PPC) compartment, since it is medial to the
iliopsoas compartment. The iliopsoas compartment is the space posterior to the
retroperitoneal space that contains the iliacus, psoas major and psoas minor muscles as
well as the lumbar plexus. [37] The iliopsoas compartment is bounded by the iliopsoas
fascia from the medial arcuate ligament to the minor trochanter. Cranial to the transverse
process of vertebra L5 and the iliolumbar ligament the iliopsoas compartment is bounded
medially by the lateral sides of the lumbar vertebral bodies and the intervertebral discs;
posteriorly it is bounded by the lumbar transverse processes, the intertransversaria

ligaments and muscles as well as the most medial part of the quadratus lumborum muscle.
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The psoas major muscle is tightly adherent to the posteromedial wall cranial to the
transverse process of vertebra L5. The iliopsoas fascia is continuous with the transversalis
fascia laterally, where it is tied down to the lumbar transverse processes by a connective
tissue band that separates the iliopsoas compartment from the quadratus lumborum
compartment. Caudal to the transverse process of vertebra L5, the psoas major muscle
deviates anterolaterally away from the neuraxis and become fused with the iliacus muscle
as the iliopsoas muscle. At this level, the iliopsoas compartment is bounded medially by
the iliopsoas fascia that is tied down to the sacral ala and separates the iliopsoas
compartment from the PPC (Fig. 3).

The second compartment is a triangular groove between the psoas major and iliacus
muscles (Fig. 4). It extends from the transverse process of vertebra L5 and the iliolumbar
ligament cranially, and caudally between the psoas major and iliac muscles until they
become fused as the iliopsoas muscle. Medially the compartment is bounded by the
iliopsoas fascia, which separates it from the PPC. Laterally the compartment is also
bounded by the iliopsoas fascia, where it covers the groove between the psoas major and
iliacus muscles. This compartment was called the Psoas compartment by Chayen et al. in
the original description of the psoas compartment block in 1976.° However, as it is a
subcompartment of the iliopsoas compartment, it may be more accurate to call it the retro-
psoas subcompartment (RPSC). The RPSC contains the femoral and lateral femoral
cutaneous nerves, as they emerge from the postero-lateral border of the psoas major
muscle caudal to the level of the iliac crest.

The third compartment is lateral to the iliopsoas compartment (Fig. 5). It is the
retroperitoneal fat-pad compartment between the peritoneum and the transversalis fascia.
This compartment contains none of the major terminal lumbar plexus nerves. The
transversalis fascia is tightly adherent to the iliac crest.

The observed patterns of spread imply that local anaesthetic has to be injected into the
PPC as well as the RPSC for sufficient spread to all target nerves relevant for anesthesia
of the hip joint with a high success rate. However, the ultrasonographic visualisation of the
PPC and RPSC is impeded by bony structures when the SSPS technique is employed.
Sampling the MRI and real-time ultrasound in different positions (supine and lateral

decubitus) may also reduce the accuracy of the ultrasound/MRI fusion guided technique.
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Co-registration and alignment of ultrasound and MRI in two positions is also relatively
time-consuming. Additionally, gravity may facilitate medial spread of the local anaesthetic
through the osteofibrotic tunnel to the epidural space in the lateral decubitus position with
the side to be anaesthetised facing upwards. [38] A supine position might decrease this
risk. The ideal technique would therefore provide good visualisation of the PPC and RPSC
in the supine position with real-time ultrasound/MRI fusion as well as ultrasound alone.
Ideally, it should be based on a safe, efficient and easy needle path from skin surface to
the target nerves inside the PPC as well as the RPSC compartment. Fig. 6 illustrates a
theoretical anterior needle trajectory to the lumbosacral plexus in the supine position
devised based on our analysis of the MRI scans in this trial. This speculative needle
trajectory is probably ideal for real-time ultrasound/MRI fusion needle guidance. Fig. 7
illustrates the suggested approach guided by ultrasound/MRI fusion in a future
experimental trial.

Fusion of real-time ultrasound and MRI for needle guidance in the lumbar region is an
evolving technique and is proven to be neither more inaccurate nor unsafe compared to
the ultrasound guided technique. Future studies of real-time ultrasound/MRI needle
guidance may include automatic co-registration based on image recognition or external
fiducials compatible with MRI, or techniques that minimise the effect of position change
thereby improving the accuracy, time-efficiency and ease-of-performance of real-time
fusion. Further research is needed to clarify which regional anaesthetic technique is best
for hip anaesthesia and analgesia.

In summary, the ultrasound/MRI fusion guided SSPS technique required longer
preparation and block procedure time and was neither more effective nor safer compared
to the ultrasound guided SSPS technique. Ultrasound/MRI fusion may have the potential of
improving ultrasound guided regional anaesthesia and analgesia. Our exploratory study
identified that the retro-psoas subcompartment (RPSC) is exclusively inside the iliopsoas
compartment and contains only the terminal femoral and lateral femoral cutaneous nerves.
The iliopsoas fascia separates the RPSC from the para-psoas compartment (PPC) as well
as from the retroperitoneal space. The PPC contains the obturator nerve, the anterior rami

of the L4, L5 and S1 spinal nerves as well as the lumbosacral trunk. Based on our findings
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we have suggested a new theoretical anterior approach in the supine patient to block the

lumbosacral nerves innervating the hip joint.
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Appendices

Appendix 1 Success of motor blockade of the femoral and obturator nerves, the
lumbosacral trunk, and combinations hereof for ultrasound/MR fusion guided vs.

ultrasound guided lumbosacral plexus blockade with the Suprasacral Parallel Shift

technique. Values are presented as number (proportion).

us’

US/MRI* p
(n=26) (n=26)

Femoral nerve 25 (96%) 24 (92%) 1.00
Obturator nerve 25 (96%) 24 (92%) 1.00
Lumbosacral trunk 24 (92%) 24 (92%) 1.00
Combinations

Femoral + obturator 24 (92%) 23 (88%) 1.00

Femoral + obturator + lumbosacral trunk 23 (88%) 23 (88%) 1.00

* MRI; magnetic resonance imaging
T US; ultrasound
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Appendix 2 Baseline and post-block muscle force of the femoral, obturator, and the

lumbosacral trunk for ultrasound/MRI fusion guided vs. ultrasound guided lumbosacral

plexus blockade with the Suprasacral Parallel Shift technique. Values are displayed as

median (IQR [range]) or mean (SD).

US/MRI*
(n=26)

ust p
(n=26)

Femoral nerve (knee extension)
Baseline muscle force; N
Post-block muscle force; N
Difference; N
p
Muscle force in % of baseline; %

Obturator nerve (hip adduction)
Baseline muscle force; N
Post-block muscle force; N
Difference; N
p
Muscle force in % of baseline; %

Lumbosacral trunk (hip abduction)
Baseline muscle force; N
Post-block muscle force; N
Difference; N

p
Muscle force in % of baseline; %

244 (204—266 [176-343))
75 (0—121 [0-244])
-151 (78)
<0.001
29 (0-48 [0-100)

138 (114—176 [105-255))
0 (0-70 [0—149])
-110 (56)
<0.001
0 (0-45 [0—100])

147 (114-160 [79-204])
79 (35-105 [0—173))
-65 (47)
<0.001
58 (30-78 [0-101]

229 (215-253 [136-374))
72 (0—134 [0-255])
141 (81)
<0.001
35 (0-57 [0-113)

0.73

134 (114-176 [101-237])
0 (0-31 [0-209])
-119 (63)
<0.001
0 (019 [0-187])

0.43

144 (114-167 [79-233])
54 (41-79 [0-169])
-81 (55)
<0.001
47 (24-60 [0-139])

0.27

* MRI; magnetic resonance imaging
1 US; ultrasound
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Appendix 3 Procedure-related outcomes for ultrasound/MRI fusion guided vs. ultrasound

guided lumbosacral plexus blockade with the Suprasacral Parallel Shift technique. Values

are displayed as median (IQR [range]) or number (proportion).

US*/MRI’
(n=26)

Preparation time; s
Block procedure time; s
Number of needle insertions
Needle insertion point from midline; cm
Needle depth; cm
Minimal nerve stimulation; mA
Electrical nerve stimulation response
1 Quadriceps femoris
2 Adductor
3 Other motor
4 Paresthesia
0 None
Procedural discomfort; NRS 0-10*
AMAP; mmHg®

686 (552—1023 [393-2501)
333 (254-439 [201-1421])
4.5 (3.0-7.0 [2.0-24.0])
4.0 (4.0-5.0 [2.0-6.0])
8.0 (7.0-9.0 [5.0-10.0])
0.50 (0.50-0.50 [0.20-0.60])

4 (15%)
0 (0%)
0 (0%)

2 (8%)
20 (77%)
2 (1-3 [0-7))
0.23 (12.77)

uUs p
(n=26)
196 (167—228 [105-351]) < 0.001
216 (176—-294 [117-458]) 0.001
5.0 (3.0-7.0 [2.0-15.0]) 0.87
6.0 (5.0-6.0 [4.0-8.0]) < 0.001
8.0 (7.0-8.5[4.0-10.0]) 0.37
0.50 (0.40-0.50 [0.30-0.50])  0.075
0.37
4 (15%) 1.00
1 (4%) 1.00
0 (0%) 1.00
0 (0%) 0.50
21 (81%) 1.00
3 (2—4 [0-5]) 0.036
-4.50 (10.44) 0.070

* US; ultrasound
T MRI; magnetic resonance imaging
F NRS, numeric rating scale

§ AMAP; change in mean arterial pressure from baseline to 5 min after completed injection of local anaesthetic
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Appendix 4 Injectate spread to the anterior rami of spinal nerves L2 to S1, the femoral,

obturator, and lateral femoral cutaneous nerves, and the lumbosacral trunk for

ultrasound/MRI fusion vs. ultrasound guided lumbosacral plexus blockade with the

Suprasacral Parallel Shift technique. Values are presented as number (proportion).

US'/MRI* Us p
(n=26) (n=26)

Anterior ramus of spinal nerve L2 14/26 (54%) 11/26 (42%) 0.58
Anterior ramus of spinal nerve L3 21/26 (81%) 21/26 (81%) 1.00
Anterior ramus of spinal nerve L4 22/26 (85%) 25/26 (96%) 0.38
Anterior ramus of spinal nerve L5 10/26 (38%) 18/26 (69%) 0.057
Anterior ramus of spinal nerve S1 5/26 (19%) 8/26 (31%) 0.55
Femoral nerve 16/26 (62%) 13/26 (50%) 0.61

Obturator nerve 14/26 (73%) 11/26 (85%) 0.58
Lateral femoral cutaneous nerve 16/26 (62%) 11/26 (42%) 0.58
Lumbosacral trunk 10/26 (38%) 15/26 (58%) 0.58

* US; ultrasound
T MRI; magnetic resonance imaging
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Appendix 5 Block of somatosensation of the dermatomes Th12-S3 and of the skin area innervated by the lateral femoral

cutaneus nerve after ultrasound/MRI fusion guided (n=26) vs. ultrasound guided (n=26) lumbosacral plexus blockade with the

Suprasacral Parallel Shift technique. Values are presented as number (proportion).

Cold Warmth Touch Pain
US*/MRI* uUs p US/MRI uUs p US/MRI uUs p US/MRI uUs p

Thi12 2 (8%) 0(0%) 0.50 1 (4%) 1(4%) 1.00 4(15%) 1(4%)  0.38 7 (8%) 2 (8%) 1.00
L1 4 (15%) 3(12%) 1.00 2(12%) 4 (15%) 1.00 9 (85%) 6 (23%) 0.55 7 (27%) 4 (15%) 0.51

L2 8 (831%) 10 (38%) 0.79 9 (835%) 10(38%) 1.00 9 (85%) 11 (42%) 0.80 12 (46%) 11 (42%) 1.00
L3 18 (69%) 16 (62%) 0.75 13 (50%) 16 (42%) 0.58 7 (27%) 9 (35%) 0.75 15 (568%) 9 (35%) 0.18
L4 18 (69%) 15 (58%) 0.61 17 (65%) 14 (54%) 0.61 13 (50%) 13 (50%) 1.00 13 (50%) 14 (54%) 1.00
L5 10 (38%) 11 (42%) 1.00 9 (835%) 12 (46%) 0.55 8(81%) 10(38%) 0.75 8 (81%) 10(38%) 0.75
S1 16 (62%) 14 (54%) 0.63 16 (52%) 18 (69%) 0.69 3(12%) 10(38%) 0.016 8 (831%) 12 (46%) 0.39
S2 5 (19%) 7 (27%) 0.75 7 (27%) 10(38%) 0.55 8 (81%) 7 (27%) 1.00 7 (27%) 6 (23%) 1.00
S3 5 (19%) 8 (27%) 0.75 5(19%) 7 (27%) 0.75 7 (27%) 9 (25%) 0.77 7 (27%) 8 (31%) 1.00
LFCN* 13 (50%) 9 (35%) 0.39 14 (54%) 10 (38%) 0.34 16 (62%) 10 (38%) 0.18 17 (65%) 10 (38%) 0.092

* US; ultrasound
T MRI; magnetic resonance imaging

1 LFCN, lateral femoral cutaneous nerve
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Appendix 6 Plasma concentration of lidocaine 0 to 90 min after injection with the
ultrasound/MRI fusion guided (US/MRI) vs. the ultrasound guided (US) Suprasacral
Parallel Shift technique for lumbosacral plexus blockade (n=25). Values are presented as
mean (SD).

2.0+
- US/MRI

us

Plasma lidocaine conc. (ug/ml)

00 . 1 | | | | |

1
0 20 40 60 80 100

Time after block (minutes)
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Figures and Captions
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Fig. 1. The ultrasonographic (left) and MR (right) images are fused and displayed side-by-
side. The blue line in the top is the projection of the block needle and the large green circle
marks the anticipated intersection of the block needle tip and the ultrasound beam, here
coinciding with the rami of spinal nerve L5 (yellow arrow) displayed on the MR image. The
line of small blue and yellow circles marks the anticipated trajectory of the block needle
prior to and after the intersection with the ultrasound beam, respectively. PMM; major

psoas muscle; S, sacral ala; TP L4-5; transverse processes of L4 and L5.
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Assessed for eligibility (n=26)

Randomized (n=26)

/l\.

Allocated to US/MRI guided SSPS (n=13)
¢+ Received allocated intervention (n=13)
¢ Did not receive allocated intervention {n=0)

Allocated to US guided SSPS (n=13)
¢+ Received allocated intervention (n=13)
¢ Did not receive allocated intervention {n=0)

Discontinued intervention {n=0)
Analysed (n=13)

¢ Primary outcome (n=13)

¢ Secondary outcomes (n=13)

Discontinued intervention {n=1)
Analysed (n=13)

¢ Primary outcome (n=13)
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Allocated to US/MRI guided SSPS (n=13)
+ Received allocated intervention (n=13)
¢ Did not receive allocated intervention {n=0)
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| o See text for detalls. |

Discontinued intervention {n=0)
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¢ Primary outcome (n=13)

¢ Secondary outcomes (n=13)

Fig. 2. Modified CONSORT 2010 flow diagram of the study subjects receiving ultrasound

(US)/magnetic resonance imaging (MRI) fusion vs. US guided lumbosacral plexus

blockade with the Suprasacral Parallel Shift (SSPS) technique
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Fig. 3. MRI of one subject visualising spread of lidocaine-adrenaline added diluted contrast
(magenta arrow) primarily medial to the psoas major muscle (PMM) —i.e. in the para-
psoas compartment (PPC) — but not between the anterior and posterior lamina of the
muscle and with minimal spread to the retro-psoas subcompartment. A) Sagittal plane. B)
Axial plane. C) Frontal plane. Line (blue), position of frontal plane; Line (orange), position
of sagittal plane; Line (purple), position of axial plane; S, sacral ala; VB L5, fifth vertebral
body.

Cranial Anterior Cranial

Fig. 4. MRI of one subject visualising spread of lidocaine-adrenaline added diluted contrast
(magenta arrow) primarily posterior to the psoas major muscle — i.e. into the retro-psoas
subcompartment — with minor seeping into the fascial plane between the anterior and

posterior (red arrow) lamina of the psoas major muscle (PPM) that contains the lumbar
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plexus. A) Sagittal plane. B) Axial plane. C) Frontal plane. L5, fifth lumbar vertebral body;
Line (blue), position of frontal plane; Line (orange), position of sagittal plane; Line (purple),

position of axial plane; S, sacral ala.

Cranial Anterior Cranial

Fig. 5. MRI of one subject visualising spread of lidocaine-adrenaline added diluted contrast
(magenta arrow) primarily lateral to the psoas major muscle (PMM) — i.e. into the
retroperitoneal compartment — with minor seeping into the retro-psoas subcompartment;
but not between the anterior and posterior lamina of the psoas major muscle. A) Sagittal
plane. B) Axial plane. C) Frontal plane. Line (blue), position of frontal plane; Line (orange),
position of sagittal plane; Line (purple), position of axial plane; S, sacral ala; VB L5, fifth

lumbar vertebral body.
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Fig. 6. Axial diffusion weighted MRI at the level of the cranial margin of the sacral ala,
demonstrating a possible anterior approach to the lumbosacral plexus in the supine
position. A needle (white arrow) can be inserted close to the anterior superior iliac spine
and advanced between the psoas major and iliacus muscles. A first injection of local
anaesthetic into the retro-psoas subcompartment will spread to the femoral nerve (red
arrow) and the lateral femoral cutaneous nerve (green arrow). A second injection of local
anaesthetic into the para-psoas compartment will spread to the anterior rami of spinal
nerves L4, L5 and the lumbosacral trunk (yellow arrow), and the obturator nerve (pink

arrow).
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Fig. 7. The anterior lumbosacral plexus approach guided by real-time ultrasound/MRI
fusion in an anticipated experimental setting. A) The probe is axially orientated, slightly
rotated clock-wise, and medial to the anterior superior iliac spine where the phantom
needle is oriented in-plane with the US/MR image planes. B) Fused real-time ultrasound
(B1) and MRI (B2) depicting the needle trajectory into the posterior psoas compartment. C)
Fused real-time ultrasound (C1) and MRI (C2) depicting the needle trajectory through the
psoas major muscle (PMM) into the paravertebral compartment. Guided by real-time
ultrasound/MRI fusion and needle navigation, the “insertion point” and angulation of the
phantom needle is adjusted until the anticipated intersection between the needle tip and
the image plane (green circle) coincides with the target lumbosacral plexus nerves in the
retro-psoas compartment (B) and in the para-psoas subcompartment (C) anterior to the
border of the sacral ala (S). The small blue, green, and yellow dots illustrate the
anticipated needle trajectory. Green dots mark in-plane needle trajectory, and blue and

yellow dots mark out-of-plane trajectory.

38/38



Study 111



Thomas Fichtner Bendtsen

Department of Anaesthesiology and Intensive Care, Aarhus University Hospital
Noarrebrogade 44, DK-8000 Aarhus C, Denmark

Phone: +4551542997, E-mail: tfb@dadlnet.dk

Real-time Ultrasound/MRI Fusion for Shamrock Lumbar Plexus Blockade and

Analysis of Injectate Spread - an Exploratory Randomised Controlled Trial*

J. M. C. Strid," E. M. Pedersen,? M. A. F. Bendtsen,® S. Bjorn,"® M. Dam,* M. Daugaard,’
M. S. Hansen,® O. Vendelbo,? J. Borglum,* K. Sgballe® and T. F. Bendtsen'

1 Department of Anaesthesiology and Intensive Care, Aarhus University Hospital, Aarhus,
Denmark

2 Department of Radiology, Aarhus University Hospital, Aarhus, Denmark

3 Medical Science, Faculty of Health, Aarhus University, Aarhus, Denmark

4 Department of Anaesthesiology and Intensive Care Medicine, Zealand University Hospital,
University of Copenhagen, Denmark

5 Department of Orthopaedic Surgery, Aarhus University Hospital, Aarhus, Denmark

Correspondence to: Dr. Thomas F. Bendtsen, Department of Anaesthesiology and Intensive Care,
Aarhus University Hospital, Narrebrogade 44, DK-8000 Aarhus, Denmark. Phone: +4551542997,
E-mail: tfb@dadInet.dk

* Preliminary results on motor blockade of the femoral and obturator nerves, sensory blockade of
the lateral femoral cutaneous nerve, and procedural discomfort were presented to the 35" Annual
European Society of Regional Anaesthesia (ESRA) Congress 2016 in Maastricht, the Netherlands,
on 7-10 September 2016

Short title: Real-time US/MRI fusion guided Shamrock lumbar plexus block
Keywords: Femoral nerve block: anatomy; Nerve block landmarks; Ultrasound structures:

echogenicity

1/34



Author contributions: J.M.C.S., E.M.P., and T.F.B. designed the study protocol. J.M.C.S.
recruited all study subjects. J.M.C.S., M.A.F.B., S.B., M.D., M.D., M.S.H., O.V., and T.F.B.
conducted the clinical trial. J.M.C.S., M.A.F.B., M.D., M.D., M.S.H., O.V. recorded all data.
T.F.B. conducted the blinded analysis of injectate spread on MRI. J.M.C.S. performed the
statistical analysis. J.M.C.S. authored the initial manuscript. All authors read and revised

the manuscript and approved the final version.

2/34



Summary

Applications of fusion of real-time ultrasonography and magnetic resonance imaging (MRI)
for increased accuracy of peripheral regional anaesthesia is practically non-existent in the
literature. In this randomised controlled trial, we aim to compare effectiveness and safety
of real-time ultrasound/MRI fusion vs. ultrasound guided Shamrock lumbar plexus block,
and to investigate patterns of spread of injectate with ultrasound/MRI fusion and high-
resolution MRI. We enrolled 22 ASA | subjects =18 years. All subjects received one
ultrasound/MRI fusion and one ultrasound guided Shamrock lumbar plexus block (20 ml
2% lidocaine-adrenaline added 1 ml diluted contrast). Primary outcome was number of
participants with blockade of the femoral, obturator, and lateral femoral cutaneous nerves
(block success). Secondary outcomes were procedure-associated, injectate spread
analysed on MRI, and sensory blockade. Block success (ultrasound/MRI, 16/22;
ultrasound, 18/22; p = 0.69) and performance time (ultrasound/MRI, 438 [272-567 (164-
903)] s; ultrasound, 396 [296-524 (197-1044)] s; p = 0.42) were similar, but the
ultrasound/MRI fusion guided technique had a longer preparation time (ultrasound/MRI,
868 [661-947 (506-1634)] s; ultrasound, 471 [369-631 (165-1090)] s; p < 0.001).
Perineural injectate spread and sensory mapping of both techniques showed similar
primary effect on the anterior rami of spinal nerves L2-L4 and the lateral femoral
cutaneous nerve. The injectate of both techniques was visualised primarily inside the intra-
psoas subcompartment, which is the interfascial plane between the anterior and posterior
lamina of the psoas major muscle that contains the lumbar plexus. No spread was
observed into the retro-psoas subcompartment or the para-psoas compartment. Epidural
spread was similar (ultrasound/MRI, 1/22 subjects; ultrasound, 2/22 subjects; p = 1.00).
Effectiveness, safety, and performance time of the ultrasound/MRI fusion guided and the
ultrasound guided Shamrock technique were similar, but the ultrasound/MRI fusion guided

technique required longer preparation time.
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Introduction

Patients admitted for surgery of the hip are primarily older than 65 years and may be
afflicted by comorbidity and/or obesity, increasing the risk of perioperative complications.
[1-3] In these patients, an effective and safe technique for peripheral regional anaesthesia
would be desirable, because it is associated with fewer complications, improved
haemodynamics and effective postoperative analgesia with reduced use of opioids
compared to general and spinal anaesthesia. [3-7]

A lumbar plexus block (LPB) anaesthetises the femoral, obturator, and lateral femoral
cutaneous nerves. A LPB combined with a sacral plexus block and an iliohypogastric
nerve block provides efficacious surgical anaesthesia of the hip. A single lumbar plexus
block provides efficacious analgesia after hip surgery. [8-10]

The Shamrock technique for lumbar plexus blockade employs ultrasound scanning in the
axial plane from the flank of the patient. It provides good ultrasonographic visualisation of
the paravertebral lumbar anatomy (including the target lumbar plexus and
ultrasonographic landmarks), the block needle tip, and perineural spread of the injectate.
[10-14] In an yet unpublished randomised controlled trial, the Shamrock technique was
faster to perform, required fewer needle insertions, was more comfortable, and was
equally effective and safe compared with the Lumbar Ultrasound Trident technique — a
well-established posterior approach for lumbar plexus blockade. [15] However, due to the
distance between probe and needle with the Shamrock technique, it may be difficult to
pinpoint the most optimal needle skin insertion point in the paravertebral lumbar region
and inclination of the needle. Further, the target lumbar plexus is situated deeply, why only
poor visualisation of the lumbar plexus is feasible in some patients. [13] Insufficient
ultrasonographic visualisation of the target lumbar plexus, surrounding landmarks, and the
block needle tip and trajectory may reduce the precision — and thereby the effectiveness
and safety — of the procedure.

Image fusion of real-time ultrasound and computed tomography imaging (CT) or magnetic
resonance imaging (MRI), without the inherent limitations of ultrasound alone, are used to
enhance the precision of image guided procedures primarily in interventional radiology,
[16, 17] but also to better existing ultrasound guided needle procedures. [18] In addition,

the fusion system allows needle navigation, which may be applied to track and optimise
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the needle insertion point, the (actual and anticipated) needle trajectory, and the
interventional target. In regional anaesthesia, a protocol of fused ultrasound and CT or
MRI for neuraxial sonography without needle insertion in a phantom and in volunteers has
been described. [19] In chronic pain therapy, fusion of ultrasound and CT or MRI has
shown to be feasible and effective for guidance of injections of primarily the sacroiliac joint
in cadavers and patients. [20-23]

In this blinded randomised controlled crossover trial, we aim to compare ultrasound/MRI
fusion vs. ultrasound for guidance of lumbar plexus blockade using the Shamrock
approach. The primary outcome is the proportion of study subjects with motor blockade of
the femoral and obturator nerves as well as sensory blockade of the lateral femoral
cutaneous nerve. The secondary outcomes are block procedure-associated, perineural
spread of the injectate analysed on MRI, epidural injectate spread, sensory mapping, and

cost-effectiveness. In addition, we aim to analyse patterns of injectate spread on MRI.
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Methods

Ethical Considerations

The Research Ethics Committee of the Central Denmark Region (MJ: 1-10-72-368-15), the
Danish Medicines Agency (2015-005544-33), and the Danish Data Protection Agency
approved this blinded randomised controlled study with crossover design. The study was
prospectively registered in EudraCT (2015-005544-33) and ClinicalTrials.gov
(NCT02255591). All study subjects were included after written informed consent. The
Good Clinical Practice Unit at Aalborg and Aarhus University Hospitals monitored the

study, which complied with the Helsinki Il Declaration.

Study Subjects

ASA | subjects = 18 years with a body mass index (BMI) 18.5 < BMI < 30 kg.m were
recruited through a Danish website for research volunteers. Subjects who were unable to
communicate or cooperate in Danish, were allergic to local anaesthetics or contrast
agents, had daily use of analgesics, abuse of medicine or alcohol, infection or prior
surgery in the lumbar paravertebral region or the flank, contraindications for MRI, and/or
were legally incompetent, were excluded. The subjects received payment for their
participation.

The study was conducted during two three-day sessions one week apart at the

Department of Radiology, Aarhus University Hospital, Denmark, in April 2016.

MRI for fusion with ultrasound

Upon arrival on the first session, the subjects were placed in the supine position with a
pillow under the knees to minimise lumbar lordosis on the 70 cm bore of a 1.5T Philips
Ingenia MRI scanner (Koninklijke Philips Electronics N.V., Eindhoven, the Netherlands). A
dS flex coverage anterior coil was used for signal reception while an experienced
radiographer sampled coronal 3D T2-TSE VISTA sequences (1.2 x 1.2 x 1.2 m? isotropic
scanning resolution [super-imposed 2.4 mm slices, 1.2 mm spacing], TE 60 ms, and TR
1,200 ms) of the lumbar spine. Feet-head phase encoding was used to minimise
respiratory and peristaltic artefacts. J.M.C.S used OsiriX v6.5.2 64-bit (Pixmeo SARL,

Bernex, Switzerland) to convert the orientation to axial prior to upload in the ultrasound
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system with fusion software (Epig 7 1.4; Koninklijke Philips Electronics N.V., Eindhoven,
the Netherlands), because the system can only import axially oriented sequences for

fusion.

Block Procedures

All subjects received one single injection ultrasound/MRI fusion guided and one ultrasound
guided Shamrock lumbar plexus block with a one-week interim period. All injections were
20 ml 2% lidocaine-adrenaline added 1 ml diluted MRI contrast agent (0.13 ml 27.9%
gadoterate meglumine [Dotarem®; Guerbet, Roissy CdG Cedex, France] diluted in 0.87 ml
0.9% isotonic saline). All subjects were equipped with peripheral I.V. access and
monitored with three-lead ECG, non-invasive blood pressure measurement, and pulse
oximetry.

The same anaesthesiologist (T.F.B.) with extensive experience of ultrasound and electrical
nerve stimulation guided blocks and experimental experience of real-time ultrasound/MRI
fusion guided blocks performed all interventions. All interventions were performed with an
Epig 7 1.4 (Koninklijke Philips Electronics N.V., Eindhoven, Netherlands) and a C5-1 MHz
convex probe with a mounted sensor. After co-registration of the previously sampled MRI
dataset and real-time ultrasound, pre-scanning, and marking of the anticipated needle
insertion point, the skin was swabbed with chlorhexidine in isopropyl alcohol and draped
with a sterile fenestrated sheet. The probe with the mounted sensor was draped with a
sterile cover. Two ml 2% lidocaine was injected in the skin and subcutaneous tissue prior
to insertion of a 22 Gauge 100 mm nerve block needle (Stimuplex Ultra, B. Braun,
Melsungen, Germany).

Ultrasound/MRI fusion guided Shamrock: For the co-registration, the subject was placed
supine equalling the position during initial MRI sampling. The patient tracker (i.e. the
patient sensor) was attached to the iliac crest on the side of the subject not to be
anaesthetised. The probe — with the mounted probe sensor — was placed on the abdomen
and aligned in the axial plane that intersected the bifurcation of aorta. This plane was
identified on both MRI and real-time ultrasound (Fig. 1A). The image datasets were co-
registered using the jointing point of the common iliac arteries as a common reference

point in the selected axial plane. Any misalignment of the aorta, common iliac arteries,
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inferior vena cava, and/or the anterior border of the vertebral body was adjusted by using
the system built-in functions of rotation and shifting (Fig. 1B). The subject was turned to
the lateral decubitus position with the side to be anaesthetised non-dependent and a
rolled-up blanket supporting the flank in order to decrease lumbar scoliosis. The probe was
aligned in the axial plane in the axillary midline just cranial to the iliac crest. The Shamrock
"three-leaf clover sign" of the psoas major, quadratus lumborum, and the erector spinae
muscles and the transverse process of vertebra L4 was visualised by sliding the probe
posteriorly. Any ultrasound/MRI misalignment of the lateral border of vertebra L5, the
transverse process of vertebra L4, and/or the neural foramina was adjusted. The screen
display was changed to side-by-side presentation of the fused ultrasonographic and MR
images. The tail of the probe was tilted cranially until the transverse process of L4 no
longer intersected the image plane. The lumbar plexus was identified inside the intra-
psoas subcompartment between the anterior and posterior lamina of the psoas major
muscle on MRI and, if possible, also on the ultrasonographic image. The block needle with
mounted sensor was placed in the best needle position (typically 3 to 4 cm lateral to the
lumbar median) with the anticipated needle trajectory intersecting the image plane exactly
at the lateral border of the target lumbar plexus. The anticipated needle trajectory was
displayed on the monitor as a real-time overlay on both the ultrasound and the MR image
(needle navigation). Guided by ultrasound/MRI fusion and needle navigation, the needle
tip was advanced in a postero-anterior direction until it was visualised adjacent to the
target lumbar plexus on MRI and — if possible — on ultrasound (Fig. 2).

Ultrasound guided Shamrock: This technique has been described in-depth previously. [10,
13]

For safety, an electrical nerve stimulator (0.1 ms, 2.0 Hz, 0.2 mA) was connected to the
block needle during both procedures to warn about intraneural location of the needle tip.
The endpoint of injection was visualisation of the needle tip immediately at the lateral
margin of the ultrasonographically visible lumbar plexus or — if the plexus was not
visualised — an appropriate motor response from the quadratus femoris and/or the hip
adductors to electrical nerve stimulation (0.3 to 0.5 mA). In both cases, the current
required to trigger a motor or paraesthesia response and the type of response was

recorded. The injection was in incremental doses with intermittent aspiration. The
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intervention was completed (Time 0 [Ty]) at withdrawal of the block needle from the skin.
Subsequently, the subjects were followed-up for 90 min (Tgo) and observed until the

sensorimotor effects of the blockade had disappeared.

Outcomes and Assessment

The primary outcome was number of subjects with blockade of the femoral, obturator, and
lateral femoral cutaneous nerves (block success). Successful blockade was defined as a
decrease in muscle force (N) during knee extension (femoral nerve) and hip adduction
(obturator nerve) at Tgp compared to baseline and decreased and/or absent sensation for
cold and/or pain in the skin innervated by the lateral femoral cutaneous nerve compared to
the contralateral side at T+o.

The secondary outcomes were: a) preparation time defined as the time (s) from placement
of the subject on the bed until end of pre-scanning and co-registration of ultrasound and
MRI; b) procedure time defined as the time (s) from placement of the probe on the skin
after completed preparations to withdrawal of the block needle after completed
intervention; c) electrical nerve stimulation (mA) required to trigger response prior to
injection; d) type of response to electrical nerve stimulation (knee extension/quadriceps
femoris/femoral nerve; hip adduction/obturator nerve; other motor response; paraesthesia;
none; e) number of block needle insertions defined as a withdrawal of the needle followed
by a repeat needle introduction regardless of the number of skin penetrations; f) location of
the needle skin insertion point assessed as the horizontal distance (cm) between the
median and the skin insertion point; g) distance (cm) from the needle skin insertion point to
the needle tip at the endpoint of injection assessed by the markings on the needle shaft; h)
procedural discomfort assessed by the subject on a numeric rating scale (“0” = no
discomfort, “10” = worst possible discomfort) at To; i) A mean arterial pressure (MAP,
mmHg) from baseline to Ts; j) proportion of subjects with spread of injectate to the anterior
rami of spinal nerves L1 to S1, femoral, obturator, and lateral femoral cutaneous nerves,
and lumbosacral trunk assessed on MRI at T1s; k) compartmental patterns of injectate
spread assessed on MRI at Tysinto the intra-psoas and retro-psoas subcompartments
(IPSC and RPSC) of the iliopsoas compartment as well as the para-psoas compartment

(PPC); [24] ) proportion of subjects with visually confirmed circumferential epidural
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injectate spread assessed on MRI at T1s and decreased/absent sensation for cold in at
least one pair of bilateral dermatomes at T-o; m) proportion of subjects with motor
blockade of femoral and obturator nerves, respectively, defined as a decrease in muscle
force (N) during knee extension (femoral nerve) and hip adduction (obturator nerve) at Teo
compared to baseline; n) number of subjects with sensory blockade of cold, warmth,
touch, and pain in the dermatomes T8 to S3, [25] respectively, assessed at T7; 0) cost-
effectiveness.

Maximum muscle force for each joint movement was defined as the peak force of three
tests with a handheld dynamometer with 20 s intermittent intervals. The subjects were
positioned supine with their knee joints flexed 90° and the lower leg hanging freely from
the bedside. They exerted maximum active force against the dynamometer, held stable by
an observer, during knee extension and hip adduction (with 45° abducted lower limb).
Baseline muscle force was assessed during the first session before the intervention.
Injectate spread was assessed on axial 3D T1 MRI sequences (mDixon generating in-
phase, out-of-phase, water, and fat images) and diffusion weighted images sampled by
two experienced radiographers following a strict protocol and using a 3T Philips Achieva
dstream scanner (Koninklijke Philips Electronics, Eindhoven, the Netherlands).

The intra-psoas subcompartment (IPSC) is the interfascial plane between the anterior and
posterior lamina of the psoas major muscle that contains the lumbar plexus. [24] The retro-
psoas subcompartment (RPSC) is the space posterior to the psoas major muscle and that
contains the femoral and lateral femoral cutaneous nerves after they emerge from the
psoas major muscle. [24] The cranial limit of the RPSC is typically the transverse process
(TP) of vertebra L5, sometimes the TP of vertebra L4 or even L3. The caudal limit of RPSC
is the fusion of psoas major and iliacus muscles. The para-psoas compartment (PPC) is
the space medial to the iliopsoas compartment caudal to the transverse process of
vertebra L5. The PPC contains the obturator nerve after it emerges from the psoas major
muscle as well as the anterior rami of spinal nerves L4, L5 and S1 and the lumbosacral
trunk. [24]

Sensory blockade was tested with standardised stimuli for cold and warmth (25° and 40°
Rolltemp Il thermo test; Somedic, Horby, Sweden), touch (SENSELab™ Brush-05;
Somedic AB, Horby, Sweden), and pain (PinPrick 512 mN; MRC Systems GmbH,
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Heidelberg, Germany). Sensory blockade was assessed as “present” or
“decreased/absent” compared to the contralateral hip and lower limb — or the arm in case
of epidural spread. The dermatomes Th8-Th12, S2 and S3 were included to observe the
effect of any epidural spread.

Cost effectiveness or “extra price per patient” was calculated as the difference in mean
marginal cost of the techniques. [26] The average annual total wages for medical staff
were used to calculate unit costs for the time spent by the radiographer on preparing and
sampling the MRI scan for fusion and for the difference in time spent by the operating
anaesthesiologist and an assistant nurse on preparing and performing the intervention.
The unit cost for use of the 1.5T MRI scanner is given as a time unit due to the complexity
of calculating the monetary cost. All costs were collected in Danish Kroner (DKK) in July
2016 and converted into GBP in October 2016 (100 DKK = £12.08 [€13.44/$14.86)).

All data were recorded using the "research electronic data capture" (REDCap) system. [27]

Randomisation and Blinding

J.M.C.S. enrolled and allocated consecutive identification numbers to the 22 included
subjects. Two study-independent assistants computer-generated a randomisation list with
random allocation of interventions (“1% session Ultrasound/MRI + 2™ session Ultrasound”
or vice versa) and side (“1%! session right + 2" session left” or vice versa) to the 22 study
identification numbers. The randomisation list was uploaded to a protected REDCap
server, only accessible for the assistant who double-controlled the interventions. Prior to
each intervention, the double-controlling assistant and the operator performing all
interventions checked the allocated intervention and side in REDCap without revealing it to
others.

All observers and analysts of data were blinded. The image fusion field generator was
included in all set-ups in order to blind the subjects and none of the subjects were able to

see the ultrasound monitor.
Statistical Analysis

We hypothesised that ultrasound/MRI fusion guidance would increase the proportion of

subjects with blockade of the femoral, obturator, and lateral femoral cutaneous nerves
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from 40% to 70% compared with ultrasound guidance. A sample size of 20 subjects would
be required to detect a 30% increase in a two-sided crossover analysis with 80% power (1-
B) and 0=0.05. [28] We enrolled 22 subjects in order to avoid decreased power due to
dropouts.

Stata IC 14.1 (StataCorp LP, College Station, USA) was used to compute all statistical
analyses. We assessed normality of distribution with normal Q-Q plot and analysed
differences of continuous variables with normal distribution with the Student t-test.
Differences of continuous variables with non-normal distribution and ordinal variables were
analysed with Wilcoxon matched-pairs signed rank test. Differences between paired
categorical variables were analysed with McNemar’s test. Level of significance was 0.05.
The values of continuous variables with normal distribution are presented as mean (SD),
continuous variables with non-normal distribution and ordinal variables as median (IQR

[range]), and categorical variables as numbers.

12/34



Results

Twenty-two subjects were enrolled during March 8 to 31, 2016. All subjects received the
intended interventions and were followed-up and analysed for the primary outcome during
April 2 to 10, 2016 (Fig. 3).

The median (IQR [range]) age of the 22 subjects was 22.5 (22.0-24.0 [18.0-60.0]) years.
The mean (SD) weight was 73.0 (8.8) kg. The mean (SD) height was 177 (9.6) cm. The
mean (SD) BMI was 23.2 (2.0) kg.m™.

There was no evidence for any difference in the proportion of subjects who had blockade
of the femoral, obturator, and lateral femoral cutaneous nerves (Appendix 1). The
underlying data on muscle force and sensory mapping are presented in Appendix 2 and 3.
The procedure-associated outcomes (a-i) are displayed in Appendix 4. The median (IQR
[range]) preparation time was longer for the ultrasound/MRI fusion guided technique (868
[661-947 (506-1634) s) compared with the ultrasound guided (471 [369-631 (165-1090)] s;
p value < 0.001). The median (IQR [range]) minimal electrical nerve stimulation required to
trigger a response was lower for the ultrasound/MRI fusion guided technique (0.26 [0.24-
0.28 (0.22-0.28) mA) compared with the ultrasound guided (0.28 [0.26-0.28 (0.22-0.40)]
mA; p value = 0.012). There was no evidence for any difference between the groups
concerning the other procedure-associated outcomes.

There was no evidence for any difference between the two groups in the injectate spread
to the anterior rami of spinal nerves L1-S1, the femoral, obturator, and lateral femoral
cutaneous nerves, and the lumbosacral trunk assessed on MRI (Appendix 5). The
injectate did spread consistently around the lumbar plexus inside the intra-psoas
subcompartment (IPSC) from the neural foramina of vertebrae L2 and L3 cranio-medially
and deviating antero-lateral caudally (Fig. 4). No injectate spread was observed outside
the iliopsoas compartment. No spread was observed cranial to the neural foramen of
vertebra L2. The anterior ramus of spinal nerve L1 was never contained between the two
lamina of the psoas major muscle and was not reached by injectate in any subject. No
spread was observed caudal to the transverse process of L5. There was minimal or no
spread to the anterior rami of spinal nerves L4, L5 and S1 or the lumbosacral trunk
(Appendix 5) inside the para-psoas compartment (PPC), medial to the iliopsoas

compartment caudal to the transverse process of vertebra L5. In some subjects the
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anterior ramus of spinal nerve L4 entered the intra-psoas subcompartment, where it was
reached by injectate (see Appendix 5).

The injectate did not spread to the terminal femoral and lateral femoral cutaneous nerves
inside the retro-psoas subcompartment (RPSC), posterior to the psoas major muscle
inside the iliopsoas compartment and caudal to the transverse process of vertebra L5 (Fig
5).

There was no evidence for any difference in the number (proportion) of subjects with
epidural spread (ultrasound/MRI, 1/22 subjects; ultrasound, 2/22 subjects; p = 1.00). With
individual variation, the effect of the epidural spread was observed in the dermatomes
Th11-S3 and in the skin innervated by the lateral femoral cutaneous nerve.

Appendix 1 and 3 display the number of participants with motor blockade of the femoral,
obturator, superior gluteal, and sciatic nerves, respectively, and with sensory blockade of
the dermatomes T8 to S3 and the lateral femoral cutaneous nerve, respectively. There
was no difference between the groups concerning neither of the outcomes. The underlying
data on muscle force are displayed in Appendix 2.

The mean marginal cost (“price per patient”) of a Shamrock block was A£17.64
(€18.17/$21.70) and 6 min and 34 s in the 1.5T MRI scanner in favour of ultrasound alone

compared to real-time ultrasound/MR image fusion.

Safety and Harm

One subject experienced transitory tachycardia and a rash during the injection of local
anaesthetic and the follow-up period, respectively. One subject experienced transitory
dizziness during the injection of local anaesthetic. None of the subjects had other
symptoms of local anaesthetic systemic toxicity or neurological symptoms. Four subjects
experienced two incidents of headache, one incident of vasovagal syncope, and one
incident of transitory hot flush during the follow-up period. The vasovagal syncope was
related to hyperventilation during the motor test and the subject has a history of both. One
subject experienced a muscular haematoma at the site of injection after the study was

ended.
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Discussion

The present study is the first randomised controlled trial exploring real-time ultrasound/MRI
fusion guided lumbar plexus blockade. The ultrasound/MRI fusion and ultrasound guided
Shamrock techniques were equally effective and safe and required the same performance
time, but the ultrasound/MRI fusion guided technique required prolonged preparation time.
An equal proportion of study subjects in the two groups had blockade of the femoral,
obturator, and lateral femoral cutaneous nerves, falsifying the hypothesis that
ultrasound/MRI fusion guidance would increase block success compared with ultrasound
guidance only. Ultrasound/MRI fusion offers more detailed and improved visualisation of
the target lumbar plexus and surrounding anatomical structures compared to
ultrasonographical visualisation, which often is impaired by low-resolution imaging of the
deeply situated target lumbar plexus and acoustic shadows generated by the adjacent
bony structures. The target clinical group of a lumbar plexus blockade in elective or
emergency hip surgery is elderly, fragile, comorbid and/or obese patients. In these
patients, the benefit of ultrasound/MRI fusion may be more obvious than in healthy, young
normal weight study subjects, in whom sufficient ultrasonographic visualisation of the
target lumbar plexus was achieved with a high frequency. However, initially we chose to
assess the ultrasound/MRI fusion guided Shamrock technique in healthy subjects because
the fusion technique has not been applied for needle guidance in regional anaesthesia
previously.

The accuracy of the fusion of the ultrasound and MRI datasets depends on the
congruence of the 3D topography of the two datasets and dimensional stability despite
change of body position from supine to lateral decubitus during image sampling. Any
differences in the positioning or movement of the subject, respiration, and peristalsis
during image sampling affect the topography of the anatomical structures and hence affect
the accuracy of the co-registration and needle navigation. MRl is technically and clinically
most optimal to perform in the supine position, but the Shamrock lumbar plexus block is
performed in the lateral decubitus position. Therefore, the present fusion technique
included a shift in position. Although a pilot study demonstrated only minor displacement of
the anterior rami of spinal nerves L3 and L4 on MRI sampled in the supine and in the

lateral decubitus position, and misalignment of the fused datasets can be adjusted for, we
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cannot exclude that the position shift did affect the accuracy of the fused datasets and
hence the results. In addition, the success rate of a new technique follows a learning
curve. [16]

We used motor blockade as a surrogate marker for sensory blockade, because
dermatomal sensory mapping may be an unreliable marker of anaesthesia of a specific
terminal nerve due to overlapping of contiguous terminal nerve territories as well as wide
individual anatomical variation of location — and even existence — of such territories. [29]
However, the measurement of muscle force is associated with measurement error and any
threshold value defining a “successful blockade” is arbitrary. Furthermore, the external
validity of successful blockade in healthy study subjects for clinical patients can only be
speculated. Because the aim of this study was to compare two techniques in a standard
setting, motor blockade was defined as decrease in muscle force compared to baseline.
The measurement estimates should therefore be considered as measures of comparison
between the two techniques — not as clinically applicable proxy markers of successful
anaesthesia.

Moreover, we injected a volume of lidocaine-adrenaline corresponding approximately to
the minimum effective anaesthetic volume of 0.5% ropivacaine that produces a successful
Shamrock lumbar plexus block in 50% of patients undergoing orthopaedic surgery of the
lower extremity. [13] We chose a volume of 20 ml because the aim of the study was to
compare two techniques — not to achieve maximum block success. We chose lidocaine-
adrenaline in order to obtain a short post-block observation period and fast discharge of
the subjects.

Due to the time spent on co-registration, the preparation time was extended for the
ultrasound/MRI fusion guided technique compared to the ultrasound guided technique. The
difference is in keeping with previous studies on fusion guided procedures [16] and
explains the higher cost per Shamrock block guided by ultrasound/MRI fusion.

The ultrasonoanatomy of the lumbar region has been compared with MRI in a previous
study. [30] Only few studies have investigated perineural injectate spread in the lumbar
region with MRI. [31, 32] Because of the questionable internal validity of assessing a
successful blockade in healthy subjects based on sensorimotor mapping, we also

assessed perineural spread of injectate visualised on MRI. Furthermore, inclusion of a
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high-resolution and anatomically detailed image modality, without the inherent limitations
of ultrasound, such as 3D T1 and diffusion weighted MRI made it possible to carry out in-
depth exploration of injectate spread into different relevant anatomical subcompartments.
During our studies of injectate spread on MRI, we observed a consistent spread inside the
intra-psoas subcompartment (IPSC), between the anterior and posterior lamina of the
psoas major muscle after injection with both image guidance techniques. The spread
extended cranio-medially to the neural foramina of vertebrae L2 and L3 and deviated
antero-laterally to the caudal end of the IPSC, which varies between the level of the
transverse process of vertebra L5 and the level of the upper margin of the ala sacrum. The
IPSC contains the subset of the lumbar plexus from the anterior rami of L2 and L3 and
sometimes L4. The most cranial part of the lumbar plexus from the anterior ramus of L1 is
not contained inside the IPSC.

There was minimal or no spread observed inside the para-psoas compartment (PCC). The
PCC is medial to the iliopsoas compartment and caudal to the transverse process of
vertebra L5. [24] It contains the lumbosacral trunk from anterior rami of spinal nerves L4
and L5 as well as the obturator nerve after its emergence from the IPSC.

In addition, there was no or minor spread into the retro-psoas subcompartment (RPSC).
The RPSC is the compartment posterior to the psoas major muscle caudal to the
transverse process of vertebra L5. [24] Occasionally it extends cranially to the transverses
process of vertebra L4 - sometimes even L3. It extends caudally to the fusion of the psoas
major and iliacus muscles. It contains the femoral and lateral femoral cutaneous nerves
after their emergence from the IPSC.

We observed that only the anterior rami of spinal nerves L2 and L3 consistently entered
the IPCC between the two lamina of the psoas major muscle. The branches of the anterior
rami of spinal nerve L4 that contributed to the femoral nerve also entered this
compartment. However, the major subset of the anterior ramus of spinal nerve L4
descended caudally inside the PCC to join the anterior ramus of spinal nerve L5 in the
formation of the lumbosacral trunk without entering the intra-psoas compartment. It was
not possible to determine whether the L2/L3 subset of the obturator nerve emerged from
the IPSC and joined the L4 subset of the obturator nerve inside the PCC or vice versa. The

Shamrock technique anaesthetises the lumbar plexus branches of femoral and lateral
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femoral cutaneous nerves as well as the L2/L3 subset of the obturator nerve. The anterior
rami of spinal nerves L4 and L5 and the lumbosacral trunk are located inside the PCC [24]
and were not anaesthetised with the Shamrock technique in this trial.

The frequency of epidural spread was similar for the two techniques and comparable to
other studies on lumbar plexus blockade with systematic testing for epidural spread.

[13, 32]

Further, the data sampling and data analysis were blinded and we strived to blind the
study subjects with identical trial setup, but the operator performing the Shamrock
techniques could not be blinded. Similar to all procedure-related studies, this is a potential
source of bias that we endeavoured to reduce by meticulously following a double-
controlled protocol.

Application of fusion of real-time ultrasound and MRl is still an emerging technique, which
is not yet matured for clinical application in regional anaesthesia. Future studies involving
this technique should include co-registration based on MRI compatible external landmarks
for point registration or automatic image recognition, preferably with the subjects in only
one position. Another potential option is fusion of two MRI datasets: one that visualises the
perineural anatomical topography with high resolution, e.g. a 3D T2-TSE sequence, and
one that visualises the target nerves, e.g. a diffusion weighted sequence.

In summary, the effectiveness and safety of ultrasound/MRI fusion and ultrasound
guidance using the Shamrock technique were equivalent. However, the preparation time
for the ultrasound/MRI fusion guided technique was prolonged. The analysis of injectate
spread on MR revealed primarily spread inside the intra-psoas subcompartment (IPSC) of
the iliopsoas compartment extending from the neural foramina of vertebrae L2 and L2 to
the caudal end of the IPSC, which is typically at the level of the transverse process of
vertebra L5. No or minor spread was observed inside the subcompartment posterior to the
psoas major muscle (retro-psoas subcompartment, RPSC) or into the para-psoas
compartment (PPC) medial to the iliopsoas compartment and caudal to the transverse

process of vertebra L5.
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Appendices

Appendix 1. Number of subjects with motor blockade of the femoral and obturator nerves
and sensory blockade of the lateral femoral cutaneous nerve, respectively, and a
combination hereof (primary outcome) for ultrasound/MRI fusion vs. US guided Shamrock

technique. Values are presented as number (proportion).

US*/MRI* us p
n=22 n=22

Motor blockade

FN* 19 (86%)  21(95%) 0.50

ONS 17 (77%) 20 (91%) 0.38
Sensory blockade

LFCN' 20 (91%) 20(91%) 1.00
Primary outcome

FN+ON+LFCN 16 (73%) 18 (82%)  0.69

Motor blockade was defined as a decrease in post-block
muscle force compared to baseline. Sensory blockade was
defined as a reduced/ absent sensation for cold or pain.

* US; ultrasound

T MRI; magnetic resonance imaging

T FN; femoral nerve

§ ON; obturator nerve

Il LFCN; lateral femoral cutaneous nerve
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Appendix 2. Baseline and post-block muscle force during knee extension, hip adduction, hip extension, and knee flexion for

ultrasound/MRI fusion vs. ultrasound guided Shamrock lumbar plexus block. Values are presented as median (IQR [range])

and mean (SD).

US*/MRI* Us p
n=22 n=22

Knee extension (FN¥)
Pre-block muscle force; N 360.0 (261.0-408.0 [134.0-510.0]) 358.5 (297.0-404.0 [182.0-590.0])
Post-block muscle force; N 149.0 (79.0-301.0 [0.0-501.0]) 136.0 (0.0-270.0 [0.0-325.0]) 0.21
Difference -150.4 (131.0) -202.8 (122.3)
p value < 0.001 < 0.001

Hip adduction (ON9)
Pre-block muscle force; N 180.0 (140.0-206.0 [102.0-325.0) 188.5 (149.0—-206.0 [103.0-330.0)
Post-block muscle force; N 74.5 (0.0-171.0 [0.0-286.0]) 74.5 (0.0-132.0 [0.0-211.0]) 0.53

Difference
p value

-84.9 (84.1)
<0.001

-108.1 (64.2)
<0.001

* US; ultrasound

T MRI; magnetic resonance imaging

1 FN; femoral nerve
§ ON; obturator nerve
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Appendix 3. Number of subjects with sensory blockade of cold, warmth, touch and pain in the dermatomes Th8 to S3 and of

the lateral femoral cutaneous nerve after ultrasound/MR fusion (n=22) vs. ultrasound guided Shamrock lumbar plexus block

(n=22). Values are presented as number (proportion).

Cold Warmth Touch Pain
US*/MRI* uUs p US/MRI us p US/MRI uUs p US/MRI uUs p
Th8 0 (0%) 0 (0%) 1.00 0 (0%) 1 (5%) 1.00 0 (0%) 1 (5%) 1.00 0 (0%) 1 (5%) 1.00
Th9 0 (0%) 0 (0%) 1.00 0 (0%) 1 (5%) 1.00 0 (0%) 0 (0%) 1.00 0 (0%) 0 (0%) 1.00
Th10 0 (0%) 0 (0%) 1.00 1 (5%) 0 (5%) 1.00 1 (5%) 0 (5%) 1.00 0 (0%) 0 (0%) 1.00
Th11 0 (0%) 1 (5%) 1.00 0 (0%) 1 (5%) 1.00 0 (0%) 0 (0%) 1.00 0 (0%) 0 (0%) 1.00
Th12 4 (18%) 3 (14%) 1.00 3(14%) 3 (14%) 1.00 3(14%) 5(23%) 0.63 3 (14%) 5 (23%) 0.73
L1 5 (23%) 12 (55%) 0.119 12 (55%) 10 (45%) 0.73 8 (36%) 10 (45%) 0.69 9 (41%) 1 (50%) 0.73
L2 17 (77%) 9 (86%) 0.69 16 (73%) 21(95%) 0.125 14 (64%) 16 (73%) 0.75 15 (68%) 16 (86%) 0.29
L3 12 (55%) 6 (73%) 0.39 13 (59%) 16 (73%) 0.55 10 (45%) 12 (55%) 0.77 12 (55%) 14 (64%) 0.77
L4 12 (55%) 6 (73%) 0.39 14 (64%) 18 (82%) 0.29 10 (45%) 14 (65%) 0.42 10 (45%) 11 (50%) 1.00
L5 5 (23%) 2 (55%) 0.0923 7 (32%) 1 (50%) 0.34 0 (0%) 0 (0%) 1.00 0 (0%) 2 (9%) 0.50
S1 18 (82%) 8 (82%) 1.00 13 (59%) 15 (68%) 0.69 3 (14%) 1 (5%) 0.63 7 (832%) 4 (18%) 0.45
S2 2 (9%) (18%) 0.62 3 (14%) 7 (32%) 0.34 3(14%) 4 (18%) 1.00 2 (9%) 2 (9%) 1.00
S3 2 (9%) 3 (14%) 1.00 3 (14%) 7 (32%) 0.29 3(14%) 5(23%) 0.69 2 (9%) 6 (27%) 0.22
LFCN* 19 (86%) 18 (82%) 1.00 17 (77%) 21 (95%) 0.22 16 (73%) 19 (86%) 0.38 16 (73%) 19 (86%) 0.38

Sensory blockade was defined as decreased/absent sensation.

* US; ultrasound

T MRI; magnetic resonance imaging
T LFCN; lateral femoral cutaneous nerve
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Appendix 4 Procedure-associated outcomes of ultrasound/MRI fusion vs. ultrasound guided Shamrock lumbar plexus block.

Values are displayed as mean (SD), median (IQR [range]), and number (proportion) subjects.

US*/MRI* Us p
(n=22) (n=22)
Preparation time; s 868 (661-947 [506-1634]) 471 (369-631 [165-1090]) < 0.001
Block procedure time; s 438 (272-567 [164-903]) 396 (296-524 [197-1044]) 0.42
Lumbar plexus ultrasonographically visualized 20 (91%) 20 (91%) 1.00
Minimal nerve stimulation; mA 0.26 (0.24-0.28 [0.22-0.28])  0.28 (0.26-0.28 [0.22-0.40]) 0.012
Response on nerve stimulation 0.160
Quadriceps femoris 13 (59%) 16 (73%) 0.45
Adductor 9 (41%) 5 (23%) 0.73
Other motor 0 (0%) 0 (0%) 1.00
Paresthesia 0 (0%) 1 (5%) 1.00
None 0 (0%) 0 (0%) 1.00
Number of needle insertions 4.0 (2.0-5.0[1.0-8.0]) 4.5 (3.0-7.0[1.0-18.0]) 0.25
Needle insertion point from midline; cm 5.0 (4.0-6.0 [3.0-10.0]) 5.0 (4.0-5.0 [3.0-9.0]) 0.42
Needle depth; cm 8.0 (7.0-8.0 [6.0-9.0]) 8.0 (8.0-8.0 [5.5-10.0)]) 0.0445
Procedural discomfort; NRS units* 4 (3-7 [1-8]) 4 (3-7 [1-8]) 0.56
AMAP; mmHg® -3 (-8-2 [-21-23]) -4 (-6-2 [-22-6]) 0.53

* US; ultrasound

T MRI; magnetic resonance imaging

* NRS, numeric rating scale

¥ AMAP, change in mean arterial pressure from baseline to 5 min after completed intervention
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Appendix 5. Number of subjects with spread of lidocaine-adrenaline added MRI contrast

to the anterior rami of L1-S1, the femoral, obturator, and lateral femoral cutaneous nerves

and the lumbosacral trunk after ultrasound/MRI fusion vs. ultrasound guided Shamrock

lumbar plexus block. Values are displayed as number (proportion).

US’/MRI*

uUs p
(n=22) (n=22)
Anterior ramus of spinal nerve L1 0 (0%) 0 (0%) 1.00
Anterior ramus of spinal nerve L2 19 (86%) 1 (95%) 0.63
Anterior ramus of spinal nerve L3 7 (77%) 18 (82%) 1.00
Anterior ramus of spinal nerve L4 10 (45%) 9 (41%) 1.00
Anterior ramus of spinal nerve L5 1 (5%) 1 (5%) 1.00
Anterior ramus of spinal nerve S1 0 (0%) 0 (0%) 1.00
Femoral nerve 15 (68%) 14 (64%) 1.00
Obturator nerve 14 (64%) 15 (68%) 1.00
Lateral femoral cutaneous nerve 16 (73%) 15 (68%) 1.00
Lumbosacral trunk 2 (9%) 0 (2%) 0.50

* US; ultrasound
T MRI; magnetic resonance imaging
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Figures and Captures

B

PERCUNAV

Fig. 1. Initial co-registration and alignment of the real-time ultrasound and the previously
sampled magnetic resonance imaging (MRI) dataset. A) The subject is positioned supine
and the ultrasound probe with the mounted sensor (blue arrow) is aligned in the axial
plane on the abdomen. B) The monitor displays the matched ultrasound and MR images
as overlay (), separate (Il and Ill), and as a 3D projection of the MRI dataset illustrating
the position and orientation of the ultrasound probe and image plane (V). Any
misalignment of the common iliac arteries (red asterisks), inferior vena cava (turquoise
asterisk), and/or the anterior border of the vertebral body (VB) was adjusted by using the

system built-in functions of rotation and shifting.
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Fig. 2. Real-time ultrasound/magnetic resonance imaging (MRI) fusion guided Shamrock
lumbar plexus block. A) The subject is placed in the lateral decubitus position, the
ultrasound probe in the flank, and the block needle with mounted sensor (blue arrow) on
the grip is inserted and advanced in-plane. B) The fused MRI and real-time ultrasound is
displayed side-by-side. The needle (projected as the blue line) is inserted until the needle
tip is visualised in the intra-psoas subcompartment between the anterior and posterior
lamina of the psoas major muscle (PMM). Asterisks (yellow), anterior ramus of spinal
nerve L4 and a branch hereof to the femoral nerve; Circle (green), anticipated intersection
between the needle tip and the image plane; ESM, erector spina muscle; QLM, quadratus

lumborum muscle; VB L4, vertebral body of L4.
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Assessed for eligibility (n=22)

Randomized (n=22)

ey

Allocated to US/MRI guided Shamrock (n=11)
+ Received allocated intervention (n=11)
¢ Did not receive allocated intervention (n=0)

Allocated to US guided Shamrock (n=11)
+ Received allocated intervention (n=11)
¢ Did not receive allocated intervention {n=0)

Discontinued intervention {n=0)
Analysed (n=11)

¢ Primary outcome (n=11)

+ Secondary outcomes {n=11)

Discontinued intervention (n=0)
Analysed (n=11)

¢ Primary outcome (n=11)

+ Secondary outcomes {n=11)

Allocated to US/MRI guided Shamrock (n=11)
¢ Received allocated intervention {n=11)
+ Did not receive allocated intervention (n=0)

Allocated to US guided Shamrock (n=11)
¢ Received allocated intervention {n=11)
+ Did not receive allocated intervention {n=0)

Discontinued intervention {n=0)
Analysed (n=11)

¢ Primary outcome (n=11}

¢ Secondary outcomes {n=11)

Discontinued intervention (n=0)
Analysed (n=11)

¢ Primary outcome (n=11)

+ Secondary outcomes {n=11)

Fig. 3. Modified CONSORT 2010 flow diagram of the study subjects. MRI, magnetic

resonance imaging; US, ultrasound.
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Fig. 4. Magnetic resonance (MR) image visualizing the spread of local anaesthetic added
MRI contrast agent in one subject. A) Sagittal plane (orange line on B and C). B) Axial
plane (purple line on A and C). C) Frontal plane (blue line on A and B). The injectate is
visualized as the very bright and bright areas (magenta arrows) in the intra-psoas
subcompartment, i.e. between the anterior and posterior (red arrow) lamina of the psoas
major muscle (red asterisks), but not in the retro- psoas subcompartment, i.e. posterior to
the psoas major muscle, or in the para-psoas subcompartment, i.e. medial to the iliopsoas
compartment and the psoas major muscle caudal to the transverse process of vertebral

body L5 (VB L5).
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Anterior

Fig. 5. Magnetic resonance (MR) image in the axial plane caudal to the transverse
process of vertebra L5. There is no spread of local anaesthetic added MRI contrast in the
retro-psoas subcompartment (RPSC) posterior to the psoas major muscle (red asterisk)
where the femoral and lateral femoral cutaneous nerves (turquoise arrow) emerge at the

lateral margin of the psoas major muscle. S, sacral ala; VB L5, vertebral
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Methodological Study I

Results of the study of displacement of the anterior rami of spinal nerves L3 and L4 on MRI of 25
healthy volunteers in the supine and in the lateral decubitus position. The MRI datasets (3D T2-TSE
sequences with an isotropic resolution of 1.2x1.2x1.2 mm’ [overlapping 2.3 mm slices with 1.2 mm
spacing], TE 60 ms, and TR 1,200 ms) were sampled twice in the coronal plane from vertebral body
of L1 to S4 with the volunteers in the supine and in the lateral decubitus position, respectively,
using a 1.5T Philips Ingenia MRI scanner (Koninklijke Philips Electronics N.V., Eindhoven,
Netherlands) The corresponding datasets for each volunteer were co-registered (OsiriX v.6.5.2. 64
bit; Pixmeo SARL, 266 Rue de Bernex, CH1233 Bernex, Switzerland) using the axial planes
through the transverse process of vertebrae L4 and L5, respectively. Two blinded observers
(J.M.C.S. and N.D.N.) recorded the x- and y-coordinates of the anterior rami of spinal nerves L3
and L4) in both registration-planes (transverse processes of vertebrae L4 and L5) in both datasets
(supine and lateral decubitus). Displacement of a nerve was calculated as the distance (mm)

between the nerve in the supine position compared to the same nerve in the lateral decubitus

position.
Registration plane
TP* L4 TP L5
Displacement of L3; mm’ 1.0 (0.6-1.4) 3.2(1.6-4.2)
Displacement of L4; mm?* 4.1 (2.9) 1.8 (0.9-2.0)

Values are presented as median (IQR) or mean (SD).
* TP; transverse process

+ Anterior ramus of spinal nerve L3

I Anterior ramus of spinal nerve L4

We concluded from the results that the anterior rami of spinal nerves L3 and L4 were only
marginally displaced due to the position change. We assessed that we could use supine MRI for
fusion with real-time ultrasound in the lateral decubitus position, that we could adjust for any

misalignment, and that any remaining inaccuracy was within the inherent registration error.






Methodological Study II

Results of the laboratory study on physical compatibility between relevant volumes of 2% lidocaine

hydrochloride with 0.0005% adrenaline (Lidokain-adrenalin SAD; Amgros I/S, Copenhagen,

Denmark) and 27.9% gadoterate meglumine (Dotarem®; Guerbet, Roissy CdG Cedex France)

(Mixture 1 to 4) and between 2% lidocaine hydrochloride with 0.0005% adrenaline and 27.9%

gadoterate meglumine (Dotarem®) diluted in isotonic saline (Mixture 5 to 8).

Blanding 1

Drug 1
Lidokain-
adrenalin
20mg/mL-5pg/ml
20 ml

SAD
Anvendt volum:
20 ml

Blanding 2

Drug 1
Lidokain-
adrenalin
20mg/mL-5ug/ml
20 ml

SAD
Anvendt volum:
20 ml

Blanding 3

Drug 1
Lidokain-
adrenalin
20mg/mL-5ug/ml
20 ml

SAD
Anvendt volum:
20 ml

Drug 2
Dotarem inj.
279,3 mg/mL

Guerbet

Anvendt volum:

0,10 ml

Drug 2
Dotarem inj.
279,3 mg/mL

Guerbet

Anvendt volum:

0,15 ml

Drug 2
Dotarem inj.
279,3 mg/mL

Guerbet

Anvendt volum:

0,20 mi

Status

Kompatible

Status

Kompatible

Status

Kompatible

Information

Fysisk kompatible.

visuel udfeeldning, farve sendring, gas
udvikling er ikke konstateret.

- Ikke signifikant a&endring for sub-visible
partikler ift. veerdier fra blandings
komponenter. Overholder acceptgraense
for

Particulate contamination : sub-visible
particles; Ph. Eur. 2.9.19; metode 1, test
18

pH vaerdien er uaendret ift. pH vaerdi for
Lidokain/adrenalin 20 mg/ml-5 pg/ml

opbevaring:Rum temperatur < 25 °C og
beskyttes mod direkte sollys.

Information

Fysisk kompatible.

visuel udfaeldning, farve andring, gas
udvikling er ikke konstateret.

- Ikke signifikant a&2ndring for sub-visible
partikler ift. vaerdier fra blandings
komponenter. Overholder acceptgraense
for

Particulate contamination : sub-visible
particles; Ph. Eur. 2.9.19; metode 1; test
1B

pH veerdien er uaendret ift. pH veerdi for
Lidokairvadrenalin 20 mg/ml-5 pg/mi

opbevaring:Rum temperatur < 25 °C og
beskyttes mod direkte sollys.

Information

Fysisk kompatible.

visuel udfeeldning, farve aendring, gas
udvikling er ikke konstateret.

- Ikke signifikant andring for sub-visible
partikler ift. vaerdier fra blandings
komponenter. Overholder acceptgraense
for

Particulate contamination : sub-visible
particles; Ph. Eur. 2.9.19; metode 1, test
18

pH veerdien er uaendret ifht. pH vaerdi for
Lidokairvadrenalin 20 mg/ml-5 pg/ml

opbevaring:Rum temperatur < 25 °C og
beskyttes mod direkte sollys.

Test Parameters
Reference: Bilag 1 og 2

undersegelsesperiod:
2 timer.

Method:

- Visual observation
~-Sub-visible Partikler
- pH maling.

Container:Glas type 1, haetteglas

Test Parameters
Reference: Bilag 1 og 2

undersegelsesperiod:
2 timer.

Method:

- Visual observation
-Sub-visible Partikler
- pH maling.

Test Parameters
Reference: Bilag 1 og 2

undersegelsesperiod:
2 timer.

Method:

- Visual observation
-Sub-visible Partikler
- pH maling.

Container:Glas type 1, haetteglas



Blanding 4

Drug 1
Lidokain-
adrenalin
20mg/mL-5pg/ml
20 ml

SAD
Anvendt volum:
20 ml

Blanding 5

Drug 1
Lidokain-
adrenalin
20mg/mL-5ug/ml
20 ml

SAD
Anvendt volumen:
20 ml

Blanding 6

Drug 1
Lidokain-
adrenalin
20mg/mL-5ug/ml
20 ml

SAD
Anvendt volumen:
20 mi

Blanding 7

Drug 1
Lidokain-
adrenalin
20mg/mL-5pg/ml
20 ml

SAD
Anvendt volumen:
20 ml

Drug 2
Dotarem inj.
279,3 mg/mL

Guerbet
Anvendt volum:

1,5 ml

Drug 2
Dotarem
oplesning.
279,83 mg/mL i
Isotonosk
natriumklorid 9
mg/ml

(blanding forhold
1. mi10 ml)

Anvendt volum:
1mi

Drug 2
Dotarem inj.
279,3 mg/mL i
Isotonosk
natriumklorid 9
mg/ml

(blanding forhold
1,5 mi/10 mi)

Anvendt volum:

1ml

Drug 2
Dotarem inj.
279,3 mg/mL i
Isotonosk
natriumklorid 9
mg/ml

(blanding forhold
2 mi/10 ml)

Anvendt volum:
1 mi

Status

Kompatible

Status

Kompatible

Status

Kompatible

Status

Kompatible

Information

Fysisk kompatible.

visuel udfaeldning, farve andring, gas
udvikling er ikke konstateret.

- Ikke signifikant aendring for sub-visible
partikler ift. vaerdier fra blandings

komponenter. Overholder acceptgraense
for

Particulate contamination : sub-visible
particles; Ph. Eur. 2.9.19; metode 1; test
1B

pH veerdien er steget fra 4.4 til 4.5, hvilket
der forventes pH stigning, da Dotarem har
en pH veerdi pa 7.1

opbevaring:Rum temperatur < 25 °C og
beskyttes mod direkte sollys.

Information

Fysisk kompatible.

visuel udfeeldning, farve aendring, gas
udvikling er ikke konstateret.

- Ikke signifikant aendring for sub-visible
partikler ift. vaerdier fra blandings
komponenter. Overholder acceptgraense
for

Particulate contamination : sub-visible
particles; Ph. Eur. 2.9.19; metode 1, test
1B

pH veerdien er uaendret ift. pH vaerdi for
Lidokairvadrenalin 20 mg/ml-5 pg/ml

opbevaring: Rum temperatur < 25 C og
beskyttes mod direkte sollys.

Information

Fysisk kompatible.

visuel udfaeldning, farve andring, gas
udvikling er ikke konstateret.

- Ikke signifikant 2ndring for sub-visible
partikler ift. veerdier fra blandings
komponenter. Overholder acceptgraense
for

Particulate contamination : sub-visible
particles; Ph. Eur. 2.9.19; metode 1; test
1B

pH veerdien er uaendret ift. pH veerdi for
Lidokain/adrenalin 20 mg/ml-5 pg/ml

opbevaring: Rum temperatur < 25 °C og
beskyttes mod direkte sollys.

Information

Fysisk kompatible.

visuel udfaeldning, farve andring, gas
udvikling er ikke konstateret.

- Ikke signifikant a&ndring for sub-visible
partikler ift. vaerdier fra blandings
komponenter. Overholder acceptgraense
for

Particulate contamination : sub-visible
particles; Ph. Eur. 2.9.19; metode 1, test
1B

pH veerdien er uaendret ift. pH vaerdi for
Lidokain/adrenalin 20 mg/ml-5 pg/ml

opbevaring: Rum temperatur < 25 °C og
beskyttes mod direkte sollys.

Test Parameters
Reference: Bilag 1 og 2

undersegelsesperiod:
2 timer.

Method:

- Visual observation
-Sub-visible Partikler
- pH maling.

Container:Glas type 1, haetteglas

Test Parameters
Reference: Bilag 1 og 3

undersegelsesperiod:
2 timer.

Method:

- Visual observation

- Sub-visible Partikler
- pH maling.

Container:Glas type 1, heetteglas

Test Parameters
Reference: Bilag 1 og 3

undersggelsesperiode:
2 timer.

Method:

- Visual observation

- Sub-visible Partikler
- pH maling.

Container:Glas type 1, haetteglas

Test Parameters
Reference: Bilag 1 og 3

undersegelsesperiod:
2 timer.

Method:

- Visual observation
-Sub-visible Partikler
- pH maling.

Container:Glas type 1, haetteglas



Blanding 8

Drug 1 Drug 2 Status Information Test Parameters
Lidokain- Dotarem inj. o Fysisk kompatible. Reference: Bilag 1 og 3
adrenalin 279,3 mg/mL i visuel udfeeldning, farve zendring, gas
20mg/mL-5pg/ml  Isotonosk Kompatible udvikling er ikke konstateret. undersegelsesperiod:
20 ml natriumklorid 9 - Ikke signifikant aendring for sub-visible 2 timer.

mg/ml partikler ift. vaerdier fra
SAD (blanding forhold blandingskomponenter. Overholder Method:
Anvendt volum: 10 ml/10 ml) acceptgraense for - Visual observation
20 ml Particulate contamination : sub-visible -Sub-visible Partikler

particles; Ph. Eur. 2.9.19; metode 1; test - pH méling.

Anvendt volum: 1B

1 ml Container:Glas type 1, haetteglas

pH veerdien er steget fra 4.4 til 4.7, hvilket
der forventes pH stigning, da Dotarem har
en pH vaerdi pa 7.1 og Natriumklorid pa
57

opbevaring: Rum temperatur < 25 °C og
beskyttes mod direkte sollys.

The tests were in accordance with the European Pharmacopeia for physical compatibility and were

approved by Youssef Nejatbakhsh, MSc (pharm).

We concluded from the study that 2% lidocaine-adrenaline and diluted Dotarem® was physically
compatible in the concentration ratio relevant for studies I to III, in concentration ratios with 10%
lower and higher concentration of Dotarem®, respectively, as well as in concentrations ratios with
ten times higher concentration of Dotarem®. Considering the results together with any available
data on solutions of local anaesthetics with gadolinium based contrast agents as well as the very
small volume (0.13 ml) of Dotarem® required to visualise 20 ml of 20 ml of 2% lidocaine-
adrenaline, we assessed that the risk of toxic effects and harm associated with the injection in

studies I to III was negligible.
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