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The measurement of blood perfusion and oxygen saturation (sO2) is crucial to monitor tissue health. Most
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The maximum effect of epinephrine in a local anesthetic was found after around 2 min. This is in line with clinical
experience and many other studies, although the results differ to some. Additionally, it was found that a buffered
local anesthetic caused less pain on injection compared to non-buffered anesthetics, and had a duration of up
to 5 h, making it a suitable choice for surgery up to this length.

In conclusion, spectral information and spectral unmixing can be used to identify different chromophores and to
monitor sO2 and perfusion in human skin. HSI and PAI have the capacity to produce spatially resolved images
in surface and depth, giving a more comprehensive approach for monitoring tissue viability. Full effect of
epinephrine in a local anesthetic was found to be approximately 2 min. Further research is needed to explore
this topic more extensively and to better understand the effects of epinephrine in local anesthetics.
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Abstract

The measurement of blood perfusion and oxygen saturation (sO) is crucial to
monitor tissue health. Most imaging techniques are currently based on one-point
measurements, providing limited information on the surrounding tissue. There is a
need of developing new techniques that are easy to use and provide a more
comprehensive view of the biological processes. The overall aim of this dissertation
was to investigate novel bioimaging techniques including diffuse reflectance
spectroscopy (DRS), hyperspectral imaging (HSI), and photoacoustic imaging
(PAI) for monitoring the response of hypoperfusion, including sO., in human skin.
Spectral unmixing was evaluated as an analysis method for the spectral information
obtained with the bioimaging techniques. An additional aim was to investigate the
effect of local anesthesia containing epinephrine by determining the time to
maximum effect of epinephrine, and by comparing the effects of a buffered local
anesthetic to those of a non-buffered local anesthetic.

Hypoperfusion was obtained by a subcutaneous injection of a local anesthetic
containing epinephrine in the forearm or eyelid skin, or by vascular occlusion in a
finger. Spectral information obtained from DRS, HSI or PAI was used to monitor
sO, and perfusion. Laser speckle contrast imaging (LSCI) was used as a reference
method for monitoring blood perfusion in the eyelid skin.

Extended-wavelength diffuse reflectance spectroscopy (EW-DRS) could identify
the decrease in oxyhemoglobin (HbO;) after injection with lidocaine containing
epinephrine. Additionally, EW-DRS identified spectral changes likely due to
molecular changes in the tissue.

By creating two dimensional (2D) maps of sO, and other chromophores, HSI was
used to monitor the effect of a local anesthetic containing epinephrine in the human
eyelid and forearm skin. LSCI showed a distinct decrease in perfusion in the eyelid
skin after the injection of the local anesthetic containing epinephrine, while HSI
showed less reduction in sOs.

Depth-resolved mapping with PAI was used to identify the different skin layers in
the forearm skin. Additionally, HbO,, deoxyhemoglobin (HbR), melanin and fat
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could be identified in the various skin layers and the different skin layers were found
to react differently concerning HbO» during vascular occlusion.

The maximum effect of epinephrine in a local anesthetic was found after around
2 min. This is in line with clinical experience and many other studies, although the
results differ to some. Additionally, it was found that a buffered local anesthetic
caused less pain on injection compared to non-buffered anesthetics, and had a
duration of up to 5 h, making it a suitable choice for surgery up to this length.

In conclusion, spectral information and spectral unmixing can be used to identify
different chromophores and to monitor sO, and perfusion in human skin. HSI and
PAI have the capacity to produce spatially resolved images in surface and depth,
giving a more comprehensive approach for monitoring tissue viability. Full effect
of epinephrine in a local anesthetic was found to be approximately 2 min. Further
research is needed to explore this topic more extensively and to better understand
the effects of epinephrine in local anesthetics.
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Introduction

The measurement of blood perfusion and oxygen saturation (sO-) is important for
monitoring tissue health. In the past, monitoring techniques have been invasive or
relied on single-point measurements, offering limited information about the
surrounding tissue. There is a need to develop better non-invasive techniques with
spatial resolution for monitoring tissue and detecting disease in a comprehensive
manner. The studies presented in this dissertation have focused on studying sO; in
models of hypoperfusion in human skin using novel bioimaging techniques. The
two models of hypoperfusion include injection with a local anesthetic containing
epinephrine and vascular occlusion of a finger.

Skin anatomy and microcirculation

A better understanding of the anatomy and microcirculation of the skin is needed if
we are to understand the effects of hypoperfusion, such as that in response to a local
anesthetic containing epinephrine or local vasoconstriction.

Skin anatomy

The epidermis is the most superficial layer of the skin, covering nearly the entire
body surface, with the primary function of protecting the underlying organs. Its
thickness varies greatly depending on anatomical site, for example 50 pm on the
eyelids, 75 um on the volar forearm to almost 1 mm on the soles of the feet [1]. The
underlying dermis, which is 2 to 5 mm thick, consists of collagen and elastic fibers
embedded in a mucopolysaccharide matrix. Dermal thickness varies depending on
the part of the body and the thickest reticular dermis (> 4 mm) is found on the back
[2]. Within the dermis, fibroblasts produce connective tissue components, mast cells
control immune and inflammatory responses, and melanocytes are responsible for
skin pigmentation. The density of melanocytes varies between people, and the
different parts of the body. The dermis also contains networks of blood and
lymphatic vessels [3]. The hypodermis, also known as the subcutaneous layer, is
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located beneath the dermis. It primarily consists of fat and connective tissue,
providing insulation and protection of the underlying muscles and organs [4].

Sensory fiber receptors, found in the dermis, transmit information regarding pain
(c-fibers), vibration, pressure, and temperature [5]. The many classes of sensory
fibers have different diameters and firing rates. For example, pain fibers are more
sensitive than those registering pressure and proprioception. These fibers are the
reason why a patient can feel a sense of pressure despite complete anesthesia of pain
fibers [6]. The lips, tongue, and tips of the fingers are the most sensitive areas of the
body [7].

Microcirculation of the skin

Small blood vessels that cannot be seen by the naked eye, including small arteries
(with diameters < 150 um), arterioles, capillaries, and venules, are responsible for
microcirculation in the skin [8]. Arterioles mainly regulate blood flow and tissue
perfusion, while oxygen and nutritional exchange is performed in the capillaries.
[9]. Capillaries are extremely narrow, ensuring that erythrocytes flow close to both
the vessel wall and the cells of the target organ, facilitating efficient oxygen and
nutrient exchange. A typical capillary has a diameter of 4-10 pm. The architecture
of the capillary network varies between tissues; for example, in the skin, which has
low metabolic activity, the capillary density ranges 16-55/mm?. In contrast, muscles,
with their high metabolic demands, have a much higher capillary density of 1000-
2000/mm? [10].

The microcirculation has several important functions, such as regulating skin
homeostasis, controlling the transfer of molecules and cells between the blood and
the tissue, regulating blood flow, thermoregulation of the skin, and managing
inflammatory responses. Spontaneous contractions and vasodilation of the
microvascular bed, known as vasomotion, cause fluctuations in blood flow
approximately 4 times per min [11]. The circulation can thus be adjusted and
directed to specific organs depending on needs, such as the stomach and intestines
after a meal. Vascular resistance, and thus blood flow, are influenced by nerve
signals, local chemical mediators such as histamine and nitric oxide, and local
oxygen levels [12]. Smooth muscle cells in the arterioles enable changes in
perfusion. While normal blood flow is typically around 0.25 L/min, it can reach up
to 8 L/min during intense exercise, ensuring oxygen delivery to the muscles and
aiding in body temperature regulation [13].

The microcirculation in human skin is organized in two plexuses parallel to the skin
surface. The superficial vascular plexus, located in the papillary dermis, consists of
small arterioles and venules with perpendicular capillary loops extending toward the
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surface, supporting skin nutrition [14]. The deep vascular plexus is found deeper
down in the dermal-hypodermal interface and consists of larger-caliber vessels
stemming from the underlying muscle and adipose tissue. These vessels form
ascending arterioles and descending venules, connecting to the superficial plexus
[15]. Ascending arterioles are spaced randomly, but approximately every 1.5 mm,
branching to form microvascular networks around sweat glands and hair follicles
(Figure 1).

Epidermis { e

\ | Superficial dermal
Al vascular plexus
g

Deep dermal
vascular plexus

Dermis

R N
Hypodermis {é“( 2

s

Sweat gland

Capillary loops Hair follicle

Figure 1. Skin anatomy.

The image shows the epidermis, dermis, and hypodermis. The microcirculation is organized with a
superficial dermal plexus with perpendicular capillary loops ascending towards the surface and deep
dermal vascular plexuses. Sweat glands and hair follicles are found in the dermis. (lllustration by Emilia
Johansson)

Eyelid anatomy and vascularization

The eyelid is an important and unique structure that protects the eye and helps
maintain its moisture. It is composed of two main structural layers known as the
outer and inner lamellae. The outer lamella is the anterior portion of the eyelid and
consists primarily of skin and muscle while the inner lamella is the posterior portion,
made up of the tarsal plate and conjunctiva [16]. The eyelid skin is different from
that of the rest of the body in that it lacks a distinct hypodermis [17]. However, the
absence of a hypodermis in the eyelid allows for a thinner and more flexible
structure able to move smoothly over the surface of the eye.

The eyelid is also a particularly well perfused region with several blood supplies.
The internal carotid artery branches into the ophthalmic artery, which supplies blood
to the eyelids. The external carotid artery contributes to the blood supply of the
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eyelids through its branches: the infraorbital, facial, and superficial arteries. These
arteries form branches and anastomoses, creating arcades such as the marginal and
peripheral arcades in the upper eyelid, and the lower palpebral arcade in the lower
eyelid [16] (Figure 2).

Supratrochlear artery Supraorbital artery

| Superior peripheral arcade
Dorsal nasal artery \ X

\ Superficial temporal artery
~ \

Frontal artery
Superior marginal arcade

Medial palpebral artery

\ T e Lateral palpebral artery
Angular artery = d [
\

Facial artery | Inferior arcade

Infraorbital artery

Figure 2. Eyelid vascularization.
The image shows the rich vascularization of the eyelid with several arcades. (lllustration by Emilia
Johansson)

The importance of mapping perfusion and oxygenation

Perfusion and sO, are important variables in assessing tissue viability, organ
function, and overall patient well-being. Monitoring sO, provides important
information about oxygen delivery to tissues, ensuring cellular metabolism and
function. Measuring sO; aids in diagnosing and managing a wide range of systemic
medical conditions, such as cardiovascular diseases, respiratory disorders, sepsis,
and shock. Thus, the evaluation of sO, and perfusion are also important when
assessing local conditions where there is a risk of hypoperfusion and ischemia.
Local monitoring can be helpful in many surgical and medical conditions, for
example in reconstructive flap surgery, skin burns, diabetic foot ulcers, and systemic
inflammatory conditions such as Raynaud’s phenomenon.
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Bioimaging techniques for reconstructive surgery

Surgical techniques were established many decades ago, long before modern blood
monitoring techniques were introduced. Understanding how blood perfusion and
sO, change during and after reconstructive surgery is crucial for predicting the
viability of grafts and flaps, preventing ischemia and thus promoting tissue survival.
Hypoxia, resulting from inadequate oxygen supply, can lead to tissue necrosis and
graft failure.

Reconstructive procedures that have been in use for over a century have relied on
clinical observations, such as assessing the color, turgor, smell, temperature, and
capillary refill time, to guide the clinician in the assessment of tissue viability.
However, the evaluation of tissue status by observation is highly subjective, and
requires long clinical experience [18, 19].

Techniques for perfusion monitoring have recently been developed to provide more
objective measures than traditional clinical examination. For example near-infrared
spectroscopy (NIRS) has been found to recognize a postoperatively threatened flap
before clinical findings can be identified [18]. NIRS has also been shown to be able
to distinguish the source of vascular thrombosis [20].

Several studies have been conducted on tissue perfusion in reconstructive
oculoplastic surgery. Imaging techniques such as laser speckle contrast imaging
(LSCI) and hyperspectral imaging (HSI) have been investigated and found to
provide detailed information on perfusion and sO; in flaps and grafts [21-24]. The
results of these previous studies have, for example, shown that a tarsoconjunctival
flap is not perfused as expected in Hughes procedure [25], and that free composite
grafts could be used instead [21, 26, 27]. Modern bioimaging techniques facilitate
the systematic evaluation of surgical procedures' impact on sO and perfusion [8],
enabling refinement of current methods and the development of new surgical
methods.

Bioimaging techniques for other medical conditions

Imaging techniques can be helpful in monitoring surgical procedures but can also play
a crucial role in the assessment and management of medical conditions, for example
skin burns [28]. Early clinical evaluation of burn depth and area is important for the
planning of treatment. It is difficult, even for experienced clinicians, to assess burn
depth during the first few days following injury. Biopsy is considered the gold
standard for diagnosis of burn depth, but multiple biopsies are commonly required in
larger burns with varying burn depth at different sites [29]. Imaging techniques can
assist in the assessment of burn depth and in monitoring the progress of healing.
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Various techniques such as laser Doppler imaging (LDI), NIRS, and capillary
microscopy have been used to aid in the assessment of skin burns [30]. LDI has been
shown to be useful in evaluating healing potential and blood flow in burn wounds,
but the technique is not in routine use at most burn centers. In contrast to LDI, LSCI
can measure perfusion instantly [31].

LDI and LSCI measure perfusion, but many other factors, such as microvascular
structure and sO,, are important to give a comprehensive view of skin burns. Recent
attempts using novel non-invasive imaging techniques with spatial resolution have
shown interesting results. For example, Wang et al. used optical coherence
tomography (OCT) angiography, providing the possibility of three dimensional
(3D) visualization of the microvascular structure [32].

Diabetic foot ulcers represent another condition where imaging can play a vital role
in the management and decision making. As a common and serious complication of
diabetes, these ulcers can lead to infection, gangrene, and even amputation if not
properly managed. Diabetic foot ulcers are associated with neuropathy and
peripheral arterial disease, thus vascular supply and sO; of the tissue are important
factors to consider. In clinic, diabetic ulcers are assessed by visual inspection,
Doppler arterial waveforms, together with measurement of the blood pressure in the
feet [33]. Computed tomography angiography can assess vascular supply but
implies ionizing radiation and there is thus need of further developing non-invasive
monitoring methods that are easy to use [33].

OCT offers high-resolution images of tissue microstructure, enabling a detailed
evaluation of both the skin and underlying tissues. The technique can also detect
microvascular abnormalities in patients with diabetes [34]. However, the main
limitation of OCT is the imaging depth, allowing only superficial measurements.

Using wavelengths in the infrared region, NIRS enables a slightly deeper
penetration into tissue. NIRS has been shown to monitor wounds by differentiating
healing from non-healing in diabetic ulcers [35, 36].

Imaging techniques have potential benefits in the diagnostics and management of skin
burns, diabetic foot ulcers and many other conditions. Different techniques have
strengths and limitations, and perhaps using several techniques simultaneously could
provide a comprehensive evaluation and improved patient outcomes in the future.
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Bioimaging techniques

History of techniques for measuring perfusion and oxygenation

Traditionally, surgeons have assessed the viability of tissue using subjective signs,
which requires experience and has a risk of interindividual variation [19]. A range
of techniques, including the use of pharmacological agents, fluorescent dyes,
radioactive isotopes, pH monitoring, hydrogen gas clearance, micro dialysis and
temperature monitoring, have been tested to more objectively assess perfusion [37].
Unfortunately, these techniques are invasive, unreliable, or inconvenient, and are
therefore not suitable for use in the clinical setting.

Spectroscopy

Spectroscopy is the study of how light interacts with matter. Spectroscopic methods
have many applications in research, industry, and environmental monitoring,
including fields such as chemistry, biology, physics, and materials science, and are
common in medicine in both clinical and research applications. These methods use
information on the structural and compositional properties of tissue to measure
medically relevant factors such as blood perfusion and sO, [38, 39].

Initially, spectroscopy focused on the study of visible light. However, through the
work of James Clerk Maxwell in the late 1800s, spectroscopy was expanded to
include the entire electromagnetic spectrum, categorized by frequency or
wavelength [40]. The electromagnetic spectrum is divided into bands, each named
according to the type of electromagnetic waves they contain. These bands, listed
from low to high frequency, include radio waves, microwaves, infrared, visible
light, ultraviolet, X-rays, and gamma rays.

Established bioimaging techniques

Pulse oximetry

Pulse oximetry is the most commonly used spectroscopic method for measuring sO»
in the clinical setting. The technique is based on comparing the transmittance of
light of two different wavelengths in the near-infrared spectral range (660 and
940 nm). As oxyhemoglobin (HbO,) and deoxyhemoglobin (HbR) absorb light
differently, the amount of blood present will determine how much light is
transmitted at the two different wavelengths. Light that is not absorbed is scattered
back from the tissue and measured, allowing the analysis of tissue oxygenation [41,
42]. Although pulse oximetry is convenient to use in everyday practice, it only
provides an average measure of sO, in a specific volume, and lacks the spatial
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resolution required to identify heterogeneous tissue oxygenation. Furthermore,
since light-skinned people are generally overrepresented in calibration studies, there
is an increased risk of health conditions being unrecognized in people with darker
skins [43, 44]. To address the problem associated with the variability of melanin in
patients, recently developed spectroscopic techniques can be used, such as diffuse
reflectance spectroscopy (DRS) and HSI [45, 46]. Further, as spectroscopy often
involves only two single wavelengths, there is need for other multi-wavelength
techniques to make use of the full potential of the spectrum that can be obtained.

Other modern bioimaging techniques

There are several laser-based techniques available for clinical bioimaging such as
laser Doppler velocimetry, LDI and LSCI. However, although LSCI has been used
clinically in surgical interventions, a drawback of all laser-based methods is the
sensitivity to movement artefacts [47].

Other more modern imaging techniques, such as diffuse optical tomography, and
blood-oxygen-level-dependent contrast imaging provide more information on the
anatomy of the tissue, but also have limitations concerning spatial resolution, depth
of imaging, and contrast [48, 49]. The equipment required is generally large, and
located in separate premises and is therefore not available in many clinical
situations, for example, during surgery.

The techniques available for non-invasive monitoring of the viability of tissue are
currently limited and often restricted to single-point measurements. There is thus
considerable potential for improving perfusion and sO, measurement methods and
for developing novel bioimaging techniques for monitoring tissue viability.

Novel non-invasive bioimaging techniques

In the studies presented in this dissertation, several novel techniques that are safe,
reproducible, and non-invasive, have been used to monitor the biological response
to hypoperfusion. The aim is to develop techniques that can overcome the
drawbacks of single-point measurements and instead enable two dimensional (2D)
or 3D imaging of tissue.

Laser speckle contrast imaging

LSCI is a well-studied and clinically accepted method for measuring perfusion with
spatial resolution. In the present work, LSCI was used as a reference method to
compare more novel imaging techniques such as HSI.
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LSCI was initially developed to measure retinal blood flow in the 1980s [50], and
has since been used to monitor glaucoma, retinopathy, and macular degeneration
[47,51]. In 1993, Yamamoto et al. introduced a visual blood flow meter, employing
a dynamic laser speckle effect [52]. LSCI has recently been used to evaluate the
status of systemic sclerosis by measuring blood flow in Raynaud’s phenomenon
[53], for measuring cerebral blood flow during neurosurgery [54, 55], and as a
method of monitoring perfusion during oculoplastic reconstructive surgery [22, 56,
57]. LSCI has been used to study skin burns and has shown that increased perfusion
is correlated with faster healing in the first week following injury [58]. Diabetic
ulcers have been studied with LSCI and significant differences between non-
1schemic, ischemic and critical-ischemic diabetic ulcers could be seen. This shows
the potential for future prediction of wound healing which could aid in choosing the
best treatment for the patient [59]. As LSCI measures motion, the main drawback is
its sensitivity to motion artefacts [47].

Diffuse reflectance spectroscopy

DRS is a spectroscopic technique in which the tissue is illuminated with light, and
the diffuse reflected light is collected after interaction with the tissue. DRS offers
more spectral information than earlier techniques as it includes more wavelengths.
DRS has previously been used to evaluate tissue vitality by measuring the HbO,
[60], the total hemoglobin (HbT) [61], and tissue hydration [62]. A wavelength
range in the visible part of the spectrum, from 500 nm to 650 nm, is commonly used
in DRS [63]. An extended range of wavelengths has been used in several studies,
providing a more comprehensive picture of the molecular composition of tissue,
allowing the identification of tumors and peripheral nerves, for example [64-66].
DRS is a non-invasive technique that can provide comprehensive information on
the illuminated tissue. The drawbacks of DRS are its limited measurement depth
and the small sampling volume, as DRS only measures at one point.

Hyperspectral imaging

HSI is a spectroscopic technique that provides mapping of the surface, overcoming
the spatial limitation of DRS. HSI is a non-invasive, non-ionizing, contact-free
technique that uses a white incandescent light source (broad spectrum). The tissue
is illuminated, after which the reflected light is processed to create a map of
reflectance spectra. HSI uses continuous ranges of wavelengths in contrast to
multispectral imaging which uses more than three chosen wavelength bands [67].
HSI has not yet been implemented in clinical practice but has shown promising
results in providing spatial maps of oxygen saturation. HSI has been used, for
example, for monitoring sO; in skin flaps [68], in the lower limbs of patients with
peripheral vascular disease [69], as well as assessing diabetic foot ulcers [70-72], as

23



well as monitoring the effect of epinephrine in local anesthetics in human skin [73].
HSI has also been applied to skin burns and has been shown to be a useful tool with
the ability to distinguish burn depth [74] in the near-infrared wavelength region [75].

HSI is a promising technique, providing a 2D overview of a region over time. The
drawbacks are the need of knowing what chromophores are to be analyzed and the
limited measuring depth [36, 72]. Although commercial devices are available with
preprogrammed analysis, they are not yet evaluated for clinical routine.

Photoacoustic imaging

Photoacoustic imaging (PAI) is a novel imaging technique combining the
advantages of optical and ultrasound imaging. The laser penetrates deeper into the
tissue creating images of the tissue in depth and can also make use of the longer
wavelengths when analyzing sO,. Light is absorbed by the illuminated tissue,
creating a thermoelastic response that causes acoustic waves that are detected by an
ultrasound transducer, creating an photoacoustic image [76]. PAI can be used to
provide functional information about chromophores in tissue with high spatial
resolution. PAI has so far mostly been used in animal studies and has shown
potential in imaging burn depth with a cross-sectional view [77], but also clinical
applications have been studied. For example, PAI has been used to image the
vasculature in human feet, providing a more detailed image of the smaller
vasculature than that obtained with traditional duplex ultrasonography [78]. PAI
was recently used to study synovial oxygenation in patients with rheumatoid
arthritis and in detecting hypoxia in the thickened synovium, associated with less
local vascularization and greater disease activity [79].

PAI has a deeper penetration than for example DRS and HSI and can provide depth
resolved images (Figure 3). The technique is easy to use, but for reasons of laser
safety there is a need for eye protection during measurements.
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Figure 3. Schematic overview of novel bioimaging techniques used in this dissertation, regarding
imaging modality and depth.

Images showing a presumable photon path through tissue (yellow). Diffuse reflectance spectroscopy
(DRS) is a contact based method with single point illumination. Hyperspectral imaging (HSI) uses more
incident photons at different distances from the detector leading to a larger probed volume. DRS and
HSI measure at a depth, however they do not provide depth resolution. Photoacoustic imaging (PAI)
uses laser light that when absorbed in the tissue will create a thermoelastic response, forming sound
waves that can be recorded by the ultrasound probe. The probed depth is deeper with PAI, but more
importantly PAI can create a depth resolved image. (lllustration by Aboma Merdasa)

Calculation of sO;

The absorption characteristics of hemoglobin, the primary carrier of oxygen in the
blood, are closely related to the oxygenation status of the issue. Hemoglobin has
two primary states, HbO, and HbR, which exhibit distinct optical absorption spectra,
particularly in the wavelength region of 550-600 nm, as well as in the near-infrared
region where light can penetrate deep into biological tissue [80]. The difference in
absorption is used to calculate the distribution of HbO, and HbR within tissues. The
ratio between HbO, and HbT represents the percentage of hemoglobin that is bound
with oxygen in the blood or tissue (sO>), providing a measure of how well oxygen
is being transported and used in the tissue.

Spectral unmixing

Spectral unmixing is used to extract the individual spectral signatures, or
components, present in a mixed spectrum. When illuminating tissue with light, each
type of tissue generates a distinct reflected spectrum based on the specific types and
quantities of molecules present. Different chromophores absorb incoming light in
varying degrees, while the size and density of the molecules influence light
scattering. This combination of absorption and scattering creates a unique spectral
signature or “optical fingerprint” for each type of tissue examined. In spectroscopy,
the optical fingerprint can be used to reveal which type of tissue or chromophores
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are present. Spectral unmixing can be seen as a way of decoding the optical
fingerprint. Separating a mixed spectra into the individual components, enables
identification of the specific compounds (endmembers) that contribute to the overall
signal. In human tissue, some of the spectral signatures are known, for example,
those of HbO,, HbR, melanin, fat and water.

Local anesthesia and epinephrine

The ability of surgeons to perform outpatient surgery is largely dependent on the
use of local anesthesia, which has the benefits of simple administration, fast onset,
and avoidance of postoperative observation. Adequate anesthesia is of great
importance to both surgeons and patients, and factors such as pain on injection, time
to onset, and the duration of anesthesia are important to consider [5].

History of local anesthesia

In 1884, an Austrian ophthalmologist Carl Koller, at the suggestion of his friend
Sigmund Freud, demonstrated cocaine’s local anesthetic effect when applied to the
eye. This historical event led to the first ocular surgery performed under local
anesthesia, and the spread of cocaine as a local anesthetic drug [81].

In the late 19™ and early 20" centuries, safer and more effective synthetic anesthetics
were developed. In 1943, a Swedish chemist, Nils Lofgren, synthesized lidocaine
[81], which was introduced onto the market in 1948 by the company Astra AB,
under the brand name Xylocaine [82].

Mechanism and properties of local anesthetics

Local anesthetics reversibly block the action potentials in nerve conduction [83].
The main mechanism of lidocaine is the blockage of the voltage-gated Na+ channels
in the cell membranes of sensory and vasomotor nerves [84]. Local anesthetics alone
can also have peripheral vascular effects; at low concentrations they induce
vasoconstriction, while at higher concentrations they cause vasodilation. However,
the vasodilatory effects differs between anesthetics depending on factors such as
vascular blood flow, concentration and time after injection [83].

Epinephrine in local anesthetics

Epinephrine is often added to local anesthetics to induce vasoconstriction, which
reduces bleeding and systemic side effects, as well as prolonging the effect of
anesthesia [85]. Local anesthesia with epinephrine is generally considered safe, and
has few clinically relevant hemodynamic consequences in patients, even in those
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with cardiovascular disease [86-88]. The benefits of adding a vasoconstrictor have
also been considered to outweigh potential disadvantages or risks in patients, for
example, better effect of the anesthetic and lower endogenous sympathetic tone [88,
89].

During surgery it is important to wait before commencing surgery until
vasoconstriction has occurred to reduce perioperative bleeding. The time to onset of
anesthesia using lidocaine alone has been well studied [90], and is known to be
=2 min. The duration of anesthesia is known to be 1 h to 2 h, and the maximum
dose of lidocaine alone is 5 mg/kg. Adding epinephrine leads to a faster onset of
anesthesia (<2 min), a longer duration, of 2 h to 6 h, and the maximum dose of
7 mg/kg [91].

Although epinephrine is widely used in local anesthetics, there is no clear consensus
on the time at which the vasoconstrictive effect has full effect after injection.
Surgeons usually wait several minutes for epinephrine to act before commencing
surgery, and the optimal delay often stated in textbooks is 7 to 10 min [92]. In a
recent review, Bajwa et al. summarized the results of research on the time to
vasoconstriction after the administration of local anesthetics with epinephrine [90].
Studies concerning surgical observation of blood loss described stable
hypoperfusion after 7 min in the eyelid, and after around 30 min in the upper limb
[93, 94]. Results from the non-invasive imaging studies examining perfusion after
the injection of a local anesthetic containing epinephrine showed a pooled mean of
5.6 minutes. However, there was great variability across studies, with times ranging
from 0.5 to 30 min, perhaps due to differences in imaging techniques and injection
sites [90]. Novel bioimaging techniques described in this dissertation have been
used to further study the latency of epinephrine in local anesthetics, to address this
knowledge gap.

Buffering local anesthetics

Solutions of local anesthetics are made acidic to improve their solubility and extend
their shelf life. The pH of these solutions is usually between 5.0 and 7.0, which
allows them to last 3-4 years. Adjusting the pH closer to the dissociation value (pKa)
of the local anesthetic (7.9 for lidocaine) can lead to instability in the uncharged
base form. This can cause chemical reactions such as aldehyde formation and
photodegradation [95]. Adjusting the pH of local anesthetics, for example by
buffering, not only changes the properties of the solution, but can also affect the
pain perceived by the patient on injection and infiltration [95].

When epinephrine is added as an adjuvant to local anesthetics, the mixture becomes
even more acidic compared to the subcutaneous tissue. Lidocaine with epinephrine
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(pH=6) is 1000 times more acidic than lidocaine alone [96]. Infiltration causes pain,
some which may be attributed to the acidity of the anesthetic solution [95].
Buffering the solution is known to reduce the pain on infiltration [96].

Sodium bicarbonate is frequently used to buffer local anesthetics. The addition of
bicarbonate increases the pH of the acidic solution closer to the pKa. However, local
anesthetics containing high concentrations, of for example lidocaine and
epinephrine (>10 mg/ml lidocaine + >10 pg/ml epinephrine), cannot be buffered
due to a risk of precipitation [96]. It is therefore not possible to buffer the common
combination of high-concentration lidocaine and epinephrine, which is known to
provide maximum anesthetic and vasoconstrictive effects [97]. It is a common belief
among surgeons that preparations with low concentrations of lidocaine and
epinephrine (10 mg/ml lidocaine + 5 pg/ml epinephrine) do not have the same
anesthetic effect and duration as preparations with higher concentrations (e.g.
20 mg/ml lidocaine + 12.5 ug/ml epinephrine). The type of surgery, the duration of
the procedure, and the risk of bleeding affect the choice of local anesthetic, and
surgeons therefore feel that they must choose between more highly concentrated
local anesthetics and a weaker buffered one. This has led to a tendency for buffered
local anesthetics to be used for short, simple operations, and non-buffered
preparations for longer, more complicated operations. However, no systematic
studies have been carried out to investigate the properties of weaker buffered local
anesthetics vs. stronger non-buffered local anesthetics.
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A1ims

The overall aim of this work was to investigate three novel bioimaging techniques
including DRS, HSI, and PAI for monitoring hypoperfusion, in human skin. The
specific aims were as follows.

To investigate the techniques regarding:
e how spectral information can be used to monitor sO, and perfusion,

e how the techniques can be used to map sO, with spatial resolution over the
surface and at depth, and

e the evaluation of spectral unmixing for the analysis of sO,.
To investigate the effect of local anesthesia with epinephrine:
e by determining the time to maximum effect of epinephrine, and

e by comparing the effects of a buffered local anesthetic to those of a non-
buffered local anesthetic.
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Thesis at a glance

Table 1. An overview of the aims and methodologies of the studies included in the thesis.

Study

Specific study aims Method

Site

Subjects (n)

\

To measure perfusion in tissue upon EW-DRS
injection of a local anestetic with

epinephrine

To assess hypoperfusion and sO, in  HSI + LSCI
response to a local anestetic with

epinephrine

To evaluate DRS and HSI for HSI + DRS
studying changes in sO; after

injection with a local anesthetic with

epinephrine

To monitor sO, in the skin after PAl + DRS
injection of a local anesthetic with

epinephrine

To monitor sO, during finger PAIl + DRS
ischemia post vascular occlusion

To compare pain on injection and Pain assessment,
the onset and duration of buffered tweezer pinch
and non-buffered local anesthetics

Forearm

Eyelid

Forearm

Forearm

Finger

Forearm

Volunteers (9)

Patients (9)

Volunteers (12)

Volunteers (7)

Volunteers (8)

Volunteers (12)
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Methods

In Studies I-V different combinations of non-invasive bioimaging techniques were
used to investigate tissue response to the injection of lidocaine (20 mg/ml) +
epinephrine (12.5 pg/ml) in human skin, or during finger occlusion. Different
analysis methods were used to monitor and calculate the response to epinephrine
and occlusion in terms of perfusion and sO», and other contributing factors such as
melanin, water and fat.

Laser speckle contrast imaging

The principle of laser speckle contrast imaging

LSCI uses near infrared (785 nm) laser beam to create a speckle pattern to measure
perfusion in tissue. When the incoming coherent light scatters from the irregular
tissue surface, discrepancies arise between the surface and the image plane. The
differences in reflection of light will interfere, either constructively or destructively,
as seen in Figure 4. The interference of reflected light will then create varying
speckle pattern, highly sensitive to motion within the tissue, such as blood flow.

Laser speckle contrast imaging equipment

In Study II, blood perfusion was monitored after an injection of a lidocaine
(20 mg/ml) + epinephrine (12.5 pg/ml) in the eyelid skin (n=9), using a moorFLP-
2 blood flow imager (Moor Instruments Ltd, Devon, UK). The recording rate is up
to 100 fps at full field, and the highest achievable spatial resolution at maximum
zoom is 3.9 um per pixel. The perfusion is integrated over 1 sec to optimize the
signal-to-noise ratio.

The LSCI speckle patterns were automatically analyzed, and the software of the
system calculated the blood perfusion. The results were presented in arbitrary
perfusion units. Blood perfusion was calculated as the percentage of the perfusion
in the eyelid immediately before injection of the anesthetic. Data from each patient
were extracted as a spatial average over a region covering the injected tissue with
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sufficient margin in each time frame. The perfusion curve was then normalized to
the initial value to allow comparisons to other measurements.

The LSCI equipment used in Study II is CE marked and uses a class 1 laser, which
means that it has a low energy output and penetrates only the superficial tissue. It
has been approved for use around the eye and does not require eye protection [98].
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Figure 4. LSCI equipment and method.

The laser speckle device with the illuminating infrared laser (785 nm) and an example of how the
backscattered light interferes either constructively (A) or destructively (B). This analysis is done pixel by
pixel and ultimately generates a speckle pattern below, reflecting the perfusion. (Left illustration by
Josefine Bunke)

Diffuse reflectance spectroscopy

The principle of diffuse reflectance spectroscopy

DRS is an optical technique used to analyze the properties of biological tissues by
measuring the diffuse reflectance of light for a large range of wavelengths. Light
entering biological tissue is reflected, scattered and absorbed in a complicated way
as it propagates into the tissue. Biological tissues have a heterogeneous composition,
reflected by variations in their optical properties, and reflected light can therefore
be analyzed to provide information on the composition of the tissue [99].

A probe consisting of a central light source and a surrounding ring of detection fibers
is used to illuminate and detect light. The depth of the measurements depends on
several factors, including the wavelength of the light and the source-detector
separation. As a result, DRS can be designed to make measurements at specific,
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approximate depths [100]. Three different DRS devices were used is this work, and
are described below.

Extended-wavelength diffuse reflectance spectroscopy

In Study I, a custom-built extended-wavelength diffuse reflectance spectroscopy
(EW-DRS) device was used. This technique is based on the overlapping wavelength
range of two spectrometers to normalize and combine the two spectra to form one
continuous spectrum from 450 to 1550 nm. A portable spectroscopic system that
includes a tungsten halogen light source, a contact fiber optic probe (HL-2000-HP;
Ocean Optics, Dunedin, FL, USA), and two miniature spectrometers was used to
obtain diffuse reflectance spectral signatures. The two spectrometers used in the
study resolved light in the visible wavelength range of 350 nm to 1100 nm
(QE65000-VIS-NIR; Ocean Optics) and in the near-infrared region of 900 nm to
1700 nm (NIRQuest512; Ocean Optics). The probe used in Study I had a trifurcated
fiber bundle with a diameter of 10 mm and a source-detector separation of 2.5 mm
(Figure 5).

_,
Probe holder

Central light source

Figure 5. EW-DRS probe.

Photograph of the EW-DRS probe showing the probe holder, the central light source and the ring of
detection fibers. The distance between the light source and detection fibers is one of the factors
affecting the measurement depth of the device.

Dawson’s erythema index

Dawson's erythema index was used in Study I to monitor the effect of a
subcutaneous injection of lidocaine (20 mg/ml) + epinephrine (12.5 pg/ml) in the
forearm skin (n=9). Dawson’s erythema index was used as a clinical measure to
assess the erythema in the skin by accounting the optical properties and also
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correcting for melanin. For each spectral measurement E was calculated using the
formula as follows Eq (1):

E =100[r + 1.5(q +s5) — 2.0(p + t)] (1)

where p, g, r, s and t are logarithm values to base 10 of the logarithm values of the
inverse of reflectance of chosen wavelengths (510, 543, 560, 576 and 610 nm) [101].

The commercial diffuse reflectance spectroscope

In Studies IV and V, a commercial DRS system (moorVMS-OXY) was used in
combination with PAI to monitor the tissue response of lidocaine (20 mg/ml) +
epinephrine (12.5 pg/ml) in forearm skin (n=7) and of finger occlusion (n=8).

Photons in the spectral range of 500-650 nm were directed into the tissue via an
optical fiber in an excitation probe placed on the skin surface. The light scattered
from the skin was collected by another optical fiber placed 1 mm laterally from the
excitation probe and detected with a photodiode. The wavelength and separation
between the light source and the detector govern the depth of the measurements;
greater separation resulting in a greater depth [24]. The DRS system measures a
signal integrated over a depth of =1 mm into the tissue and operates at a frequency
of 1 kHz. Since the signal is an average over the entire volume that is investigated,
no vertical spatial information can be obtained from the measurements. The
commercial DRS instrument automatically calculates sO, in percent, and gives
HbO,, HbR, and HbT in arbitrary units.

Vascular occlusion

In Study V, vascular occlusion was used to induce hypoxia in the fingers of healthy
volunteers. A finger cuff was applied and inflated to a pressure exceeding
200 mmHg using a sphygmomanometer (DS-6501-300, Welch Allyn, IL, US)
(Figure 6). Measurements were taken with moorVMS-OXY and PAI before, during,
and after occlusion, which lasted for 11 min.
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DRS probe

Figure 6. Commercial DRS (moorVMS-OXY).
Image of the DRS probe on a fingertip and, in this case, with a finger cuff used for vascular occlusion of
the finger in Study V.

Custom-built diffuse reflectance spectroscope

A custom-built diffuse reflectance spectroscope, based on the Ocean Insight (QE
Pro) spectrometer was used to record absorption spectra from the injection site in
Study III. A halogen lamp (HL-2000-FHSA, Ocean Insight Inc.) was connected to
the output fibers of a reflectance probe (custom-made, Fiberguide Industries Inc.,
Caldwell, USA) and the return signal was fed into the spectrometer, which acquired
spectra at 20 Hz. Light was directed into the tissue via the output fibers around the
circumference of the probe, which was placed in contact with the skin surface. The
light scattered from the skin was collected by the fiber in the center of the probe and
detected by the spectrometer in the spectral range between 400 and 1000 nm. The
probe used has a radius of 5 mm and a source-detector separation of 5 mm, resulting
in a detection volume on the order of a few mm into the tissue, which primarily
probes the superficial dermis.

Hyperspectral imaging

The principle of hyperspectral imaging

HSI is a technique that combines spectroscopy and imaging, providing a spatially
resolved map of the tissue. By acquiring 2D images over a large range of
wavelengths (600 nm to 1000 nm), HSI has considerable potential to analyze the
structure and composition of biological tissue [99]. HSI collects spectral
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information at each pixel in a 2D image creating a 3D dataset of spatial and spectral
information, also called a hyperspectral data cube. Outgoing light from the
illuminated tissue provides a spectral fingerprint of the specific chromophores
present in the tissue [99].

As hyperspectral images are captured at many wavelengths, they provide more
detailed spectral information than, for example, standard red-green-blue (RGB)
cameras which collect only three wavelengths (Figure 7). RGB cameras capture
images with spectral information that corresponds to the sensitivity of human vision.
Although this spectral information is not as comprehensive as that obtained with
hyperspectral imaging methods, RGB cameras can still be used to qualitatively
assess changes in tissue perfusion [102]

Hyperspectral

Absorption
.
7/

Spatial (height)
Absorption

Spatial (width) Wavelength

Figure 7. The principle of HSI compared to an RGB camera.

Left: lllustration of the way in which HSI captures images at many wavelengths to obtain a spectrum for
each pixel in the image. Each image represents a specific narrow range of wavelengths in the
electromagnetic spectrum, which is also referred to as a spectral band. These images are then merged
to form a 3D hyperspectral data cube where width and hight are the spatial dimensions, and the third
dimension is the spectral information. Right: A hyperspectral camera captures images across
numerous wavelengths, unlike a RGB camera, which captures images at only three wavelengths. As a
result, an hyperspectral camera can produce much more detailed spectral information compared to an
RGB camera. (lllustration by Aboma Merdasa)

Hyperspectral equipment

In Studies II and III, HSI was used to monitor sO; in response to injection of
lidocaine (20 mg/ml) + epinephrine (12.5 pg/ml) in the forearm skin (n=9 and n=12)
using a customized hyperspectral camera in the HySpex model series (Norsk Elektro
Optikk AS, Oslo, Norway). The camera acquires hyperspectral images using
dispersive methods, which differ from commonly used spectral filtering methods.
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This camera can provide high-resolution maps of sO», by capturing consecutive full
2D images, where each image is filtered to extract a single wavelength (a narrow
line in the 2D image), and each point along that line contains the full spectrum. This
procedure is repeated by scanning the entire tissue, line-by-line, until the whole area
under investigation has been covered.

A halogen lamp was used to illuminate the sample with broad-spectrum white
incoherent light (600-1000 nm). The region of interest was scanned, and spectra
were collected from each point along a single line that was approximately 10 cm
long. Each line generated 640 individual spectra, and the spatial resolution was
150 um.

A “white reference” was used in the hyperspectral measurements. To normalize the
spatial variation of light intensity, a sterile white strip (Tube Holder, 708131,
Molnlycke, Gothenburg, Sweden) was placed in the scanned area, and a separate
reference measurement was made against a standard calibrated Spectralon diffuse
white reference (WS1, Ocean Insight Inc.). In Figure 8 below, the hyperspectral
camera and experimental setup is shown. Linear spectral unmixing (as described
below) was applied to each pixel in the measured spectra to determine sO,. In
Study 111, the effects of injection with lidocaine with epinephrine was compared to
those of an injection with saline.

Hyperspectral
camera

\__éé

Scan direction —— =———»

Figure 8. The hyperspectral camera and experimental setup.

Schematic showing the hyperspectral camera (top left) where the light source illuminates the arm in the
shape of a line across the arm, as shown in the picture below. The hyperspectral camera then scans
across the arm, covering both injection sites, as well as the white reference. The inset shows an
enhanced image of the injection site demonstrating distinct bleaching of the skin.
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Photoacoustic imaging

The principle of photoacoustic imaging

PAIl is a technique that combines laser light and ultrasound, with the ability to create
spatially resolved images at different depths. PAI is based on the fact that sound
scatters less than light. By utilizing the low acoustic scattering in the tissue, deeper
propagation of the acoustic signal can be achieved providing an image at greater
depths [103]. In PAI, pulses of laser light are emitted into the tissue. The
illuminating light with wavelengths in the visible and near infrared region, is
absorbed by the tissue, creating a small increase in temperature. This heat creates a
thermoelastic response generating acoustic waves that can be detected by the
ultrasound transducer (Figure 9). This information can then obtain 3D images with
high resolution of the tissue [104].

Chromophores in tissue, such as HbO,, HbR, melanin, fat and water exhibit specific
absorption spectra. PAI allows relative quantification of these chromophores at
multiple wavelengths [103].

Photoacoustic equipment

PAI was performed in Studies IV and V using a Vevo LAZR-X instrument (Visual
Sonics Inc., Toronto, ON, Canada), which generates a 7 ns pulse of laser light every
50 ms that is guided onto the skin surface via optical fibers. As these photons
penetrate the skin and become absorbed at various depths, depending on the optical
properties of the tissue, a thermoelastic response is generated. The acoustic signal
is measured with an ultrasound transducer operating at a central frequency of
30 MHz with a bandwidth of 20 - 46 MHz, which provides the spatial contrast. The
spectral contrast is obtained by repeating measurements at different excitation
wavelengths between 680 nm and 970 nm, in steps of 10 nm, indirectly relating the
signal to the light absorption, with 30 spectral components at every point on a
vertical cross section. The axial and lateral spatial resolutions are 50 pm and
110 um, respectively.

The absorption of hemoglobin is associated with the oxygenation status of the tissue.
HbO, and HbR exhibit specific absorption spectra, particularly in the near infrared
region. The absorption spectra obtained with PAI can be analyzed by applying
spectral unmixing (described below), allowing the extraction of molecular
information, including relative concentrations of HbO, and HbR. In Study III, the
value of sO, calculated for each pixel was mapped onto the original ultrasound
image with the same spatial coordinates as the photoacoustic image, to yield a
spatially resolved image of the sO, distribution.
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Figure 9. Schematic setup of the photoacoustic device.

The photoacoustic probe comprises an ultrasound probe with laser fiberoptic bundles on both sides.
When the tissue is irradiated with pulsed laser light, part of the light is absorbed and causes the tissue
to undergoe thermoelastic expansion, which in turn generates acoustic waves detected by the
ultrasound probe. Hence, light absorption can be measured. (lllustration Aboma Merdasa)

Safety aspects

In PAL the laser is of class 4 which can be potentially harmful and must therefore
be used with caution. When using PAI, safety regulations were followed, as
previously described by our research group [105]. Moreover, all doors and windows
were closed and covered, and the subjects wore protective eye shields throughout
the examination. All staff in the examination room wore block-out glasses.

Spectral unmixing

Spectral unmixing is a method used in spectroscopy to analyze the measured
spectral signatures of a tissue into its separate spectral components, known as
endmembers, and their corresponding abundances. A spectrum (obtained from for
example DRS, HSI or PAI) is a mixture of multiple components. The fundamental
assumption behind spectral unmixing is that the total spectrum is a linear or
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nonlinear combination of the spectra of the endmembers. The goal is therefore to
find out how much of each component the total spectrum is composed of.

In DRS, the total spectra were obtained directly in the measurement. The data
preparation process for analysis of HSI or PAI involves either spatially averaging
the intensity over a region of the image, or simply extracting the intensity for a single
pixel, for each spectral component separately. This procedure is repeated for the
same region in each excitation-wavelength-specific image to construct a single
spectrum.

A linear spectral unmixing model as described in detail in Study V was used for
spectral analysis, according to Eq. (2):

M = Z?;l a;s; +w 2)

where M is a vector representing the measured spectrum, « is the linear coefficient
(also called the fractional abundance) for each endmember spectrum, and s is a
matrix containing the endmember spectra representing the absorption spectra of the
tissue constituents assumed to contribute to the measured photoacoustic spectrum,
M. The only constraint on the linear model is that the coefficients must be positive,
which indicates that negative absorption is not a realistic outcome. MATLAB (The
MathWorks Inc.) was used to perform a non-negative least-squares approach to
minimize the fitting discrepancy by varying the fractional abundance, a;, of each
endmember spectrum in s. w is a vector accounting for spectral noise.

In determining the endmember spectra, the primary absorptive components in
human tissue were assumed to be HbO, and HbR, melanin, fat, and water
(Figure 10). The absorption spectra for each of these endmembers were obtained
from a previous report by Jacques et al. [42]. For each specific spectrum, the
fractional abundance (a) of HbO, and HbR was used to calculate sO, according to

Eq. (3).

_ aHbOZ
0, = (aHbO,+aHDbR) ©)
Spectral unmixing of the photoacoustic image is applied to a single spectrum
extracted either on a pixel-by-pixel basis, or after averaging many photoacoustic
spectra over a specific spatial region.
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Figure 10. Specific endmember spectra used in spectral unmixing.

Different choromphores absorb light in different amounts and at different wavelengths creating a
specific absorption spectra. Chromophores including oxyhemoglobin (HbO,), deoxy-hemoglobin (HbR),
melanin, fat and water (H,O) are presented with their typical spectra. Spectral unmixing is used to
extract these known spectra (endmembers) from a mixed spectrum obtained from the monitored tissue.

Pain assessment, and onset and duration of local
anesthetics

The aim of Study VI was to investigate pain on injection, and the onset and duration
of anesthesia using three variations of buffered and non-buffered local anesthetics.
The preparations included were buffered lidocaine (10 mg/ml) + epinephrine
(5 pg/ml), non-buffered lidocaine (20 mg/ml) + epinephrine (12.5 pg/ml), and non-
buffered lidocaine (20 mg/ml). Sodium bicarbonate solution was used as buffer at a
ratio of 1:5 (buffer: local anesthetic). A volume of 0.5 ml of each local anesthetic
preparation was injected subcutaneously into the forearm of healthy volunteers
(Figure 11). The subjects were prepared for the injection but were not allowed to
observe the procedure to avoid potentially heightening their perception of pain.
Injection pain was estimated by the subjects using a numerical rating scale (NRS)
(ranging from 0 to 10 where 0 = no pain and 10 = unbearable pain). The injected
sites were then pinched every 30 seconds at each site until the level of pain was
rated as zero on three consecutive occasions, to determine the onset of anesthesia.
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Pinching was then performed 10 and 20 min after injection, and then every 30 min
until sensation had returned, i.e. the pain was scored as greater than 0 using the NRS.

Figure 11. Experimental setup for assessment of pain, and onset and duration of anesthesia
using different local anesthetics solutions.

Three injections of: buffered lidocaine + epinephrine, non-buffered lidocaine and epinephrine with a
higher concentration, and lidocaine alone, were administered subcutaneously in the forearm skin in a
randomized order. Pain on injection, and the onset and duration of anesthesia were estimated using a
numerical rating scale. (lllustration by Emilia Johansson)

Data analysis and statistics

In Study I, the forearm skin was monitored with EW-DRS. Statistical analysis was
conducted using the Kruskal-Wallis test with Dunn’s post hoc test comparing
Dawson’s erythema index (described above) after injection of a local anesthetic
containing epinephrine and saline. Significance was defined as p<0.05. A one-phase
nonlinear regression analysis (one-phase decay) was used to calculate time to steady
state hypoperfusion. Statistical analysis and calculations were performed using
GraphPad prism 7.0a (GraphPad Software Inc., San Diego, CA, USA). The results
were presented as median values with interquartile range.

In Study II, the eyelid skin was monitored with LSCI and HSI. The LSCI speckle
patterns were analyzed automatically, and the software system calculated the blood
perfusion. The results are presented in arbitrary perfusion units.

To determine sO, from the HSI data, linear spectral unmixing was applied, as
described above, to each pixel in the measured spectra. Calculations and statistical
analysis were performed using MATLAB (The MathWorks Inc. South Natick, MA,
USA). The data from LSCI and HSI were presented using median values and 95 %
confidence intervals.
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In Study 111, the forearm skin was monitored with HSI and DRS. Spectral unmixing
was performed for the DRS and HSI absorption spectra as previously described
above, to determine the relative abundance (contribution) of likely absorbing
chromophores (endmembers) present in the detection volume. Three models of
spectral unmixing were performed:

A. Simple model, consisting of a linear sum of the spectra of HbO,, HbR and
scattering.

B. Full model, consisting of a linear sum of the spectra of HbO,, HbR, melanin,
fat and water, and scattering as endmembers which has been demonstrated
to provide more accurate sO, measurements [23].

C. Baseline corrected full model, utilizing the full model applied to the
baseline spectra acquired before injection to decide the baseline fractional
contribution of fat and melanin. The baseline values were then fixed, and
their contribution subtracted from the measured absorption spectra after
injection while the fractional contribution of HbO,, HbR, and water were
allowed to vary after injection.

The data from HSI and DRS were presented using median values and 95 %
confidence intervals.

In Study IV, the forearm skin was monitored with PAI and DRS (MoorVMS-oxy).
MoorVMS-oxy automatically provided sO, in percent, as well as HbO,, HbR and
HbT in arbitrary units. The analysis of the photoacoustic data was performed using
linear spectral unmixing as described above. Absorption spectra of five endmember
spectra, for HbO,, HbR, melanin, fat, and water were used. The data from DRS and
PAI were presented using median values and 95 % confidence intervals.

In Study V, the finger was monitored with PAI and DRS during vascular occlusion.
Absorption spectra of five endmember spectra, for HbO,, HbR, melanin, fat, and
water were used. A linear spectral unmixing model (described above) was used for
spectral analysis. The data from PAI and DRS were presented using median values
and 95 % confidence intervals.

In Study VI, calculations and statistical analysis were performed using GraphPad
Prism 7.2 (GraphPad Software Inc., San Diego, CA, USA). Statistical analysis was
performed using Friedman’s test with Dunn’s multiple comparison test.
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Ethical considerations

Subjects and authorization

The subjects participating in these studies were healthy volunteers and patients at
the Central Hospital Véxjo, and the Department of Ophthalmology, Skéane
University Hospital, Sweden. The protocols for the studies were approved by the
Ethics Committee at Lund University, Sweden or the Swedish Ethical Review
Authority. The research complied with the principles of the Declaration of Helsinki
as amended in 2013. All the subjects were thoroughly informed about the study, and
the voluntary nature of participation, and gave their informed written consent before
participation. Subjects unable to provide informed consent or lacking the physical
or mental ability to cooperate during the local anesthesia procedure were not
included in the studies.

Overview of the novel bioimaging techniques

Table 2. Overview of novel bioimaging techniques used in this dissertation.

Measured
Technique parameters Light source Advantages Disadvantages
LSCI Perfusion in  Infrared laser Non-contact Sensitive to motion
arbitrary units (785 nm) 2D maps in surface artefacts
Wide imaging region Limited measurement depth
Easy to use Lack of absolute values
DRS Optical White Acquires high resolution  Contact
spectrum incandescent spectra quickly Sensitive to motion
light Simple commercial artefacts
monitoring systems Limited measurement depth
available (e.g. VMS-oxy)
HSI Optical White Non-contact Limited measurement depth
spectrum incandescent 2D maps in surface Need for manual data
light Wide imaging region extraction and processing
PAI Optical Multi 3D maps in depth Contact
spectrum wavelength Need for eye protection
Ijtsrzrsizgd Currently large equipment,

portable with care

Need for manual data
extraction and processing
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Results and Discussion

Monitoring spectral changes with EW-DRS

Decrease in reflectance after epinephrine

EW-DRS showed a clear change in reflectance after a subcutaneous injection of a
local anesthetic containing epinephrine. A decrease in tissue reflectance was seen in
the wavelengths 510-610 nm, a region where HbO; has an especially high absorbance.
According to calculations with Dawson’s erythema index, diffuse reflectance
decreased over time, and reached a stable minimum after 2.6 min, and the lower level
of reflectance was maintained during the rest of the measurements (20 min). A
significant difference in reflectance was seen when comparing the effect of the local
anesthetic containing epinephrine with that of saline (p < 0.0001) (Figure 12).

————— Saline

----- Lido+epi
1001 ~"

Relative Dawson’s index

0 5 10 15 20
Time (minutes)

Figure 12. Effect of injection of a local anesthetic containing epinephrine on Dawson’s erythema
index.

Progression of Dawson’s ertythema index over time after injection with Lidocaine with epinephrine

(20 mg/ml + 12.5 ng) (denoted Lido+epi), and saline (n=8). The response in the forearm skin is
expressed in percent of the baseline value of the skin before the injections, defined as 100 %. The
graph is presented as median values (dashed lines) with interquartile range (shaded regions).
According to a non-linear regression analysis, a stable minimum reflectance after Lido+epi was after
2.6 min.
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Spectral changes as an indicator of tissue response

EW-DRS combines measurements from two spectrometers to obtain a broad
wavelength range (450-1550 nm). When monitoring the full wavelength range a
decrease in general reflectance was observed upon the injection of the local
anesthetic containing epinephrine, suggesting that the broader spectrum can provide
more information on the response of the tissue.

General drawbacks of DRS are the limited measurement depth and the lack of
surface spatial resolution. Measurements can only be made at one point at a time.
Dawson’s erythema index is a validated method of measuring HbO,, including
information from a few wavelengths. The spectrum obtained with EW-DRS
indicated the possibility of further analyzing changes in chromophores in the tissue,
although this was not further explored in Study I. DRS provides a wide spectrum of
wavelengths, and other methods of data analysis, such as spectral unmixing, could
be explored in future studies.

Surface-resolved mapping with HSI

Perfusion after injection of a local anesthetic containing epinephrine

In Study II, LSCI and HSI were used in a complementary way to visualize the effect
of epinephrine in the eyelid skin. A central decrease in perfusion could be seen at
the site of injection with LSCI. According to an exponential fit, half-maximum was
found after 34 s, and the full effect after 115 s, after which no further decrease was
observed. The minimum level of stable perfusion was found to be 35 % of the initial
value. The decrease in perfusion was slower further away from the injection site,
and at 4 mm from the injection site a spatially dependent half-maximum effect was
observed after 231 s.

The measurement depth of LSCI is approximately 1 mm, and thus the observed
hemostatic effect was primarily that of the action of epinephrine on the surface of
the skin. It was thus not possible in the present study to deduce the hemostatic effect
deeper down in the eyelid such as on the orbicularis oculi muscle.

Oxygen saturation in the eyelid after injection of a local anesthetic containing
epinephrine

Measurements were also performed with HSI after the administration of a local
anesthetic containing epinephrine in the eyelid skin. A slight gradual reduction in
sO, was seen over 7 min period (Figure 13) . In this case, an exponential fit yielded
a time to half-maximum effect of 205 s, compared to 34 s when perfusion was
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measured with LSCI. Hypothetically a decrease in perfusion may not affect sO;
instantly, but lead to a delayed reduction over time. Eyelid sO, was only reduced by
11 %, possibly due to the well vascularized nature of the human eyelid.

The patients recruited for Study II were those planned to undergo blepharoplasty.
In all other studies included in this dissertation, the subjects were healthy volunteers
in an attempt to create a homogeneous study group. The group of patients in Study 11
was thus much more heterogeneous, and included smokers and patients taking
medication for diabetes, hypertension, and blood thinners. The study group of
9 patients was relatively small, and the results were thus expressed as median values
and 95 % confidence intervals. On the other hand, the group in Study II represents
real patients undergoing eyelid procedures, as many of these patients are elderly
with comorbidities. Larger groups should be included in future studies to confirm
the results and to allow specific group analysis.

100

80

Figure 13. Representative example of a baseline hyperspectral image and the effect of
epinephrine on oxygen saturation.

(A) Oxygen saturation map (left) and regular image (right) at baseline prior to injection with a local
anesthetic containing epinephrine. (B) Oxygen saturation maps right after injection (left) and after 7 min
(right). Red indicates higher oxygenation and blue lower oxygenation, see bar to the right.

The effect of epinephrine in local anesthetics on oxygen saturation

In the early 20™ century, before new synthetic local anesthetics had been developed,
some cases of ischemic necrosis were observed, and were assumed to depend on
high levels of epinephrine. Therefore, surgeons have been taught that local
anesthetics containing epinephrine should not be injected into organs with end
arteries [106]. Since then there has been much debate on the safety of using
epinephrine in organs such as the ear, nose, penis, and digits [107]. However, many

47



studies have shown that local anesthetics containing epinephrine in digital blocks
have several advantages, including safer usage, longer duration of anesthesia,
reduced anesthetic volume, and minimized bleeding, and the old dogma is nowadays
considered refuted [107-109].

The eyelid is a well-perfused region of the body [110], and is therefore a forgiving
region for reconstructive surgery. The survival of flaps in reconstructive surgery is
dependent on the perfusion and oxygenation of the tissue. In a previous study carried
out on pigs by our research group, a local anesthetic containing epinephrine was
injected in the base of a full thickness eyelid flap (10 mm x 30 mm). It was found
that the perfusion remaining in the flap was 20 % of the original, suggesting that it
is safe to use anesthetics containing epinephrine in eyelid flaps [97]. In Study 11, sO;
was found to be only slightly decreased in the eyelid after the injection of an
anesthetic containing epinephrine, despite a decrease in perfusion. This also
indicates that the use of epinephrine in the eyelid is safe. However, the results must
be confirmed over a longer observational time in future studies.

Depth-resolved mapping with PAI

Identification of endmembers in different skin layers

The ability of PAI to create depth-resolved images of the tissue was evaluated in
Studies IV and V. Five known endmember spectra were included in the analysis,
representing absorption by HbO,, HbR, melanin, fat, and water. The spectral
unmixing of these endmembers showed differences in the molecular composition
between the skin layers. Melanin dominated the absorption in the epidermis, while
a prominent signal from HbO, was detected further down in the superficial dermis,
i.e., in the superficial vascular plexus. A clear signal from HbO, was seen in the
hypodermis where the deep vascular plexus is located (Figure 14).
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Figure 14. Photoacoustic image of the skin in which the different skin layers and endmembers
are identified.

(A). A representative example of a cross-section at a depth in tissue acquired with ultrasound where
the different tissue layers, epidermis, dermis and hypodermis are identified. (B). Results from the
spectral unmixing analysis from the three skin layers, where both the measured spectrum and the total
fit, as well as the individual spectral contribution from each endmember, are shown.

Spatially resolved oxygen saturation in forearm skin

In Study IV, PAI was used to monitor the effect of a local anesthetic with
epinephrine. The anesthetic was injected into the forearm skin, targeting the
superficial vascular plexus. Thereafter, a decrease in HbT in the superficial dermis
was observed with PAI. In addition, the level of HbO, decreased, while the level of
HbR increased, which led to a gradual decrease in sO». This is consistent with what
would be expected after vasoconstriction induced by epinephrine. The
measurements of HbT deeper down in the hypodermis showed a stable signal,
indicating that sO, was unaffected at this depth. This demonstrates the ability of PAI
in monitoring sO, with high spatial resolution. A small number of subjects (n=7)
were included in this study, which could have influenced the results, however, the
clear reduction in HbO; agrees with the expected results.

Melanin as a stable chromophore

While clear changes were seen in HbO; levels in Study IV, the absolute level of
melanin should not change due to injection of a local anesthetic. Melanin was thus
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used to validate the spectral unmixing results. The analysis showed that the amount
of melanin remained stable during the measurements, which also indicates that PAI
is not sensitive to measurement artefacts due to motion or laser fluctuations.

Depth-dependent changes in oxygenation after injection with local anesthetic
containing epinephrine

In study IV, a decrease in sO, was found in the dermis with PAI after the injection
of local anesthetics containing epinephrine in the forearm skin. A single exponential
function of 123 s was fitted to the change in sO,, which indicates that the time to
maximum vasoconstrictive effect is approximately 2 min. When measuring sO, with
DRS an initial decrease was seen during the initial 40 s, followed by an increase
with a time constant of 109 s, similar to the time constant obtained with PAI
(Figure 15). Earlier studies by our group have shown similar results after the
injection of anesthetics containing epinephrine. This could be due to the “window
effect”, described below, where blanching of the skin causes a deeper penetration
of the signal down to the deeper vascular plexus, where perfusion is not affected in
the same way [102].
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Figure 15. Evolution of sO, after injection of an anesthetic with epinephrine measured with PAI
and DRS.

Progression of sO, over time measured with PAl and DRS. The black trace represents sO, in the
hypodermis, while the gray trace represents sO; in the dermis measured by PAI. The green trace
shows sO, measured by DRS. Applying a single exponential fit (dotted lines) to the traces, we obtain
time constants which characterize the rate at which the epinephrine effect takes place. A paradoxical
increase in sO, is seen as measured with DRS, but with a similar time constant to that measured in the
dermis with PAI. This is interpreted as being due to the window effect, as explained above. The data is
presented as median values (solid lines) with 95 % confidence intrervals (shaded areas).
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Depth-resolved oxygenation during vascular occlusion

In study VI, sO, was monitored with DRS (moorVMS-OXY) and in depth with PAI,
during vascular occlusion of a finger. The three skin layers could be delineated with
PAI, and the dominating chromophores in the layers could be identified. Melanin
could be identified in the epidermis, and more HbT, in terms of HbO, and HbR, was
found lower down in the dermis. After occlusion, sO, decreased in all layers except
the epidermis, where there is no vascular supply. The greatest decrease in sO, was
observed in the dermis, where the superficial plexus is situated. However, the
decrease in sO, was greater and faster when measured with DRS than with PAI. The
measurement depth of DRS was =1 mm, which is the location of the superficial
plexus. The mapping of sO» as a function of depth by PAI indicates that oxygenation
is affected differently in the skin layers during vascular occlusion (Figure 16).
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Figure 16. Evolution of sO, during finger occlusion measured with PAI.

(A-C). SO, maps of the tissue to a depth of 5 mm at baseline, occlusion and reperfusion. (D) A time
progression of the depth profile, capturing how sO, changes in time at different depths. (E) Progression
of how sO, changes from baseline, through occlusion of the finger, to reperfusion at different depths
(dotted lines indicated in D).
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Evaluation of spectral unmixing

Spectral unmixing with the simple and complete model

Spectral unmixing has been evaluated in several of the studies included in this
dissertation, and the analytical process has progressed over time. In Study III,
human forearm skin was studied with HSI and a custom-built DRS instrument in
order to further develop the method of analysis. HSI spectra were analyzed using
several spectral unmixing models, for example, a simple model with few
endmembers (HbO, and HbR), and the complete model with many endmembers as
well as a baseline fixed model.

When using the simple model, sO, was found to be underestimated across all
parameters in the baseline measurements. Increasing the number of endmembers in
the full model led to an improved and more evenly distributed fit (Figure 17) and
more importantly results that agree more with what is expected from a physiological
perspective. In the baseline fixed full model, it was assumed that endmembers such
as melanin and fat would be unaffected by the injection of epinephrine, which is
why the contribution from these specific endmembers were fixed to the values
obtained at baseline.

Similar to the results in Study I, the DRS spectra in study III showed spectral
changes (concerning sO,), directly after epinephrine injection that changed
gradually over the measurement period (5 min). After injection of the anesthetic
with epinephrine, an immediate increase in sO to 98.4 % of the baseline was seen,
followed by a decrease to 56.2 % after 5 min. An exponential fit gave a time constant
of 1-1.5 min, indicating how rapidly epinephrine acts in the tissue.
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Figure 17. Heat maps of oxygenation after the injection of an anesthetic containing epinephrine
obtained with HSI.

Heat maps at 0 min (A) and 35 min (B) after injection with local anesthetic containing epinephrine. The
1%t row shows diffusion of water in relation to the injection site during a time period of 35 min. A
comparison of the results depicting the change in sO; (AsO.) when applying the different models in
which the simple model can generate regions where there is no change in sO; after 35 min (2" row).
Applying the full model where also the effect of water is accounted for (3™ row) yields a more even
distribution of AsO, (4" row).

Hyperemic effect of local anesthesia

A hyperemic response has been observed in some studies directly after
administration of a local anesthetic with epinephrine [73, 111]. Lidocaine is known
to cause vasodilation at high concentrations [83], but in Study III a hyperemic effect
was also seen after the injection of the saline, which likely has other explanations.
A chemical response to tissue damage caused by the needle, leading to histamine
release from mast cells, is a well-known phenomenon. To evaluate the chemical
reaction in the tissue in future studies, a reference site could be used where the
needle penetrates the subcutaneous skin without injecting any liquid.

Another hypothesis could be that a presumed vasodilation in fact is a
misinterpretation of sO; due to a changing environment caused by the injection. The
water content of the local anesthetic could be a possible source of error due to the
change in absorption characteristics. In the baseline fixed model in Study III the
hyperemic effect after injection was not seen. Therefore, not taking water in account
during analysis of the spectral changes could lead to overestimation of sO, why a
model including more endmembers could be preferable.
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Monitoring sO; in a changing environment

Irrespective of the imaging technique chosen, analyzing the data and interpreting
the results and their correlation with physiological and pathological processes can
pose a significant challenge. The biological reaction after the injection of
epinephrine is complex, and many different processes will be involved, all of which
vary between individuals. Bickler et al. performed a study using several commercial
cerebral oximeters and found a considerable variation in reading errors between the
meters in subjects with cerebral hypoxia [112]. This could be related to variations
between subjects, and the ratio between arterial and venous blood, which was not
considered in these commercial devices. In order to measure variations in different
regions of a tissue, bioimaging techniques with spatial resolution, and the possibility
to adjust data processing following changes in the environment would be required.

Attempts have been made in several studies to measure the vasoconstrictive effect
of epinephrine in skin, with varying results [73, 111, 113, 114]. Analyzing sO; in a
changing environment can be challenging due to the varying relative abundance of
key chromophores. When adding water, as in the context of a local anesthetic, the
absorption by longer wavelengths will increase, leading to the risk of misimpression
of sO; values if not taking water in to account in the analysis. A calibration-free
method, such as spectral unmixing, including water as an endmember, could
perhaps provide more reliable values.

Spectral coloring

The phenomenon of “spectral coloring” is a known limitation when analyzing
spectra from different depths of tissue, such as in Study IV and V. As light
propagates through tissue, different wavelengths are absorbed to various degrees by
the chromophores in the skin layers. Consequently, fewer wavelengths are detected
deeper in the tissue, and the comparison of the abundance of an endmember can
therefore be misleading. Blood, for example, is one of the strongest absorbers of
light. However, as sO; is calculated as the ratio of HbO, to HbT at a given depth,
the results are less likely to be affected by spectral coloring.

In Study V, spectral coloring was investigated by measuring the spectrum above in
and under an artery. The high sO; level in the artery contrasted with lower sO; levels
in the surrounding tissue. Given that hemoglobin is a strong light absorber, it would
be reasonable to expect that light passing through an artery would significantly
change the spectrum experienced by the underlying tissue layers. However, the sO;
levels remain unchanged at similar depths in a nearby tissue segment without an
artery suggested that spectral coloring had little effect in this case.
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The window effect

A challenge when using one-point measurements (DRS) or measurements with
surface resolution (LSCI, HSI) is that we cannot precisely know what depth is being
measured. In the different skin layers, there is a varying amount of blood present
due to vascular anatomy. An injection with a local anesthetic containing epinephrine
leads to a vasoconstriction and therefore less blood in the superficial skin. When
illuminating this tissue there is a possibility that the incoming light will penetrate to
a different depth, due to reduced absorption by blood in the superficial skin. Deeper
in the skin the deep vascular plexus is found, and is presumably not affected by the
epinephrine at the same extent and can thus indicate a higher perfusion or sO; than
expected. This is referred to as “the window effect” (Figure 18) and has been
suspected in Study IV and in earlier studies by our research group [102]. A
technique with spatial resolution in depth, such as PAI, could help overcome this
potential source of error and risk of misinterpretation in measurements.

Window effect

Epidermis

Dermis

Hypodermis

Figure 18. lllustration of how the window effect affects the penetration of light and the
interpretation of perfusion and sO,.

Left: Skin monitored with DRS, with a measuring depth of =1 mm. Center: Injection of a local anesthetic
with epinephrine. Right: Less blood is present in the region due to vasoconstriction, which leads to a
deeper penetration of the light, in this case targeting the lower dermal plexus which could lead to
misinterpretation of the results.

Time to full effect of epinephrine

Today, physicians use local anesthesia not only in outpatient surgery, but also to
improve analgesia in procedures performed under general anesthesia [91].
Epinephrine is often added to local anesthetics to induce vasoconstriction and
reduce bleeding during surgery. Although local anesthesia has been studied and
used for over a century, many questions remain regarding the optimal waiting time
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before commencing surgery, specifically regarding the vasoconstrictive effect of
epinephrine.

In this dissertation, different ways of studying the effects of local anesthesia with
epinephrine have been discussed. In Studies I-IV, epinephrine reached full effect
after about 2 min, which is in good agreement with clinical experience, especially
in oculoplastic surgery. However, there are still conflicting opinions regarding the
time required to achieve stable vasoconstrictive effects following infiltration of a
local anesthetic with epinephrine. This information is important, since a prolonged
waiting time after administration of a local anesthetic with epinephrine would imply
a need for changed preoperative routines.

Technical challenges, together with biological disparities, imply difficulties in
measuring the effect of epinephrine. In studies measuring intraoperative bleeding,
the time to minimum perfusion in the eyelid was described to be 7 min and in the
upper limb 25 min [93, 111]. Several studies in which different imaging techniques
were used in different anatomical sites have showed considerable variation in the
maximum effect of epinephrine in a local anesthetic (0-30 min) [73, 85, 102, 111,
113, 114]. If the optimal waiting time is longer than a few minutes, a change in most
surgical routines must be considered. There may be many explanations of the
disparities between studies, such as different anatomical sites, the volume and
concentration of anesthetics and the technique used to inject. Furthermore, it is not
always possible to compare the results from studies using different imaging
techniques.

In the studies included in this dissertation show the importance of spatially resolved
imaging when imaging human skin has been exemplified. A surface or depth
resolved image gives further understanding of the anatomical changes in tissue due
to hypoperfusion. Further studies are needed, to further investigate the question and
understand the effect of epinephrine in local anesthetics.

Pain on injection, and the onset and duration of buffered
local anesthetics

Pain on administration of buffered local anesthetics

In Study VI, three different preparations of buffered and non-buffered local
anesthetics were compared concerning pain on injection, and the onset and duration
of anesthesia. Injection with buffered lidocaine with epinephrine (pH ~7.4) was the
least painful, and the subjects assessed the pain to be 1.5 on the NRS. Injection of
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non-buffered lidocaine with epinephrine (pH ~4.2) was significantly more painful
with a NRS score 0f 4.5 (p<0.01). The injection of non-buffered lidocaine (pH ~6.0)
was also more painful than buffered lidocaine with epinephrine with NRS 3.5
(p<0.05). Thus, the results of this study show that pain on injection was significantly
lower when administering buffered lidocaine with epinephrine, than non-buffered
lidocaine with epinephrine with a higher concentration (Figure 19).

Solutions with lower pH levels contribute to increased pain through two distinct
mechanisms. Firstly, the acidity of the solution leads to a burning sensation upon
infiltration into tissues with a more neutral pH. Secondly, at lower pH levels, less
of the anesthetic exists in its active, freely diffusible form, resulting in a prolonged
onset time for anesthesia [95].

A factor that could further affect the results of Study VI is the potential pain

reduction during injection by warming the solution beforehand, which was done for
all the solutions in the study [115].
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Figure 19. Pain on injection with three different local anesthetic solutions determined with a
numerical rating scale (NRS).

Buffered local anesthetic containing epinephrine (Buffered L+E) was the least painful on administration,
with a median of 1.5. This was significantly lower than a non-buffered local anesthetic (Non-buffered
L+E) with higher concentration of lidocaine with epinephrine and a non-buffered solution with lidocaine
alone (Non-buffered L) (*p<0.05).

Onset and duration of buffered local anesthesia

In study VI, the onset of anesthesia was just around 2 min and was similar for the
three preparations. There was no statistically significant difference between the
onset of anesthesia with the three agents, although the results indicate a slight
clinical difference. The duration of anesthesia was much longer with the local
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anesthetics containing epinephrine; 5.6 h (2.3 to 8.8 h) for buffered lidocaine with
epinephrine and 6.6 h (4.3 to 9.8 h) for non-buffered lidocaine with epinephrine
(higher concentration), than for lidocaine alone (1.3 h, range 0.8 to 3.3 h)
(Figure 20). Although it was statistically significant, the difference between the
buffered anesthetic and the non-buffered lidocaine with epinephrine has limited
clinical significance, particularly for surgical procedures lasting less than 5.6 h. The
results indicate that a buffered local anesthetic with lower concentration of lidocaine
and epinephrine is just as effective as lidocaine with epinephrine with a higher
concentration, while causing less pain on injection.
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Figure 20. Onset and duration of buffered and non-buffered local anesthetics.

Onset and duration of anesthesia after administering three local anesthetics in the forearm of healthy
subjects, measured in terms of pain using the numerical rating scale. The time to onset was similar for
the preparations, just under 2 min. The preparation buffered to the physiological pH of the tissue
(Buffered L+E) and the non-buffered preparation (Non-buffered L+E) had long durations, around 6 h,
which differed significantly (p<0.01) compared to lidocaine alone (Non-buffered L).

Clinical practice of buffering local anesthetics

Although local anesthesia is associated with a low rate of complications and has a
well-studied safety profile [116], administration is often feared by patients; in some
cases, even more than the surgical procedure itself. The acidity of the solution and
the injection technique can influence the pain experienced during injection.
Additionally, several factors affect the onset and duration of local anesthesia,
including the drug's binding affinity to Na+ channels, its lipophilicity, the pH of the
tissue, the presence of vasoconstrictors, as well as the concentration, and volume of
the injected drug [83]. Buffered local anesthetics cause less pain during
administration, making them a good choice for pediatric patients, adults with special
needs, and procedures involving sensitive areas such as the face [7]. A higher
concentration of epinephrine may be a better choice during surgical procedures
when bleeding must be minimized, or when the patient is taking anticoagulants.
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Buffered lidocaine is believed to have a short shelf life of only one day, due to falling
concentrations of the active substances at room temperature [117]. Larson et al.
studied the shelf life of a buffered local anesthetic stored in a refrigerator and found
that the concentrations of epinephrine and lidocaine were 99 % and 97 %,
respectively, after two weeks [118]. As buffered preparations have distinct
advantages for patients, storage in a refrigerator may allow their more widespread
use.

Additional studies are required to investigate the effect of local anesthetics in other
parts of the body and the effects deeper in the tissue. It would also be interesting to
investigate the characteristics of other local anesthetics, such as bupivacaine.
Bupivacaine and lidocaine are often used together to take advantage of the more
rapid onset of anesthesia with lidocaine and the longer duration of bupivacaine.
However, when comparing the onset of action of lidocaine with epinephrine,
bupivacaine with epinephrine, and mixtures of these local anesthetics Collins et al.
found no significant difference. Thus, although bupivacaine has a longer duration,
the clinical advantage of this can be discussed depending on the length of the surgery
[91].

In Study VI, no reference area outside the anesthetized area, or negative control was
used (for example, an injection of saline). However, pinching the subjects’ skin
repeatedly over a few hours without local anesthetics was not considered ethically
acceptable.

It would have been interesting to examine all the preparations at different
concentrations, including both buffered and non-buffered solutions. However, the
limited area of the forearm and ethical considerations regarding the number of
injections per subject made it impractical to study all the preparations at different
concentrations. Tweezers were used to pinch the skin to determine the level of pain
by using NRS. However, this method may have some variability and provides no
information on the pain response at deeper levels in the skin. It was therefore not
possible to draw any profound conclusions regarding the onset and duration of
anesthesia in the subcutaneous tissue. Furthermore, no surgical procedure was
performed, which hypothetically could change the properties of the tissue and the
anesthetic effect.
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Conclusions

The conclusions drawn from the studies included in this dissertation are summarized

below.
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DRS has the ability to monitor change in perfusion and sO; in the skin, but
does not provide any spatial resolution.

HSI is able to create a 2D map of the skin with a detailed view of sO.

PAI has the ability to identify the different layers of the skin and produce a
depth-resolved 3D map of sO..

Spectral unmixing can be applied to spectra obtained with any of the
techniques: DRS, HSI and or PAI, to determine the contribution of specific
chromophores in a tissue.

Epinephrine in a local anesthetic reaches maximum effect in the forearm
and eyelid skin in approximately 2 min, as measured by DRS, HSI, and PAL.
A 2 min wait after injection ensures maximum hypoperfusion before eyelid

surgery.

A buffered local anesthetic with low concentrations of lidocaine and
epinephrine provides similar anesthetic effects and duration as an
unbuffered solution with higher concentration, but with less injection pain.
Using a buffered local anesthetic for surgery up to 5 h could be preferable
to reduce patient pain and stress.



Future perspectives

Novel bioimaging techniques are rapidly evolving to meet the growing demand for
more precise and clinically assessable tissue imaging. This dissertation describes
non-invasive imaging techniques for monitoring sO; in a model of hypoperfusion.
DRS, HSI, and PAI have many advantages over historically used techniques as they
all use a broad spectral range allowing a detailed view of tissue viability and the
analysis of changes in chromophores in the tissue. HSI and PAI offer spatially
resolved imaging of both the skin surface and its deeper layers, providing
comprehensive information on the composition of the tissue.

A limitation of the studies described above is the limited number of subjects, and
therefore non-parametric statistical methods were used. Mostly healthy subjects
were included, and due to the small study groups no sub-group analysis was
possible. It would be interesting to study the effect of hypoperfusion in smokers or
subjects with diabetes, especially using PAI to determine whether there are any
differences in vascular response in the various skin levels compared that to healthy
individuals.

Spectral coloring has been discussed as a possible limitation when measuring
spectral changes at depth with PAI. The optical fluence (energy disposition) is not
evenly distributed within the anatomy of the skin, and the absorption of different
chromophores is wavelength-dependent in the different skin layers. However,
spectral coloring was not found to be a problem in Study V when measuring the
spectral changes above and under an artery in the tissue. Despite this, spectral
coloring is an issue that should be investigated in the future.

When monitoring conscious subjects, motion artefacts are inevitable. In some of
these studies, it was necessary to exclude some subjects due to excessive motion
artifacts, which led to data loss. For techniques providing spatial resolution, such as
HSI and PAI, motion correction techniques could enhance image resolution. The
use of machine-learning-based motion correction software could perhaps improve
data quality and represent a promising direction for future technical advancements.

In many of the studies included in this dissertation, two different techniques were
employed on the same subjects. This approach allowed for a more extensive
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evaluation of the results and helped identify the advantages and drawbacks of each
technique. Combining two imaging techniques with different properties could be a
promising approach for advancing clinical methodologies. For example, the
combination of LSCI and HSI, in Study II, offered an appealing method for
simultaneous measurements perfusion and sO,. This integrated approach could be
valuable in for example reconstructive surgery. Monitoring both perfusion and
oxygenation has the potential to enhance surgical outcomes in many procedures,
and may also contribute to the development of new surgical techniques.
Furthermore, being able to image both the surface and depth of a tissue
simultaneously with HSI and PAI, would help us gain a much more detailed
understanding of tissue viability and structure. The combination of techniques could
be useful, for example, in cases of skin burns and in skin tumor diagnostics.

In conclusion, novel bioimaging techniques are still in the early stages of
development, but have great potential for clinical use. Some technical challenges
remain, such as motion artifacts, spectral coloring, and monitoring in a changing
environment. However, once these issues are resolved and clinical implementation
is achieved, we can look forward to advanced monitoring and comprehensive
assessment of tissue.

62



Popularvetenskaplig sammanfattning

I sjukvérden &r det viktigt att kunna méita syresittning och blodflode for att ta reda
pa hur vdvnaden och patienten méar. Att kunna mita den lokala syreséttning i
vévnaden ér extra viktigt vid till exempel rekonstruktiv plastikkirurgi, brénnskador
och sar orsakade av diabetes. Traditionellt sett har man bedomt vdvnaden genom att
kénna och titta pa hudens temperatur och férg, men detta &r grova matt och kréver
stor klinisk erfarenhet. Tidigare har metoder som innehaller till exempel
fluorescerande och radioaktiva &mnen anvénts for att méta blodflode och
syreséttning i vivnad men dessa tekniker dr invasiva och opraktiska i den kliniska
vardagen. Dértill har de flesta tidigare avbildningsteknikerna varit baserade pa
matningar i en punkt, med begrinsad information om den omgivande vivnaden pa
ytan och djupet.

Syftet med denna avhandling var att utforska nya icke-invasiva avbildningstekniker
inkluderande diffus reflektans spektroskopi, hyperspektral avbildning och
fotoakustisk avbildning for att méta syreséttningen i hud vid nedsatt blodfldde.

Tva metoder anvindes for att dstadkomma nedsatt blodfléde 1 huden:

1. Injektion i huden med lokalbedévning som innehéller adrenalin och som
dérmed drar samman kérlen i huden.

2. Strypning av blodflodet i ett finger med en liten blodtrycksmanschett.

Lokalbed6vning syftar till att bedova omradet dér operationen ska ske och med
tilligg av adrenalin kan man &dven fi en blodstillande effekt samtidigt som
bedovningen verkar ldngre i omradet. Trots att adrenalin anvinds flitigt i
lokalbeddvningar finns det motstridiga studier om hur l&ng tid man bor vénta innan
man far full effekt av adrenalinet.

Da lokalbed6vning ar en sur vitska gor det ont nir man injicerar. Man kan genom
att tillsatta bikarbonat (buffring) gora lokalbeddvningen mindre sur och dérmed
minska smaértan vid injektionen. Ett ytterligare syfte med avhandlingen var att
undersdka egenskaper sa som smérta vid injektion, tillslagstid och duration av en
buffrad lokalbedovning jamfort med en icke-buffrad, samt att bestimma tiden till
full effekt av adrenalinet i lokalbedévningen.
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I den fOrsta studien anvéndes diffus reflektans spektroskopi med utokat
vaglingdsspann. Efter en injektion med lokalbedovning med adrenalin i
underarmen kunde vi se en minskning av syresatt blod i omradet. Ytterligare
fordndringar i ett bredare vaglangdsspann kunde identifieras som tecken pa att Aven
andra substanser i vdvnaden fordndrades efter injektionen.

I den andra studien studerades huden pa O&gonlocket efter injektion av
lokalbedévning med adrenalin med hyperspektal avbildning och laser speckle
contrast imaging. Med hjilp av hyperspektral avbildning kunde en karta over
syresdttningen i 6gonlocket skapas och denna visade en liten minskning till 89 % av
ursprungsvérdet. Blodflodet i 6gonlocket minskade didremot mer, till 35 % av
ursprungsvérdet. Att syresittningen endast sjunker lite kan forklaras av att
O0gonomradet r vildigt kérlrikt och att vivnaden ddrmed klarar syreséttningen trots
nedsatt blodfléde. Vi kunde dra slutsatsen att lokalbedovning med adrenalin ar
sékert att anvidnda i 6gonlocket.

I den tredje studien gjordes en utvidgad analys av syreséttningen efter injektion av
lokalbedovning med adrenalin i underarmen. Vi kunde konstatera att det &r svart att
analysera vdvnadens bestandsdelar i en fordnderlig miljo sd som nér man injicerar
lokalbedévning med adrenalin som till exempel innehaller stor midngd vatten. I
denna studie visade det sig vara viktigt att ta med vatten i berdkningarna som gjordes
med hjélp av en metod som kallas ’spectral unmixing”.

I den fjdrde och femte studien anvinde vi fotoakustisk avbildning for att skapa en
karta av syreséttningen pa djupet i huden pa underarm och i ett finger. Vi kunde se
att syreséttningen sjonk mest i de ytliga delarna av huden dér injektionen med
adrenalin var placerad och dér ett ytligt niatverk av kérl ar lokaliserat. Langre ner i
huden var syresittningen mindre paverkad av injektionen. Nér en liten
blodtrycksmanschett strop blodflodet i fingret kunde vi se att fordndringen av
syresatt blod fordndrades olika pa olika djup i huden. Kraftigast minskning av
syresatt blod foreldg i de ytliga delarna av huden.

I den sjétte studien jaimfordes en buffrad lokalbedovning med en icke-buffrad
lokalbeddvning med hogre koncentration avseende smaérta vid injektion, tillslagstid
och verkningstid. Resultatet visade att injektionssmaértan var lagre med den buffrade
lokalbed6évningen och att verkningstiden for de bada beredningarna var lika med
eller mer &n fem timmar. Vér slutsats dr ddrmed att en buffrad 10sning &r fordelaktig
ur sméartsynpunkt for operationer som varar mindre dn fem timmar. Buffrad
lokalbed6vning kan vara fordelaktigt vid behandling av barn eller vuxna med
sédrskilda behov samt i kroppsdelar som é&r speciellt kinsliga, tex ansiktet.

Flera nya avbildningstekniker har utvéirderats i avhandlingen. Dessa tekniker har
alla fordelen av att anvinda ett brett vaglangdsomrade vilket mojliggdr en detaljerad
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analys av vdvnaden vad giller syresittning men ocksé avseende annat innehall i
vidvnaden sa som melanin, vatten och fett. Hyperspektral och fotoakustisk
avbildning ger en karta med detaljerad information om vdvnaden och ar darfor
lovande tekniker for framtida klinisk anvindning.

Sammanfattningsvis visade resultaten i studie I-IV att den maximala effekten av
adrenalin i lokalbedovning r efter ungefér tva minuter vilket stimmer bra med flera
andra liknande studier samt dven klinisk erfarenhet av anvindning av
lokalbeddvning i 6gonomrédet. Studierna i avhandlingen har ocksa visat fordelar
med tekniker som ger en spatial upplosning pa ytan och pa djupet eftersom det ger
béttre forstaelse for fordndringar som sker i vdvnaden. Fler studier behovs i
framtiden for att ytterligare fordjupa kunskapen om avbildningstekniker och for att
forsta effekten av adrenalin i lokalbedovning.
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