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Abstract

Microsurgical reconstruction is challenged by two main shortcomings: Perfu-
sion Related Complication (PRC) and donor site morbidity. In the first 3 studies
of this thesis, we aimed to provide solutions to PRC-problems, investigating he-
modilution as a tool able to increase blood flow in flap microcirculation. In study
I, we investigated the beneficial effect of hemodilution on the blood flow of a
perforator free flap in a rat model and in study II, hemodilution was examined
in a perforator pedicle flap. Overall, study I and study II showed that hemodilu-
tion improved flap survival. Study III, a systematic review of the current litera-
ture on hemodilution in microsurgery, demonstrated a lack of relevant clinical
research on this topic in both clinical and experimental studies. The second part
of this thesis aimed to investigate vascularization in 3D bioprinted constructs, a
crucial step for bringing this technology into clinical practice, and thereby con-
tribute to a solution to donor site morbidity. In both study IV (3D bioprinted
microfractured fat) and V (3D bioprinted cartilage), the constructs were trans-
planted to nude mice and examined by longitudinal Magnetic Resonance Imag-
ing, histology and immunohistochemistry. Results showed a perfusable vascular
network growing around and into the constructs. In study IV, human blood ves-
sels formed spontaneously from fragments of blood vessels in the lipoaspirate
used for bioprinting. The blood vessels interconnected with the circulation of the
host. In study V, the grid structure itself proved important for vascularization
from the host. To summarize, this thesis shows that hemodilution could improve
flap viability in microsurgical reconstructions but there is a lack of support for
its effect in clinical studies. Vascularization of 3D bioprinted constructs can be
achieved by printing with microfractured human fat. By printing in a gridded
structure, vascularization can be further stimulated.

Keywords
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ation



Sammanfattning
pa Svenska

Mikrokirurgiska rekonstruktioner begransas av problem med blodcirkulationen
i lambén och komplikationer frén tagstéllet.I den forsta delen av detta avhand-
lingsprojekt undersoks om utspadning av blodet, hemodilution, kan paverka cir-
kulationen i lambén och om det finns stod for att anvinda hemodilution i
kliniken. I studie I studeras hemodilution i en rattmodell av fri mikrokirurgisk
lamba och i studie II studeras effekten av hemodilution i en modell av stjdlkad
lambé pa rétta. Studie I och II visar att hemodilution 6kar Gverlevnaden av
lambén genom &kad cirkulation. Studie III 4r en litteraturstudie av effekten av
hemodilution i kliniska situationer och experimentella modeller. Studien visar
att det saknas vetenskapligt stod for att anvinda hemodilution i kliniken.

Den andra delen av avhandlingen syftar till att undersoka blodkérlsbildning i 3D
bioprintad vdvnad. Saddan vévnad kan bli ett alternativ for rekonstruktiv kirurgi
och darmed bidra till att tagstdllesmorbiditeten minskar. Bade studie IV (bio-
printat fett) och V (bioprintat brosk) dr experimentella studier dér 3D bioprintat
humant material transplanteras till immunoinkompetenta moss som sedan un-
dersdks med magnetkamera. Preparaten undersoks efter forsokets slut ocksa
med histologi och immunhistokemi.

Resultaten visar att ett natverk av blodkérl véxer runt om, och in i, de bioprintade
vavnaderna och att blodkérlen kopplas samman med varddjurets cirkulation. I
studie IV bildas ménskliga blodkérl spontant fran blodkérlfragment som finns i
fettaspiratet som anvinds for att bioprinta. I studie V visas att porerna i den bi-
oprintade vdvnaden bidrar till blodkéarlsinvaxt.

Sammanfattningsvis visar studierna i denna avhandling att hemodilution forbatt-
rar blodforsorjning i fria mikrokirurgiska och skaftade lambaer men att det sak-
nas bevis for denna effekt i en klinisk situation. Kérlbildning av 3D bioprintad
vavnad kan astadkommas genom att printa med mikrofrakturerat fett som inne-
héller fragment av blodkérl och genom att printa med porer kan man stimulera
blodkérlsinvaxt i 3D bioprintad vdvnad.
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1. Introduction

1.1 Origin of Reconstructive Surgery

Reconstructive surgery aims to restore the human body in its "whole", both in
form and function, following tumor extirpation, trauma or congenital or acquired

deformity.

The roots of reconstructive surgery are as old as the "Sushruta Ayurveda", an
ancient Sanskrit dated 600 BC, in which various surgical methods were first de-
scribed. In Europe, the medieval surgeon Gaspare Tagliacozzi wrote De Curto-
rum Chirurgia per Insitionem in 1597 ("On the Surgery of Mutilation by
Grafting") (Fig. 1).

Tagliacozzi describes, in great detail, the procedures and concepts that have be-
stowed upon him the honour of being one of the first plastic surgeons and his
reconstructive approach is best explained by the below quote extracted from Ta-

gliacozzi’s book:

"We restore, rebuild, and make whole those parts which nature has given, but
which fortune has taken away. Not so much that it may delight the eye, but that
it might buoy up the spirit, and help the mind of the afflicted" [1].
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Figure 1. De Curtorum Chirurgia per Insitionem, 1597. Original illustration of the now-called “Ital-

ian method”.

Until now, reconstructive solutions for tissue defects have relied on the use of

autologous tissue (from the same individual), allogenic tissue (derived from a

genetically different individual of the same species), alloplastic (artificial) im-

plants, or a combination of these.

Although the above-mentioned reconstructive options are all effective, they

have specific features and limitations [2] (Table 1).

Reconstructive option

Advantages

Disadvantages

Autologous

» No immunological complications
* No ethical constraints

« Biologically compatible

« Fewer legal restrictions

* No disease transmission

* Donor site morbidity

« Limited quantity of tissue available

* Greater risk and cost

« Challenging harvesting cells in aged or diseased

Allogeneic « No donor site morbidity « Temporary (e.g., cadaveric skin used in extensive burns)
« Donor cells may have higher viabil- « Tissue typing is required
ity « Immunosuppression may be needed
« Tissue always healthy * Risk of disease/rejection/death
« Greater quantity of available tissue « Legal constraints
» Ethical and psychological challenges
Alloplastic » Maintain structural integrity * Extrusion

« Predictable physical and mechanical
properties

« Cost effective

* Avoids concerns over disease trans-
mission

« Infection

« Cannot restore all tissue/organ functions

« Do not respond to biological cues/grow with patient

* May provoke an immune/inflammatory/fibrotic reaction
« Materials safety testing and manufacturing governance

Table 1. Advantages and disadvantages of different reconstructive options available in plastic

surgery [2].




1.2 History of Microsurgery

The term Microsurgery find its origin in the Greek words "mikros" (meaning
"small") and "skopein" (meaning "to view") and refer to surgery performed with

the aid of a microscope.

Microsurgery allows transplantation of vascularized tissue (free flaps) from one
part of the body to almost any other anatomic area. The first experimental free
tissue transplantation was performed in a canine model based on the superficial

epigastric vessels and published by Krizek et al. in 1965 [3].

The first successful human free flap was performed in 1970 in Oakland, Califor-
nia, by McLean and Buncke with use of the omentum for a large scalp defect
[4], soon followed by transfer of the first composite flap, a groin flap, by Daniel
and Taylor in January 1973 [5] and repeated 2 months later by O'Brien, both in

Melbourne, Australia.

1.2.1 Evolution of microsurgical techniques.

The discovery that cutaneous tissue blood supply (Fig. 2) is based on small ves-
sels called “perforating vessels “ led to the creation of fasciocutaneous flaps, as

the forearm flap or Chinese flap [6].

Anatomical findings of perforator vessels in different regions of the body, led to
the creation of several axial pattern flaps, e.g., the radial artery retrograde island
flap, lateral crural flap and dorsalis pedis artery retrograde island flap, all de-
scribed for the first time between 1980 and 1985. Taylor and Palmer, in 1987,
described the location of perforator vessels throughout the entire human body

[7]. The term "Perforator flap" was introduced by Isao Koshima in 1989 [8].



In the past decade, perforator flaps have increased significantly and their popu-
larity is related to the accuracy in tissue type selection and the reduction of the
donor site morbidity. Having their blood supply based only on the small perfo-
rator vessels, free or pedicled skin flaps can be elevated without disruption of
muscular or fascial structures. The two most common examples are the antero
lateral thigh flap (ALT) [9], typically used for oncologic head and neck recon-
structions, and the deep inferior epigastric artery (DIEP) flap, used for breast

reconstructions [10, 11].

Perforator based flaps can also be used as pedicled flaps. They are usually thin
skin flaps based on a single perforator vessel, which is identified by Doppler.
The perforator is then dissected down and isolated from the underlying feeding
vessels. When the perforator flap is transferred through a rotational movement
around its vascular pedicle, the flap becomes a "perforator propeller flap". These
flaps are used when the perforator is located close to the defect and are particu-

larly useful for reconstructions in the lower extremities.

Prefabrication of flaps

In areas where a particular shape, contour or framework is necessary and tradi-
tional methods cannot accomplish reconstructive objectives, prefabrication and

prelamination strategies can be used [12, 13]

The flap prefabrication concept was introduced by Shen in 1982 [13]. It consists
of a two-stage process involving the implantation of the main vascular pedicle
in a selected donor site, followed by neovascularization of the flap during a pe-
riod of about 8 weeks. This will allow transfer of the flap based on a new reliable

vascular pedicle.

Flap prelamination, a concept invented in 1994 by Pribaz [11]. often applies to

a two-stage procedure by which tissues grafted onto a vascular bed able to



supply a flap are transplanted "en bloc" with its original vascular supply. Com-
monly, these techniques become reconstructive options in response to demands

for more sophisticated reconstructive efforts.

Supermicrosurgery

In 1997, Isao Koshima described perforator flaps based on vessels with diame-
ters below 0.8 mm. One year later, the term "supramicrosurgery" was
introduced in the description of a paraumbilical perforator flap [8].
Supermicrosurgical techniques allow anastomosis of vessels with diameters
between 0.3 and 0.8 mm. This has led to the development of new
reconstructive techniques such as the perforator-to-perforator flaps, in which the
pedicle is divided above the fas-cia. This technique truly minimizes donor site

morbidity because the fascia re-mains intact.

To date, the introduction of supermicrosurgical anastomosis allowed the use of
different flaps harvested from the lateral thoracic wall, paraumbilical and thigh

as well as in the gluteal and groin areas [ 14].

In recent years, the Taiwanese microsurgeon Fu-Chan Wei presented a new ap-
proach to perforator flap surgery [15]. This technique is also called free-style
approach, since it permits harvesting of very thin flaps, by dissecting only the
most superficial perforators and in a free-style manner. A Doppler probe is used,
often intraoperatively, to identify the location of the perforating vessel and the

free-style flap can be thus be designed in almost any part of the body.

1.2.2. Development of clinical application of Mi-

crosurgery

Transplantation of free vascularized tissue allows coverage of complex defects

with many tissue types, including bone and nerve with sensate skin thus allowing



reconstructions with functioning tissues. In hand surgery, replantation became
the first clinical application of microvascular surgery, making digital replanta-

tions possible, first performed by Tamai in 1965 [16].

Oncologic reconstruction is another area that has been transformed by microsur-
gery. Defects that in the past could only be reconstructed by skin grafts or pedi-
cled flaps, can now be reconstructed with well-tailored, vascularized segments
of tissue that can include several tissue types including skin, fat, fascia, muscle
and bone. Perhaps this is best emphasized in the head and neck area where local
tissues are often limited, and the ability to bring in well-vascularized tissue of

the correct size, shape and type is critical for both appearance and function [17].

Microsurgery has also improved the treatment of complex open fractures and
surgical infections. In the past, advanced tibial osteomyelitis often resulted in
amputation. With the introduction of free muscle flaps, a thorough excisional
debridement and subsequent coverage with a sizeable free muscle flap and later

bone grafting can result in both cure and limb salvage [18].

1.3 Main limitations in Reconstructive Microsur-
gery

Despite the technical improvements and refinements, microsurgical reconstruc-

tions remain limited by two main aspects:

1) Complications associated to inadequate flap perfusion also defined as perfu-
sion related complications (PRC) [19] resulting in flap necrosis and consequent

total or partial loss of the flap.

2) Donor site morbidity associated with autologous tissue harvest as well as the

finite availability of suitable tissue to be transplanted [19-22].



1.3.1 Perfusion Related Complications (PRC)

PRC are complications associated with inadequate flap perfusion [19] resulting
in flap necrosis and consequent total or partial loss of the flap. PRC can be the
result arterial thrombosis, venous thrombosis, or even the distribution of the vas-

cular system in relation to the flap area.

1.3.2 Donor Site Morbidity

The incidence of donor site complications varies between 5.5% and 31%. Early
donor problems are associated with wound healing, ¢.g. hematoma, seroma and
wound dehiscence [23]. Hematoma formation can occur with any flap; large
dead spaces like the latissimus dorsi donor site are especially susceptible to
seroma formation. Wound dehiscence occurs with tight closure, typically with
the DIEP, TRAM, gracilis, scapular and dorsalis pedis flaps [21, 23]. Long-term
morbidity includes problems with form, function or pain and a cosmetic defect
[23, 24]. A prospective study of 100 patients with radial forearm flaps showed
delayed healing in 22% of the patients and tendon exposure in 13% [25]. Irre-
spective of whether the tissue for reconstruction is harvested loco-regionally, or
remote, the supply is limited and some degree of donor site morbidity is inevi-

table.



1.4 Hemodynamics in free flaps
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Figure 2. Blood vessel distribution of the skin [26].

Blood flow is determined mainly by two factors: 1) the pressure gradient from

one point to another in a vessel, and 2) the vascular resistance [27].

The French physician, Poiseuille was the first to relate the blood viscosity to the
capillary system blood flow. He described with a formula the laminar flow of a
fluid through a straight cylindrical tube. The formula describes how the flow is

related to perfusion pressure, radius, length, and viscosity (Fig. 3).

—AP——
—_— \— | — r
Q Py Py /
&——»“ ’,—b \\ P
L 4

Figure 3. Poiseuille's equation, F = AP m r* / 8 Ly, applied to a circular pipe. F is flow, AP is
perfusion pressure (pressure difference between the two ends of a tube), r is the radius, L is

length and p is viscosity



As the cross-section increases, the blood velocity decreases. The vessel radius
appears in the equation at the fourth power and represents the parameter whose
variations affect the flow the most. Newton's Law of Friction defines viscosity.
The tangential force of friction opposes the sliding of two sheets of liquid adja-
cent to each other. The blood viscosity (p) represents the resistance, measured
in poise [28]. The viscosity of blood is closely related to the blood flow velocity
and the hematocrit (HCT), a blood measurement unit indicating the volume frac-
tion of blood occupied by red blood cells. HCT is generally between 41%-50%
in men and 36%-48% in women. The viscosity of the blood increases as the HCT
increases. The increase in viscosity (for example in polycythemia) causes an in-
crease in resistance to flow, with a consequent increase in cardiac work. Con-

versely, viscosity tends to be reduced in an anemic state.

When HCT is reduced in a linear controlled fashion, systemic oxygen transport
first increases, reaches a peak value at 30 % HCT, and falls to insufficient critical
levels when the HCT reaches values lower than 20 %. When HCT increases to
over 40 %, the viscosity increases dramatically and leads to a viscosity-depend-
ent drop in capillary perfusion [27, 29, 30]. In the microcirculation, viscosity
undergoes further modification and the diameters of capillary blood vessels reg-
ulate the blood supply to the flap. The blood viscosity decreases with the calibre
of the vessel due to the so called “Fahraeus-Lindqvist effect” (Fig 4). The red
blood cells dispersed in a fluid, which flows with laminar motion at a sufficiently
high speed, are pushed towards the vessel's central axis, where the sliding speed
is higher, causing accumulation of red blood cells in the center of the vessel
(axial accumulation). Consequently, the relative viscosity of the blood is higher
in the center of the vessel (high HCT) and lower in the periphery. The phenom-
enon is observed for calibers smaller than 300 um (arterioles). The apparent vis-
cosity tends to increase again in vessels with a diameter close to that of red blood

cells (7-8 um) [29].
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Figure 4. Relationship between blood viscosity and blood vessel caliber.

1.4.1. Factors decreasing blood flow in free flaps

Hypothermia may mimic decreased flap perfusion. Moreover, it may instigate
arterial spasm, decreasing flow to the flap, and initiating a thrombotic cascade.
Systemic hypotension can cause decreased flap perfusion due to decreased in-
travascular volume and a decrease in perfusion pressure. Cardiac output is vol-
ume dependent, and hypovolemia results in reduction of cardiac preload and
subsequently reduction of cardiac output that, in turn, further increase the vas-
cular resistance. As a consequence of increased vascular resistance, red blood
cells (RBC) may stack, forming chains of agglomerated RBC, so called “rou-

leaux formation” [31].

When vessels are cut and transferred, they are essentially sympathectomized.
This leads to loss of vascular tone and decreased resistance. Sympathectomy
relieves arteriolar vasoconstriction leading to increased perfusion in the entire

flap [32-34]. Vasodilation is also due to loss of muscular tone after denervation.

10



Therefore, preference should be given to volume repletion over the administra-
tion of sympathomimetic drugs by the anesthesiologist to restore normotension
[28]. There are many reasons that the flow in a free flap is not similar to the flow
in the same intact pedicle. First, all minor vessels are divided and all blood flow
is through the anastomosed vessel. On the other hand, vasoconstriction should
always be taken into account [31]. The dissection of the pedicle, or hypothermia,

may result in vasospasm.

1.4.2 Effect of different interventions on blood

flow in the flap

A variety of pharmacologic agents have been used attempting to improve blood
flow in flaps with limited effect on flap blood flow [35]. In the perioperative
period there are several factors could potentially influence the outcomes in free
tissue transfer. Motakef et al in 2014, published a systematic review of the liter-
ature to identify strategies that could guide perioperative management, improve
outcomes and minimize complication of free tissue transfer [36] but to date,
there has been a lack of reliable evidence to guide such perioperative manage-

ment.

1.4.3 Effect of hemodilution on free flaps

Acute Normovolemic Hemodilution (ANH) [37] has been proposed to improve
blood perfusion in transplanted tissue [31, 38-41]. Studies have shown that re-
duction of the systemic HCT induced by ANH is associated with a reduction in
blood viscosity and red blood cell shear stress, thereby increasing blood perfu-
sion in free tissue transfer [31, 38-41] . ANH and Acute Hypervolemic Hemodi-
lution (AHH) have been shown clinically and experimentally to have a

beneficial effect on tissue perfusion in ischemic conditions [31, 42].

11



Hemodilution can be achieved in several ways. First, by pre- or perioperative
withdrawal of blood with simultaneous infusion of plasma substitutes (normovo-
lemic hemodilution). Second, by infusion of fluid (hypervolemic hemodilution).
It has been suggested that during hemodilution, the average capillary HCT falls
less than the systemic HCT, and red blood cells are distributed more homogene-
ously. Both effects are supposed to improve tissue oxygenation [31]. The use of
ANH has been reported in craniosynostosis surgery and in neurosurgical proce-
dures and is claimed to give a clinically relevant benefit [43]. The decrease in
blood viscosity following hemodilution generate a uniform distribution of oxy-
gen in the tissues. Therefore, hemodilution could possibly generate the same

benefit when applied to microvascular reconstructions [28, 31, 39-41, 44-46].

Moreover, the use of hemodilution and postoperative autologous blood transfu-
sion would prevent the need for unnecessary allogeneic blood transfusions. De-
spite that, the literature concerning the use of hemodilution for preventing
perfusion complications in perforator free flap is limited and controversial, both
in clinical and experimental studies. This is the background and rationale for the

studies behind study I, I and III of the present thesis.
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1.5 3D bioprinting in reconstructive surgery
The 3D bioprinting is a technology characterized by the unique ability of gener-
ate living tissue by its ability to print 3D structures using multiple cell types,

biomaterials, and biomolecules in a layer-by-layer fashion [47].

1.5.1 Bioprinting techniques
The three major bioprinting methods are: inkjet bioprinting, extrusion bioprint-
ing and laser-assisted bioprinting (Fig. 5). Each has specific strengths, weak-

nesses, and limitations.

a Inkjet bioprinter b [ Microextrusion bioprinter c Laser-assisted bioprinter ]

Energy- Laser Donor
Thermal Piezoeletric Pneumabc Plslon Screw absorbing pulse  slide

. N <«Valve Iayer
Heater:
V. Piezoelectric
bu?)?)?e' actuater ’J

Figure 5. Schematic illustration of 3D bioprinting: a) inkjet bioprinting, b) extrusion bioprinting and

c) laser-assisted bioprinting [48].

Inkjet bioprinting

Inkjet bioprinting was the first bioprinting technology [49]. Cells and bioink are
mixed in a cartridge and printed by aggregation of droplets. The technique is
relatively cheap and fast. One drawback is its limited ability to print with high-
viscosity (cell-dense) inks [50, 51].

Microextrusion bioprinting
Microextrusion bioprinters are the least expensive and therefore common [52].
A microextrusion bioprinter ejects microbeads of bioinks pneumatically or me-

chanically. On advantage of microextrusion inkjet printing is the ability to print
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high-viscosity (cell-dense) bioinks. However, they expose the printed cells to

mechanical stress reducing cell viability [48].

Laser-assisted bioprinting

Laser-assisted bioprinting prints with very high resolution and has minimal neg-

ative effect on the printed cells. However, the technique is slow [53-55].
1.5.2 Bioink

The composition of the bioink used in 3D bioprinting is important. The most
obvious requirement is biocompatibility, defined as "the ability of a material to
perform with an appropriate host response in a specific application" [56].

Hydrogels represent the main material used for bioink. Hydrogels can be syn-
thetic, e.g. PEG-based (poly-ethylene glycol), or based on natural polymers like
nanocellulose, collagen, hyaluronic acid, chitosan or alginate. The high water
content makes them similar to extracellular matrix [54, 57-61]. However, their
viscoelastic properties counteract printing with good resolution [62]. Moreover,
their mechanical properties are not adequate for clinical applications. Differ-
ently, the nanocellulose-alginate bioink provides a biologically appropriate en-
vironment and has excellent high resolution printing properties, which makes it

a promising material for clinical applications.

1.5.3 3D bioprinting of human adipose tissue

The Clinical problem.

Soft-tissue defects represent a challenging problem to solve and

suboptimal strategies are available. At present, treatment of large
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volume defects includes the use of free flaps. For smaller defects, free fat graft-
ing is often the method of choice [63].

Free flaps may suffer from PRC and donor site morbidity and free fat grafting
suffer from unpredictable reabsorption [64, 65]. Engineered tissues could reduce

the scarcity of native autologous fat and do not lead to donor site morbidity [66].

1.5.4 3D bioprinting of human cartilage tissue

The clinical problem.

Cartilage defects are common and challenging [67]. Reconstruction of e.g. the
external ear is based on old techniques dating back to 1959 [68]. However, this
method suffers from limitations such as limited source of tissue, poor cosmetic

results and donor site morbidity [69, 70].

3D bioprinting technology could possibly bridge these reconstructive processes
using autologous chondrocytes mixed with a biomaterial which then can be

printed in the desired shape.

Several different approaches have been explored including altering scaffold ge-
ometry and porosity [71-77], incorporation of biomimetic vessels and endothe-
lial cells, smooth muscle cells as well as addition of growth factors [78-81]. Even
if cartilage is avascular in itself, blood vessels are needed to be able to create
larger viable implants and these vessels somehow need to be connected to the

systemic circulation [82, 83].
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1.5.5 Vascularization limits 3D bioprinting

3D printed grafts generally lack vascularization. They are therefore severely re-
stricted in size since they rely on diffusion to provide oxygen and nutrients to
the incorporated cells [84-90]. The diffusion range is about 200-250 pm, and a
construct depending totally on diffusion could therefore not be thicker than 0.5
mm [91, 92]. The presence of a microvascular network remains necessary to
guarantee the metabolic needs of the 3D bioprinted tissue [84-90] and represents
the most critical obstacle for 3D bioprinted constructs to become clinically rel-
evant [93, 94].

The scaffold design and architecture are proposed as tools to improve vascular-
ization in engineered constructs. The pore size of the scaffold and their intercon-
nectivity have a significant effect on vascularization rate and cell growth [88,
92]. One strategy to overcome this limitation is printing a construct with a grid-
ded architecture [92]. An investigation of the effect of a gridded structure is the
basis for study V of the present thesis. A further investigation of the vasculari-

zation of printed fat constructs is the basis for study IV of the present thesis.
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1.5.6. MRI studies: DCE-MRI and DW-MRI tech-
niques

MRI-based techniques are widely employed to assess perfusion and diffusion
properties of various native tissues [95]. The non-invasiveness of MRI tech-
niques make them clinically relevant and suitable tools for in vivo assessment
of tissue perfusion and diffusion properties. Dynamic contrast enhanced MRI
(DCE-MRI) provides reliable information on tissue perfusion. After an intrave-
nous injection of contrast agent, the MR signal increases in proportion to the
contrast agent concentration in a specific voxel (volume pixel). By studying the
voxel signal behavior before, during, and after contrast administration, we can
obtain semiquantitative parameters characteristics of the perfusion like the arri-
val time (AT) and initial slope (IS). The arrival time (AT), is the time between
the injection of the contrast agent into the animal and arrival in the construct.
Short AT values denote an effective vasculature and vice versa. Using color
coded AT values, functional maps can be generated, providing semiquantitative
visual information on the different AT values distribution in the area of interest.
The ground principle of Diffusion-weighted MRI (DWI-MRI) technique relates
to the transportation of nutrients and oxygen from the vascular structures to the

cells which relies on passive diffusion through the extracellular space.
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AIMS

The research project presented in this thesis is organized in 2 main parts: i. stud-
ies on microcirculation in flaps and ii. studies on microcirculation in 3D bi-

oprinted tissues.

The aims of this thesis are:

1. To determine the effect of ANH and AHH on microcirculation and flap sur-
vival of a free flap

2. To determine the effect of ANH and AHH on microcirculation and flap sur-
vival of a twisted flap

3. To determine the level of evidence for the effect of ANH and AHH in clinical
and experimental models

4. To study the perfusion and diffusion in 3D bioprinted fat and thereby deter-
mine if spontaneous vascularization plays a role for the transport of oxygen and
nutrients in the constructs

5. To study the perfusion and diffusion in 3D bioprinted cartilage thereby de-

termine if a gridded structure plays a role for vascularization
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2. Methodological
considerations

2.1.1 Study design (Study I-ll)

In study I, we investigated the potentially beneficial effect of hemodilution on
the microcirculation in free perforator flaps in a microsurgical rat model. In
study II, we further investigated the effect of hemodilution on the microcircula-
tion in pedicled perforator flaps in a rat model. The flap pedicle was twisted to
different degrees of rotation (90, 180, 270, and 360 degrees). Approval for the
both studies was obtained from the Animal Care Committee, Akdeniz Univer-

sity, Antalya, Turkey.

In study I, forty female Wistar rats weighing 204.0 + 16.5 (mean + SD) g were
allocated randomly into four groups of 10 rats each. In group 1 (Control), a su-
perficial inferior epigastric artery (SIEA) flap was raised and the pedicle dis-
sected until reaching the femoral vessels which were isolated, sectioned, and the
stumps anastomosed without performing hemodilution. In group 2, ANH was
performed 24h before surgery. In group 3, AHH was performed 24h before sur-
gery. In group 4, we raised the SIEA flap and ligated the femoral artery and vein,
proximal to the flap perforator, to validate the microsurgical model used, exclud-

ing the presence of a distal reverse reflow in the flap.

In study II, sixty-three female Wistar rats weighing 202.0 +13.6 g were allocated
randomly into three main groups of 21 animals each. In all rats, two SIEA flaps
were raised, one from each side of abdomen, and transposed back with different
degrees of rotation (90, 180, 2770, and 360 degrees). In addition, in one animal in
each group the two flaps were sutured back without rotation. In group 1 (Con-

trol), only surgery was performed. In group 2, ANH was performed 24 h before
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surgery. In group 3, AHH was performed 24 h before surgery. Five distinct sub-

groups were thus created depending on the 5 different degrees of rotation of the

flap pedicle as summarized in Table 2. In subgroup 1 the flap was rotated 9o

degrees. In subgroup 2 rotation was 180 degrees. In subgroup 3 the rotation was

270 degrees. In subgroup 4 the rotation was 360 degrees.

Two flaps with o degrees of pedicle rotation were also performed in every main

group (subgroup V).

Groups Subgroups | 1 | 2 | 3 | 4 | 5 |

No. of animals 90° 180° @ 270° 360° 0° Total Total

and flaps no. of no, of

animals | flaps

CONTROL Animals 5 5 5 51 21

Flaps 10 10 10 10 2 42
ANH Animals 5 5 5 51 21

Flaps 10 10 10 10 2 42
AHH Animals 5 5 5 5 1 21

Flaps 10 10 10 10 2 42
Total no, animals 15 15 15 15| 3 63
Total no, flaps 30 30 30 30 6 126

Table 2. The distribution of flaps with different degrees of rotation in study Il. Each main group
consisted of 21 animals and 2 flaps were raised on each animal.
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2.1.2 Hemodilution technique (Study I-1l)

Anesthesia was performed by intraperitoneal injection of ketamine (90 mg/kg)

plus xylazine (10 mg/kg).

In study I, hemodilution was obtained using the femoral artery contralateral to
the flap (Fig. 6A). A permanent arterial catheter (2-French, 0.7-mm external di-
ameter, 80-mm length) was placed in the femoral artery and tunneled to a sub-
cutaneous pocket on the back of the animal (Fig. 6B) for blood pressure

measurement, blood sampling and blood removal during the hemodilution.

Figure 6. A) Hemodilution technique. Acute normovolemic hemodilution was obtained by remov-
ing the desired amount of blood through the permanent catheter placed into the femoral artery
and simultaneously replacing the blood removed with isotonic 0.9% sodium chloride plus 6%
hydroxyethyl starch using the catheter placed in the femoral vein. B) After hemodilution, the per-
manent arterial catheter was tunneled subcutaneously, placed in a pocked on the back of the

animal and used for blood pressure measurements and blood samples.

With 2 infusion pumps, ANH was achieved by simultaneous extraction of the
required quantity of blood (mean 2.25 ml) from the femoral artery catheter and
replacing it with an equal volume of a mixture composed by two thirds of 0.9 %
isotonic sodium chloride and one third of 6 % hydroxyethyl starch, infused in
the femoral vein to maintain normovolemia. To calculate the amount of blood
volume to be exchanged to reach the desired HCT value, the Gross equation was

used: V = EBV x [(Ho — Hf)/ Hav], where, EBV is the total blood volume, Ho
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is the initial HCT, Hf is the minimum allowable HCT, and Hav is the average of

the initial and minimum allowable HCT.

AHH was obtained by performing an ANH as described above followed by an
extra infusion of liquid equivalent to 20 % of the total blood volume. AHH in-

duces a reduction of the HCT level and hypervolemia.

In study II, the common carotid artery and the tail vein were used as arterial and
venous access. A permanent arterial catheter (2-French, 0.7-mm external diam-
eter, 80-mm length) was placed in one common carotid artery and tunneled to a
subcutaneous pocket on the back of the animal to be used for blood pressure

measurement, blood sampling and blood removal during the hemodilution (Fig.

7)-

Figure 7. Acute Normovolemic Hemodilution was obtained using two infusion pumps, simultane-
ously removing the desired amount of blood through a catheter placed into the common carotid
artery and replacing the blood removed with a mixture colloid/crystalloid from the tail vein.
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2.1.3 Experimental animal model (Study I-1l)

In study I, one SIEA flap was raised in all animals 24h after the hemodilution
process. The skin paddle of the SIEA flap measured 4 x 4 cm and was raised at
the subpannicular level. The superficial inferior epigastric perforator was located
and followed to the femoral vessels. The femoral vessels (artery and vein) were
isolated and sectioned. Microvascular anastomoses were performed under the
microscope using 10-0 nylon interrupted sutures. The anastomoses were ob-
served under the microscope for 15 minutes and a patency test was performed
(Fig. 8). After revascularization, the flap was sutured to its original location with

5-0 monofilament nylon sutures.

Figure 8. (Left) The femoral vessels and the superficial inferior epigastric vessels were identified,
and the flap was elevated. (Right) The femoral artery and vein were isolated and sectioned, and

microvascular anastomoses were performed under the microscope using 10-0 nylon sutures.

In study II, two separate SIEA flaps measuring 4 X 4 cm were elevated on all
animals. The SIEA flaps was designed bilaterally on the animal abdomen, with
the medial margin of this skin flap located on the abdominal midline. The flap
was elevated at the subpannicular level, and the superficial inferior epigastric

perforator was identified and followed to the femoral vessels. The pedicle was
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isolated to remove minor blood vessels and perivascular tissue that could poten-
tially nourish the flap. The flaps were twisted around its pedicle with different

degrees of rotation (0, 90, 180, 270 ,360 degrees) and then sutured back in their

original position with 5-0 monofilament nylon (Fig. 9).

Figure 9. (Left) Intraoperative view. The flaps were designed bilaterally on the abdomen in a
square shape. The flap was raised and the perforator identified and followed until its origin to the
femoral vessels. (Right) The flap was sutured back in its original position after a 360-degree ro-
tation around its vascular pedicle.

2.1.4 Direct observations (Study I-1l)

After 7 days, photos of all flaps were taken and the viability was determined by
the clinical evaluation of flap color, hair growth, and necrotic skin areas. Pictures
were then analyzed using Adobe Photoshop CS 5 software (Adobe Systems, Inc.,
San Jose, Calif, USA) to determine the percentage of viable flap and skin necro-
sis. The viable areas in each flap were then expressed as a percentage of the total

flap surface area.
2.1.5 Histological analysis (Study I-ll)

The entire flap and the middle portions of the pedicle were excised separately
and fixed in formalin for histopathologic examination with standard hematoxylin

and eosin (H&E) staining.
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2.1.6 Microangiography (Study I-Il)

Microangiography visualized the overall perfusion in the flaps and outlined the
architectural differences between the different groups. This was achieved by in-
jecting radiopaque contrast through the common carotid artery. About 20 — 25
ml of a 30% solution of lead oxide (Micropaque; Guerbet, Bloomington, IlI,
USA) was used per animal. The lead oxide infusion was stopped when the con-
trast began to ooze from the edges of the flap. The flaps were then resected and
stored in a refrigerator at 4°C for 24 hours and the examined by radiography with
a soft x-ray machine (Mammo Diagnost UC; Philips, Hamburg, Germany) at
settings of 24 kV and 10 mA, using Microvision-C (DuPont, Wilmington, Del,
USA) mammography film. The images were analyzed using Adobe Photoshop
CS 5 software. The assessment of the vascularized areas in the images obtained
were highlighted and defined by the contrast agent infused and manually out-
lined and then measured by using the histogram function. To assess the number
of pixels detected, the pixel measurement function in Photoshop CS5 and the
total number of pixels detected in the outlined areas were used to compare the

degree of vascularization.

2.1.7 Statistical Analysis (Study I-ll)

In study I, a two-tailed t-test was performed on the HCT values of groups 1, 2,
and 3. Analysis of variance (ANOVA) was conducted among the groups to es-
tablish the statistical significance difference in terms of flap survival (%) be-
tween the three different groups. In study II, we performed a two-tailed t-test to
analyze the HCT values and ANOVA was used for the flap survival. Further-

more, Bonferroni adjustment was done to compensate for multiple comparisons.
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2.2.1 Search methods (Study Ill)

We performed a systematic search analysis of the available litera-
ture of both clinical and experimental articles addressing the impact of hemodi-

lution on free flap viability.

This was achieved with a specific search string applied to the following scien-

tific databases: Medline, Google Scholar and ClinicalTrials.gov. In order to im-
prove the accuracy of our analysis, it was conducted following the guidance of
the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) statement [96] and the Cochrane handbook for systematic reviews of
interventions [97]. The searching process was performed in a time interval be-
tween January 2017 and January 2019. The analysis was carried out without re-
striction related to the language or publication status of the articles encountered.
The patient, intervention, comparison, outcome (PICO) model was used for the
evaluation of studies’ eligibility for inclusion in the review [98]. In the review,
we included only peer-reviewed articles having a study population undergoing
microvascular reconstructive surgery and in which hemodilution treatment was
applied. Articles investigating an anemic state, not induced by hemodilution
treatment, as well as studies in which interventions other than hemodilution were
used, were excluded. The PICO method was adopted for the assessment of both

experimental and clinical studies (Table 3).
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Parameters Inclusion criteria Exclusion criteria

Patients Patients undergoing microvascular reconstruction and Patients  undergoing
receiving hemodilution treatment versus any other other types of surgery
treatment or placebo. different from a micro-

surgical free tissue
transfer

Intervention ANH treatment Lack of ANH as inter-

vention

Comparator Effectiveness of ANH compared to any other treat-
ment, placebo or control.

Primary The rate of total flap failure, defined by complete flap

Outcomes loss.

The rate of partial flap failure, defined by either partial
skin flap necrosis, fat necrosis or complication related
to the insufficient flap perfusion

Secondary Medical complications: Death, myocardial infarction,
Outcomes stroke, and pulmonary complication (pneumonia, ate-
lectasis, and pulmonary edema)

Table 3. PICO criteria for inclusion and exclusion of studies [98].

2.2.2 Study selection and data extraction

(Study 1)

Two researchers (M.A. and L.K.) individually reviewed all abstracts and titles
encountered. The complete text of the paper was then assessed and the eligibility
validated using the PICO method. A third reviewer was involved if disagreement
occurred between the first 2 reviewers. The following information were ex-
tracted from the selected articles: author(s), year of publication, number of flaps,
time of intervention, amount of blood withdrawn, rates of flap necrosis as well

as total flap loss.

2.2.3 Risk of bias and quality assessment
(Study II1)

Assessment of the risk of bias in the animal studies was conducted using the
Systematic Review Centre for Laboratory Animal Experimentation Risk of Bias

(SYRCLE RoB) tool [99]. This method detects aspects of bias specific for
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experimental animal studies (Table 4) [99]. The Grading of Recommendations
Assessment, Development, and Evaluation (GRADE) system was used to exam-
ine the treatments and interventions in the selected studies in order to assess the

level of evidence and quality of the included studies [100] (Table 5).
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Quality of Definition

evidence

High We are very confident that the real effect lies close to that of
the estimate of the effect

Moderate We are moderately confident in the effect estimate: The real
effect is likely to be close to the estimate of the effect, but there
is a possibility that it is substantially different

Low Our confidence in the effect estimate is limited: The true effect
may be substantially different from the estimate of the effect

Very low We have very little confidence in the effect estimate: The true
effect is likely to be substantially different from the estimate of
effect

Table 5. GRADE analysis and definition [100].

2.3.1 Experimental design (Study IV-V)

In studies IV and V, 3D bioprinted constructs with human cells (human micro-

fractured fat in study I'V and human nasal chondrocytes in study V) were subcu-

taneously allocated on the back of nude mice. Animals in the control group

received cell-free constructs. The animals underwent MRI examination with in-

travenous injection of contrast agent at four sequential timepoints after implan-

tation; timepoint 1 (0-3 days ), timepoint 2 (7-9 days) timepoint 3 (8-29 days)

and timepoint 4 (97-99 days), respectively. Following the final MRI, the animals

were sacrificed. The study was approved by the Ethics Committee for animal

experiments at Sahlgrenska University Hospital (University of Gothenburg, Go-
teborg, Sweden, Dnr 119-2015).
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2.3.2 Cell source (Study IV-V)

In study IV, waste adipose tissue obtained through liposuction was collected
from a healthy female donor with approval from the Regional Ethics Committee
of Gothenburg (Dnr 624-16). In short, lipoaspirate was washed in 0.9 % NaCl,

emulsified by shaking with metal beads 4 x 30 s, and rinsed in a closed system.

In study V, human nasoseptal chondrocytes (hNCs) from four male donors were
cultured under standard culture conditions in DMEM/F-12 medium (Gibco;
Thermo Fisher Scientific, Waltham, Massachusetts,USA) supplemented with
10% fetal bovine serum (HyClone, GE Health Care; HyClone Laboratories Inc.,
Logan, USA), 1% antibiotic-antimycotic (Gibco). Cartilage harvesting was ap-
proved by the University of Berlin Ethics Committee (No. EA1/169 12), and the
animal studies were approved by the Ethics Committee for animal experiments

at Sahlgrenska University Hospital (Dnr 119—2015 and 36—2016).

2.3.3 Preparation of bioinks and 3D bioprinting
(Study IV-V)

In study IV, processed adipose tissue was gently mixed with 3% (w/v) alginate
Pronova SLG100 solution (Novamatrix, Sandvika, Norway) and 2.5% (w/v) tu-
nicate nanocellulose dispersion (TuniCell ETC ; Ocean TuniCell AS, Bergen,
Norway) in a ratio of 45:15:40 (tissue:alginate:nanocellulose). Blank samples (no

fat tissue) were also prepared.

In study V, the hNCs were gently mixed with bioink consisting of an 80:20 mix-
ture of tunicate nanocellulose (Ocean TuniCell, AS, Blomsterdalen, Norway)
and alginate (SLG100; NovaMatrix, Sandvika, Norway). The hNC-to-ink ratio
was 1:10, and the initial cell density was 10 x 10° cells/ml of bioink. Cell-free

samples were also prepared.
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Both fat- and chondrocyte containing constructs were 3D bioprinted (Inkredi-
ble+, CELLINK, Gothenburg, Sweden) as gridded square constructs (10 X 10 x
3 mm). An 18G conical nozzle was used, and the printing pressure was 1113 kPa.
The constructs were crosslinked with 100 mM CaClz2 for § min, washed in culture
medium (Dulbecco's modified Eagle medium/F-12; Life Technologies), and im-

planted shortly after printing.

2.3.4 Experimental animal model (Study IV-V)

The animal experiments were performed on 8-week old female BALB/c nude
mice (Scanbur, Karlslunde, Denmark). For the implantation of the construct, as
well as for the sequential MRI investigations the mice were anesthetized with

isoflurane (Isoflurane Baxter, Baxter International).

In clean conditions, through a 10 mm dorsal incision, a subcutaneous pocket was
created to fit the printed construct. The implants were inserted and the skin was
sutured with 6/0 Vicryl Rapid (Ethicon, Bridgewater, New Jersey & Cincinnati,
Ohio). No antibiotics were used. Body temperature was preserved with a heating

pad placed under the animal.

During MRI the respiration was checked through a pressure sensitive pad (SA
Instruments, Inc., NY, USA). A peripheral venous catheter was placed in the tail
vein to infuse the Gadolinium based contrast agent. In both study IV and study
V, the animals underwent MRI experiments with intravenous injection of con-
trast agent at up to 4 sequential timepoints after implantation. Following the final
MRI, the animals were sacrificed and the 3D bioprinted construct explanted for
analysis. Cell-free constructs were printed and treated in parallel in order to have

material for comparison for histology as well as for in vivo MRI.
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2.3.5 MRI techniques: DCE-MRI and DW-MRI
(Study IV-V)

A preclinical, horizontal bore 7T MR system (Bruker BioSpin 70/20AS
AVANCE 1, GmbH, Germany; software: ParaVision 5.1) was used to collect
MRI images (Fig.12). It was equipped with a maximum 400 mT/m gradient sys-
tem and a 30-mm transmit/receive volume coil (RAPID Biomedical GmbH, Ger-
many). Global 1st & 2nd order shimming was used to improve field
homogeneity. Conventional 2-dimensional (2D) T2-weighted images covering
the implant and surrounding anatomy were acquired in axial and coronal orien-
tation using the rapid acquisition with relaxation enhancement (RARE) se-
quence with 1502 um? in-plane resolution and 500 pm (axial) or 400 pm (coronal)
slice thickness. An additional axial RARE scan with fat-suppression was ac-
quired to visualize fat in, or surrounding, the implant. DWI was performed using
a 2D single shot, spin-echo echo-planar imaging (SE-EPI) sequence, including
5 acquisitions without diffusion gradients (b=0 s/mm?*) and 12 acquisitions using
b-values 50, 200, 400 and 9oo s/mm? in 3 orthogonal diffusion directions. DCE
images were acquired using the 2D retrospectively gated intra-gate fast low an-
gle shot (IG-Flash) sequence, with 1500 repetitions during approximately 32
minutes for reconstruction of 32 time-frames. Navigator signal was derived from
a 45 mm thick saturation slice including the image slices in parallel orientation.
At the start of the acquisition of the 6th frame (5 min after the scan was started),
the contrast agent solution (0.1 M Gd-DTPA, DOTAREM, Gothia Medical,
Sweden, 0.3 mmol/kg bodyweight) was injected during ~10 sec. The total time

for all MRI experiments was approximately 75 min per investigation.
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Figure 12. The 7T small-animal MRI system

2.3.6 MRI studies postprocessing (Study IV-V)

The MRI data were processed with MATLAB (R2018b, The MathWorks, Inc.,
MA, USA). DCE-MRI signal intensity enhancement in the implant after contrast
injection was analyzed voxel-wise as follows. The baseline voxel intensity was
calculated as the mean signal intensity of the first five frames. The AT was de-
fined as the time required from injection to the point at which signal intensity in
a voxel was twice the voxel noise level above the baseline value. DCE functional
color maps were generated by overlaying color-coded AT values from each 3D
bioprinted construct to a baseline signal which corresponded to the signal in the
surrounding tissue (mouse muscle tissue). Diffusion coefficient maps were cal-
culated for each voxel by segmented bi-exponential model fitting only to b-val-
ues of 200, 400, and 9oo s/mme=. The median diffusion coefficient of each implant

was calculated.
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2.3.7 Histological and Immunohistochemical
analysis (Study IV-V)

In both studies IV and V, after the final MRI, the constructs were harvested for
histological and immunohistochemical analysis. The constructs were fixated in
calcium-saturated 4% paraformaldehyde, dehydrated and embedded in paraffin.
The constructs underwent horizontal sectioning discarding the superficial 1 mm
and then saving the core sections, § um thick. For histologic analysis the sections
were stained with H&E in study IV and Alcian Blue, van Gieson and Saffranin-
O in study V. For the immunohistochemical analysis slides were pretreated with
citrate and immunostained with anti-CD31antibody (cat Nr ab134168, Abcam,
dilution 1:150) (study IV and V) and anti-Ku8o antibody (cat Nr 2180, Cell Sig-
naling Technology, dilution 1:800) (study IV).

2.3.8 Statistical analysis

The medians and interquartile ranges of the diffusion coefficients were calcu-

lated and graphed with SPSS (v22.0; IBM SPSS) and Microsoft Excel.
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3. Results

3.1.1 Hb and HCT levels (Study I-Il)

Study |

The mean HCT prior to hemodilution was 39.9 + 0.01 % for the control group
(group 1,) 38.9 + 0.01 % for the ANH group (group 2), and 41.1 + 0.07 % for AHH
group (group 3), respectively. The mean HCT 24 h post-hemodilution was 36.2
+ 0.00 %, 26.8 £ 0.05 % and 28.1 = 0.04 % (p < 0.05) for group 1, 2 and 3, re-
spectively. Moreover, HCT was also assessed after 7 days in randomly selected
animals in group 2 and 3 and the average postoperative HCT 7 days after the

hemodilution was 27.6 %.
Study I

The mean HCT prior to hemodilution was 38.9 + 0.04 % for group 1, 39.6 = 0.02
% for group 2, and 38.9 = 0.01 % for group 3, respectively. The mean HCT after
the surgical procedure was 36.1 + 0.00 %, 27.8 £ 0.04 % and 27.0 + 0.03 % (p <

0.05 for group 2 and 3) for group 1, 2 and 3, respectively.
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3.1.2 Direct observation (Study I-Il)

Study |

The mean flap survival area was 70.6% =+ 22.7 in group 1, 99.5 + 0.93 in group
2, and 99.3 + 1.30 in group 3, respectively. After 7 days the flap survival was
higher in both hemodiluted groups (ANH and AHH) compared with the control
(p< 0.05). When comparing flap survival between the ANH and AHH group, no

significant differences were found (p> 0.05).

Study II

Overall, twisting the pedicle 90, 180, or 270 degrees had no effect on flap survival
and no differences were found among the three main groups in terms of partial
necrosis, change in skin color, edema or venous congestion. However, when a
360-degree torsion was applied ANOVA showed a higher flap survival rate (p <
0.05) in group 2 and 3 compared with group 1. However, this statistical signifi-
cance did not persist after Bonferroni correction (p = 0.07 and p = 0.09 for group

2 and 3, respectively).

Detailed histological analysis of the animal in group 1-2-3 when 360° rotation

was applied (subgroups IV) showed:

In group 1, subgroup 1V, there were 1 total flap failure, 4 flaps with partial ne-
crosis, 3 flaps with edema and venous congestion whereas 2 flaps survived with-

out any complication.

In group 2, subgroup 1V, there were 5 flaps with signs of venous congestion and

edema while 5 flaps survived without any complication.

In group 3, subgroup IV, there were 6 flaps without any problems, 3 flaps with

edema and signs of venous congestion and 1 flap had partial necrosis.
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Opverall, the mean flap survival rate was 81+18.4% in group I, 100% survival

in the group 2 and 98.7 +2.4% in group 3, (Table 6).

360° Total Partial flap necrosis Edema No Mean
Rotation flap Necrosis / Complications flap survival %
Congestion
CONTROL 1 flap 4 flaps 3 flaps 2 flaps 81+18.3%
10 flaps
% necrosis 100% 8%322%326%334%
ANH - - 5 flaps 5 flaps 100%
10 flaps
AHH - 1 flap 3 flaps 6 flaps 98.7 +2.4%
10 flaps
% necrosis 13%

Table 6. Results obtained from the analysis of subgroup 4 (360° rotation).

3.1.3 Histological analysis (Study I-Il)

Study |

In groups 1, 2 and 3, H&E staining of the tissue sections revealed signs of in-

flammation, edema, and congestion with a predominance of necrotic elements

in group 1. Group 2 showed congestion but no signs of necrosis. In group 3 there

was minor necrosis and edema signs.

Signs of thrombus formation in the anastomoses were present in all groups, with

the exception of the arteries in ANH group.

In H&E staining, edema, congestion, inflammation necrosis, and thrombosis

were graded using a semiquantitative scoring system: o = absence, 1 = mild, 2 =

moderate, and 3 = severe.

Study II
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In Subgroup IV (360° pedicle rotation), histopathologic examination of the SIEA

flap showed signs of mild edema in group 1 and group 2 but severe edema and

mild congestion in group 3. Necrosis was observed in groups 1 and 3 but not in

group 2 (Table 7). In all groups, the section from the pedicle revealed signs of

mild edema and moderate inflammation, but no signs of thrombosis were ob-

served.

Subgroup 4 (360° Edema Congestion Inflammation Necrosis Thrombosis
pedicle rotation)

CONTROL flap 1 0 2 0 0
CONTROL pedicle 1 0 3 1 0

ANH flap 1 1 2 0 0

ANH pedicle 1 0 2 0 0

AHH flap 1 1 2 1 0

AHH pedicle 3 1 2 1 0

Table 7. Results obtained from the H&E staining analysis of subgroup 4, study Il (360°Rotation).
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3.1.4 Microangiography (Study I-Il)

Study I and Il

The images showed an improved blood supply in the flaps belong- ing to ANH
and AHH groups in comparison with the control group  supporting the direct
observation. In study I, a larger vascularized area, was identified in group 2
(ANH group, 33.231 pixels); and in group 3 (AHH group, 1.612 pixels) compar
ed with group 1 (Con-trol, 12.925 pixels).

Similarly, in study II, a larger vascularized area was identified in group 2

(ANH, 4.199 pixels) and 3 (AHH, 4.852 pixels) compared with group 1
(Control, 1.743 pixels) (Fig. 10).

40



MICROSURGICAL MODEL

TWISTING PEDICLE MODEL

Figure 10. Microangiographic appearance of the flaps in study I(above) and Il (below). Control
flaps (left), ANH flaps (center), and AHH flaps (right). In both studies there were improved vascu-
lar patterns in both ANH and AHH groups.
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3.2.1 Study selection and data extraction
(Study Il1)

The systematic review was conducted according to the above-mentioned guide-
lines and included both clinical and experimental studies resulting in a total of
74 titles and abstracts. After exclusion of duplicates (n=5), 42 studies were also
excluded since they did not match the predefined inclusion and exclusion crite-
ria. The remaining studies were assessed by abstract review and 16 articles were
found not relevant. Eleven full-text articles were retrieved and assessed for eli-
gibility. Finally, only four studies fulfilled the criteria of our systematic review

(Fig. 11). All included studies were experimental.

3.2.2 Risk of bias and quality assessment
(Study Il1)

Assessment of the quality of evidence using the GRADE tool generated an over-
all low level of evidence in the 4 studies included. Several methodological weak-
nesses in study design and detection of uncertain aspects of bias using SYRCLE
RoB tool, limited the quality of evidence. Moreover, risk-bias assessment across

studies generated uncertain results (Table 8).
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Records identified through database searches of
PubMed (Appendix 1), Medline, the Cochrane
Library, Google Scholar, The Gothenburg
University Institutional Library, and ClinicalTri-
als.gov(http://clinicaltrials.gov/).

(n=74)

l

Records after duplicate removal
(n=69)

!

Records not matching inclu-

sion criteria

Article assessed by title (n=42)

(n=69)
l Abstracts not matching
inclusion criteria
Articles assessed for eligibil- (n=16)
ity by Abstract

(n=27)

Articles assessed for eligibil-
ity by Full-text review

(n =|11)

v

Studies included: 4

Animal studies (n = 4)

Human studies (n = 0)

Exclusion of the following arti-
cles:

3 studies investigating pedicle
flaps;

1 study investigating only fluid
therapy;

2 studies with no hemodilution
intervention;

1 article only in Chinese;

(n=7)

Figure 11. Flow chart of study selection.
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3.3.1 MRI in vivo assessment of diffusion and
perfusion (Study IV-V)

Study IV
Perfusion

Compared to the surrounding tissues, the bioprinted constructs had
a long AT and low IS, indicating low perfusion in the constructs. The patter

n remained unchanged during the study period.

Diffusion

The mean diffusion coefficient (D, pum*/ms) was assessed in each of the 4
timepoints and it was relatively stable over the study period in both cell-contain-
ing or the cell-free constructs. The D values for each time point were 2.2 (1.9,
2.4) (median (25th and 75th percentiles)), 2.0 (1.7, 2.2), 2.0 (1.6, 2.4) and 2.0 (1.7,
2.4) while in the control group the pooled D was 2.58 (2.24, 2.89).

Study V
Perfusion

Initially the bioprinted constructs revealed longer AT and lower IS in all the
printed constructs than in surrounding tissues. However, at the second/third
timepoints, bioprinted constructs showed areas with shorter AT and higher IS
(hot spots), corresponding to the location of the grid holes (Fig. 12). At 98 days,
the overall perfusion patterns had a more homogenous distribution and hot spots
were present in the bioprinted construct only in one animal. No hot spots, at any

time-points, were found in constructs belonging to the control group.
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Diffusion

The D was assessed at each timepoint showing a mean value of (all time points
and voxels) 2.56 pum*/ms for the cell-containing constructs and 2.58 pm?/ms for
the cell-free constructs. The median diffusion coefficient was similar and re-

mained stable over time.

3.3.2 Histological and Immunohistochemical
analysis (Study IV-V)

Study IV

Histologic examination of the 3D bioprinted fat constructs, explanted after the
final MRI showed an abundance of preserved fat cells without signs of necrosis
or inflammation. The grid structure could still be vaguely observed. Blood ves-
sels both with and without erythrocytes could be seen. Immunohistochemical
analysis confirmed CD 31-positive endothelial cells in vascular structures that
were KU 8o-positive in consecutive sections, pointing out the human origin of

the vessel.
Study V

Macroscopic analysis of the 3D bioprinted constructs after explanation, revealed
blood vessels on the surface of the constructs in both groups. The cell-containing
constructs were well preserved, whereas some of the cell-free controls lost their

shape and structure and were fragile.

Histological analysis of cell-containing constructs stained with H&E revealed
preserved grid holes, with vascular structures containing erythrocytes. Alcian
Blue van Gieson (ABvQG) staining revealed chondrocyte clusters surrounded by
glycosaminoglycans. Safranin-O staining confirmed production of proteogly-

cans in the extracellular matrix. No GAG- or proteoglycan-producing cells were
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found in cell-free constructs. Immunohistochemical analysis showed CD 31-pos-
itive vascular structures both in the grid holes and on the surface of the con-
structs. The immunohistochemical analysis of collagen type II showed collagen

in the same areas as the chondrocytes.

Figure 12. Dynamic contrast-enhanced MRI (DCE-MRI) image of the implanted construct ob-
tained after intravenous administration of the contrast agent (Left). The white spots in the DCE-
MRI image are areas of increased contrast signal intensity in the construct corresponding to the
location of the grid holes (Middle and Right)
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4. Discussion

4.1 Motivation and scope

Reconstructive microsurgery is a surgical technique used to transplant or replant
tissues for reconstruction of defects or for restoration of function. Once the trans-
planted tissue is transferred into its recipient site, its viability is strictly related
the re-establishment of an adequate blood flow in the flap. Inadequate vascular-
ization will result in perfusion related complications (PRC). PRC are often mul-
tifactorial and result in flap ischemia as a result of thrombosis, hypoperfusion,
and/or vasospasm at the microcirculation level. Besides the PRC risk, it is im-
portant to remember that any kind of free flap, per se, generate donor site mor-
bidity. Therefore, tissue engineering techniques can be promising alternative
sources of living tissue. 3D bioprinting is a future prospect for tissue regenera-
tion due to the ability to create tissue-like constructs. Such constructs could be
printed using the patients own cells and be used as biological substitutes. Lack
of vascularization in the 3D bioprinted tissue represents one of the most critical
challenges to overcome in order to advance this field toward its clinical applica-

tion.

In the first part of this thesis, we aimed to provide solutions to the immediate
problems related to PRC. This goal was achieved by studying the impact of he-

modilution on microcirculation in free and pedicled flaps.

In the second part of this thesis, we aimed to study possibilities of vasculariza-
tion of 3D bioprinted structures and thus, contribute to the development of a new

technique that could reduce donor site morbidity.
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4.2 Discussion of the main findings

(Study I-1I-l11)

In order to reduce the rate of ischemic complications, it is necessary to guarantee

an adequate blood perfusion in the flap.

This can be achieved, within certain limits by modifying the blood viscosity by
reducing the HCT values, which determine about 98% of the viscosity of the
blood. Several authors advocate normovolemic hemodilution as a tool able to
increase both central and peripheral blood flow, without compromising tissue

oxygenation [28, 31, 40, 41, 101].

During ANH, HCT is reduced as well as is the viscosity of the blood. This gen-
erates a reduction of the systemic vascular resistance with consequently im-
proved venous return. All these mechanisms increase cardiac output (total flow
rate) resulting in an increased in Oz extraction, facilitating the Oz transfer from
the circulating blood to the tissue. ANH with HCT values around 30%, corre-
sponding to hemoglobin (Hb) levels around 10 g/dl, is considered the optimal
HCT value where the peach of O» extraction is reached [93, 102-104]. HCT val-
ues lower than 20% can compromise Oz oxygenation in the tissues and therefore

20% HCT is considered the lower limit for a safe ANH [102, 104].

Studies have shown that the local tissue oxygenation is not reduced by ANH but
instead become more homogeneous or slightly increased due to higher flux of

red blood cell as a result of higher cardiac output [105].

Hemodilution can be obtained preoperatively by one or more autologous blood
deposits [106] that are stored to be used perioperatively [84, 89, 107-109]. Pre-
operative autologous donation (PAD) of the patients own blood [106] is a fre-
quently considered equivalent to acute normovolemic hemodilution. Because

the donation of blood occurs in the weeks prior to operation, this time interval
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allows for re-establishment of normal intravascular volume, without the need to
infuse large volumes in conjunction with blood removal. Moreover, the blood
units stored preoperatively, can be transfused to the patient if needed without
exposing the patient to risk and sequel associated with adverse reaction to ho-

mologous transfusion [110].

ANH has been successfully used in several medical areas, such as cardiac sur-
gery to reduce the high blood loss [111], neurosurgery for treatment of ischemic
stroke, cardiovascular surgery [112], for treatment of central retinal vein throm-
bosis [113, 114], in orthopedic surgery [115, 116] or in elective surgery such as
craniosynostosis operations [106]. Very little can be found in the literature on

the effect of ANH and AHH when applied in reconstructive microsurgery.
Study I-1I

Study I was designed to investigate the effect of ANH and AHH on flap survival
in a microsurgical rat model. Concerning the first research question, whether
hemodilution can improve the microcirculation through the changes in blood
viscosity and reduce the incidence of partial necrosis of the flap, it was found
that hemodilution treatment (ANH and AHH) applied 24 hours before surgery
gave a beneficial effect on the viability of the free flap. However, there were no
statistically significant differences between the 2 different hemodilution modal-
ities in the study (ANH and AHH). One possible explanation for that could be
related to the fact that ANH and AHH have similar effects on the rheological
mechanisms in the populations studied. In rats, after a single acute blood draw
of 1% of the animals body weight, it has been shown that it takes at least two
weeks for the constituents of the blood to return to normal [117]. Therefore, it is
likely that both ANH and AHH cause extended hemodilution, which could be
seen as persistently reduced HCT also at day 7 in groups 2 and 3. However, this
is the first study investigating the relationship between hemodilution and blood

flow in a microsurgical free flap rat model.
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Histopathological examination was undertaken to grade edema, congestion, in-
flammation necrosis, and thrombosis. The results showed a predominance of ne-
crotic elements in the control group; minor necrosis and edema in the ANH
group and congestion but no signs of necrosis in the AHH group. Microangi-
ography showed that the blood supply in the periphery of the flaps in both he-
modiluted groups (ANH and AHH) was improved. This finding broadly
supports the observation of previous studies on hemodilution [28, 31, 40, 41,

101].

In study II, the research question focused on investigating the effect of ANH and
AHH in a pedicled perforator flap with unfavorable hemodynamics. As in a pro-
peller flap, various degrees of rotation were applied to the vascular pedicle, in-
creasing the risk of hemodynamic complications. It is well known that pedicle
twisting reduces arterial in-flow and venous out-flow. Moreover, it is known that
due to the characteristics of the venous system, the veins are more sensitive to
twisting, resulting in venous insufficiency and consequent flap congestion.
However, this is the first study investigating the effects of pedicle torsion on flap
viability during hemodilution in a rat model. Twisting the pedicle 90°, 180° and
270°, had no negative effect on flap survival. However, when 360° degrees of
torsion (subgroup 4) was applied, both ANH and AHH resulted in higher (but
not significantly higher survival, p = 0.07 and p = 0.09, respectively) compared
to the control group. When comparing mean values of flap survival between the

ANH and AHH, no significant differences were found.

It is somewhat surprising that no differences were noted between ANH and
AHH, neither in study I, nor in study II. The reason for this is not clear but may
be partly explained by physiologic compensatory mechanisms. Indeed, it could
be hypothesized that physiologic diuresis re-establishes the initial intravascular

volume by gradually reducing the 20% of additional liquids infused in the AHH
group.
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The hemodilution protocols used in these two first studies were slightly different
as we adapted them to the two different surgical models. However, they both
resulted in decreased blood viscosity by reducing HCT levels to values ranging
from 27 to 30%. The degree of hemodilution chosen was based on the relation-
ship existing between viscosity and hematocrit reported in the literature and
HCT values of approximately 30 percent appears to optimal for the delicate bal-

ance between viscosity and oxygen-carrying capacity.

More than one formula has been proposed to calculate Total Blood Volume
(TBV) in rats which is needed to calculate the blood volume to be withdrawn
for hemodilution. In our pilot study we tested all of them and found the most
trustworthy formula to be: 64ml per kg of body weight, i.e. for a 350g rat: 64 x
0,35 =22.4 ml (Source: UK's National Centre for the Replacement, Refinement
and Reduction of Animals in Research) [117]. Once the TBV is calculated, the
Gross formula can be used to perform hemodilution treatment. The measured
HCT values ended up very close to the predetermined ones. In AHH, the exact
amount of isotonic fluid to infuse in order to achieve 20% volume expansion
equals 20% of the estimated total blood volume. Irrespective of ANH or AHH,
the hemodilution effectively maintained the reduction of post-hemodilution
HCT values after 7 days. Microangiography revealed the flaps microvascular
architecture and the improved vascular network in both hemodiluted groups
compared with the control group in both studies I and II. Histopathologic exam-
ination with standard H&E staining of the SIEA flap showed inflammation,
edema, and congestion in all groups with a predominance of necrotic elements

in the control group.

We could say that both models support the proposed beneficial effect of hemodi-
lution on microcirculation. The results obtained in study I and I may support
the hypothesis that hemodilution improves blood perfusion and oxygenation in
the flap, through reduction in blood viscosity. Moreover, both in study I and II

the rheological benefit was confirmed by microangiography and histology. Prior

52



studies that have noted the clinical importance of ANH that has been used with
success in various clinical areas. They have observed how the decrease in blood
viscosity would generate an increase in blood flow due to the change in blood
viscosity and through a reduction of the shear stress of red blood cells. Despite
that, very little could be found in the literature on the relationship between he-

modilution and flap survival in reconstructive microsurgery.

Study III

Study III aimed to establish the level of evidence for a beneficial effect of he-
modilution on free flap microcirculation and flap survival in clinical and exper-
imental settings. A systematic literature review was carried out with a defined
search string and defined PICO criteria. A methodical analysis of the risk of bias
and accurate assessment of the outcomes was carried out according to the SYR-

CLE's RoB and GRADE tools.

Initially, only clinical studies were considered, but due to the scarcity of studies
retrieved during the search process, the research string was subsequently ex-

tended to include experimental studies as well.

Overall, the main evidence emerging from this systematic review is the scarcity
of previous studies evaluating hemodilution applied in microsurgical reconstruc-
tion. Despite the clinical use of hemodilution in different surgical specialties,
there is a lack of relevant clinical research. Moreover, the review revealed that
hemodilution protocols are often largely based on personal assumptions rather
than empiric evidence. Among the few clinical studies retrieved in our system-
atic review [108, 118-123] none of them satisfied the eligibility criteria of our

systematic review and were therefore excluded.

In contrast to clinical studies, we found experimental animal models reporting
positive effects of hemodilution. The preclinical studies included in this review
(n = 4)[124-127] investigated the effect of hemodilution using different micro-

surgical models in vivo.
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The reduced HCT value (27% - 30%) was effective in improving flap perfusion
and flap survival rate [124-127]. Among the 4 studies, 3 focused on the protec-
tive effect of hemodilution on the thrombosis rate at the level of the anastomosis
rather than flap perfusion [125-127]. Studies on hemodilution and microcircu-

lation in free flaps are limited to that of Amoroso et al. [124].

Future research in this field needs to be designed to raise the level of evidence.
Differences between rats and humans in terms of coagulation properties and re-
sponse to hemodilution need to be considered. The use of a hemodilution proto-
col and strict inclusion criteria is needed. In terms of study design, future studies
should be prospective, randomized and correctly powered. Anti-thrombotic
treatment is another major topic in microsurgery that might interfere with he-
modilution effects and its exclusion or exclusion from the clinical trial might

significatively interfere with the results.

4.3. Discussion of the main findings (study IV-V)

3D bioprinting techniques have the potential to address the problem of limited
source of tissue for reconstructive surgery. At the same time, 3D bioprinting
would address the problems with donor site morbidity. One main obstacle in 3D
bioprinting research is the lack of vascularization [84, 89, 108]. Indeed, supply
of oxygen and nutrients to the construct is often restricted to diffusion that can
only supply cells in a proximity of 100-200 mm. Therefore, constructs depend-
ing totally on diffusion could not be thicker than 0.5 mm. If lager implanted
constructs should survive, they need vascularization. Spontaneous vascular in-
growth is slow [128]. In order to improve the speed of vascularization after im-
plantation different strategies have been proposed. A central factor of blood-
vessel formation is strictly related to presence, and size of pores within the con-

struct. Druecke et al. demonstrated that vessel growth in scaffolds with pores
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greater than 250 mm was significantly faster than in those with smaller pores

[129].

Moreover, the interconnectivity of the pores influence cell migration. Customi-
zable 3D bioprinted scaffolds loaded with cells can be created with intercon-
nected pores in order to facilitate vascularization. Our research group previously
presented a method for 3D bioprinting of human adipose tissue constructs with
dimensions much larger than the diffusion range of oxygen using human lipoas-
pirate-derived adipose tissue (LAT). The constructs were able to survive in vivo
and contained functioning blood vessels self-generated by either by spontaneous
ingrowth of vascular structures from the host or from the fragments of blood

vessels present in the LAT [130].

Study IV

Study I'V aimed to investigate vascularization of 3D bioprinted LAT constructs.
We studied perfusion and diffusion properties in the constructs, in vivo, over a
period of 99 days using MRI. The constructs were also histologically and im-
munohistochemically examined. The size of the bioprinted constructs were 10 x
10 x 3 mm, i.e., considerably larger than what can be expected to survive by

diffusion only.

After 3 months of in vivo implantation, the bioprinted constructs survived in
their whole, showing well-preserved adipose tissue with no signs of necrosis or
inflammation at the histopathological analysis. The most interesting finding was
the presence of a vascular network in the bioprinted constructs. Some of these
vessels were of human origin and they contained erythrocytes, i.e., they were
interconnected with the circulation of the host. Taken together, this study
showed spontaneous vascularization of 3D bioprinted LAT. The DWI- MRI
finding of long AT value and the low IS indicated that perfusion in the constructs
was lower than in the surrounding tissue pointing at diffusion as the predominant

mechanism responsible for the transport of oxygen and nutrients. However, the
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diffusion coefficient (D) was relatively high and constant over time. That could
well be an important finding pointing at favorable characteristics of the bio-
material. The nanocellulose bioink used has a very high water content and print-
ing with such ink allows both spatial distribution of the cells and tissues included

and at the same time favorable diffusion that contributes to cell survival.
Study V

In Study V, we aimed to investigate changes in perfusion and diffusion proper-
ties in 3D bioprinted human cartilage constructs, in vivo, over a 98 days period.
The same methodology and study design used in study IV was used in study V.
After 3 months of in vivo implantation the bioprinted constructs survived in their
whole, showing well-preserved chondrocytes with no signs of necrosis or in-
flammation. The D was relatively stable over time in both chondrocyte laden
constructs and in the cell-free control group. As in study 4, this could reflect the
favorable characteristics of the biomaterial used. On day 0, a longer AT and a
lower IS signal was seen in the printed constructs compared to the surrounding
tissues. At day 30, we observed areas having shorter AT and higher IS, hot spots
corresponding to the grid holes. Signal intensity in the hot spots after contrast
administration was similar to that of the aorta suggesting a connection with the
host vasculature. This finding was observed on the majority of the 3D bioprinted
chondrocyte constructs, but not in the control group. The chondrocyte prolifer-
ation was assessed histologically and immunohistochemically by the presence
of proliferation in clusters and by their production of GAG and collagen type II.
A distance between the chondrocytes and the grid holes was observed. This

could indicate that these cells prefer a particular oxygen pressure.

In summary, the grid structure promoted in-growth of blood vessels from the

host.

56



5. Conclusions

The principal conclusions are:

Study I
Both normovolemic and hypervolemic hemodilution was effective in improving

the microcirculation in a free flap rat model.

Study II
Both normovolemic and hypervolemic hemodilution was effective in improving

the microcirculation in a pedicled twisted flap rat model.

Study IIT
There is a lack of relevant evidence supporting the positive effect of hemodilu-

tion on microcirculation in free flaps in both clinical and experimental studies.

Study IV
3D bioprinting with LAT allows spontaneous vascularization of the bioprinted

constructs.
Study V

A gridded structure of 3D bioprinted cartilage promote in-growth of blood ves-

sels
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6. Future Perspectives

The results obtained in study I and II support the hypothesis that hemodilution
could reduce the risk of PRC. On the other hand, due to the lack of clinical rele-
vance existing in the medical literature on this topic, as shown by the systematic
literature analysis in study III, the beneficial effect of hemodilution on microcir-
culation in free flaps needs further investigation. Therefore, a large randomized
prospective clinical study on hemodilution, using a rigorous protocol, strict inclu-
sion criteria to select patients and randomly allocate them in 2 groups of study
(hemodilution vs control), would be needed to validate the potential benefit of
hemodilution in reconstructive microsurgery.

The experimental studies IV and V show two different ways to achieve vascular-
ization in 3D bioprinted tissue; spontaneous formation of blood vessels from the
tissue included in the bioprinting process and ingrowth of blood vessels from the
host, facilitated by a gridded structure.

The next step would be to print larger constructs to challenge the limits of this
technique. Also, a switch to an immune-competent model is necessary and further

experiments are needed before transition to the clinic.
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