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Various conditions in human and veterinary medicine require intestinal resection and
anastomosis, and complications from these procedures are frequent. A rapidly collapsible
anastomotic guide was developed for small intestinal end-to-end anastomosis and
was investigated in order to assess its utility to improve the anastomotic process
and to potentially reduce complication rates. A complex manufacturing method for
building a polymeric device was established utilizing biocompatible and biodegradable
polyvinylpyrrolidone and polyurethane. This combination of polymers would result in
rapid collapse of the material. The guide was designed as a hollow cylinder composed
of overlaying shingles that separate following exposure to moisture. An in vivo study
was performed using commercial pigs, with each pig receiving one standard handsewn
anastomosis and one guide-facilitated anastomosis. Pigs were sacrificed after 13 days,
at which time burst pressure, maximum luminal diameter, and presence of adhesions
were assessed. Burst pressures were not statistically different between treatment groups,
but in vivo anastomoses performed with the guide withstood 10% greater luminal burst
pressure and maintained 17% larger luminal diameter than those performed using the
standard handsewn technique alone. Surgeons commented that the addition of a guide
eased the performance of the anastomosis. Hence, a rapidly collapsible anastomotic
guide may be beneficial to the performance of intestinal anastomosis.

Keywords: end-to-end anastomosis, anastomotic guide, side-to-side anastomosis,
polyurethane

polyvinylpyrrolidone,
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Rapidly Collapsible Anastomotic Guide

INTRODUCTION

Small intestinal anastomosis is a relatively common procedure
that may be performed in either emergency or elective
situations and commonly involves resection of a diseased or
damaged segment of the bowel (1-5). Numerous pathological
conditions indicate the need for an intestinal anastomosis,
including vascular compromise, bowel gangrene, obstruction,
intussusception, volvulus, polyps, neoplasia, impaction,
perforation due to trauma, severe inflammatory bowel
disease refractory to medical therapy, chronic constipation,
various congenital abnormalities, and severe inflammation
due to disease. There are several techniques for performing
an intestinal anastomosis. The operative technique chosen
is at the discretion of the surgeon and is often based on the
particular situation, personal preference, benefits or hindrances
of specific techniques, cost, feasibility, availability of instruments,
the diameter of the affected area of bowel, presence or lack of
edema, location within the abdominal cavity, type of disease
or condition, and time constraints (1, 2). Regardless of the
techniques used, practices that provide the best post-operative
recovery include adequate accessibility of the affected bowel
segment, gentle manipulation of the bowel and surrounding
abdominal structures, appropriate hemostasis and maintenance
of vascularization following transection, avoidance of tension at
the anastomotic site, proper surgical technique, and prevention
of contamination of the abdomen with intestinal contents (2).
The most common anastomotic techniques can be divided
into two broad categories, handsewn and stapled, within
which are numerous sub-categories. Categories of handsewn
anastomoses include simple continuous suture pattern vs.
interrupted suture pattern (5-8); single-layered or double-
layered closure (9-11); inverting, everting, or appositional
pattern (12-15); end-to-end (EEA) or side-to-side (SSA)
positioning of intestinal segments; use of absorbable vs. non-
absorbable suture material and choice of a specific type of
suture material; extramucosal or full-thickness suturing; and
choice of spacing between suture placements (16, 17). Categories
of stapled anastomoses include: end-to-end or side-to-side
positioning; oversewing the stapled area or burying it; and choice
of stapling device used (1). No matter the technique, several
potential complications may occur during or after an intestinal
anastomosis procedure, some of which are life-threatening. A
complication that may present itself early in the recovery period
is leakage from the anastomotic site. During the first 5-7 days of
recovery, the efficacy of the anastomotic site largely relies on the
integrity of the suture material or staples to holdfast in the tissues.
Leakage that occurs within the first day or two after surgery
is often associated with the techniques utilized to perform the
anastomosis. If leakage occurs beyond the first 5-7 days in the
postoperative recovery period, it is more likely to be associated
with poor intestinal healing (2). Leakage may take the form
of diffuse peritonitis or localized abscess formation. Peritonitis
has a high morbidity and mortality rate and requires additional

Abbreviations: EEA, End-to-end anastomosis; SSA, Side-to-side anastomosis; AG,
Anastomotic guide; PVP, Polyvinylpyrrolidone; PU, Polyurethane.

surgical intervention (2). Leakage has been reported to increase
the expected mortality rate after bowel anastomosis from 7.2 to
22% (1, 18).

Another commonly encountered complication is excessive
bleeding from the anastomotic site, either intraoperatively or
postoperatively. The integrity of the anastomosis should be re-
evaluated if this occurs and hemostasis achieved as needed.
Postoperative bleeding can be evident as hematemesis, melena,
bleeding through an intra-abdominal drain, progressive anemia,
and abdominal distension, among other signs. These cases may
need to be treated with medical management or, if persistent or
severe, surgical intervention. Stapled anastomoses in particular
have been shown to result in disruption of mesenteric blood
vessels, increasing the risk of ischemia of the bowel (2). Stricture
of the intestine at the anastomosis is a serious complication that
has been reported to occur more frequently after stapled EEA
than handsewn EEA (2, 19). Medical management of anastomotic
leakage after surgery is a significant risk factor contributing to
the development of a stricture, and dilatation or surgical revision
may be necessary to treat this complication (2).

We hypothesized that the use of an anastomotic guide (AG),
placed within the lumen of the intestine during surgery would
improve the accuracy of EEA by providing a means to appose
the cut ends of the intestine so that precise sutures could be
placed. This precision surgery would result in increased lumen
diameter and reduced potential for leakage after anastomosis.
The device was designed such that it would rapidly collapse after
surgery so as not to be predisposed to complications associated
with other intraluminal intestinal devices. Intraluminal stents
have been used to expand and maintain the lumen size of
strictured bowel after colon resection and anastomosis. To date,
intestinal stents used to expand the intestinal wall contain non-
degradable or slowly degraded materials (20). Intestinal stents
may increase morbidity rates associated with interruption of
intestinal motility, impaction of the stent by digesta, stent
migration, and re-obstruction (20-22). A slowly degrading (up to
3 months) intraluminal colonic stent was described for treatment
of strictures of the colon after anastomotic leakage (23). A rapidly
degraded or collapsed intraluminal device would eliminate post-
operative morbidity associated with the use of the device. We
aimed to assess the feasibility of a rapidly collapsible, intraluminal
small intestinal AG to reduce the potential for post-operative
complications, as well as to improve the accuracy and efficiency of
the anastomotic procedure (23). A prototype AG was fabricated
and underwent numerous characterization assessments prior to
application in an in vivo swine model, which was established in
order to assess post-surgical complications when compared with
a standard handsewn EEA method.

MATERIALS AND METHODS

Anastomotic Guide Composition and
Fabrication

Non-degradable 3D-printed models of an intraluminal guide
were initially fabricated based on expected bowel size in an
~70kg pig, as well as the length predicted to be of greatest
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FIGURE 1 | General protocol used to fabricate the device. Medium 1 refers to PU dissolved in 90/10 ethanol/deionized water. Medium 2 refers to salt porosity agents

benefit to the technical performance of an anastomosis. A
hollow cylindrical tube was determined to be the ideal shape.
These prototypes were used as models for creation of a rapidly
collapsible, intraluminal AG. The desired specifications were that
the guide would collapse no <30 min and no longer than 3 h after
implantation within the intestine.

A guide (patent pending: PCT/US2019/041550) was
fabricated wusing a hollow cylindrical tube composed
of layers of biocompatible polymer polyurethane (PU)
(HydroMed:AdvanSource Biomaterials; Wilmington, MA)
and moisture/fluid-degradable polymer polyvinylpyrrolidone
(PVP) (polyvinylpyrrolidone: Sigma-Aldrich: Average MW
10000, St. Louis, MO). These polymers were chosen based on
their water responses (water uptake and ability to dissolve in
water). The polymer layers were produced using a modified
salt leaching method. Briefly, the PU polymer was dissolved in
90/10 ethanol/deionized water to form medium 1, then 10g
of 75-150-wm particles (porosity agents — medium 2) for
each 1g of PU were added (Figure 1). The material was mixed
extensively, poured over a glass mold, and transferred into a
water bath to remove the salt particles. The resulting polymer
film was dried and cut into a small laminate (3 x 1.5cm). Next,
the porous polymer laminate was saturated with PVP. The
polymer laminates were then assembled to form multilayers over
the support mold. The mold was removed, and the samples were
left to dry (Figure 2).

The device was fabricated to serve as a temporary supportive
intraluminal anastomotic guide that can rapidly lose its integrity

T ..

FIGURE 2 | Fabricated device measuring 3 x 1.5cm.

after becoming wet and within the desired time. The desired
specifications were that the guide would lose its integrity in no
<30 min and no more than 3h after implantation within the
intestine. To test the devices ability to meet these specifications,
the fabricated samples were immersed in a water bath, and the
integrality was observed over time.
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In vivo Investigation

In vivo studies were done after approval by the Institutional
Animal Care and Use Committee (IACUC protocol #2522) at
the University of Tennessee, Knoxville. Six domestic cross-bred
pigs, weighing 35 to 70kg, were housed in separate adjacent
pens and acclimated to their environment for 12 days. Each pig
was fasted for a minimum of 12h prior to surgery, and water
access was restricted a minimum of 2h before surgery. Peri-
operative analgesia was provided by placement of transdermal
fentanyl patches (1 pg/kg) along the dorsal midline in the
mid-thoracic region at least 12h prior to surgery. Subjects
were pre-medicated with xylazine (2 mg/kg, IM), induced
with a combination of midazolam (0.1-0.2 mg/kg, IM) and
ketamine (10 mg/kg, IM), an endotracheal tube was placed,
and anesthesia maintained using isoflurane (range 1 to 5%)
vaporized into oxygen (100%). Each subject was placed into
dorsal recumbency, clipped, and aseptically prepared along
the ventral midline. The surgical model, briefly depicted in
Figure 3, consisted of a 10 cm ventral midline laparotomy with
subsequent exteriorization of 20-40 cm of jejunum. The bowel
was milked free of intraluminal contents and a 15cm segment
was isolated with Doyen intestinal clamps. A complete, transverse
enterotomy was performed at a 90° angle and single interrupted
sutures of #3-0 PDS (Ethicon, INC. Somerville, New Jersey)
were placed at the mesenteric and anti-mesenteric margins of
the cut edges for stabilization and to aid in apposition of the
edges. The anastomosis was completed with an interrupted
simple continuous appositional pattern (two suture segments,
each placed hemi-circumferentially) using #3-0 PDS. Integrity,
blood perfusion, and complete closure of the anastomosis was
evaluated. Approximately 20 cm distal to the first anastomosis,
a second enterotomy was performed in like manner, except
after the first single interrupted suture was placed and before
closing the cut edges of the bowel with the same technique,
the collapsible intraluminal anastomotic guide was placed within
the lumen traversing and centered on the cut edges. Following
replacement of the jejunum within the abdominal cavity, the
linea alba was closed using #0 PDS, the subcutaneous layer
with #2-0 PDS, and finally the skin with #1 polypropylene, all
utilizing a simple continuous pattern. Surgeons were consulted
regarding their subjective opinion of the utility of the AG
during surgery.

Pigs received intramuscular ceftiofur (Excede, Zoetis Services
LLC, Parsippany, New Jersey; 5 mg/kg dose) prior to surgery.
The pigs were monitored frequently for signs of pain, incision
site abnormalities, vomiting, abdominal distention, diarrhea,
or constipation. Peri-operative analgesia was managed using
fentanyl patches (1 pg/kg, TD, 72 h) and meloxicam (0.4 mg/kg,
PO, q24h x 5 d). Pigs were monitored for activity, appetite, and
clinical signs of pain through day 13 at which time the study
was terminated.

All pigs were sacrificed 13 days after surgery, and necropsy
examinations performed to assess the gross appearance of the
bowel and anastomoses, as well as the surrounding abdominal
cavity. Burst pressure withstood by the anastomotic sites was
determined by instilling saline into the anastomotic region and
observing for leakage. Fluid pressure was assessed using a digital

pressure monitor (Surgivet® V6400 Invasive Blood Pressure
Monitor, Smiths Medical PLC, Minneapolis, MN). The vicinity of
the anastomotic site was occluded using surgical clamps, leaving
an ~12cm long segment centered on the anastomosis. A 16-
gauge needle and IV line were used to instill saline solution
into one side of this region, and a second 16-gauge needle
was placed into the opposing side and attached to the pressure
monitor. The lumen was gradually distended with saline while
the anastomosis was observed for leaks. Once a leak occurred,
the pressure reading was recorded and considered the maximum
burst pressure withstood by the anastomotic site for that sample.

The external diameter of the bowel was also measured for
the assessment of stricture of the anastomotic site. Diameter
difference was calculated based on diameter measurements of
the intestinal regions just proximally and distally adjacent to
the anastomosis, as well as at the anastomotic site, utilizing
calipers while saline remained infused in the segments following
burst pressure measurement. Histologic evaluation included
hematoxylin and eosin and trichrome stains to assess fibrosis
and collagen deposition, presence and characterization of
inflammation at the anastomotic sites and within the adjacent
tissue, approximate width of anastomotic sites, serosal thickness,
and any additional abnormalities.

RESULTS

Anastomotic Guide Characteristics

3D Keyence Laser Microscope Analysis
Three-dimensional (3D) laser microscopy (LSCM, VK-X260K,
Keyence, Itasca, IL) was used to evaluate the surface morphology
and topography of the samples, allowing visualization of the
porous structure of the polymer laminate. The porous polymer
laminate was examined using 20X and 10X lenses. The data
was analyzed with Keyence’s Multi-File Analyzer software. 3D
microscopy confirmed that the polymer laminate has a porous
structure, as shown in Figure 4.

Device Testing

Generally, when dry, the device is a rigid structure due to the
solidification of PVP. The fabricated samples were immersed in a
water bath, and the integrality was observed over time. The device
lost its integrity as a function of the water/fluid response of its two
polymers, causing it to collapse.

In vivo Investigation

Morbidities observed after surgery included minimal incidences
of diarrhea, mild pyrexia that resolved after treatment with
antibiotics, and mild swelling at the incision site. No remnants
of the AGs were recovered in feces.

Following sacrifice of the pigs, gross examination of the
anastomoses and surrounding abdominal cavity was performed.
Adhesions were discovered at eleven out of the twelve EEA sites
and at adjacent regions within the abdominal cavity in five out
of the six pigs. There were no significant differences in adhesion
development between the anastomotic sites that involved the
AG and those that did not. A standard handsewn EEA in one
pig was noted to have had minor dehiscence, and no leakage or
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Standard
Handsewn
EEA

AG-Facilitated
EEA

FIGURE 3 | End-to-end anastomosis procedure; (A) a single interrupted suture is placed on the anti-mesenteric margin of the bowel immediately following
performance of a transverse enterotomy; (B1) single simple interrupted sutures are secured on both the anti-mesenteric and mesenteric margins, and the bowel
edges are apposed for further suturing; (C1) a row of simple continuous sutures is placed hemi-circumferentially; (B2) an AG is placed into the lumen of the bowel;
(C2) the anastomosis is performed overtop the AG after complete placement within the lumen.

dehiscence was noted in any of the EEA performed with the AG.
The gross appearance of the healed margins of the bowel were
similar for all EEA sites.

Burst pressure was found to be ~10% greater at AG-facilitated
anastomotic sites than those of standard handsewn EEA sites
(Table 1); however, this difference was not statistically significant.
The maximum diameter achieved at the anastomotic sites that
utilized an AG was significantly greater than that achieved
with the standard handsewn anastomoses (Table 1). Subjective
evaluation by surgeons performing the anastomoses noted that
the guide aided in the placement of more evenly spaced sutures
and eased the performance of the EEA. The surgeons noted that
there was some difficulty placing the guide within the lumen

due to its pliability (accountable to submersion in saline prior
to surgery).

Histologic evaluation revealed characteristics of expected
healing within all of the samples, including suture granulomas
adjacent to anastomotic sites, fibrosis and collagen deposition
within sites, serosal thickness at sites between 2 and 4 times that
of the adjacent normal tissue, and sites ranging in width from
<0.5 to 5 mm. All anastomotic sites contained a normal expected
amount of mild-to-moderate inflammatory cell infiltration,
typically mixed eosinophilic and lymphocytic inflammation. Two
anastomotic sites (one standard and one AG) in two separate pigs
appeared to have features of both jejunum and ileum, dependent
on the section examined. The standard handsewn anastomosis
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FIGURE 4 | 3D LSCM results for the porous polymer laminate used to fabricate the device.

TABLE 1 | Comparison of the average number of adhesions at the anastomotic
site, burst pressure, and maximum diameter for each anastomotic technique.

Standard Anastomotic
handsewn EEA guide EEA
Average number of adhesions at site 1 1
Average burst pressure (mmHg)® 150.6 + 49.3 166.0 + 47.5
Average maximum diameter at 22.73+2.0 26.59 £ 3.9
anastomotic site (mm)?
Diameter difference of anastomotic +17%

sites (%)?

Burst pressure was obtained at only five of the six anastomotic sites of each technique
due to perforation of the anastomotic site or adjacent bowel in two samples. Presence
of adhesions at the anastomotic sites and local regions of the abdominal cavity was
assessed grossly. Burst pressure was measured by instilling saline into the anastomotic
region and observing the maximum pressure withstood by the anastomosis via a digital
pressure monitor. Maximum diameter at each anastomotic site was measured while
saline remained infused in the segments following burst pressure measurement. Diameter
difference is the difference between the average diameter of the anastomoses performed
with and without the use of an AG.

aStatistically significant difference (p < 0.05), ?No significant difference.

in one pig demonstrated a focal region of ulceration and marked
inflammatory infiltrates, including dead or degenerate segmented
eosinophils and neutrophils. This sample demonstrated an
increased presence of macrophages within an area of fibrosis.
Within this same pig, the bowel edges of the AG site appeared
to be overlapped in one region. Another standard handsewn

anastomosis in a different pig similarly demonstrated an
area of ulceration, along with the presence of hemorrhage,
imbedded plant material or suture, and marked suppurative and
eosinophilic inflammation. Hemorrhage was found within the
serosa of this sample. Within the standard handsewn site of an
additional pig, there was a focal region of pyogranulomatous
inflammation, and in the AG site of this same pig, there was
a mild-to-moderate amount of inflammation and hemorrhage
within the serosa which was deemed likely not significant.

DISCUSSION

During post-mortem assessment, anastomotic site diameter was
deemed to be improved in the sites in which an AG was used.
Although small, this difference may be clinically significant,
resulting in a decreased likelihood of stricture and impaction
at surgical sites. A meta-analysis examining complications
following sutured and stapled colorectal anastomosis in 1,233
human patients determined that strictures occurred in 2 and
8% of patients, respectively (1, 24). One limitation to evaluating
the diameter difference by measuring the external diameter
with calipers is that any inverted mucosa resulting in a further
narrowed intraluminal diameter would not be accounted for.
Two alternative methods of assessing the intraluminal diameter
and anastomotic index are by instillation of a contrast agent
into the delineated region of the anastomosis and subsequent

Frontiers in Surgery | www.frontiersin.org

10

November 2020 | Volume 7 | Article 587951


https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org
https://www.frontiersin.org/journals/surgery#articles

Pedersen et al.

Rapidly Collapsible Anastomotic Guide

Water uptake and sweilling (Mass NCrease, Mean +4td dev.
5.5,
5.0
454 '
4.0 ‘
384 9
3.04
254
204
154
104 »
054
0.0

Normalized Mass

T

0 10 20 30 40 50 60

Time (min)

FIGURE 5 | Water uptake and swelling behavior of the porous polymer laminate used to fabricate the device. Left: normalized mass; right: normalized length.
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radiographic imaging (25, 26), or by measurement of the wall
thickness at the anastomotic site and proximally and distally to
it utilizing calipers (26).

Differences in burst pressure between the groups were
not significantly different. This suggests that the healing
process in the intestine with EEA is similar regardless of the
technique employed. Maximum burst pressures achieved were
physiologically appropriate, and in fact were in excess to normal
physiological pressures (27, 28), so it does not appear that the
performance of anastomoses produced a risk of bowel disruption
during motility, at least when assessed 2 weeks post-operatively.

Adhesion development occurred at nearly all anastomotic
sites and within local areas of the abdominal cavity. It was
difficult to differentiate which anastomotic site may have incited
the additional adhesions within the abdomen, and the ~20 cm
distance between the two anastomoses may ultimately have been
too close in proximity to allow this determination. Intraluminal
appearance of each anastomosis was not noticeably different,
supporting the likelihood that the methods did not adversely
affect the normal process of intestinal healing. One pig appeared
to have developed a small dehiscence at the standard handsewn
anastomotic site, which was sealed with an adhesion. Histologic
evaluation of the samples did not reveal any substantial
concerns in regards to integrity of the anastomotic sites or
presence of excessive inflammation that would be expected to
progress to significant disease, including within the samples
that demonstrated focal regions of inflammation. All samples
revealed anticipated indicators of healing, including granuloma
formation at suture sites, fibrosis and collagen deposition within
the anastomotic sites, and thickening of the serosa.

The EEA technique was noted by the surgeons to be easier
to perform with the use of the AG. This is likely owing to the
ability to place sutures more easily within the cut edges of bowel
due to the edges being dilated by the guide as opposed to the
natural contraction and eversion that occurs when the bowel
is transected. Precision and accuracy in reconstruction of the
continuity and patency of the bowel is critical to ensuring that

devastating dehiscence or stricture does not occur (2, 29). The
only concern noted with the use of the AG regarded difficulty
placing the guide within the lumen due to its pliability. The
guides were briefly soaked in saline prior to surgery, which likely
accounts for the majority of this pliability. However, sturdiness
of the guide may also be addressed in modified designs by
altering the thickness or polymer composition. Time to collapse
of the guide was assessed in hydration studies prior to placement
within the subjects and was deemed appropriate. No remnants
remained within the lumen upon necropsy evaluation, which
further supports that the guides broke apart.

One concern about placement of a medical device within the
bowel lumen is the potential for complications associated with
the device itself. Non-degradable or slowly degrading intestinal
stents that have been previously available or investigated may
increase morbidity rates associated with hindrance to normal
peristalsis, dislodgement, blockage of the intestinal lumen with
the stent, and impaction of the lumen of the stent with digesta
(20-22). We designed a rapidly collapsible polymeric device to
avoid these potential complications. Should the guide dislodge
shortly after the surgery, it would quickly collpase with the
passage of digesta within the bowel. The testing of the device
by water bath immersion demonstrated that the device lost its
integrity over time as a function of the water/fluid response
of its two polymers, causing it to collapse. Generally, the two
polymers have different responses to fluid. PU uptakes fluid into
its structure, with the ability to increase in mass by about 300%
of its dry weight and expand in size by about 60%, as shown
in Figure 5. In contrast, PVP dissolves when exposed to fluid,
causing the device to lose its polymer-polymer bonds.

The ability of an intraluminal anastomotic guide to aid in
increasing the diameter of an intestinal anastomosis site, as
well as ease the performance of the technique itself, without
presenting any additional complications, supports the use of
guides for this particular procedure. This could ultimately reduce
complications that occur post-operatively, including dehiscence,
leakage, peritonitis, stricture, and impaction. Any reduction
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in time of performance would also be beneficial as some
patients undergoing this procedure may be physiologically and
anesthetically unstable. The use of a swine model is advantageous
for translation to human medicine, as swine have gastrointestinal
tracts that are comparable to humans. Continued research is
warranted to develop a collapsible or degradable intraluminal
guide for small intestinal anastomosis for use in human and
animal patients, and the data from this study will be utilized in
the planning of a follow-up validation study employing a larger
number of swine with assignment of animals to a single treatment
group rather than the performance of both procedures within the
same animal.
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Introduction: 3D printed patient-specific vascular phantoms provide superior
anatomical insights for simulating complex endovascular procedures. Currently, lack of
exposure to the technology poses a barrier for adoption. We offer an accessible, low-
cost guide to producing vascular anatomical models using routine CT angiography, open
source software packages and a variety of 3D printing technologies.

Methods: Although applicable to all vascular territories, we illustrate our methodology
using Abdominal Aortic Aneurysms (AAAs) due to the strong interest in this area. CT
aortograms acquired as part of routine care were converted to representative patient-
specific 3D models, and then printed using a variety of 3D printing technologies to assess
their material suitability as aortic phantoms. Depending on the technology, phantoms cost
$20-$1,000 and were produced in 12-48 h. This technique was used to generate hollow
3D printed thoracoabdominal aortas visible under fluoroscopy.

Results: 3D printed AAA phantoms were a valuable addition to standard CT angiogram
reconstructions in the simulation of complex cases, such as short or very angulated
necks, or for positioning fenestrations in juxtarenal aneurysms. Hollow flexible models
were particularly useful for device selection and in planning of fenestrated EVAR.
In addition, these models have demonstrated utility other settings, such as patient
education and engagement, and trainee and anatomical education. Further study is
required to establish a material with optimal cost, haptic and fluoroscopic fidelity.

Conclusion: We share our experiences and methodology for developing inexpensive
3D printed vascular phantoms which despite material limitations, successfully mimic the
procedural challenges encountered during live endovascular surgery. As the technology
continues to improve, 3D printed vascular phantoms have the potential to disrupt how
endovascular procedures are planned and taught.

Keywords: 3D printing, vascular phantom, simulation, fluoroscopy, angiography, AAA (abdominal aortic
aneurysm), EVAR, FEVAR

INTRODUCTION

3D Printed Vascular Phantoms

3D printing is a manufacturing technique which has gained attention in surgery recently as a
means of rapidly producing patient-specific anatomical models for the purposes of procedural
simulation and training. This accessible technology allows imaging to be converted into physical,
patient-specific models within the hospital setting, enabling surgeons and other proceduralists

Frontiers in Surgery | www.frontiersin.org

14 January 2021 | Volume 7 | Article 626212


https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org/journals/surgery#editorial-board
https://www.frontiersin.org/journals/surgery#editorial-board
https://www.frontiersin.org/journals/surgery#editorial-board
https://www.frontiersin.org/journals/surgery#editorial-board
https://doi.org/10.3389/fsurg.2020.626212
http://crossmark.crossref.org/dialog/?doi=10.3389/fsurg.2020.626212&domain=pdf&date_stamp=2021-01-27
https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org
https://www.frontiersin.org/journals/surgery#articles
https://creativecommons.org/licenses/by/4.0/
mailto:JasamineCB@gmail.com
https://doi.org/10.3389/fsurg.2020.626212
https://www.frontiersin.org/articles/10.3389/fsurg.2020.626212/full

Coles-Black et al.

A Quick Start Guide

to rapidly access true-to-scale representations of patient anatomy
for superior visualization and planning.

3D printing is anticipated to represent the next step in
personalized medicine. Despite the nascence of the technology,
its utility as a tool in presurgical planning and intraoperative
visualization is currently being examined via clinical trials (1).
In addition, its potential in other settings is being explored, such
as for patient education and engagement and trainee education.
Due to the expiry of patents leading to the democratization of
3D printing technology, desktop 3D printers are now in the price
range of office paper printers, well within reach of all surgical
departments seeking to produce of patient-specific 3D printed
anatomical models in-house. In the field of vascular intervention,
3D printed models have been used as presurgical simulation tools
in the planning of Endovascular Aneurysm Repair (EVAR) (2),
and complex endovascular aortic techniques such as fenestrated
or branched EVAR (3, 4). 3D printed vascular models have also
been explored in procedural simulation involving other vascular
territories, such as coil embolisation of cerebral aneurysms (5) or
splenic artery aneurysms (6).

Our frontier experiences with the technology mirror those of
other groups, with 3D printed patient-specific vascular models
providing superior anatomical insights for simulating complex
procedures (Figure1). This has clear advantages regarding
patient safety with reduced time under anesthesia, reduction
in operation time (7), shorter recovery times, and a reduction
in blood loss intraoperatively (8), resulting in cost savings to
health services. However, despite the promise of 3D printed
patient-specific phantoms for simulation, lack of exposure to the
technology amongst vascular proceduralists poses a barrier for
adoption (9).

We offer an accessible, low-cost guide to producing vascular
anatomical models using routine CT angiography, open source
software packages and a variety of 3D printing technologies, with
a focus on Abdominal Aortic Aneurysms (AAAs) to showcase its
utility. However, the techniques described are equally applicable
to any vascular territory imaged using Computed Tomographic
(CT) angiography.

Abdominal Aortic Aneurysms

An Abdominal Aortic Aneurysm is a dilatation of the abdominal
aorta to at least 1.5 times its usual size, or an outer diameter
of 3cm (10). As a true aneurysm, the dilatation affects all
three layers of the aortic wall, namely the intima, media, and
adventitia. AAAs cause a substantial burden on the healthcare
system. Rupture results in death in 65% of cases, with a
perioperative mortality of 32% (11). In addition, ruptured AAAs
are responsible for 1.3% of total deaths in 65-85 year old males in
developed countries (10).

The infrarenal aorta is the most common site of AAA
formation, and the most favorable anatomical morphology for
repair, either via an endovascular approach with EVAR or open
surgical repair via infrarenal aortic clamping. Contemporary
endovascular technology has made great strides, with EVAR seen
as standard care in patients with appropriate anatomy (12).

However, when faced with patient anatomy beyond the
standard infrarenal AAA, the endovascular surgeon must modify

FIGURE 1 | A 3D printed complex Type B aortic dissection for reintervention
(right) compared to normal aorta (left). Both models were 3D printed using
FDM technology and ABS filament. Note that due to limitations in the size of
the print bed, the Type B aortic dissection was printed in four pieces.

his or her approach to these complex cases. If the aneurysm
extends to but does not involve the renal artery ostia, it is
considered a juxtarenal AAA. If the aneurysm extends further
superiorly involving the renal arteries and visceral arteries, it is
termed a pararenal or paravisceral AAA. Endovascular repair of
these complex anatomies is challenging, requiring branched or
fenestrated stent grafts, or may be technically unfeasible with
current levels of technology.

Utility of 3D Printed Phantoms in AAA

Simulation

As Vascular Surgery experiences a fundamental shift with
increasing endovascular and decreasing open repairs, the reach
of EVAR increasingly extends to patients with complex anatomy
outside of the standard infrarenal AAA, adding to the complexity
of contemporary AAA repair.

Well-known potential complications of EVAR include
endoleak, graft occlusion, migration or infection (13, 14),
requiring further endovascular or open surgical revision and
further costs incurred to the healthcare system. As such, adequate
visualization of the patient’s unique anatomy, appropriate graft
selection, the ability to predict intraoperative difficulties and
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FIGURE 2 | (A) A transparent complex juxtarenal AAA phantom being prepared for simulation of a complex fenestrated EVAR procedure. The model was 3D printed
with SLA technology using a transparent resin. (B) The AAA phantom under fluoroscopy. (C) The AAA phantom after deployment of a fenestrated stent graft.

the shape of the graft after deployment are paramount to the
improvement of this young technique, and the cost to the public
health system. Many of these complications would be mitigated
with the opportunity to simulate the proposed procedure and
select devices using patient-specific AAA phantoms.

In addition, there is a growing role for 3D printed EVAR
simulators in training the next generation of Vascular Surgeons
(7). The benefits of simulation in procedural training have
been well-described in the Vascular Surgery literature (15, 16).
Simulation allows for a “dry run,” improving trainee confidence
in procedures. It provides an opportunity for participants
to apply theory into practice, and to gain experience that
would otherwise potentially put patients at risk, particularly
in emergency situations. In addition, simulation provides an
environment where all members of the team can learn with
and from one another, with the opportunity for debriefing
and reflection.

Duran et al. reported an improvement in self-reported
confidence levels amongst Vascular trainees afforded access
to simulation, with 86% of trainees surveyed supportive of
simulation training (17). Simulation accelerates the acquisition
of psychomotor skills, procedural understanding, and facilitates
assessment of proficiency (18, 19). Specific to EVAR, Vento et al.
confirmed that simulation objectively improved the competence
of trainees in performing EVAR, with reductions in total
procedure time, total fluoroscopy time, time for contralateral gate
cannulation, and volume contrast used when compared to the
control group (20).

Endovascular techniques are evolving at a remarkable rate.
Combined with decreased training hours and the unstructured
nature of opportunistic on-the-job training via the traditional
Halstedian apprenticeship model, simulation-based procedural
training is a promising avenue. The contemporary challenge

of lack of procedural exposure is further compounded by
improvements in non-invasive vascular imaging techniques,
reducing the opportunities for trainees to perform diagnostic
angiograms in order to gain essential wire and catheter handling
skills (18). Simulation provides a solution by offering an
avenue to learn the key steps required in common as well
as more advanced procedures under the supervision of a
surgical educator.

Study Aims

3D printed vascular phantoms have a growing role in the
pre-surgical simulation and training of complex endovascular
procedures. While there is growing interest in the topic, lack
of familiarity with 3D printing technology has resulted in
slow uptake.

In developing this methodology, our aim was to create
inexpensive vascular phantoms with optimal anatomical, haptic
and fluoroscopic fidelity. Through iterative prototyping, we have
improved upon the workflow, particularly with regards to speed
and cost to ensure that initial investment would not pose a barrier
to interested departments.

We demonstrate this workflow using AAA phantoms as an
example of how CT angiograms acquired as part of standard care
can be converted into patient-specific 3D models. Our work has
occurred at 3D Med Lab, Australia’s first 3D printing laboratory
in a public hospital setting. This work has resulted in hollow 3D
printed thoracoabdominal aortas with branches which allow for
realistic simulation under fluoroscopy.

These models, despite current material limitations,
successfully mimic the cannulation and deployment challenges
encountered during live endovascular surgery (Figure2). As
dimensional and representational material validity is improved,
these AAA phantoms have the potential to serve as a powerful
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FIGURE 3 | Surface model of an infrarenal AAA viewed in 3D Slicer.
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adjunct to how complex EVAR cases are planned. In addition,
as these models do not degrade, they serve as a valuable tool
to simulate EVAR for vascular trainees, as well as to counsel
patients as part of the therapeutic relationship.

We seek to inform on the readiness of current levels of 3D
printing technologies for the vascular proceduralist, and the
feasibility of implementing 3D printing in the hospital setting.
A readily reproducible, descriptive methodology for the creation
of vascular phantoms has yet to be described in the literature,
leading many groups to rely on commercial third parties to
create and 3D print their vascular models. Not only would
3D printed vascular phantoms be more economical to produce
within the health service setting, it allows for translation to
the angiography suite with the efficiency that surgeons are
accustomed to.

In summary, our aim was to develop a low cost, low
complexity, CT angiogram to 3D printed vascular phantom
workflow that could be easily adopted by other groups using open
source segmentation packages and inexpensive, commercially
available 3D printers.

MATERIALS AND EQUIPMENT

Segmentation Software

There is an ever-expanding selection of medical image
processing software available, both commercial and open
source. Commercial software utilized by groups in the literature
include Mimics (version 23.0; Materialize NV, Leuven, Belgium,
2020), InVivoDental (version 6.0; Anatomage, San Jose, CA,
2020), OnDemand3D (APP version 1.0; CyberMed Inc, Seoul,
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hollow phantom.

FIGURE 4 | (A) The intraluminal contrast within the AAA is highlighted. (B) The model is dilated outwards to approximate the external surface of the AAA, resulting in a

B: Panora...pped 1

Korea, 2020), and OsiriX Imaging Software (version 11.0;
Pixmeo, Geneva, Switzerland, 2020). However, licensing fees
commence at thousands of dollars, which can be challenging for
surgical units to justify at the outset.

Open source software such as 3D Slicer (version 4.11;
Harvard, US, 2020), and ITKsnap (version 3.6; Pennsylvania,
US, 2020) present accessible alternatives. Most of our group’s
experience has been with the open source software 3D
Slicer (21), a platform for the analysis and visualization of
medical images, available for download at https://www.slicer.org/
(Figure 3). The user interface of 3D Slicer is modular in nature,
with powerful plug-in capabilities for additional algorithms
and applications.

3D Printing Technology

The most readily available 3D printing technologies
for the wvascular proceduralist include those accessible
via university links, or those sufficiently affordable and
compact to be located within the hospital setting. The
most common 3D printing modalities include Fused
Deposition Modeling (FDM), Stereolithography (SLA) and
Inkjet techniques.

FDM is the most accessible 3D printing technique for those
interested in experimenting with the technology, retailing for
as little as a few hundred dollars. The technology involves the
building of layers via the extrusion of heat-softened polymers.
Common materials include the rigid thermoplastics Acrylonitrile
Butadiene Styrene (ABS), Polylactic Acid (PLA), as well as
flexible thermoplastics such as Thermoplastic Polyurethane
(TPU) and Thermoplastic Elastomer (TPE), soft, rubber-like
filaments. FDM has been used to 3D print surgical guides (22),

FIGURE 5 | Using Meshmixer, mesh defects in the AAA phantom are identified
for repair prior to finalizing the model for 3D printing.

patient-specific anatomical models for presurgical simulation
(23), and even patient-tailored pharmacotherapeutics at
individualized doses (24).
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FIGURE 6 | A complex juxtarenal abdominal aortic aneurysm 3D printed for
presurgical planning using FDM technology. In addition, the 3D printed model
was used to plan the fenestrations of a commercially produced endograft.

SLA utilizes an ultraviolet laser, which is selectively scanned
over a vat of photo-active photopolymer, curing and solidifying
specified areas on the surface of the liquid. As the process
continues, the final object is built up layer by layer. Thus far, SLA
has been used for anatomical modeling in presurgical simulation
(25) and training (26), and in the creation of scaffolds for tissue
engineering (27).

Inkjet 3D printing is an extension of the conventional two-
dimensional paper printing technique. Hundreds of microscopic
nozzles selectively deposit droplets of photopolymer one layer
at a time, which are flash cured using a UV lamp. Retailing for
hundreds of thousands of dollars, inkjet printing is the most
expensive of the 3D printing techniques described, requiring
collaboration with academic centers at the outset until its expense
can be justified. This technique allows for multiple anatomical
structures to be 3D printed in one piece, allowing for basic
discrimination between tissues for the purposes of simulation
(28, 29).

We provide interested vascular proceduralists with examples
of aortic phantoms 3D printed with each of these technologies,

FIGURE 7 | The visceral segment of a complex juxtarenal AAA 3D printed in
flexible resin using SLA technology for presurgical planning.

as well as our experiences regarding their suitability for
common applications (Figures 6-8).

METHODOLOGY

We describe our methodology for isolating regions of patient
vasculature to generate surface models for 3D printing, however
the vascular models generated can equally be viewed on a tablet,
through a Virtual Reality headset, or projected onto a screen
for viewing.

Using 3D Slicer, CT aortograms were converted to
representative patient-specific AAA models. The models
were then prepared for printing using another open source
computer aided design (CAD) software, Meshmixer (version 3.5,
Autodesk, California, US, 2020), and 3D printed using a variety
of 3D printing techniques in order to assess their suitability as
aortic phantoms (Figures 4, 5). Depending on the 3D printing
technology used, these models cost AUD$20-1,000 and were
produced in 12-48 h.

Image Acquisition

CT aortograms acquired as part of AAA surveillance or
preoperative workup are an ideal starting point for this workflow,
with intraluminal contrast greatly facilitating the isolation of
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FIGURE 8 | A flexible, hollow, translucent AAA phantom 3D printed using
Inkjet technology.

vascular anatomy. Due to its increasing availability and ever-
improving speed and quality, non-invasive CT angiography
has become the conventional imaging modality for visualizing
vascular anatomy and pathology (30). The accuracy of image
processing is highly dependent upon the quality and resolution
of the original CT imaging, with slice thicknesses <1 mm yielding
superior results.

Although not the modality of choice at our center, Magnetic
Resonance Angiography (MRA) presents an ideal alternative,
likewise due to the presence of intraluminal contrast. B-mode
ultrasound has also been utilized with success in the literature
in 3D printing arteriovenous fistulas (31), however ultrasound
as a modality is more heavily operator dependent, less readily
available in the clinical setting due to staffing demands, and
cannot be applied to all vascular territories. A key concept is that
the imaging protocol which best visualizes the vascular anatomy
for surgical planning will similarly result in the best imaging for
3D printing.

Generating 3D Models From CT
Angiograms

Generating 3D models from patient CT angiography is
performed via the process of image segmentation, which
involves partitioning an image into multiple segments for

meaningful analysis. In the context of CT aortograms, a
contrast-enhanced AAA and its branches are efficiently isolated
from the surrounding soft tissue by leveraging the concept of
Hounsfield Units.

Using the Segment Editor module, CT aortogram datasets
were automatically segmented using the Threshold function. The
Threshold tool divides the CT angiography dataset into two
segments, based on the Hounsfield Unit range selected. This
labels the voxels, or three-dimensional pixels, as either colored
or uncoloured, covering areas of the selected intensity values
throughout all slices of the CT angiogram.

Segmentation via thresholding is performed based on
intensity values alone. Hence the process, whilst automated, may
result in artifact, or unwanted areas that have been highlighted
due to their similar density to the region of interest. These can
be removed using the Save Island function. Save Island retains
the selected anatomy and removes disconnected voxels with the
same intensity.

Creating a 3D Model

In 3D Slicer, a preview of the segmented AAA can be visualized
in the 3D viewing screen by toggling View 3D. For the purposes
of EVAR planning, the AAA can be cropped superior to the
visceral segment of the aorta, and inferior to the bifurcation of
the common iliac arteries by using the Scissors function. The
Hollow function converts the external surface of the intra-luminal
contrast into the internal surface, growing a wall of the specified
thickness around it, preserving the diameter of the lumen. Once
the process is complete, the AAA model is Exported to be
prepared for 3D printing. The AAA model is by default saved
in Visualization ToolKit (VTK) format. This is best converted to
Standard Triangle Language (STL) format which is compatible
with 3D printers and Computer Aided Design (CAD) software.

Preparing the AAA Phantom for 3D Printing
Depending on the presurgical simulation intended, or the lesson
plan in mind, the model can be further modified using CAD
software prior to 3D printing. The vascular phantom can be
made modular to introduce increasing levels of complexity,
or the inflow and outflow modified to allow compatibility
with a fluid circuit. For these purposes, Meshmixer (version
3.5, Autodesk, California, US, 2020) is the open source CAD
software favored by many groups in the literature, due to a
useful feature in the Analysis menu. The Inspector tool allows
the user-friendly Auto Repair of defects in the model prior to
3D printing.

3D Printing the AAA Phantom

Once the STL file is ready for 3D printing, it is loaded into
the proprietary 3D printing software associated with the 3D
printing machine and printed. Phantoms produced using the
three main 3D printing modalities, Fused Deposition Modeling
(FDM), Stereolithography (SLA) and Inkjet are described below
in our Results.
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FIGURE 9 | Aortic root model 3D printed in ABS using FDM technology (A) prior to removal of supports (B) with supports removed.

FIGURE 10 | Same aortic root model as previous 3D printed in transparent resin using SLA technology (A) prior to removal of supports (B) with supports removed.

RESULTS

In our experience, 3D printed AAA phantoms are of limited
utility in the presurgical planning of standard infrarenal AAA
cases. However, they have influenced surgical decision making
and device selection in complex cases. In addition, these models
have been 3D printed and demonstrated to be useful in a variety
of settings, including patient education and engagement, surgical
and anatomical education, as well as intraoperative visualization.

There remains room for improvement in the manufacturing
of these models, in particular for greater cost efficiency and

material properties mimicking those of a diseased aorta as we
seek to create a AAA phantom with optimal anatomical, haptic
and fluoroscopic fidelity.

Fused Deposition Modeling (FDM)

FDM is an accessible avenue to begin 3D printing vascular
phantoms. There is a large variety of makes and models available
on the market, with our group having experience with the
Makerbot Replicator 2X (Stratasys, Minnesota, USA), Flashforge
Creator Pro (Zhejiang, China), Prusa I3 MK3S (Prague, Czech
Republic), and Ultimaker S5 (Utrecht, Netherlands). These
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FIGURE 11 | (A) A 3D printed brachial artery model prior to removal from the
print bed, with supports in situ. (B) The same model in a water bath to
dissolve the PVA supports.

hobbyist 3D printers retail in the range of hundreds to thousands
of dollars, making them an inexpensive option to begin exploring
the technology. Professional tier FDM 3D printers are more
reliable and require less maintenance.

The machines consume inexpensive thermoplastics, retailing
from $30-80 for a kilogram, which equates to $10-20 per AAA
model. Although transparent thermoplastics exist, the resolution
of FDM technology and the layered deposition results in at best
a translucent end product, as reported by Chung et al. (32).
Depending on the size of the AAA being printed, FDM machines
require 24-48h to 3D print the final product, with additional
time required for support structures to be manually removed.

Stereolithography (SLA)
SLA printers retail in the range of thousands of dollars. Most of
our experience has been with the Formlabs Form 2 (Somerville,
Massachusetts, USA) SLA printer. The benefit of the SLA printer
over FDM technology is in its greater resolution, allowing for the
creation of transparent 3D printed AAA models which allow the
trajectory of devices to be visualized during simulation. 1L of
clear or opaque resin retails for $150, equating to roughly $50-
100 per model. Despite the slightly higher cost, we have come
to rely on the SLA printer due to its lower print failure rate and
ability to create transparent models.

In addition, Formlabs carry an autoclavable dental resin which
has received FDA approval to be autoclaved. This has resulted in

early work in the literature of 3D printed AAA visceral segment
models for the planning of fenestrated physician modified stent
grafts on the sterile back table (33).

Inkjet

Inkjet printers produce multicolored, multi-material models with
variable shore hardness. Our group have used the Object500
Connex3 Polyjet (Stratasys, Minneapolis, USA), the Stratasys
J750 (Stratasys, Minneapolis, USA), and the Projet 3500 3D
printers (3D Systems Corporation, Rock Hill, USA) to produce
flexible, translucent aortic phantoms. Due to the greater size of
the print bed on these commercial 3D printers, even most large
AAAs can be 3D printed in a single piece, costing $700-1,000
in materials.

At the outset, Inkjet printers require a significant financial
investment or collaboration with an academic center when
building a hospital-based 3D printing service. For example, the
Stratasys J750 retails for $600,000, and a 1 kg cartridge of the resin
required for 3D printing costs $2,000.

Postprocessing

Regardless of the 3D printing technique, FDM, SLA, and Inkjet
3D printed phantoms require postprocessing prior to use, and
the removal of support material required to support the weight
of the object during the 3D printing process. Disposal metal
scissors and forceps allow for the removal of support material
with accuracy and control. This process typically requires a
few minutes of manual removal, and up to 20 min for more
intricate models (Figures 9-10).

Dissolvable support material is an alternative, with Polyvinyl
Acetate (PVA) support material available for dual-extrusion FDM
machines, which is readily dissolved in water. Chemical solvents
are required to dissolve the large amount of supports present
on Inkjet 3D printed models (Figure 11). This is preferable
to water jetting the support material, which risks damaging
intricate anatomy, particularly when producing flexible models.
A disadvantage of soluble support material is the overnight
wait for supports to dissolve, adding to the production time of
the workflow.

Depending on the 3D printer used, the AAA may need
to be sectioned into several parts to fit the available volume
for printing. In particular, conventional hobbyist FDM and
SLA 3D printers are limited by small print beds, with larger
thoracoabdominal aneurysms required to be 3D printed in pieces
and joined together with epoxy resin.

Performance Under Fluoroscopy

FDM, SLA and Inkjet 3D printed AAA phantoms are equally
visible under fluoroscopy, allowing for another level of realism to
be added to the simulation task. Despite the fact that all three 3D
printing techniques performed equally from a visual perspective,
due to the resolution of FDM technology which features
building melted layers of plastic to create the final product,
the grooves between layers were haptically perceptible when
traversed by wires (Figure 12). While superior to conventional
CT angiography or workstation 3D reconstructions, uneven
ridges have the potential to affect the trajectory of guidewires
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devices matching what was encountered during live surgery.

FIGURE 12 | (A) A hollow transparent complex thoracoabdominal aneurysm phantom 3D printed using SLA technology. (B) Stages of the phantom being cannulated
under fluoroscopy for interventional planning. This “pre-flight” simulation was invaluable in predicting navigational difficulties, with the trajectory of guidewires and

and devices during preoperative simulation. In addition, we have
found that the lack of compliance in rigid 3D printed materials
adds an additional level of difficulty when traversing tortuous
iliac arteries.

DISCUSSION

AAA phantoms 3D printed using a variety of 3D printing
technologies, despite material limitations, successfully mimic the
cannulation and deployment challenges encountered during live
endovascular surgery. As dimensional and representational
material validity improves, they have the potential to
serve as a powerful adjunct to how complex EVAR cases
are planned.

Comparison of 3D Printed AAA Phantoms

to Other Vascular Territories

3D printed AAAs, and other large vascular phantoms involving
the aorta, result in greater challenges with regard to efficient
production. Unless access to commercial 3D printers are readily
accessible, 3D printed AAAs must often be produced in pieces
and joined together prior to use, due to limitations on the size of
the print bed on hobbyist machines.

In the case of simulating procedures in smaller vascular
territories such as the Circle of Willis or Internal Carotid Artery
it may be wiser to create a negative of the anatomy of the interest
contained within a solid 3D printed block. From our experience
in these smaller vascular territories this creates a more durable
result in these small diameter vessels which are more prone to
moving or breaking during simulation.

Anatomical Accuracy of 3D Printed

Phantoms

We have outlined the workflow required to produce 3D printed
vascular phantoms, with each step introducing a potential avenue
for error during the imaging, segmentation, or 3D printing
phases. It is evident that further work validating the accuracy of
3D printed models for surgical simulation is warranted. As with
all new devices and techniques, surgeons are accustomed to the
circumspect application of new technologies to meet the needs of
each individual patient.

Image Acquisition

Patient-specific anatomical models are as accurate as the imaging
from which they originate. A useful principle is that the imaging
modality that best visualizes the anatomy for conventional
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FIGURE 13 | A solid 3D printed internal carotid artery used to plan carotid
endarterectomy.

surgical planning will produce the most detailed anatomical
model. Imaging modalities are ever improving, with these
improvements benefiting patients regardless of whether an
anatomical model is 3D printed (Figure 13). In the vascular
territories, optimizing vascular imaging requires the mitigation
of motion artifact, and sufficient contrast discrimination
and resolution.

For example, dual-energy CT angiography would allow for
better contrast discrimination of intravascular calcium from
contrast, as well as improving temporal resolution in both
peripheral and aortic vascular territories (34, 35). Similarly,
electrocardiographic-gated CT coronary angiography allows for
the reduction of motion artifacts in valvular heart disease (36),
leading to a superior 3D printed anatomical model.

It is evident that as 3D printing becomes more grounded
in conventional surgical practice, improving current imaging
protocols in order to optimize the final 3D printed product is a
necessary area of further study.

3D Modeling

Medical image processing software is the next step in the
workflow that has a potential to introduce error. Kang et al.
compared four of the most readily available commercial software
options, InVivoDental (version 5.0; Anatomage, San Jose, CA,
2015), Mimics (version 14.0; Materialize NV, Leuven, Belgium,
2015), OnDemand3D (APP version 1.0; CyberMed Inc, Seoul,
Korea, 2015), and OsiriX Imaging Software (version 3.7; Pixmeo,
Geneva, Switzerland, 2015) in the creation of craniofacial models
(37), determining that InVivoDental was most accurate in
producing 3D models from CT imaging.

All four segmentation software packages were accurate at
the voxel or subvoxel level; however, there were statistically
significant differences in all anatomical regions between the four
software packages tested. Kang et al. were not able to access the
proprietary coding of these commercial software packages, hence
the study was unable to apply the same standardized parameters
across the board, limiting direct comparison. Despite this, the fact
that all models were accurate to the level of individual voxels was
a reassuring finding.

3D Printing

There is currently no gold standard for validating the accuracy
of patient-specific anatomical models produced by 3D printing.
However, early work from multiple groups suggests the accuracy
of 3D printed models are within acceptable limits for presurgical
planning (38-41).

Hazeveld et al. compared the accuracy of different 3D printing
technologies (42). Given what is known about the accuracy
of each 3D printing technology, the study confirmed that
dimensional error was lowest for Inkjet 3D printing, followed
by SLA, and finally FDM. Specific to 3D printed vasculature,
Takao et al. determined splenic artery aneurysms 3D printed
using FDM printers to be highly precise and accurate, with the
cross-sectional areas amongst the 3D printed models within SD
<0.05 cm? (range 0.00-0.05) (6).

Determining Validity

The ideal AAA phantom is one that is not only anatomically
accurate but boasts high haptic and fluoroscopic fidelity. In
developing this workflow, we have sought to produce 3D printed
AAAs with the highest possible representational validity within
the constraints of a bench to bedside approach, accessible to the
hospital vascular proceduralist.

The necessity of each measure of fidelity depends upon
its intended application. For example, for the purposes of
presurgical simulation and the education of trainees, high
haptic and fluoroscopic fidelity are much more important
than when a 3D printed AAA model is used to educate
patients. As previously discussed by our group, the validity
of a simulation tool can be evaluated in several ways,
with a current lack of objective evidence as to how the
different measures of validity can be assessed (43). Face
validity involves comparing the anatomical and haptic fidelity
of a simulator to the current “gold standard” trainers or
to performing the procedure in vivo (44). It is a highly
subjective, but most common measure used in the medical
simulation literature. Predictive validity is a much more objective
and desirable goal, and involves an assessment of patient
outcomes (44) as a result of the simulation. As previously
discussed, there are clinical trials underway exploring if 3D
printed anatomical models for presurgical planning do indeed
improve patient outcomes (1), but none on the topic of
endovascular intervention.

A Hospital-Based 3D Printing Service

3D printed anatomical models present a promising new frontier
in the planning and simulation of complex surgical procedures.
The American Medical Association has recognized the potential

Frontiers in Surgery | www.frontiersin.org

24

January 2021 | Volume 7 | Article 626212


https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org
https://www.frontiersin.org/journals/surgery#articles

Coles-Black et al.

A Quick Start Guide

FIGURE 14 | Failed prints on (A) FDM. (B) SLA 3D printers.

of 3D printed anatomical models in presurgical planning and in
producing surgical guides, introducing two reimbursement codes

last year (45).
The strength of 3D printing anatomical models when
compared to other technologies is its unprecedented

accessibility to the vascular specialist, allowing for just-in-
time manufacturing. When compared to commissioning an
external commercial provider, 3D printed vascular phantoms
can be translated from bench to bedside in a matter of hours,
lowering costs to surgical units and the time required for
the model to be shipped to the hospital. In addition, the
current COVID-19 pandemic has emphasized the importance
of local health services to be self-sufficient with regard
to supplies.

However, the centralized manufacturing approach requires
local hospitals to invest in the medical image processing,
CAD and 3D printing hardware and skills outlined
in this manuscript in order to access this technology.
While this would result in significant cost savings for
the anatomical models themselves, with flow-on effects
of reduced theater time and blood loss resulting in cost
savings to the hospital system, it represents a more substantial
initial investment.

Limitations of Current Technology

3D printing remains a rapidly evolving technology which
is becoming increasingly accessible to vascular proceduralists
and the general public. With current levels of technology,
inexpensive hobbyist 3D printers are less reliable than their
commercial counterparts, particularly when first experimenting
with the print orientation of objects. Despite this, they
remain an accessible starting point for vascular specialists
seeking to begin their foray into the technology (Figure 14).
The print failure rate is lessened when printing smaller

models, when compared to large vascular phantoms such
as thoracoabdominal aneurysms, and when 3D printers are
adequately maintained.

CONCLUSION

Once the challenges in developing this workflow were overcome,
3D printed anatomical models have become commonplace in the
planning of complex procedures in our Vascular Unit and the
broader Department of Surgery. Physical patient-specific models
have proven to be a valuable addition to standard imaging, and in
the rehearsal and modification of devices prior to surgery. When
planning the approach to complex AAAs, hollow flexible models
are particularly useful for the rehearsal of endograft insertion and
positioning via iliac artery access, and in predicting the trajectory
of guidewires and devices.

As 3D printing technologies become more common, reliable,
and cost effective, their use in preprocedural simulation
will flourish. In sharing this methodology, we warmly invite
comments from others with an interest in 3D printing in vascular
interventional planning in how we can further explore its uses.
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Malunions of the upper extremity can result in severe functional problems and increase
the risk of osteoarthritis. The surgical reconstruction of complex malunions can be
technically challenging. Recent advances in computer-assisted orthopedic surgery
provide an innovative solution for complex three-dimensional (3-D) reconstructions. This
study aims to evaluate the clinical applicability of 3-D computer-assisted planning and
surgery for upper extremity malunions. Hence, we provide a summary of evidence on
this topic and highlight recent advances in this field. Further, we provide a practical
implementation of this therapeutic approach based on three cases of malunited
forearm fractures treated with corrective osteotomy using preoperative three-dimensional
simulation and patient-specific surgical guides. All three cases, one female (56 years
old) and two males (18 and 26 years old), had painful restrictions in range of motion
(ROM) due to forearm malunions and took part in clinical and radiologic assessments.
Postoperative evaluation of patient outcomes showed a substantial increase in range of
motion, reduction of preoperatively reported pain, and an overall improvement of patients’
satisfaction. The therapeutic approach used in these cases resulted in an excellent
anatomical and functional reconstruction and was assessed as precise, safe, and reliable.
Based on current evidence and our results, the 3-D preoperative planning technique
could be the new gold standard in the treatment of complex upper extremity malunions
in the future.

Keywords: three-dimensional (3D), patient-specific 3D preoperative templating, surgical guides, corrective
osteotomy, malunion, upper extremity (arm)

INTRODUCTION

The forearm is a complex anatomical and functional unit, including the radius, the ulna, the
interosseous membrane (IOM), the triangular fibrocartilage complex (TFCC), the proximal (PRU]J)
and the distal (DRU]) radioulnar joint. Forearm malunions represent a disruption of this functional
system, which could lead to limited forearm range of motion, loss of power, visible cosmetic
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changes, painful forearm rotations due to bony impingement
of the IOM, and instability of the DRUJ (1, 2). Further, the
malunion can increase the risk for osteoarthritis, especially
if intra-articular structures are involved (3, 4). A range of
motion in pronation and supination of 50° is reported to be
required for most daily activities. Malunions with rotational
deformities lead to losses in the motion range of pronation and
supination and thus, significantly affect the quality of life (1,
5). The anatomical and functional reconstruction of diaphyseal
forearm fractures with compression plate and screw-fixation
is a well-established surgical intervention with a relatively low
complication rate (6-9). A more difficult surgical challenge is
the reconstructive surgery of malunited fractures that may occur
after conservative or operative treatment of the fracture (1).
The multidimensional reconstruction of the axial alignment,
the restoration of the normal length, and correction of angular
deformities is a demanding challenge for the surgeon. Precise
preoperative planning is known to be essential in the correction
of complex diaphyseal malunions (2). However, it is very
difficult to fully assess these deformities via two-dimensional x-
ray images. Computer-aided planning based on preoperatively
acquired computer tomography (CT) data allows the surgeon to
accurately visualize the operation via computer simulation and
to produce patient-specific surgical guides based on the three-
dimensional imagery of patients’ anatomy (2, 10). The workflow
for the application of the 3-D planning technique is shown in
Figure 1. Preoperative three-dimensional planning and use of
patient-specific guides were already known for many years in
dental implant surgery and total knee arthroplasty and there
is clear evidence that highlight the benefits compared to 2D
techniques (15-17). However, there is no summary of evidence
regarding the applicability of three-dimensional preoperative
planning techniques and application in the surgery of upper
extremity malunions.

Here, we provide evidence from recent advances and present
three cases of forearm malunions treated with corrective
osteotomy using preoperative three-dimensional planning and
patient-specific surgical guides to evaluate the outcomes of this
innovative technique and close the present evidence gap.

THREE-DIMENSIONAL VIRTUAL
PLANNING OF CORRECTIVE
OSTEOTOMIES OF UPPER EXTREMITY
MALUNIONS: PREVIOUS STUDIES

First studies on the application and accuracy of preoperative
simulation and production of computer-designed bone models
of the upper extremity based on patients’ CT data were provided
by the workgroup of Oka et al. (18) and Oka et al. (19). In 22
patients, including patients with malunited forearm fractures,
malunited distal radial fractures, and cubitus varus deformity,
preoperative simulation, and design of a custom made osteotomy
template to reproduce the simulation during the actual surgery
resulted in satisfying outcomes with an osseous union in all
patients within 6 months and a full anatomical reconstruction
of the angular deformities (20). Further, intra-articular fracture

of the distal radius could be successfully treated through an
extra-articular approach with this technique (19). The majority
of studies in the literature since then focus on three-dimensional
corrective osteotomy, particularly for distal radius fractures. In
a systematic review and meta-analysis conducted by Keizer et
al. (11), including 15 studies with a total of 68 patients, the
authors concluded that preoperatively present palmar tilt, radial
inclination, and ulnar variance in 96% of the observed cases
with distal radius malunions could be significantly improved
with the 3-D planning technique (11). The restoration reached
5° or 2mm of their normal values. Despite these promising
results, complications occurred in 11 out of 68 patients (16%)
of the patients, including postoperative hardware-related pain
or discomfort with subsequent hardware removal (n = 6),
postoperative screw loosening (n = 2), a persistent distal
radioulnar subluxation (n = 2), and partial laceration of the
extensor pollicis longus tendon (n = 1). The authors argued
that especially corrective osteotomies of distal radius malunions
tend to show higher percentages of complications compared to
less complex elective wrist surgery (11, 21). In a case series of
four patients with combined intra- and extraarticular malunion
of the distal radius, the accuracy of the correction quantified by
comparing the virtual three-dimensional planning models with
the corresponding postoperative 3-D bone model was —1° =+
5° for the radial inclination, 0 & 1 mm for the ulnar variance,
respectively (22). However, the volar tilt was under-corrected
in all cases, with an average of —6 £ 6°. Corrective osteotomy
of Monteggia lesions, in which the dislocation of the radial
head is associated with a malunited fracture of the ulna, was
examined in two case reports conducted by Oka et al. (23). The
combined radius and ulnar fracture in both patients were initially
treated non-operatively with closed reduction and casting, which
resulted in malunion with chronic radial head dislocation. The
preoperative planning and evaluation of the kinematics of joint
motion and the use of CT bone models and surgical guides to
transfer the simulation into the surgical situation resulted in a
restoration of forearm rotation and absence of preoperatively
reported elbow pain. 3-D corrective osteotomy in both forearm
bones, ulna and radius, was performed by Miyake et al., reporting
results from 14 patients with a median follow-up of 29 months
(10). The authors reported excellent radiographic and clinical
outcomes with an improvement of the mean arc of forearm
motion from 76° preoperatively to 152° postoperatively, and
improved grip strength from 82 to 94%, compared to that of the
contralateral non-affected side.

One of the main advantages of three-dimensional corrective
osteotomy is the preoperative assessment of the 3-D anatomy,
which need to be taken into account for complex deformities
such as cubitus varus or valgus deformities. This therapeutic
approach allows the surgeon, therefore, to not only preferentially
focus on the coronal plane but also precisely take into account
internal rotation, flexion-extension deformities of the elbow,
and lateral protrusion of the distal fragments in such complex
deformities (24, 25). In a study conducted by Chung et al,,
3-D corrective osteotomy of cubitus varus deformities in 23
adult patients resulted in an improvement of humeral-elbow-
wrist angle from a mean of 26° preoperatively to a mean
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Parallel pins

All locking screws

FIGURE 1 | Preoperative planning for the corrective osteotomy. 3-D- planned corrective osteotomy of forearm malunions typically involves the following steps: (1)
obtaining CT data from malunited and contralateral non-affected forearm (2) creation of virtual models of both forearms (3) construction of patient-specific surgical
guides to transform the digital process into the actual surgery. Rapid prototyping of the digital bone models can be used to compare the fitting of the guides during
surgery (11-14). The workflow is shown for case 2 in our study: (A) Preoperative situation with the contralateral bone template shown in blue. Construction of bone
models was based on preoperative CT data of both forearms; (B) Bone marking guide to mark the area in the window for verification of the drilling and cutting guides’
position; (C) Drilling and cutting guide affixed to the bone using K-wires; verification of the desired position can be made by comparison with the guide outline on the
bone model; (D) Simulated outcome model with the size of the bone wedges and the bending angle of the plate osteosynthesis.

of 3° postoperatively, whereas the mean internal rotation outcome. In another cohort study including 30 consecutive
angle improved from 25° to 5° (25). No recurrence of  patients with a cubitus varus resulting from malunion of distal
the deformity was observed in the averaged 1 year and 10  supracondylar fractures, the mean humerus-elbow-wrist angle
months follow-up period after osteotomy, and the authors and tilting angle improved significantly from 18.2° (varus),
recommended this technique with regards to these satisfactory — and 25°, respectively, preoperatively to 5.8° (valgus) and
outcomes. Outcomes of 3-Dimensional corrective osteotomy for ~ 38°, respectively, postoperatively (27). Preoperatively reported
supracondylar cubitus valgus, and cubitus varus deformities,  hyperextension of the elbow and internal rotation of the shoulder
respectively, and diaphyseal malunions were analyzed in a  were normalized in all included patients, and the authors judged
case series of nine patients conducted by Kataoka et al. (26).  this technique to be a feasible treatment option for cubitus
The error in corrective osteotomy between the preoperative  varus deformity. Finally, in a case series including 17 patients
simulation and postoperative bone model manufactured by  with cubitus varus deformities after supracondylar fractures,
rapid prototyping was <3 mm and 2°. Patients who experienced ~ comparison of postoperative 3-D bone models with preoperative
wrist pain before surgery reported a substantial decrease in  simulation revealed an improvement of 15° in varus before
pain after surgery. The authors rated this technique as precise,  surgery to 6° in valgus after surgery, whereas the mean tilting
relatively easily performable, and satisfactory for the treatment angle of the affected side improved from 31° preoperatively
of complex supracondylar malunions with regards to the clinical ~ to 40° postoperatively (28). The authors concluded that varus
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FIGURE 2 | Preoperative (“Pre”) and postoperative (‘Post”) simulation model and radiography of three cases (., Il., and lIl.), treated with three-dimensional
preoperative planning and corrective osteotomy of the forearm malunions.

deformities could be corrected accurately with the 3-D corrective
osteotomy technique. Overall, these studies provide evidence that
three-dimensional corrective osteotomy techniques for complex
upper extremity malunion, such as cubitus varus and valgus
deformities, respectively, can accurately and reliably restore the
normal anatomical condition.

PRELIMINARY RESULTS FROM THREE
CASES

All three cases, one female (56 years old) and two males (18 and
26 years old), had painful restrictions in range of motion (ROM)
due to forearm malunions and took part in clinical and radiologic
assessments (Figure 2). Based on this situation, corrective
osteotomy with three-dimensional planning and patient-specific
guides was proposed (Materialise NV, Leuven, Belgium). Based
on patients CT data, three-dimensional bone models were
created to assess the deformity and plan the corrective osteotomy.

Malunions of the affected bones were further evaluated with
the contralateral non-affected bone as a mirrored and precisely
aligned ideal template for the correction. The planning of the
corrective osteotomy was conducted with a clinical engineer
to superimpose the contralateral template and simulate the
corrective osteotomy. For both bones, ulna and radius, a closing
osteotomy after removing a wedge of bone and consecutive
plate fixation was simulated. According to the simulation, we
determined the plate bending angle for the radius and the ulna,
to fixate the fragments in the desired position, appropriately. One
patient-specific drilling guide and one patient-specific combined
drilling and cutting guide were designed for radius and ulna,
respectively, to reproduce the simulation to the surgery. Guides’
cutting slots were designed to orient the saw blade, and guiding
holes served to orient K-wires as a reference during fragment
reduction. Furthermore, drilling holes helped predrilling screw
holes as an additional reference during fragment reduction and
plate fixation. Fixation was performed with screws on each side
of the osteotomy line. Follow-up of up to 9 months revealed a
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significant improvement of range of motion, which reached the
level of the non-affected side in the first 2 months. The patients
reported a significant improvement in pain and satisfaction
compared to the preoperative situation. Fist closure and finger
spreading were possible without restriction. No sensorimotor
deficits were observed in clinical examination.

DISCUSSION

In the three presented cases, three-dimensional corrective
osteotomy of forearm malunions resulted in excellent
results. There is currently limited evidence from studies
comparing three-dimensional surgical planning techniques
with conventional planning methods with regards to forearm
malunions to the best of our knowledge. One important
reason is that three-dimensional planning techniques are often
used for more complex cases, therefore making it difficult
to compare cohorts (11). Vroemen et al. retrospectively
investigated postoperative position after corrective osteotomy
using two-dimensional vs. three-dimensional preoperative
planning techniques of forearm malunions (29). They
reported a significant correlation of malposition (assessed
with malalignment parameters, such as palmar tilt, radial
inclination, and ulnar variance) with the clinical outcome only
for the three-dimensional rotational deficits but not between
2-D standard radiographs and the respective malalignment
parameters. Therefore, this suggests that 3-D planning technique
can more precisely assess misalignment and thus predict the
clinical outcome to a higher degree compared to preoperative
planning with conventional 2-D radiography. Buijze et al.
recently published a randomized controlled trial comparing
three-dimensional with two-dimensional preoperative planning
techniques for corrective osteotomy of distal radius malunions
(30). They reported a trend toward a minimal clinically
important difference in patient-reported outcomes, such as pain
and satisfaction scores in favor of the 3-D computer-assisted
technique. However, the results were not significant, and the
authors could not draw a definitive conclusion. According to
these results, conventional surgical techniques and preoperative
2D fluoroscopy might be sufficient in many cases, but more
complex cases involving combined intra- and extraarticular
corrective osteotomies and multidimensional correction could
be primarily managed by the 3-D technology in the future (22).
Patient-specific guides based on preoperative three-
dimensional techniques have been reported to be accurate
and easier to handle, and integration into the surgical workflow
is simple to implement with structured training and the help of
clinical engineers (12, 31). Another advantage is that additional
conventional bending of the plates is avoided as the bending angle
can be preoperatively simulated and therefore be reproduced
during surgery. This leads to a reduced mean operative time
and may reduce intraoperative bleeding, thus leading to a better
functional recovery, as suggested previously (32). Errors of <1°
and 1mm for simulated osteotomies have been described for
osteotomies with patient-specific guides (33). However, these
measurements were taken in dry cadaver bones, and there could

be a discrepancy between these results and the realistic clinical
accuracy as, in most cases, soft tissue envelope will block the
vision when checking for the fit of patient-specific guides in
the actual surgery setting (22). Promising results regarding
the accuracy of three-dimensional corrective osteotomies of
the forearm, especially for closed wedge osteotomies, have
been reported by authors, such as less postoperative rotational
deformity and less residual translation (33). Nevertheless,
open wedge osteotomies (8.3 £ 5.35°) showed significant
higher residual rotational deformity when compared to closing
wedge (3.47 £+ 1.09°) osteotomies. Campe et al. reported
that restoration of the radius alignment to within 5° angular
deformity and 2 mm ulnar variance in patients with malunion of
the distal radius could be achieved in only 40% of the patients
with the conventional technique (34). In contrast, 3-D virtual
planning of corrective osteotomies of the distal radius has been
reported to reach significant improvements in 96% of the cases
with restorations to within 5° or 2mm of their normal values
in a systematic review and meta-analysis, including 15 studies
with a total of 68 patients (11). Further, ulnar variances of 0 £
1 mm and precise angular reconstruction in all included patients
with distal radius malunions were reported by Stockmans et
al. with the 3-D virtual planning (22). As stated by the same
workgroup, volar tilt was more difficult to correct than the radial
inclination and ulnar variance, as there was a tendency of under-
correction of the fragment orientation, which hinged around the
intraarticular osteotomy line (22). Despite these strengths of this
innovative technique, there are some limitations that need to
be addressed. The technique must be learned, and cooperation
with clinical engineers to understand and apply the simulation
procedure is required. In this case, the tendency to achieve
higher accuracy is directly connected to experience on both,
surgeons’ and clinical design engineering side (22). Nevertheless,
as a better visualization and guidance are associated with the 3-D
preoperative planning technique, and the results in the literature
suggest a high acceptance of the applicability by surgeons, the
acquired experience could lead to an increased application of
this technique, especially in highly complex cases in which the
surgeon might not take the risk of the conventional surgery
(35). Furthermore, the three-dimensional-planned technique
is more expensive than the conventional method. Although
the 3-D planning technique has been implemented in most
radiology departments, the special software and the working
hours of the clinical engineer for the planning process need
to be taken into account (36). Additionally, cooperation with
the specialized commercial companies is often required for the
3-D printing process, as the 3-D technology is time-consuming
and yet not fully adapted in all hospital settings (11, 36). The
costs for the three-dimensional corrective osteotomy technique
for upper extremities have been noted to range from $2,000
to $4,000 depending on patients’ preoperative situation (30).
In contrast, the virtual surgery planning can be done multiple
times with different virtual trials if once learned from the
clinical engineer and thus is done at no additional cost, if no
3-D bone models are constructed. Moreover, the virtual project
can be used with navigation systems already implemented
at the respective surgery department. However, the use of

Frontiers in Surgery | www.frontiersin.org

32

February 2021 | Volume 8 | Article 615026


https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org
https://www.frontiersin.org/journals/surgery#articles

Saravi et al.

Corrective Osteotomy of Upper Extremity Malunions

patient-specific surgical guides is reported to be more time-
saving than computer navigation techniques, and navigation
systems for upper extremity corrective osteotomies are not easily
applicable because of size-limiting factors of tracking markers
and instruments (22, 37). One more point that has to be taken
into account is the virtual planning and production time of
the patient-specific guides, which takes between 6 and 8 weeks,
depending on the complexity of the malunions (11, 22). The
prolonged time between diagnosis of the malunion and surgery
date could impair the functional disturbance and therefore be
prognostically relevant for the outcome. Another disadvantage
is that CT scans of both forearms are required for the three-
dimensional planning technique, resulting in a higher radiation
burden for the patients. However, the radiation exposure from
CT scanning is considerably reduced below the normal dose used
for diagnostic purposes because of the lower volume of the upper
extremity compared to the thorax, abdomen, and pelvis (18).
Computer simulation systems have been introduced in which
3-D bone models constructed from low dose radiation systems
reached the same level of accuracy to those constructed from
normal radiation doses CT data for three-dimensional corrective
osteotomies techniques (18). In the future, the accuracy of
such systems could be improved, resulting in a lower required
radiation burden for the patients and a more precise bone
surface model with lower errors. Finally, as described above,
more randomized controlled trials evaluating the outcome
in comparison with conventional techniques are required to
account for this innovative but more expensive technique. To the
author’s best knowledge, there is only one randomized controlled
trial comparing the computer-assisted vs. non-computer-assisted
preoperative planning technique with regards to the corrective
osteotomy of forearm malunions (30). Thus, the authors call
for more well-designed randomized controlled trials comparing
the two-dimensional and three-dimensional preoperative
planning techniques to provide sufficient evidence regarding the
correction of complex forearm malunions in modern surgical

therapy approaches.
Three-dimensional  corrective  osteotomy based on
preoperative computerized planning and patient-specific

surgical guides resulted in excellent results in this case series.
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Intravital microscopy (IVM) study approach offers several advantages over in vitro,
ex vivo, and 3D models. IVM provides real-time imaging of cellular events, which
provides us a comprehensive picture of dynamic processes. Rapid improvement in
microscopy techniques has permitted deep tissue imaging at a higher resolution.
Advances in fluorescence tagging methods enable tracking of specific cell types.
Moreover, IVM can serve as an important tool to study different stages of tissue
regeneration processes. Furthermore, the compatibility of different tissue engineered
constructs can be analyzed. IVM is also a promising approach to investigate host
reactions on implanted biomaterials. VM can provide instant feedback for improvising
tissue engineering strategies. In this review, we aim to provide an overview of the
requirements and applications of different IVM approaches. First, we will discuss the
history of IVM development, and then we will provide an overview of available optical
modalities including the pros and cons. Later, we will summarize different fluorescence
labeling methods. In the final section, we will discuss well-established chronic and acute
IVM models for different organs.

Keywords: tissue engineering, intravital microscopy, leukocyte recruitment, biomaterial, fluorescence, in vivo

INTRODUCTION

In vitro study models have immensely endorsed our knowledge of cellular physiology. In vitro
study models hold many advantages over in vivo study models. Cells can be isolated from the
particular organ, manipulated and propagated as per the requirement of the study (Kapatczynska
et al., 2018; Chen et al, 2019). Simplicity and low-cost maintenance requirements make 2D
culture the first choice for researchers to understand cell biology, tissue development, disease
mechanisms, and drug development. 2D culture studies are been used for better understanding
of cancer biology, vascular development, cell secretomes and their influences on the immediate
environment (Kapalczynska et al., 2018; Al-Abboodi et al., 2019; Kengelbach-Weigand et al,
2019; Ahmadzadeh et al., 2020). However, in vitro 2D models fail to mimic the native tissue
environment which is important to study tissue physiology (Weigand et al., 2016; Duval et al,,
2017; Kapalczynska et al., 2018). Therefore, 3D models were designed to propagate the cells in a
more native tissue environment (Witt et al., 2017; Tong et al., 2018; Kengelbach-Weigand et al,,
2019). Many researchers are shifting from traditional 3D models to biofabricated 3D models which
facilitates replication of the complex tissue architecture in a more precise and controlled manner
(Horch et al., 2018). Though, most 3D models lack other influencing factors of native tissue, such
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as the presence of other cell types as well as signal molecules from
the immediate and distant environment (Weigand et al., 2016;
Kapalczynska et al., 2018). Hence, conducting in vivo studies
is required to overcome above-mentioned limitations. A typical
in vivo study ends with the killing of the animal followed by
a collection of an organ of interest. The histological analysis
provides information at one static point which fails to describe
the dynamics of ongoing cellular processes (Steiner et al., 2019).

At this point, IVM studies excel in vitro, ex vivo and
3D models. IVM provides imaging of cellular events in its
native tissue environment as well as in real-time setting. It
can be used to examine proliferation, migration, differentiation
of cells as well as their specific interactions and behavior
(such as leukocyte-endothelial, tumor cell-cell, and bacterial-
cell interaction). IVM enables acute and/or chronic as well
as repetitive imaging in the same animal, which provides a
comprehensive picture of the overall complex dynamic processes.
IVM provides an opportunity to analyze different stages of tissue
regeneration simultaneously.

Various optical modalities, ranging from wide field to
multiphoton microscopy, are available for imaging of the targeted
organ (Wang et al., 2005; Wang H. et al.,, 2018; Jonkman and
Cm, 2015). The conventional wide-field microscope is adequate
for semitransparent tissue structures such as cremaster muscle
and skin (Lemaster et al., 2017). Confocal microscopy can
further increase the resolution. Additional deep imaging of
complex organs can be achieved with improved optic modalities
such as multiphoton microscopy (Theer et al,, 2003; Horton
et al., 2013; Weigert et al., 2013; Ouzounov et al, 2017).
Combination of appropriate microscopic modality and genetic
tools or contrast agents can be applied to understand specific
organ physiology via IVM.

Earlier IVM studies were restricted to acute duration.
However, the advent of window and chamber models helped
to elongate the experimental period. IVM window models
provide further benefits such as elimination of repeated surgical
preparation and observation of the same region for multiple
times in the same animal (Hackl et al., 2013; Reichel et al., 2015;
Hessenauer et al., 2018). Apart from that, biomaterials play an
important role in modern tissue engineering. Tissue engineered
scaffolds serve to replace, repair, and maintain structural integrity
of tissue. Scaffolds should be biocompatible and promote cell
growth and differentiation to support regeneration (Patel and
Fisher, 2008). IVM is a promising and fast approach to study
interactions of different tissue engineered constructs for tissue
development. Overall, it enables tracking of the entire dynamic
process. Above mentioned advantages reduce the inter-animal
variation and overall requirement of the number of animals
(Prunier et al., 2017).

Considering all the advantages of IVM, it is indispensable
to discuss various aspects of IVM. It is a need of an hour to
combine advanced optical modalities and fluorescence tagging
methodologies and apply them in IVM for an in-depth analysis
of the healthy and diseased state of the tissue, tissue development,
repair and biocompatibility as well as host reactions on implanted
biomaterials. Therefore, in this review, we aim to begin with
a short history of IVM development, followed by an overview

of available optical modalities and contrast agents. In the final
section of the review, we will discuss well-established IVM
models for different organs.

HISTORY

In the early 19th century, Rudolf Wagner for the first time
reported rolling leukocytes in the blood vessel of a grass frog. This
was one of the earliest report involving real-time observation of
vascular physiology in the alive animal. But the roots of IVM are
even deeper. The Italian scientist Marcello Malpighi attempted
IVM to observe the lung in mammals as well as amphibians for
the very first time in the 16th century. In the late 19th century,
Elie Metchnikoff studied phagocytosis and diapedesis using IVM
in frog. The earliest IVM movies were created in the early 20th
century by Ries and Vles. Before that, drawing was the only tool
to describe the observation. Until then, IVM imaging was limited
to vasculature observation employing bright-field microscopic
setup. Moreover, observation and documentation were difficult
due to the lack of contrast agents (Secklehner et al., 2017).

Intravital microscopy became a more practical tool for
physiological studies after the introduction of the first
fluorescence microscope by Heimstadt in 1911 (Secklehner et al.,
2017) and after the development of exogenous fluorophores.
In 1955, the confocal scanning microscope was developed
by Minsky (1988). It was designed to eliminate out-of-focus
emission light with the help of pinhole. Confocal microscopy
also enhances contrast and improves Z-resolution (Wang et al.,
2005; Jonkman and Cm, 2015).

Physicist Maria Goppert-Mayer in 1931 introduced the
idea of multiphoton microscopy. However, the application
of multiphoton microscopy became only possible after
the development of the required excitation lasers in 1976.
Multiphoton microscopy works on the principle of simultaneous
absorption of two or more photons. Advantages of multiphoton
microscopy include deeper tissue penetration and lower
phototoxicity. Advanced optical modalities along with newly
developed window or chamber models open the door for
longitudinal deep-tissue imaging (Schief3l and Castrop, 2016).

The advent of fluorescent protein and fluorescent probes has
played an important role in imaging. In 1994, Green fluorescent
protein (GFP) originally isolated from Aequorea victoria, was
successfully introduced into Caenorhabditis elegans as a genetic
marker. 3 years later, first strains of GFP transgenic mice was
reported. Later on, different fluorescent proteins such as red,
yellow, and cyan fluorescent proteins (RFP, YFP, and CFP) were
discovered (Hadjantonakis et al., 2003). On the other hand,
application of the first fluorescently labeled antibody was already
reported in 1942 by Albert Coons (Zanacchi et al., 2014).

Transgenic reporter animals, fluorescent probes, window
models and advanced microscopic modalities have emerged as
essential IVM tools to study target tissues at a cellular level.
The development of window models is particularly useful for
chronic experiments. In 1924, Sandison first used a transparent
chamber in the rabbits ear. Currently, organs such as skin,
liver, kidney, lung, cremaster muscle and brain have been
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studied using window models. Since the mid-20th century,
researchers are actively using this tool for physiological research
(Secklehner et al., 2017).

MICROSCOPY TECHNIQUES

The journey of IVM started with bright field transillumination
microscopy where the image is formed by the light transmitted
through the sample (Pittet and Weissleder, 2011). However,
transillumination is not suitable for relatively dense and thick
tissues. Therefore nowadays, IVM is largely based on the epi-
fluorescence principle where the image is generated from the
fluorescence emitted from the object (Weigert et al., 2013).
Several microscopic modalities are available for performing
IVM such as wide-field fluorescence, confocal and multiphoton
microscopy (Table 1). When light is absorbed by the fluorophore,
electrons are excited from the ground state to the excited
state. While returning to the ground state, electrons emit
light which has a longer wavelength. This emitted light is
collected in a detection system and generates fluorescence
image. In wide-field microscopy, the entire field of view
is illuminated. Here, the detection of out of focus light
compromises the resolution of an image (Swedlow et al., 2002;
Weigert et al., 2013).

This problem is resolved in confocal microscopy (White et al.,
1987; Minsky, 1988). In laser confocal scanning microscopy
(LCSM), the focus light is removed by the introduction of a
pinhole in front of the photomultiplier detector. The specimen
is scanned point-by-point. Scanned images of each depth can
be combined to form a 3D image. However, scanning of all
the focal plane makes the image acquisition slower and poses
a phototoxicity issue. Image acquisition speed can be increased
using multiple pinholes in spinning disk confocal microscopy
(SDCM). Therefore, SDCM reduces phototoxicity (Wang et al.,
2005; Jonkman and Cm, 2015; Bai et al., 2020).

In multiphoton microscopy (MPM) two or more photons
having near-infrared wavelength are absorbed simultaneously.
Fluorophore excitation takes place only at the in-focus plane,
which reduces its phototoxicity and eliminates the requirement
of pinholes. MPM is preferred when the imaging area is
located more than 50-100 wm deep in the tissue (Weigert
et al,, 2013). Two photon microscopy (2 PM) can reach up
to superficial cortical layers of the rodent brain (Miller et al.,
2017). Light scattering and absorption of the tissue limit the
penetration depth of 2 PM. Scattering and absorption both
are dependent on excitation wavelength (Miller et al., 2017).
However, recent developments in Three PM (3 PM) have
demonstrated substantial improvement in penetration depth.
Horton et al. (2013) first used 3 PM at the long-wavelength
window of 1,700 nm for mouse brain imaging. 3 PM has
emerged as a powerful game-changer in high-resolution, deep
tissue intravital imaging. 3 PM enables imaging of vascular and
neuronal structures at the depth of approximately 1.3 mm in the
mouse brain (Horton et al., 2013).

Other available MPM variations include second and third
harmonic generations (SHG and THG). SHG and THG provide
label-free visualization of structures, such as collagen, myosin,

and lipids (Reichel et al., 2015; Vielreicher et al., 2017). The signal
is generated when two or more photons combine and form single
photon without energy loss. SHG and THG enable 200-400 pm
of imaging depth (Weigert et al., 2013).

Reflected light oblique transillumination (RLOT) microscopy
works on the principle of oblique transillumination. It was
developed by installing reflector directly below the specimen. The
tilted reflector allows only a specific diffracted sideband of light
to reach the objective lens. It can be incorporated with a wide-
field epi-fluorescence microscope. RLOT can be used for imaging
fast dynamic activity in the absence of specific fluorophores
(Mempel et al., 2003).

STAININGS/PROBES USED IN
INTRAVITAL MICROSCOPY

Most tissues are complex structures made up of different
function-specific cells. Therefore, it is very important to study
all cell types discretely. Using IVM alone, it can be difficult
to differentiate between different tissue-specific cell types. It is
important to distinguish the target via tagging or injection of
contrasting dye in the animal. This can be achieved by application
of fluorescence dyes, cell-specific labeling using antibodies,
nanotechnology-based probes and use of genetic reporters. Some
of the dyes are already being used for clinical purpose (Dunn and
Ryan, 2017; Ludolph et al., 2019).

The discovery of fluorophores in conjugation with
biologically active substances (peptides, antibody fragments,
and nanoparticles) led to major advancements in IVM.
Depending on the requirement of the study, fluorophores
such as TRITC or FITCs can be conjugated to high or low
molecular weight molecules such as Dextran or Albumin. TRITC
or FITCs in conjugation with high molecular weight Dextran
is commonly used for contrast enhancement of intravascular
blood plasma. FITC conjugated to lower molecular weight
Albumin easily leaks out from the endothelium, therefore it is
used in plasma extravasation studies. Injectable fluorophores
have played important role in studying biological processes
such as leukocyte trafficking, cell-cell interaction, including
inflammation, angiogenesis, apoptosis, oxidative stress, and
calcium dynamics (Dunn et al,, 2002; Taqueti and Jaffer, 2013;
Kawakami, 2016).

Genetically encoded fluorescent proteins (FPs) are one of the
most preferred approach amongst researches for in vivo imaging.
Genetic integration and exemption of substrates or cofactors
for fluorescence make FPs an ideal tool for IVM. Available FPs
enable cell tracking and in vivo proliferation during development,
tumors metastasis and in stem cells therapy models. Far-Red
fluorescent proteins (RFPs) are preferred over GFPs due to lower
light absorption by hemoglobin which allows efficient photon
transmission and less autofluorescence (Taqueti and Jaffer, 2013).
Taqueti and Jaffer (2013) used ApoE~/~/Lysozyme FCFP/EGEP
mice containing encoded GFP neutrophils and monocytes to
study leukocyte trafficking. Looney et al. (2011) used c-fms EGFP
transgenic mice for lung immune surveillance. Lee et al. (2014)
used Cxcr6gfp/+mice to study NK T cells in the liver vasculature
during Borrelia burgdorferi infection. Fuhrmann et al. (2010)
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TABLE 1 | Imaging techniques (Mempel et al., 2003; Masedunskas et al., 2012; Weigert et al., 2013; Marques et al., 2015b; Vielreicher et al., 2017).

Excitation Technique Microscopy Light source Detection Advantages Disadvantages
Single-photon Widefield Mercury lamp/LED CCD o Fast acquisition o Limited depth
e Low cost o Phototoxicity
RLOT Xenon lamp CCD e Detection of fast dynamic e Limited to translucent tissue
activity in the absence of
specific fluorophores
Confocal LCSM Lasers PMT e High spatial resolution o Limited depth
e 3D sectioning o Slow acquisition
o Phototoxicity
o Relatively high cost and smaller
field of view
SDCM Lasers CCD o Fast acquisition o Limited depth
e Low phototoxicity e Faster acquisition
e 3D sectioning e Pinhole crosstalk reduces the
resolution
Two or more photon Multiphoton Two-photon Lasers PMT o Extended depth e High cost
o No off-focus emissions e Slow acquisition
Three-photon Lasers PMT e Deep tissue imaging e High cost
e Improved signal to background e Slow acquisition
ratio
SHG and THG Lasers PMT o No energy absorption

e Label-free imaging of collagen,
myosins, myelin, and lipids

LED, light-emitting diode; RLOT, reflected light oblique transillumination; CCD, charge-coupled device; LCSM, laser confocal scanning microscopy; PMT, photomultiplier
tube; SDCM, spinning disk confocal microscopy; SHG, second-harmonic generation; THG, third-harmonic generation.

studied Alzheimer’s disease-linked neuron loss in microglial
Cx3crl knockout mice (Kawakami, 2016). Similarly, RFP and
YFP have been used to study various immune as well as
organ-specific cells (Table 2). Genetic cell labeling enables
discrimination between metastatic and non-metastatic tumors
cells (Condeelis and Weissleder, 2010; Taqueti and Jaffer,
2013; Kawakami, 2016). However, the considerable size of FPs
(~25-30 kDa), can interfere with protein function. Moreover.
FPs exhibit low brightness and photostability (Toseland, 2013;
Yan and Mp, 2015).

Another way to detect specific cell types in IVM is by
using fluorescently labeled antibody against specific cell receptor.
Several types of antibody-based markers are developed to
specific tagging of cells. Fluorescently labeled antibody human
epidermal growth factor receptor type 2 (HER2)/neu, epidermal
growth factor receptor (EGFR) and c-MET have been used
to study tumor growth (Tanaka et al, 2014). Endothelial
cells can be targeted using an anti CD31 antibody. During
migration endothelial cells and leukocytes express Intracellular
adhesion molecule (ICAM)-1 and endothelial cells express
vascular cell adhesion molecule (VCAM)-1. Antibodies against
such adhesion molecule can be used to study vascular cell
migration. Apart from using full antibodies, Fluorophore-
conjugated antibody fragments (Fab, Diabody, and Mini body)
can also be used for IVM (Condeelis and Weissleder, 2010;
Taqueti and Jaffer, 2013).

Conventional fluorescent organic dyes and FPs have
limitations of photobleaching, low signal intensity, and spectral
overlapping (Wang H. et al, 2018). These limitations can
be overcome via the application of nanotechnology-based
probes known as Quantum dots (QDs). QDs show unique

properties such as size-tunable light emission, high signal
brightness, extended photostability and resistance against
metabolic degradation, simultaneous multi-color excitation, and
spectral multiplexing (Resch-Genger et al., 2008; Jin et al., 2011;
Shao et al,, 2011). Megens et al. (2010) used collagen-binding
protein labeled with green-fluorescent quantum dots (CNA35-
QD525) to study subendothelial collagen. Wang H. et al. (2018)
developed mercapto succinic acid (MSA) capped cadmium
telluride/cadmium sulfide (CdTe/CdS) QDs for long-term
vascular IVM. Ripplinger et al. (2012) used magnetofluorescent
nanoparticles (MENP) such as cross-linked iron oxide (CLIO)
AF555, CLIO-VT680 to illuminate macrophages during
inflammation. Montet et al. (2006) used cRGD-CLIO(Cy5.5) and
scrRGD-CLIO(Cy3.5) for imaging tumor cells. Similarly, Mulder
et al. (2009) used RGD-pQDs for targeted imaging of tumor
angiogenesis. Biocompatibility and specificity of QDs can be
modulated by surface coating modification. However, potential
toxicity poses uncertainty for the in vivo application of QDs.
Cytotoxicity of QDs depends on factors such as charge, size,
coating ligands, oxidative, photolytic, and mechanical stability
(Resch-Genger et al.,, 2008; Jin et al., 2011; Shao et al., 2011;
Progatzky et al., 2013).

MODELS/OPERATION TECHNIQUES

Over the past decades, different window and chamber models
have been developed according to the location of the organ of
interest. Most models required surgical procedures to expose the
organ of interest and installation of window or chamber. In this
section, we will discuss various IVM models. Depending on study
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TABLE 2 | Fluorescence probes for intravital microscopy (Condeelis and
Weissleder, 2010; Jin et al., 2011; Taqueti and Jaffer, 2013; Toseland, 2013;
Caravagna et al., 2016; Kawakami, 2016; Wang H. et al., 2018).

Class

Subtypes

Examples/target

Fluorescence dyes

TRITC-dextran,
FITC-dextran
Texas red-dextran

Vascular contrast
enhancement, plasma
extravasation

FITC-albumin Plasma extravasation

Rhodamine 6G, Acridine Leukocyte trafficking

orange

Hoechst 33342 DNA staining

CMTMR, Calcein-AM, Ex vivo cell labeling

CFSE, CMAC

Genetic tags GFP

Lysozyme-EGFP Neutrophils and monocytes

c-CSF1R-GFP Neutrophils, monocytes
macrophages

CX3CR1-GFP Monocytes, macrophages,
microglia

CXCR6-GFP NK T cells

RFP

CX3CL1-Cherry Macrophages

CD2-RFP T cells

IL17f-RFP Th17 cells

NG2-RFP Pericytes

tdTomato HA-CTLs

YFP

CD11c-EYFP Dendritic cells

Thy1-YFP Neuron

Antibodies lgG
EGFR, Her2/neu, c-MET Tumor cells

CD31/PECAM-1

Endothelial junctions

ICAM-1 Endothelial cells, leukocytes

VCAM-1 Endothelium

CD45 Pan-leukocyte

CD11b Myeloid leukocytes

Ly-6G Neutrophils

F4/80 Monocytes, macrophages

GPIbg Platelets

Fragments Fab, diabody, minibody
Nanotechnology Q-dot

CNA35-QD525 Inflammation

CdTe/CdS Vascular imaging

Magnetic nanoparticles
CLIO-AF555, CLIO-VT750

cRGD-CLIO(Cy5.5),
scrRGD-CLIO(Cy3.5)

Macrophages
Tumor cells

TRITC, tetramethylrhodamine; FITC, fluorescein isothiocyanate; CMTMR, 5-(and-6)
-(4-chloromethyl (benzoyl)amino) tetramethylrhodamine; CFSE, carboxyfluorescein
succinimidyl ester; CMAC, 7-amino-4-chloromethylcoumarin;, EGFR, enhanced
green fluorescent protein;, GFF, green fluorescent protein; CSF1, colony-stimulating
factor 1; CX3CR1, C-X3-C motif chemokine receptor 1, CX3CL1, C-X3-C
motif chemokine ligand 1; CD, cluster of differentiation; RFF, red fluorescent
protein; IL17f, interleukin 17f; NG2, neuron glia antigen-2; EYFF, enhanced yellow
fluorescent protein; Her2/neu, human epidermal growth factor receptor 2; PECAM-
1, platelet endothelial cell adhesion molecule; ICAM-1, intercellular adhesion
molecule 1, Ly6G, lymphocyte antigen 6 complex locus G6D; CNA35, collagen-
binding adhesion protein 35; CdS/CdTe, cadmium sulfide/cadmium telluride; CLIO,
crosslinked iron oxide; AF555, AlexaFluorb55; VT750, VivoTag-S 750; cRGD, cyclic
arginine-glycine-aspartic acid peptide; scrRGD, scrambled RGD; Cy, cyanine.

duration, IVM models can be divided into acute imaging models
and chronic models.

Acute IVM Models

In acute models, the desired organ or tissue is surgically exposed
for a short period and the animal is sacrificed at the end of
the study. IVM is limited to a specific time point and repeated
observation is unattainable.

Cremaster Muscle

The cremaster muscle is a very thin and nearly transparent
layer of smooth muscle covering both testicles. It is easily
accessible in male rodents via a minimally invasive surgical
procedure, which allows high-resolution imaging of local the
microvasculature (Figure 1).

The cremaster muscle is surgically exposed by a longitudinal
incision of the scrotum. After freeing from the surrounding
connective tissue, the apex of the cremaster muscle is fixed on a
customized stage for superfusion. A longitudinal incision is made
through the ventral surface of the muscle followed by detachment
from epididymis and testicle. The testicle is either pushed back
into the abdominal cavity or removed by orchiectomy. The
remaining cremaster muscle is spread over the customized stage
and can be accessed for microscopy and interventions (Bagher
and Segal, 2011; Reichel et al., 2011; Donndorf et al., 2013).

This well-standardized surgical procedure can be a useful
tool for visualizing and analyzing capillary perfusion, leukocyte-
endothelial interaction, microvascular response to different
stimuli and endothelial permeability in a defined environment
(Donndorf et al., 2013; Molski et al., 2015). It can also be used
to study blood cell interactions under influence of different drugs
and chemokines (Reichel et al, 2012; Rius and Sanz, 2015)
as well as ischemia-reperfusion (IR) injury and local effects of
systemic conditions (Molski et al., 2015). Cremaster muscle is
an acute IVM model. However, Siemionow and Nanhekhan
(1999) developed a chronic cremaster chamber which allows
imaging up to 3 days.

Heart
The heart is the essential blood pumping machinery of the body.
Therefore, it is very important to understand heart physiology.

Cremaster muscle — > Atraumatic threads

Stage for muscle fixation —»

FIGURE 1 | Schematic representation of cremaster muscle model for IVM.
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Application of IVM provides more accurate information
compared to in vitro or ex vivo setting as it does not mimic
the native physiological environment (Vinegoni et al., 2015).
Similar to the lung, continuous movement is a major obstacle
in heart IVM. Physical immobilization such as a using suture,
a mechanical stabilizer or suction can be applied but they end
up in low-resolution imaging and movement artifacts (Aguirre
et al.,, 2014). To overcome this, a combination of approaches
such as a gated acquisition algorithm, gated sequential segmented
microscopy or active motion stabilization along with mechanical
stabilization has been used (Lee et al., 2008).

For IVM, thoracotomy in the fourth left intercostal space is
performed. Surrounding connective tissue is removed to expose
the heart. Once exposed, the heart is stabilized using one of the
above-mentioned technique (Lee et al., 2012; Aguirre et al., 2014;
Vinegoni et al., 2015).

Heart IVM can be used to study both function of the heart
muscle on single-cell level within the muscle with regard to cell
metabolism as well as cell electrophysiology under physiological
and pathophysiological conditions. In addition cell dynamics
in pathological conditions such as ischemia-reperfusion and
myocardial infarction can be closely monitored (Aguirre et al.,
2014; Vinegoni et al., 2015). Most importantly microvascular
events such as leukocyte trafficking as well as microvascular
rearrangement under many pathological conditions such as
myocardial infarction or infection can be evaluated (Ueno et al.,
2016; Matsuura et al., 2018; Bajpai et al., 2019).

Ear Pinna Model

The ear pinna model is the easiest model for in vivo imaging
as it is a non-surgical procedure (Figure 2). The ear contains
two full-thickness layers of skin separated by a thin cartilage
layer. The skin of the mouse ear contains few hair and closely
resembles human skin (Chan et al., 2013). Ease of access, minimal
preparation requirements, and less respiratory movement makes
it an ideal site for the investigation of cell migration dynamics,
cell-cell and host cell-pathogen interactions (Secklehner et al.,
2017). It is very important to remove the small number of hairs
present on the ear. Otherwise, it may cause autofluorescence
during imaging. Shaving of the ear hair can easily lead to skin
damage. Moreover, it provides only a limited area for IVM (Chan
et al., 2013; Striider et al., 2017).

The rodent ear is a suitable to model for investigating immune
cells in the skin, tissue implantation, and in vivo tumor cell
behavior (Chan et al., 2013), IR injury, and wound healing (Chan
et al., 2013; Striider et al., 2017).

Salivary Gland

Membrane traffic is a fundamental transport process that
encompasses the exchange and distribution of molecules such
as proteins, lipids, and polysaccharides between the cell and
the extracellular space as well as among intracellular organelles
(Ebrahim and Weigert, 2019). The salivary gland has emerged
as a revolutionary acute IVM model to study endocytosis and
regulated exocytosis. The salivary gland is situated in the neck
region which makes it less susceptible to motion artifacts created
by respiration and heart beating (Masedunskas et al., 2013b;

le—— Objective lens

Ear

“«— Platform for ear fixing

=

FIGURE 2 | Schematic illustration of the ear pinna model for IVM.

Ebrahim and Weigert, 2019). The salivary gland can be easily
accessed by removing a small circular piece of skin from the neck
(Masedunskas et al., 2013a). Relatively easy surgical access and
ease of selective manipulation make it an excellent IVM model
(Ebrahim and Weigert, 2019).

This model has been successfully applied to investigate
mitochondrial dynamics (Porat-Shliom et al., 2019), endocytosis
mediated remodeling as well as endocytosis modulation in cancer
progression (Milberg et al., 2017; Ebrahim and Weigert, 2019).

Chronic IVM Models

Chronic IVM models are primarily designed for both
longitudinal as well as acute studies. Chronic models involve
surgical preparation along with installation of a window or
chamber that enables rapid and long-term imaging.

Kidney
The kidney is a complex organ. It contains more than 20
function-specific cell types. The kidney contains several nephrons
which are responsible for glomerular filtration, active tubular
secretion as well as reabsorption of useful molecules (van den
Berg et al., 2018). The kidney is exposed by a flank incision
through the retroperitoneum. IVM is performed by placing the
kidney in a coverslip-bottomed cell culture dish or immobilizing
it by custom made holder (Dunn et al., 2007; Hato et al., 2018).
Although, kidney IVM is primarily an acute model, Hackl et al.
(2013) demonstrated the modified method involving of repeated
externalization of the kidney which enables in vivo multiphoton
imaging over several days.

Kidney IVM can be used to investigate a renal injury,
IR injury, dysfunction, inflammation, cell death, microvascular
blood flow, glomerular filtration and podocyte migration
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(Russo et al., 2007; Devi et al., 2013; Hackl et al., 2013; Hall et al.,
2013; Schiefil et al., 2016b).

Lung

The lung is an essential respiratory organ situated below the
rib cage. It contains a unique capillary network. Leukocytes
need to undergo shape deformation for traveling through the
narrow capillary segments (Wiggs et al., 1994). Pioneering
work on acute imaging of lung was done by the Presson
group where the dog was use as model organism. Later,
this model was developed for small animals (Presson et al.,
1994). Continuous movement caused by breathing and
heart beating poses difficulties for in vivo imaging. Presson
et al. (2011) for the very first time applied a customized
vacuum ring imaging window with adjunctive support of
gated imaging or frame registration for efficient reduction of
motion artifact and maximizing clarity of the image. This organ
stabilization approach revolutionized IVM in organs which are
susceptible to motion artifact. Several other approaches have
been used to stabilize lung for IVM which includes mechanical
stabilization using Bronchus clamping, glue fixation on a
coverslip and suction stabilization. However, immobilization
of one area of the lung can induce shear force which can
injure the lung (Looney et al., 2011; Fiole and Tournier, 2016;
Rodriguez-Tirado et al., 2016).

For exposing the lung, thoracotomy is performed. The animal
is placed in the right or left lateral decubitus position. An incision
is made to expose the rib cage. A couple of ribs (3-4) are removed
to expose the surface of a lung lobe followed by stabilization for
microscopy (Looney and Bhattacharya, 2014; Rodriguez-Tirado
et al., 2016). Using efficient optical tools, high-resolution lung
imaging can be performed for up to 12 hours (hrs) (Rodriguez-
Tirado et al., 2016). However, recently, Entenberg et al. (2018)
made a ground breaking success by developing a permanently
implantable and minimally invasive window that can be imagined
for up to 2 weeks.

Lung IVM can be applied to study mitochondrial function in
lung immunity, neutrophil as well as platelet trafficking, the gas
exchange process and lung tumor biology (Eichhorn et al., 2002;
Tabuchi et al., 2008; Kreisel et al., 2010; Fiole and Tournier, 2016;
Rodriguez-Tirado et al., 2016; Thanabalasuriar et al., 2016; Yipp
etal., 2017; Neupane et al., 2020). Apart from lung wobbling and
surgical invasiveness, a major problem in the lung is penetration
depth. Even highly eflicient two-photon microscopy can only
image superficially (up to 30-100 pm), which may not display
deep tissue features of the lung (Perlman and Bhattacharya, 2007;
Looney et al., 2011).

Spleen

The spleen is an important secondary lymphoid organ for IVM.
It is located below the rib cage on the left-hand side within
the abdominal cavity. The spleen filters pathogens and antigens
from the blood. It contains the red pulp and white pulp regions,
separated by the marginal zone. Red pulp macrophages recycle
iron from senescent erythrocytes. The white pulp contains T
cell and B cell zones which are important for antigen-specific
immune responses (Martin-Jaular et al., 2011). It is relatively easy

to prepare spleen for IVM because of its superficial location in the
body (Secklehner et al., 2017).

To expose the spleen, an incision is made below the ribcage on
the left lateral position. Afterward, the spleen is exteriorized and
placed on a customized stage and sealed with adhesive (Ferrer
etal.,, 2012; Deniset et al., 2017). Spleen IVM is utilized in disease
models such as malaria (Secklehner et al., 2017), atherosclerosis
(Robbins Clinton et al., 2012) as well as cancer (Cortez-Retamozo
et al.,, 2012). Furthermore, it can also be used for imaging of
lymphocytic Calcium ion signaling (Yoshikawa et al., 2016).

Liver

The largest metabolic organ liver is located below the diaphragm.
It plays an essential role in metabolism, protein synthesis and
detoxification of systemic circulation (Vollmar and Menger,
2009). It receives around 80% blood supply from the portal
vein and the remaining 20% oxygenated blood from the hepatic
artery. Hepatocytes are the most abundant cell types inhabiting
liver. Apart from that, it also contains sinusoidal Kupffer cells,
endothelial cells, stellate cells and lymphocytes (Vollmar and
Menger, 2009; Marques et al., 2015a).

As per the requirement of the study, liver IVM can be
performed starting from a few hours to days (Ritsma et al., 2012;
Park et al., 2018). The surgical procedure involves the opening of
the abdominal cavity. A small part of right liver lobe is carefully
exteriorized and placed on a handcraft stage (Marques et al.,
2015b). Long term IVM requires installation of an observation
window in the abdomen. Ritsma et al. (2012) developed a window
model for long term liver IVM (up to 1 month) to study liver
metastasis. The window is composed of a titanium ring along
with a Imm groove. The window is secured on an abdominal wall
by a purse-string suture in the groove and a coverslip is placed on
the top for imaging window (Ritsma et al., 2012).

Liver IVM has been used to investigate liver transplantation,
liver regeneration, and therapeutics of liver disease or injury
(Theruvath et al., 2008; Rehman et al., 2011; Czerny et al., 2012;
Liu et al., 2015, 2017; Krishnasamy et al., 2019; Wimborne et al.,
2020). Moreover, the liver IVM model has also been used to
study hepatic transport (Dunn and Ryan, 2017; Ryan et al., 2018;
Tavakoli et al., 2019), flow modulation in liver microvasculature
(Clendenon et al., 2019a,b), bile dynamic and (Meyer et al,
2017) and enzyme regulation. Furthermore, this model is also
utilized to investigate liver during IR injury, infections, sepsis,
and endotoxemia (Vollmar et al., 1997; McAvoy et al., 2011; Lu
et al, 2014; Park et al., 2018).

Dorsal Skinfold Chamber Model

The Dorsal skinfold chamber model is a widely used model
for in vivo imaging. The chamber typically consists of two
symmetrical metal frames. The frames contain a circular
observation window. A double layer of depilated skin layer is
sandwiched between these two frames. One of the layers of the
skin along with subcutaneous tissue is removed completely in
a circular area according to the diameter of the observation
window. Then the circular coverslip is placed and fixed with the
help of a snap ring (Figure 3). Titanium is the most commonly
used metal to build the skinfold chamber but other varions from
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FIGURE 3 | Schematic diagram of a mouse with a dorsal skinfold chamber
for IVM.

stainless steel or aluminum and non-metal materials are also
used. The dorsal skinfold chamber model gives access to the
striated muscle of the dorsal skin for IVM. After implanation,
repetitive imaging can be performed up to 2-3 weeks (Schreiter
et al.,, 2017; Dondossola et al., 2018; Hessenauer et al., 2018).
It is suitable for both upright as well as inverted microscopes
(Prunier et al., 2017).

The dorsal skinfold chamber has been extensively used in
cancer biology to investigate tumor pathophysiology, tumor cell -
microvasculature interaction, metastasis as well as therapy (Jain
and Ward-Hartley, 1987; Jain et al., 2002; Alexander et al., 2013;
Dondossola et al., 2018). It is also used to investigate the effect
of chemical compounds on vascularization. Apart from that,
the dorsal skinfold chamber model is also useful for studying
interaction of biomaterials with surrounding host tissue, bacteria-
endothelial cell interaction, organ transplantation, wound
healing, fibrinolysis and thrombolysis, IR injury, inflammation,
and sepsis (Laschke et al., 2011; Hillgruber et al., 2014; Miranda
et al., 2015; Schreiter et al., 2017). The dorsal skinfold chamber is
a widely accepted IVM model to investigate tissue angiogenesis
and biocompatibility of biomaterials in tissue engineering.

Skull Cranial Window

The brain is the controlling unit of the entire body. Therefore, it is
very important to understand brain physiology. In vivo imaging
has become an important experimental tool to understand brain
physiology and pathology. The brain is covered with a membrane
known as the dura followed by two layers of compact cortical
bone sandwiching a cancellous spongy bone layer (Yang et al.,
2010; Zhao et al., 2018).

The brain can be accessed using two methods: open-skull
or thinned-skull cranial window. As suggested by the name the
thinned-skull cranial window is prepared by thinning of the skull
bone layers with a drill. Controlled thinning is performed until
the transparency for imaging is achieved without exposing the
brain. On the other hand, in the open-skull window procedure,
drilling is continued until all three bone layers are removed.

A coverslip is positioned on the dura and sealed with adhesive
(Figure 4) (Dorand et al., 2014; Isshiki and Okabe, 2014).

Both methods have their merits and demerits. Thinned-
skull window approach causes minimal perturbation and allows
immediate imaging after surgery whereas in open-skull model
a resting period of approximately 2 weeks is required before
imaging. Moreover, the open-skull method is prone to cause
higher inflammation, astrogliosis, and higher dendritic spine
turnover due to a higher degree of perturbation. Thinned-skull
window approaches require re-thinning for repeated imaging,
which is not necessary for open-skull approaches. Furthermore,
image quality in the thin-skull window is compromised at
points deeper than 50 wm. Therefore, the open-skull window is
preferred for deep high resolution imaging. Depending on the
requirement both models can be used for chronic as well as acute
studies (Yang et al., 2010; Dorand et al.,, 2014). Both models
require highly skilled surgeons and the selection of the model can
be done based on the aim and the duration of the study.

Transcranial imaging can be used to study Alzheimer’s disease
and potential treatments, brain injury, leukocyte-pathogen
interaction and tumor dynamics in brain vasculature (Yang et al.,
2010; Dorand et al., 2014; Isshiki and Okabe, 2014; Secklehner
etal., 2017; Alieva et al., 2019).

DISCUSSION

Over the past decades, tissue engineering has made considerable
progress in the field of tissue regeneration. Researchers are
constantly applying novel approaches to understand tissue
physiology in the normal and diseased state as well as
regeneration or repair. 3D models closely resemble the native
tissue environment. However, they cannot exactly mimic in vivo
conditions where factors from the immediate and distant
environment play an important role in maintaining tissue
homeostasis (Kapalczynska et al., 2018; Chen et al., 2019).
Therefore, it is inevitable to perform in vivo studies. On the
other hand, tissue repair or regeneration is a dynamic cellular
process. Conventional in vivo studies are incapable to explain
it thoroughly. Hence, performing IVM studies is the most
appropriate approach for in depth understanding of tissue repair,
regeneration, and cell interactions.

Researchers have developed different IVM models, which
require surgical procedures to expose the area of interest and
install a window or chamber. Cremaster muscle and skinfold
chamber models are the most preferable models in terms of
simplicity and reproducibility to visualize capillary perfusion
and leukocyte-endothelial interaction under native condition
and under treatment as well as during IR injury (Figure 5).
Cremaster muscle IVM model imaging is limited from few hrs
up to 3 days (Siemionow and Nanhekhan, 1999). Therefore,
the dorsal skinfold chamber model is widely preferred for the
long-term in vivo imaging.

The dorsal skinfold chamber is a key model to analyze different
tissue engineering strategies for improving the vascularization
of implanted biomaterials. Long term, repetitive evaluation
of the same ROI, evaluation of complex immunological
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phenomena is easily achieved. Kampmann et al. (2013)
observed enhancement of PLGA scaffold vascularization upon
application of Bone marrow-derived mesenchymal stem cells
(bmMSCs) and VEGF. Reichel et al. (2015) investigated
the effect of components of the Plasminogen Activation
System on vascularization of porous polyethylene (PPE)
implants. They observed accelerated vascularization in implants
coated with urokinase-type plasminogen activator (uPA) and
tissue plasminogen activator (tPA), plasminogen activator
inhibitor-1 (PAI-1) (Reichel et al.,, 2015). Recently, improved
vascularization of PPE implant coated with Vitronectin in
skinfold chamber model was reported (Hessenauer et al., 2018).
Adipose tissue-derived microvascular fragments (ad-MVF)
contain high vascularization capacity that can be easily harvested
from fat tissue. Frueh et al. (2017) seeded GFPT ad-MVF on
collagen-glycosaminoglycan matrices and implanted them into
full-thickness skin defects in the mice skinfold chamber. They
observed significantly accelerated vascularization of the implants
(Frueh et al.,, 2017). This strategy can be used for full-thickness
skin defect treatment. In another experiment, Laschke et al.
(2019) cultivated ad-MVF at 20°C and implanted it into dorsal
skinfold chambers. They observed enhanced vascularization
in sub normothermically cultivated ad-MVFs compared to
normothermically cultivated ad-MVFs (Laschke et al., 2019).
The skinfold chamber can also be adapted to investigate
the regeneration of transplanted tissue material. Lushaj et al.
(2012) implanted neonatal atrial and ventricular tissues in the
skinfolds chamber. This was the first successful attempt of
ectopic engraftment of differentiated myocardium in the skinfold

chamber (Lushaj et al., 2012). In another experiment, Walser
et al. (2013) implanted in vitro co-cultivated primary human
osteoblasts and human dermal microvascular endothelial cells
spheroids (HOB-HDMEC) into the skinfold chamber. They
observed noticeable interconnection to the host microvasculature
via the inosculation process. This strategy can be a very useful
treatment of large bone tissue defects (Walser et al., 2013).

The dorsal skinfold chamber model is the most preferable
model for investigation of biocompatibility and host reaction to
different biomaterials. Jehn et al. (2020) compared the effects
of mesenchymal stem cells (MSC) in combination with Poly-
L-lactide-co-glycolide (PLGA) and beta-tricalcium phosphate
(B-TCP) scaffold. They reported significant improvement in
angiogenesis for B-TCP scaffolds compared with PLGA scaffolds
(Jehn et al, 2020). Laschke et al. (2009) investigated in vivo
biocompatibility and vascularization of porous polyurethane
scaffolds. The scaffolds stimulated a weak angiogenic response
after 14 days of implantation with low inflammatory reaction
(Laschke et al., 2009). Gniesmer et al. (2020) studied chitosan-
graft- polycaprolactone (CS-g-PCL) fiber mats for rotator cuff
tear repair. Intravital investigation revealed significant increase
in vascularisation in CS-g-PCL fiber mats compared to the
porous polymer patch and uncoated PCL fiber mats on day 14
(Gniesmer et al., 2020). Dondossola et al. (2016) applied this
model to examine foreign body response to 3D porous calcium
phosphate-coated medical grade poly (e-caprolactone) (mPCL-
CaP) scaffolds. They observed a connection between giant
cells and vascular endothelial growth factor (VEGF) induced
neovessels as key factor stimulating the foreign body response

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

February 2021 | Volume 9 | Article 627462


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Vaghela et al.

Intravital Microscopy in Tissue Engineering

FIGURE 5 | lllustration of IVM images using different microscopy methods. (A) IVM image of FITC-Dextran labeled microvasculature in the skinfold chamber, scale
bar: 100 pm. (B) 2 PM THG image of collagen in the skinfold chamber, scale bar: 100 um. (C) IVM image showing leukocytes labeled with Rhodamine 6G in the
skinfold chamber, scale bar: 100 wm. (D) RLOT image of the cremaster muscle, scale bar: 50 wm.
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and late-stage fibrosis (Dondossola et al, 2016). The same
group also used a skinfold chamber model to study tumor-bone
interactions and therapeutic response. They implanted tissue-
engineered bone constructs in prostate cancer lesions. They
observed tumor growth inside the bone cavity and along the
cortical bone interface. They also reported reduction in osteoclast
kinetics and osteolysis on application of bisphosphonate therapy
without perturbing tumor growth (Dondossola et al., 2018).

Moreover, Polstein et al. (2017) used optogenetics for
controlling cell differentiation and tissue formation in the
skinfold chamber. They used a light-inducible switch to control
the expression of angiopoietin-1 and VEGF for stimulation
of vascular sprouting in a mouse dorsal skinfold chamber
(Polstein et al., 2017).

In the aforementioned studies, repetitive evolution of the
same ROI (region of interest) was performed to examine a
comprehensive picture of the dynamic process starting from
recruitment of cells to formation of a vasculature network or
inosculation of host vasculature in scaffolds within the very
same alive animal. This is only possible in IVM. Moreover, IVM
enables observation of the immediate and long-term response of

the native in vivo environment on the implantation of biomaterial
in a live animal. The conventional approach for making similar
observation requires termination of the experiment, extraction
of the implant, and complex evaluation processes such as micro
sectioning and staining. The harvesting and handling in this
process itself can temper with final results. Imaging of dynamic
cellular processes at multiple time points also reduces the
requirement of total animals numbers for a particular study.
Skinfold chambers have also played an important role in
cancer research and identification of key anti-tumor therapies.
Yuan et al. (1995) used the skin fold chamber model
to determine microvascular permeability in human tumor
xenografts. Molecular size is one of the important determining
factors for transvascular transportation of therapeutic agents in
tumors. They concluded that liposomes of up to the diameter
of 400 nm were permeable in human colon adenocarcinoma
LS174T tumor vessels (Yuan et al, 1995). Vascular targeted
therapies are showing promising results for cancer treatment.
Several preclinical and clinical studies are reported which focus
on blocking vasculature growth of the tumor. Savarin et al.
(2018) monitored antiangiogenic or vascular disruptive effects of
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targeted gene and irradiation therapy from dorsal skin window.
They observed a significant reduction in the tumor vessel area
in animals receiving targeted gene treatment (Savarin et al.,
2018). Haeger et al. (2019) determined that invading tumor
cells survive DNA damage and radiotherapy via B1/aVB3/p5
integrin crosstalk. Noticeably, effective radiosensitization can
be accomplished by targeting multiple integrins (Haeger et al.,
2019). Although, skin fold chamber is an excellent model for the
cancer research, skin is not orthotopic location for all tumor types
(Prunier et al., 2017).

The ability of reparative imaging provides an excellent
opportunity to observe tumor cell metastasis and the effect
of therapeutic treatment at several time points in real-time
and in the same animal which is not possible in conventional
cancer study designs (Condeelis and Segall, 2003).

Apart from the skinfold chamber, the skull cranial window
is another important model for in vivo brain imaging. The
skull cranial window model is more complex than the skinfold
chamber. This model is very use full to study brain disease, injury
and possible treatments (Yang et al., 2010; Dorand et al., 2014;
Isshiki and Okabe, 2014; Secklehner et al., 2017; Alieva et al,,
2019). Khosravi et al. (2018) used a cranial window chamber
model to study angiogenesis and cellular events around surgical
bone implants. Both cranial window and skinfold chamber
models are widely used to study tumor development, cell-cell
interaction, specific disease or injury and therapeutics (Upreti
et al,, 2011; Pai et al,, 2014; Miranda et al., 2015; Reeves et al,,
2015; Zhang et al., 2016; Ampofo et al., 2017; Tarantini et al., 2017;
Alieva et al., 2019).

Intravital microscopy can be applied to study dynamic
activities such as membrane trafficking. Endocytosis is a vital
cellular process that plays an important role in the regulation
of cell signaling, metabolism and motility. Moreover, the
deregulation of the endocytic pathway is connected to infection,
immunodeficiencies, neurodegeneration, and cancer (Ebrahim
and Weigert, 2019). Molitoris group initiated an investigation
of endosomal system dynamics in the kidney model. They
applied multiphoton microscopy for in vivo imaging of uptake
of systemically injected molecules such as fluorescent dextrans,
folate receptors and albumin in the kidneys’ proximal tubuli
(Dunn et al.,, 2002; Sandoval et al., 2004). Recently, Kuwahara
et al. (2016) revealed Megalin as a potential therapeutic target
for metabolic syndrome-related chronic kidney disease. The
kidney IVM model is used to understand the function of
different receptors present in the renal system. Schiefll et al.
(2016a) used intravital microscopy to investigate the effects
of the angiotensin II (Ang II) receptor on podocyte function.
They demonstrated that Ang II enhances the endocytosis of
albumin by podocytes that can result in impaired podocyte
function (Schiefll et al., 2016a). The higher amount of albumin
in urine or Albuminuria is an indication of the kidney
disease. The salivary glands IVM model evolved as a relatively
simple model for membrane trafficking studies (Ebrahim and
Weigert, 2019). Secretory cells contain secretory granules,
which transport a variety of proteins. Shitara et al. (2020)
demonstrated the role of Cdc42 GTPase in the biogenesis and/or
maturation of these secretory granules. Membrane remodeling

is important for the regulation of different processes such
as cell division, migration, and membrane trafficking that
requires continuous modifications of the composition as well
as the property of the lipid bilayer. Milberg et al. (2017)
applied the salivary gland model to investigate the role of
the actomyosin cytoskeleton in membrane remodeling. They
reported that the actomyosin cytoskeleton serves as a scaffold
for the recruitment of regulatory molecules and also provides
necessary mechanical forces for remodeling the lipid bilayer
(Milberg et al., 2017).

Hackl et al. (2013) used repeated MPM of the same glomeruli
for imagining the motility of podocytes in the multi-color Pod-
Confetti mouse model. They observed the appearance of a new
podocyte within 24 h of the previous imaging session (Hackl
et al,, 2013). In a recent study, Schiessl et al. (2018) used MPM
for evaluation of the cellular and molecular activities involved in
renal proximal tubular regeneration. They observed proliferating
tubular cells at the site of injury (Schiessl et al., 2018).

These above-mentioned dynamic portrayals of processes such
as membrane trafficking and cellular motility are otherwise not
possible in conventional study design without terminating the
study at several timepoints.

The lung and heart are the most difficult organs for in vivo
imaging because of continuous movement. Different methods
for stabilization and software-based video editing methods are
established (Presson et al., 2011; Matsuura et al.,, 2018). Lung
IVM models are extensively used for imaging of immune cell
trafficking, alveolar perfusion, and gaseous exchange. Oxygen
uptake and carbon dioxide disposal is the primary function
of the lung. Tabuchi et al. (2013) combined mice lung IVM
along with two-dimensional oxygen saturation mapping to
study pulmonary oxygen uptake. They demonstrated that 50%
of total oxygen uptake takes place in precapillary arterioles
of less than 30 wm in diameter before the blood enters the
alveolar-capillary network (Tabuchi et al, 2013). In another
similar study, they used the same methodology to study
alveolar dynamics and local gas exchange in the healthy and
diseased lung (Tabuchi et al., 2016). In a recent study, the
role of neutrophils in a sepsis-induced lung injury model
was investigated using combinations of fluorescent dyes and
antibodies to differentiate leukocyte subsets. The acute lung
injury decreased the functional capillary ratio due to the
generation of dead space by prolonged neutrophil entrapment
within lung capillaries (Park et al, 2019). Initial in vivo
heart studies for leukocyte trafficking used heterotopic heart
tissue transplantation due to inherent technical difficulties in
imaging moving tissue (Li et al., 2012). Later Lee et al. (2012),
introduced a two-photon method for intravital visualization of
murine heart at subcellular resolution. Recently, novel cardiac
stabilizers were established for imaging the beating native
heart within the intrathoracic position in rats (Matsuura et al.,
2018). They successfully managed real-time in vivo imaging of
cardiac tissue dynamics under normal and IR conditions at
subcellular resolution. They observed the subcellular dynamics
of the myocardium and mitochondrial distribution in cardiac
myocytes. They also observed IR injury induced suppression
of the contraction/relaxation cycle and the resulting increase
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in cell permeability and leukocyte accumulation in cardiac
tissue. Dynamics of immune cell trafficking immediately after
events such as myocardial infarction is only possible in an
IVM study design.

Liver IVM models have been used for the investigation of
liver injury such as IR, and bacterial (Mycobacterium bovis,
Borrelia burgdorferi, acillus cereus, and methicillin-resistant
Staphylococcus aureus) and parasitic (Plasmodium berghei,
Leishmania donovani, and Schistosome granulomas) infections
and their treatment (Marques et al,, 2015b). Acetaminophen
is an antipyretic and analgesic drug. Recently, Hu et al.
(2016) revealed that lower dosage of Acetaminophen induces
reversible mitochondrial permeability resulting in mitochondrial
dysfunction and steatosis in hepatocytes in the murine liver (Hu
et al., 2016). Inhibition of the bile salt export pump (BSEP) is
strongly connected to drug-mediated liver injury that commonly
goes undetected during clinical testing. Ryan et al. (2018) used
quantitative intravital microscopy to identify the dose-dependent
effects of BSEP inhibitors. They used fluorescent bile salts as a
biomarker for hepatobiliary transport inhibition. This model can
provide valuable information on the toxic effects of the drug
on human liver (Ryan et al., 2018). Dynamic processes such as
cell-cell, cell-pathogen interaction, fluctuation in mitochondrial
function, and bile transport can only be visualized in realtime
using the IVM approach.

Imaging duration was one of the major limitations of IVM
studies. Earlier models for abdominal organs were mainly acute.
Ritsma et al. (2012) made a breakthrough in the area of the
abdominal imaging window (AIW). They developed a window
model for long-term liver IVM (up to 1 month) (Ritsma et al.,
2012). Most of the current AIWs are designed and installed
as described by Ritsma et al. (2012). Moreover, this window
design can also be used to visualize internal organs such as the
spleen, kidney, small intestine, pancreas, and liver. Perry et al.
(2019) observed enhanced neovascularization and integration of
pre-vascularized tissue-engineered muscle graft into abdominal
wall defects compared to non-prevascularized grafts. Recently,
Entenberg et al. (2018) developed a permanently implantable
lung window that can be imagined for up to 2 weeks. Also,
tissue regeneration is a dynamic and lengthy process that starts
with the recruitment of immune cells following injury. Another
imaging strategy for extension of the imaging period is the
repeated externalization of organs or tissue (Hackl et al., 2013).
However, surgical processes involved in repeated externalization
of an organ can damage the organ of interest and delay the
regeneration process or can lead to false results. Moreover, it
is also prerequisite to keep organ or tissue wet and maintain
the normal temperature during the surgical process. A precise
experimental design is required for imaging of the entire
regeneration process.

In most chamber or window models a glass coverslip is placed
on the top of the tissue which can induce an inflammatory or
immune response. Biocompatibility of the glass coverslip can
be improved with PLL-g-PEG(poly-L-lysine-graft-poly(ethylene
glycol)) coating (Ritsma et al., 2013). It is questionable if data
collected from a small field can be extrapolated to the entire
organ. Intravital microscopy provides high-resolution imaging

of one small region that provides dynamic information of that
spot only. For repeated analysis, it is important to identify the
very same spot for the next microscopy. Hackl et al. (2013)
used serial MPM imaging of the same glomerulus over time in
the intact Pod-GFP mouse kidney. They identified Glomeruli
based on a laser-induced mark placed close to the glomerulus
(Hackl et al., 2013). For a better understanding of the dynamic
process, imaging of more than 2 or 3 fields from a single
animal is important. However, it can be difficult to fully correlate
information because each field image contains small temporal
heterogeneity. Here, it would be interesting to include a system
that can collect data from multiple fields at the same time.
However, imaging at lower magnification objectives such as 2.5x
could be helpful because smaller magnification objectives provide
a larger field of view than higher magnification objectives such
as 25x. Though, lower magnification objectives can compromise
the resolution (Dunn and Ryan, 2017).

The IVM studies are designed for imaging in vivo cellular
dynamics. However, the surgical procedure involved during the
experiment itself can interfere with the dynamics of cellular
activity. Continuous exposure to light in different microscopic
modalities is reported as phototoxic. Organs and tissues are
a multicellular structural system. It is difficult to discriminate
each cell type in one region. Here, in vivo imaging can
be strengthened using different labeling strategies. Various
approaches such as fluorescence dyes, fluorescence proteins and
QDs are available. The specificity of these fluorescent probes
can be increased using specific antibodies or antibody fragments.
Discrimination of different cell types in one particular region can
be achieved by combining one or more of the aforementioned
strategies. For instance, GFP-positive animals can be injected
with different cell marking dyes and marker antibodies at the
same time (Dunn et al., 2002; Sandoval et al., 2004). Residual
cell debris containing fluorescent proteins can result in unwanted
background. Administration of all these substances can cause
a toxic effect on the animal. Therefore, it is important to
determine the optimal amount which exhibits minimum toxicity
without interfering with the image quality. Moreover, some
studies are designed for repeated in vivo imaging. Here, it
is important to perform a preliminary study to determine
the effect of long-term and repeated administration of these
fluorescent probes.

From our own experience of animal studies and for both
ethical and scientific reasons, it is very important to pay special
attention to animal health. Animals need to be checked regularly
for the overall health and healing of surgical areas. Many long-
term windows or chamber installation requires placement of glass
coverslips which are prone to break occasionally. Animals often
tend to remove sutures placed to fix the chamber or window.
Therefore, a regular check-up is necessary to prevent incidents
that might affect the experiment outcome.

Penetration of depth is one of the major concerns for IVM
studies. Conventional single-photon optical modalities such as
epifluorescence and confocal microscopy can reach up to around
100 pm of depth only. Compared to conventional to one-photon
confocal microscopy, 2 PM can improve the depth of penetration
by a factor of 2 to 3 (Kobat et al., 2011). Theer et al. (2003) used
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a 800 nm excitation source by using a Ti: Sapphire regenerative
amplifier. They could achieve 1 mm imaging depth in the mouse
brain. Later, Kobat et al. (2011) used 1,280-nm excitation to
achieve a remarkable penetration depth of approximately 1.6 mm
in the cortex of a mouse brain. However, in 2 PM light scattering
and absorption of tissue limit the penetration depth and both of
these are dependent on excitation wavelength (Miller et al., 2017).
In 2 PM microscopy, the highest imaging depth is determined by
the ability of excitation light to hit the focus point unscattered
as well as the released fluorescence to reach the detector (Kobat
et al,, 2011). Horton et al. (2013) developed a revolutionary
system in the field of 3 PM. They used 3 PM to imaging of
subcortical structures within an intact mouse brain. In 3 PM,
1,700 nm excitation source was used. Application of longer
excitation wavelength reduces the attenuation of excitation light
by the tissue. Moreover, 3PE significantly reduces the out-of-
focus background and improves the signal to background ratio.
In the preliminary 3PM experiments, vascular and neuronal
structures in the mouse brain at ~1.3 mm depth were imagined
(Horton et al., 2013). Certainly, 3 PM has the potential to
play a game-changing role in the field of IVM. Current 3 PM
applications are largely limited to brain IVM (Horton et al., 2013;
Wang T. et al.,, 2018). Application of innovative microscopic
methods on other organs such as heart, lung, and kidney
can achieve previously unmet penetration depth. Though, the
establishment of an advanced imagining system requires more
money and optimization initially, once established it can uncover
dynamic activities deep inside the tissue that was hidden so far.

Opverall, suitable selection and application of advanced optical
modalities with fluorescence tagging methodologies in IVM can
enable in-depth analysis of the tissue in healthy and diseased
state, tissue development, repair and biomaterial compatibility
as well as host reactions on implantation. It can also provide
essential information at the level of cell-cell interactions and
facilitate the development of potential treatments for complex
diseases such as cancer and Alzheimer.
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Bone substitute materials (BSM) are widely used in oral regeneration, but sufficient
angiogenesis is crucial for osteogenesis. The combination of BSM with autologous
thrombocyte concentrations such as platelet-rich fibrin (PRF) may represent a clinical
approach to overcome this limitation. This study analyzes the early influence on
osteoblast (HOB) in vitro. Here, four different BSM (allogeneic, alloplastic, and two
of xenogeneic origin) were combined with PRF. After the incubation with osteoblasts
for 24 h, cell viability, migration, and proliferation were assessed. Next, marker of
proliferation, migration, and differentiation were evaluated on gene and protein levels
in comparison to the native BSM and osteoblast alone. Addition of PRF increased
viability for both the xenogeneic BSM (p = 0.0008, p = 0.032, respectively) in
comparison to HOB and vs. native BSM (p = 0.008), and led to a tendency for
increased cell proliferation and migration for all BSM (each p > 0.05). On gene basis,
allogeneic and alloplastic BSM displayed a significantly increased RUNX2 expression
(each p = 0.050). Expression of alkaline phosphatase for alloplastic (p = 0.050) and
collagen-1 for xenogeneic BSM (p = 0.05) were significantly increased in combination
with PRF. In addition, bone morphogenic protein was expressed significantly higher
when xenogeneic material was combined with PRF in comparison to HOB alone (each
p = 0.05). In summary, the combination of PRF with different BSM increases initial
viability and may influence early proliferation and migration potential of osteoblast via
RUNX2, alkaline phosphatase, collagen, and BMP2 especially in combination with
alloplastic and xenogeneic BSM. Biofunctionalization of BSM using PRF might improve
osteogenesis and extend the range of indications.

Keywords: bone substitute, oral regeneration, platelet-rich fibrin, tissue engineering, osteoblast, allograft,
xenograft

INTRODUCTION

Autologous bone augmentation remains the treatment therapy of choice for regenerative
craniomaxillofacial surgery in case of facial bone loss due to trauma, cancer, or other pathologies
(Tatullo et al., 2012). However, disadvantages may be seen in the limited offer and enhanced
morbidity with respect to the donor site especially in multimorbid patients (von Arx et al., 2001).
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PRF Interacts With Osteoblast Initially

Here, bone substitute materials (BSM) of allogeneic, xenogeneic,
or alloplastic origins represent a suitable and promising therapy
option with specific indications: in opposite to the osteoinductive
capacity of autologous bone, BSM shows functional deficits
due to their osteoconductive properties (Khosropanah et al,
2018). Only for allogeneic BSM, an osteoinductive potential
could be demonstrated (Miron et al, 2016). Therefore,
allogeneic materials in particular are frequently used for “bone
engineering” where, e.g., via co-culture experiments, stem
cell therapy or the addition of growth factors BSM were
edited in order to improve bone regeneration procedures
(Hinze et al., 2010).

As a key role in initial osteogenesis, a sufficient blood vessel
supply and angiogenesis, the formation of new blood vessels from
existing lumina, is mandatory (Rather et al., 2019). On the one
hand, capillary structures supply the regenerated bony defect area
with nutrients and minerals for homeostasis. In addition, they
support and regulate diverse functions of the bone marrow and
bone in osteogenesis processes, structurally and via paracrine
pathways on different cellular levels (Grosso et al., 2017). Here,
new engineering strategies may overcome the current limitations
of an insufficient initial blood supply of BSM that, with an
increased angiogenic potential, may lead the way to an optimized
osseous regeneration.

Autologous platelet concentrate (PC) such as platelet-
rich fibrin (PRF) are now broadly used in dental and
craniomaxillofacial regenerative medicine (Dohan et al., 2006).
Via the complex interplay of different cytokines and growth
factors, the proliferation and differentiation of different cell
lines is thrived (Miron et al, 2017). So far, a significant
pro-angiogenic effect of the PRF could be shown especially
for soft tissue regeneration procedures (Ghanaati et al., 2018;
Blatt et al, 2020). Up to date, there is inconsistent data
if PRF may also support bony regeneration (Miron et al,
2017). Still, raising evidence emerges that PRF may also
support differentiation and proliferation of osteoblasts (Dohle
et al, 2018). Lately, our working group demonstrated a
positive effect after 3-10 days of co-incubation, especially in
combination with an allograft in comparison to BSM alone
or in combination with xenogeneic materials (Kyyak et al.,
2020). However, data for a possible initial and early interaction
remain spares.

Controversially, some studies and case reports report
conflicting data if PRF may influence osteogenesis (Pripatnanont
et al., 2013; Yoon et al,, 2014). A possible explanation for the
ambivalent data may be seen in the diversity of the analyzed
BSM and their different biophysical properties. Furthermore,
different time points of evaluation were chosen that counteract
time points of the physiological wound healing phase. Therefore,
the aim of this study was to investigate the early effect on viability,
migration, proliferation, and differentiation of osteoblasts of
the PRF when combined with BSM in vitro after 24 h. This
way, a comprehensive understanding of the possible initial
mechanism of PRF in comparison to the well-studied later time
points in osteogenesis should be provided to detect intercellular
implications and provide basic scientific evidence for potential
clinical translation.

MATERIALS AND METHODS

Bone Substitute Materials

Four commercially available BSM were tested: allogeneic (AKM:
maxgraft®, botiss biomaterials GmbH, Zossen, Germany,
granularity <2 mm), alloplastic (APKM: maxresob®, botiss
biomaterials GmbH, Zossen, Germany, granularity 0.8-1.5 mm),
and xenogeneic BSM (XKM1: cerabone®, botiss biomaterials
GmbH, Zossen, Germany, granularity 1.0-2.0 mm, XKM2:
BioOss®, Geistlich Pharma AG, Wolhusen, Switzerland,
granularity 1—2 mm) were used for the further experiments.

PRF Protocol

For the PRF protocol, blood was collected from three healthy
volunteers who gave their informed consent to this study in
accordance with the ethical standards of the National Research
Committee (Arztekammer Rheinland-Pfalz, no. “2019-14705_1")
and the 1964 Helsinki declaration and its later amendments or
comparable ethical standards. Ten milliliters of peripheral venous
blood per sample were collected after puncturing the cephalic or
the median cubital vein with the vacutainer system and specific
sterile plain vacuum tubes with additional silicone within their
coating surface for solid (A-PRF+, Mectron, Carasco, Italy) and
liquid PRE respectively (iPRE Mectron, Carasco, Italy). Next,
PRF was directly manufactured (1,200 rpm for 8 min, relative
centrifugal force 177 g at a fixed angle rotor with a radius of
110 mm, Duo centrifuge, Mectron, Carasco, Italy), as previously
described (Blatt et al., 2020).

Cell Culture

Before the incubation with osteoblast, PRF was pressed to
a stable membrane with the “PRF Box” (Mectron, Carasco,
Italy) as indicated by the manufacturer. Next, PRF was cut
into small pieces of 10-20 mm?, 0.3-0.5 ml of liquid PRF
was added and mixed manually with an equal quantity of
the respective BSM (100 mg) to obtain a sticky clot. Next,
a commercially available human osteoblast cell line (HOB,
PromoCell, Heidelberg, Germany) was used and cultivated with
a standard HOB medium with an additive fetal calf serum (FCS,
Gibco Invitrogen, Karlsruhe, Germany), Dulbecco’s modified
Eagle’s medium (DMEM, Gibco Invitrogen), dexamethasone
(100 nmol/l, Serva Bioproducts, Heidelberg, Germany), L-
glutamine (Gibco Invitrogen), and streptomycin (100 mg/ml,
Gibco Invitrogen). Cultivation was done at 37°C in a constant,
humidified atmosphere with 95% room air and 5% CO, until a
confluence of approximately 70% was reached. Next, HOB were
passaged using 0.25% trypsin (Seromed Biochrom KG, Berlin,
Germany). HOB at passage five were used and seeded in a 24
well plate (Merck, Darmstadt, Germany) in a density of 5 x 10*
cells per well. Now, 100 mg of the respective BSM were added in
combination with (prepared as mentioned above) or without PRF
and further incubated for 24 h at 37°C with 95% room air and 5%
CO,. HOB alone served as control.

Cell Viability Analysis

Next, cell viability was analyzed after 24 h by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay, as previously described (Pabst et al., 2015). In brief, MTT
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(200 L, 2 mg/mL) was added to the wells and incubated for
4 h at 37°C before the culture medium was discarded, and
10 ml of lysis buffer was added per well. Finally, a fluorescence
microplate reader (Versamax, Molecular Devices, San Jose, CA,
United States) was used at 570 nm to detect metabolic activity
that reflects viability.

Cell Proliferation Analysis

Fluorescence red was applied after 24 h with CellTracker (Life
Technologies, Thermo Fisher Scientific, Darmstadt, Germany)
according to the manufacturer’s instructions to track cell number
and therefore, proliferation rate. After the removal of the
culture media, warmed Red dye was added and incubated for
30 min. Afterward, the dye was removed, washed with serum-
free medium, and incubated for 30 min. Finally, Red fluorescence
was analyzed with a fluorescence microscope (BZ-9000, Keyence,
Osaka, Japan). Automatic thresholding was applied to extract cell
structures and the area fraction (%) was calculated as previously
described (Kyyak et al., 2020).

Cell Migration Assay

A scratch test was used to detect migration ability, as previously
described (Kyyak et al., 2020). HOB were incubated with BSM
in combination with and without PRF in a special scratch
assay plate (ibidi GmbH, Grifelfing, Germany) for 24 h at the
above mentioned conditions. Here, red cell tracker was applied
as mentioned above. Quantification of the migrated cells and
visualization of cell viability was done with the ImageJ software
(ACTREC, Navi Mumbai, India), as previously described (Kyyak
et al., 2020). In brief, images at a 10x fold magnification were
first converted to grayscale before image subtraction was used to
correct background staining. Next, automatic thresholding was
applied to extract cell structures, and cells migrated in the gap
were evaluated and the area fraction (%) was calculated.

ELISA Quantification

Growth factor release on protein basis was analyzed after co-
incubation with 1.4 ml of the cell supernatant, which was
extracted after incubation for 24 h with HOB and the respective
native and bio-activated BSM samples, as previously described
(Blatt et al.,, 2020). Antibodies for alkaline phosphatase (AP),
collagen (COL), bone morphogenic protein 2 (BMP), osteocalcin
(OCN), and Runt-related transcription factor-2 (RUNX, all
R&D Systems, Minneapolis, MN, United States) were evaluated
according to the manufacturer’s protocol and analyzed via an
ELISA plate reader and the specific software (SoftMax Pro 5.4,
Molecular Devices, San Jose, CA, United States). In brief, after
diluting the capture antibody in a coating buffer according to
the manufacturer’s dilution protocol, a 96-well-plate was coated
with 100 L per well of coating solution and incubated overnight
at 2-8°C. Afterward, wells were washed with a wash buffer
and the excess liquid was removed. Two hundred microliters
of blocking buffer was added and incubated for 1 h at room
temperature and then removed. Next, 100 ] of standards and
samples were added into the designated wells and incubated for
1 h at room temperature. The sample was then aspirated, the
plate was then washed three times, and the excess liquid was

removed. According to the manufacturer’s instructions, detection
body was diluted in the blocking buffer and 100 nl was added to
each well. After incubating for 2 h at room temperature, the plate
was washed and the excess liquid was removed. Next, 100 1 of
streptavidin-HRP diluted in the blocking buffer was added and
incubated for 30 min at room temperature. After washing and
removing the excess liquid, 100 il of TMB substrate solution was
added to each well and incubated for 30 min, then, 100 1 of stop
solution was added and absorbance at 450 nm was measured with
the ELISA plate reader and the specific software.

PCR Quantification

The evaluation of proliferation and migration marker on
gene basis were done with real-time quantitative PCR (qRT-
PCR, CFX Connect Real-Time PCR Detection System, Bio-
Rad, Germany) using SYBR Green Supermix (BioRad, Hercules,
CA, United States), as previously described (Kyyak et al,
2020), for the following genes: alkaline phosphatase (ALPL),
bone morphogenic protein 2 (BMP2), collagen type 1 alpha 1
chain (COLIA1I), bone gamma-carboxyglutamate protein (alias:
osteocalcin, OCN), and RUNX family transcription factor 2
(RUNX2). For internal control, housekeeping genes actin alpha
1, skeletal muscle (ACTAI), and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) were ran (primer sequences: Table 1).
Briefly, the total RNA was extracted after 24 h of co-incubation
using a commercial kit (Qiagen, Hilden, Germany) before
RNA was converted to cDNA by the iScript cDNA synthesis
kit (BioRad, Hercules, CA, United States) according to the
manufacturers’ instructions. Eleven microliters of SYBR, 1 jul of
primer sense, 1 wl of primer antisense, and 5 pl of RNA-free
water were used with the thermal cycler at the first step —95°C for
3 min; second Step (repeated 39 times) —95°C for 10 s, then 58°C
for 30 s, and finally 72°C for 20 s; final step —65°C for 0.5 s and
then 95°C for 5 s. Quantification of gene expression was evaluated
via the AA CT method.

Statistical Analysis
The results were interpreted in mean values with its standard
error and rounded to the first decimal place. For normal

TABLE 1 | Primer sequences for PCR protocol.

Primer Sequence

ACTA1 Sense-GGAGCAATGATCTTGATCTT,
antisense-CTTCCTGGGCATGGAGTCCT

GAPDH Sense-AAAACCCTGCCAATTATGAT,
antisense-CAGTGAGGGTCTCTCTCTTC

ALPL Sense-ACTGCAGACATTCTCAAAGC,
antisense-GAGTGAGTGAGTGAGCAAGG

BMP2 Sense-CCTGAAACAGAGACCCACCC;
antisense-TCTGGTCACGGGGAATTTCG

COL1A1 Sense-AGAACTGGTGCAAG;
antisense-GAGTTTACAAGACA

OCN Sense-GSAAAGGTGCAGCCTTTGGT,
antisense-GGCTCCCAGCCATTGATACAG

RUNX2 Sense-CCCACGAATGCACTATTCC;

antisense-GGACATACCGAGGGACAT
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FIGURE 1 | MTT assay to evaluate viability at absorbance of 570 nm of HOB
after co-incubation with the respective samples with (+)/without PRF

(*p < 0.05 Mann-Whitney U testing vs. HOB, XKM1: p = 0.016, XKM1+:

p =0.008, XKM2+: p = 0.032).

distribution, the Shapiro-Wilk test was used. In case of normally
distributed values, the Students t-test for paired samples was
applied. For non-normal distributions, the Mann-Whitney test
was used. In order to compare all the groups, the Kruskal-Wallis
rank sum test was applied. A p-value of <0.05 was considered to
be statistically significant. Finally, bar charts with error bars were
used for data illustration.

RESULTS

Combination of PRF With BSM Increases
Initial Viability and Tent to Improve Early
Proliferation and Migration Potential of

Osteoblast

First, viability of HOB after 24 h of incubation with the
respective BSM with or without PRF was analyzed via 3-(4,5-
dimethyl-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
(five samples in triplets each, n = 60, Table 2A). Here, all
samples leveled over the negative control of HOB except for
XKMI1. There was no statistical significance between the groups
(p = 0.467). In comparison to HOB alone, xenogeneic BSM
did reveal a statistically significant increased viability (XKM1:
p =0.016, XKMI1+: p = 0.008, XKM2+: p = 0.032 all other tested
samples: p > 0.05). Metabolic activity was significantly higher
for xenogeneic material 1 only when combined with PRF vs. the
native material (*p = 0.008, all other tested samples: p > 0.05,
Figure 1). The differences between the groups were statistically
significant (p = 0.007, Figure 1).

Next, cell proliferation was investigated via cell tracker
(Table 2B, three samples in duplets for each, n = 54). After 24 h of
incubation, no significant differences between the groups could
be revealed (p = 0.098). However, the addition of PRF led to
a tendency for increased viability for APKM in comparison to

TABLE 2 | (A) MTT assay: Mean absorbances found at 570 nm for the respective
samples with (+)/without PRF and respective p-values vs. HOB alone and native
BSM, (B) Cell proliferation assessed with cell tracker red: Mean number of cells
with its standard error and respective p-values vs. HOB alone and native BSM, (C)
Scratch assay: Mean number of cells migrated into the gap for the respective
samples with (+)/without PRF and respective p-values vs. HOB

alone and native BSM.

(A)
Sample Mean p-Value p-Value
absorbance at (respective (respective
570 nm sample vs. HOB, sample with PRF
Mann-Whitney U vs. native control,
test) Mann-Whitney U
test)
HOB 0.303 + 0.03 - -
AKM 0.443 + 0.11 0.095 0.690
AKM+ 0.425 + 0.13 0.151
APKM 0.429 + 0.25 0.310 0.412
APKM+ 0.635 +0.28 0.151
XKM1 0.232 + 0.04 0.016 0.008
XKM1+ 0.698 + 0.21 0.008
XKM2 0.348 + 0.09 0.222 0.222
XKM2+ 0.545 + 0.22 0.032
(B)
Sample Mean number of p-Value p-Value
cells (respective (respective
sample vs. HOB, sample with PRF
Mann-Whitney vs. native control,
U-test) Mann-Whitney U
Test)
HOB 4.843 + 8.906 - -
AKM 5.627 + 12.963 0.439 0.121
AKM+ 5291 £ 6.771 0.121
APKM 4.228 + 10.464 0.439 0.439
APKM+ 5.403 + 6.893 1.00
XKM1 4,970 + 11.287 0.439 0.121
XKM1+ 5.239 + 5.694 0.121
XKM2 2.197 £6.181 0.121 1.00
XKM2+ 4175 +5.746 0.121
(©)
Sample Mean number of p-Value p-Value
cells migrated (respective (respective
into the gap sample vs. HOB, sample with PRF
Mann-Whitney U vs. native control,
test) Mann-Whitney U
test)
HOB 3.584 + 5.40 - -
AKM 3.834 + 5.688 0.439 1.00
AKM+ 6.878 + 7.634 0. 439
APKM 6.230 £+ 6.33 1.00 0.121
APKM+ 5.236 £ 9.12 0.439
XKM1 5.813 + 6.757 0. 439 0.439
XKM1+ 6.769 + 9.368 0. 439
XKM2 3.116 + 4.537 1.00 0.439
XKM2+ 4.872 +5.94 1.00
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FIGURE 2 | Exemplary micrograph of cell tracker red for allogeneic BSM without the addition of PRF (10x magnification).

FIGURE 3 | Exemplary micrograph of cell tracker red for allogeneic BSM with the addition of PRF (10x magnification).

HOB (all tested samples: p > 0.05). Viability was increased when To assess the differences between the groups concerning
alloplastic and xenogeneic materials where combined with PRF  cell migration, the scratch assay was assessed (three samples
in comparison to their native control, however without reaching in duplets for each, n = 54, Figures 5-7). Here, comparisons
statistical significance (all tested samples: p > 0.05, Figures 2-4).  between all samples did not reveal any statistically significant
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FIGURE 4 | Mean percentage of cells assessed via cell tracker assay of HOB
after co-incubation with the respective samples with (+)/without PRF to detect
proliferation potential (each p > 0.05, Mann-Whitney U testing in comparison
to HOB and native BSM).

differences (p = 0.467). However, the percentage of HOB
migrated into the gap after 24 h was slightly higher for all groups
when PRF was added and was the highest for APKM (almost
doubled in comparison to APKM alone) but failed to show
statistical significance when compared to HOB alone (all tested
samples: p > 0.05). In comparison to their native BSM, PRF
tended to increase cell migration for alloplastic material but no
statistical significance differences where found (all tested samples:
p > 0.05, Table 2C).

PRF in Combination With Different BSM
Triggers Early Release of Marker for
Osteoblast Proliferation and

Differentiation

To further characterize the early interaction of PRF with
the respective BSM and their influence on osteoblasts,
the evident marker of proliferation and differentiation on
gene and protein level via PCR and ELISA quantification,
respectively, were analyzed.

Gene Expression

The PCR results (three samples in triplets each per gene, n = 36,
Figures 8, 9) showed no significant differences between the
groups (p = 0.069, Tables 3A-E).

The ALPL expression was highest for HOB alone in
comparison to other samples (all tested samples: p > 0.05).
In comparison to the native BSM, the mean expression for
ALPL was higher for each BSM when PRF was added with a
significant increase for alloplastic material (APKM vs. APKM+:
p = 0.050, all other tested samples: p > 0.05). BMP2 gene
expression tended to be increased for all the tested samples
in comparison to HOB alone (all tested samples: p > 0.05)
and for the combination of PRF and the respective material in
comparison to the native BSM (all tested samples: p > 0.05).
Allogeneic BSM significantly decreased the COLIAI expression
in comparison to HOB alone (p = 0.050), but other samples did
not (all other tested samples: p > 0.05). In comparison to the
native BSM, the COLIA1 expression was significantly increased
for PRF in combination with the combination of xenogeneic
material 2 with PRF (p = 0.050, all other tested samples:

FIGURE 5 | Exemplary micrographs of migrated HOBs assessed via scratch test assay for allogeneic BSM without the addition of PRF (10x magnification).
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FIGURE 6 | Exemplary micrographs of migrated HOBs assessed via scratch test assay for allogeneic BSM with the addition of PRF (10x magnification).
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Sample

FIGURE 7 | Mean percentage of migrated cells assessed via scratch assay of
HOB after co-incubation with the respective samples with (+)/without PRF
(each p > 0.05, Mann-Whitney U testing in comparison to HOB and native
BSM).

p > 0.05). For OCN expression, no significant difference for the
tested material in comparison to HOB alone (all tested samples:
p > 0.05) and between bio-activated and native BSM (all tested
samples: p > 0.05) was found. Allogeneic and alloplastic BSM
displayed a significant increase in the RUNX2 expression, whereas
the other analyzed BSM did not show noteworthy differences
(AKM: p = 0.050, APKM: p = 0.050, all other tested samples:
p > 0.05). Combination of the respective sample with PRF did
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FIGURE 8 | Mean gene expression of ALPL, BMP2, and COL1A1 after
co-incubation of HOB with the respective samples with (+)/without PRF

(*p < 0.05, Mann-Whitney U testing in comparison to HOB and native BSM,
ALPL: APKM vs. APKM+: p = 0.050, COL1AT:AKM vs. HOB: p = 0.050,
XKM2 vs. XKM2+: p = 0.050).

not significantly increase the RUNX-2 expression vs. the native
BSM (all tested samples: p > 0.05).

Protein Expression
Next, ELISA quantification (five samples in triplets each per
antibody, n = 60, Figures 10, 11) was done to analyze the
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TABLE 3 | Gene expression of (A) ALPL, (B) BMP2, (C) COL1A1, (D) OCN, (E)
50 * RUNX2 assessed via PCR for the respective samples and respective p-values vs.
2 Ta rget HOB al ive BSM
Genhe OB alone and native BSM.

MocN
BRUNX2

Mean Gene Expression

AKM | APKM | XKM1 [ XKM2 | HOB
AKM+ APKM+ XKM1+ XKM2+

Sample

FIGURE 9 | Mean gene expression of OCN and RUNX2 after co-incubation of
HOB with the respective samples with (+)/without PRF ("o < 0.05,
Mann-Whitney U testing in comparison to HOB and native BSM, RUNX2:
AKM vs. HOB: p = 0.050, APKM vs. HOB: p = 0.050).

differences on protein basis. There was no significant difference
between all the tested samples (p = 0.069, Tables 4A-D).

ALP expression was found to be highest for HOB alone with
a significant decrease for allogeneic and xenogeneic samples
(AKM: p = 0.050, XKMI: p = 0.050, XKM2: p = 0.050, all
other samples: p > 0.05). Furthermore, all BSM in combination
with PRF tended to increase ALP expression (all tested samples:
p > 0.05). For COL expression, there were no statistical
significant differences of the respective samples in comparison
to HOB alone (all tested samples: p > 0.05) and the native
BSM (all tested samples: p > 0.05). Similarly, OCN expression
did not have a significant statistical difference in comparison
to HOB alone (all tested samples: p > 0.05) and combination
of PRF and the respective BSM vs. native material (all tested
samples: p > 0.05). BMP expression was increased for allogeneic
(p = 0.050) and the combination of PRF and xenogeneic
materials in comparison to HOB alone (XKM1+: p = 0.050,
XKM2+: p = 0.050). Furthermore, PRF addition tended to
increase BMP expression for the respective BSM vs. native
material, however without reaching statistical significance (all
tested samples: p > 0.05).

DISCUSSION

Within this study, a comparative analysis of the initial interaction
of the combination of different BSM with PRF and its
possible influence on early osteoblast viability, proliferation, and
migration were performed in vitro.

As a major result, the combination of PRF with different
BSM increases initial viability of HOBs. Furthermore, marker
of proliferation and differentiation on gene and protein
level, especially RUNX2, alkaline phosphatase, and collagen-
1 demonstrated a noteworthy increase after co-incubation

(A)
Sample Mean ALPL p-Value p-Value
expression (respective (respective
sample vs. HOB, sample with PRF
Mann-Whitney U vs. native control,
test) Mann-Whitney U
test)
HOB 30.14 £ 1.37 - -
AKM 26.02 + 1.02 0.083 0.127
AKM+ 28.382 + 1.37 0.248
APKM 26.234 + 0.350 0.083 0.050
APKM+ 28.5595 + 1.05 0.248
XKM1 28.266 + 0.902 0.121 0.564
XKM1+ 27.963 + 1.039 0.439
XKM2 27.859 + 1,04 0.083 0.827
XKM2+ 28.147 + 0.54 0.083
(B)
Sample Mean BMP2 p-Value p-Value
expression (respective (respective
sample vs. HOB, sample with PRF
Mann-Whitney U vs. native control,
test) Mann-Whitney U
test)
HOB 29.837 £ 3.572 - -
AKM 30.151 £ 2.992 0.827 0.827
AKM+ 29.813 £ 2.77 0.827
APKM 29.834 + 3.065 0.827 0.827
APKM+ 29.998 + 2.642 0.827
XKM1 30.420 + 2.57 0.827 1.00
XKM1+ 30.336 + 3.780 1.00
XKM2 29.623 + 2.651 0.827 0.127
XKM2+ 32.356 + 0.747 0.513
()
Sample Mean COL1A1 p-Value p-Value
expression (respective (respective
sample vs. HOB, sample with PRF
Mann-Whitney U vs. native control,
test) Mann-Whitney U
test)
HOB 27.981 £+ 6.247 - -
AKM 19.897 + 1.918 0.050 0.127
AKM+ 26.546 + 7.4264 0.827
APKM 22.0+£5.1184 0.275 0.127
APKM+ 29.85 + 5.688 0.513
XKM1 27.641 £ 6.406 0.513 0.564
XKM1+ 33.996 + 0.280 0. 564
XKM2 22.466 + 4.931 0.275 0.050
XKM2+ 34.064 + 0.841 0.513
(Continued)
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TABLE 3 | Continued

(D)
Sample Mean OCN p-Value p-Value
expression (respective (respective
sample vs. HOB, sample with PRF
Mann-Whitney U vs. native control,
test) Mann-Whitney U
test)
HOB 14.340 4+ 19.083 - -
AKM 13.595 + 17.499 0.827 0.827
AKM+ 13.3773 £ 17.186 0.827
APKM 12.965 + 16.68 0.827 0.827
APKM+ 14.988 + 20.209 0.827
XKM1 14.474 + 18.596 0.827 0.564
XKM1+ 19.809 =+ 24.069 0. 564
XKM2 12.68 + 16.060 0.827 0.127
XKM2+ 26.05 + 17.529 0.275
(E)
Sample Mean RUNX2 p-Value p-Value
expression (respective (respective
sample vs. HOB, sample with PRF
Mann-Whitney U vs. native control,
test) Mann-Whitney U
test)
HOB 33.095 + 1.7340 - -
AKM 31.143 £ 0.744 0.050 0.513
AKM+ 32.668 + 2.008 0.827
APKM 30.758 + 1.082 0.050 0.257
APKM+ 32.556 + 2.109 0.275
XKM1 33.265 + 0.599 0.513 1.00
XKM1+ 33.273 £ 1.859 0.564
XKM2 31.285 + 1.488 0.275 0.513
XKM2+ 33.113 £ 4.418 0.827

with BSM in addition to PRF and HOB in comparison to
HOB alone for 24 h.

Other in vitro studies demonstrate ambivalent results
where PRF did not significantly affect the expression of
osteoblastic marker genes for differentiation, encoding ALP,
RUNX2, or BMP2 (Sumida et al., 2019). Here, ALP mRNA
levels were even decreased in comparison to premature
osteoblasts alone. As a possible explanation, the authors state
that ALP activity is high in mature osteoblasts and PRF
did not inhibit, but rather delay the peak of osteoblast
differentiation. This regulation may optimize bone remodeling to
an osteogenic state during the early osteoblastic differentiation
stages before ALP expression gradually increased over time
(Sumida et al, 2019). This is in line with the presented
results, where PRF led to an increase of the ALPL gene
expression after 24 h. In addition, other studies found that
TGF-8 and PDGE both growth factors released by PRE
may even reduce alkaline phosphatase and consequently delay
differentiation (Strauss et al., 2020). Therefore, it can be
discussed if PRF predominately assists in early stage osteogenesis
by optimizing primarily osteoblast differentiation (Sumida
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FIGURE 10 | Mean protein expression of AP and COL after co-incubation of
HOB with the respective samples with (+)/without PRF ("p < 0.05,
Mann-Whitney U testing in comparison to HOB and native BSM, AP: AKM vs.
HOB: p = 0.050, XKM1 vs. HOB: p = 0.050, XKM2 vs. HOB: p = 0.050).
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FIGURE 11 | Mean protein expression of OCN and BMP after co-incubation
of HOB with the respective samples with (+)/without PRF (*p < 0.05, BMP:
AKM vs. HOB: p = 0.050, XKM1+ vs. HOB: p = 0.050, XKM2+ vs. HOB:

p = 0.050).

et al, 2019). The increased collagen expression found in
this study is also in accordance with the literature where
other in vitro studies proved that PRF increased osteoblast
attachment and proliferation via upregulating collagen-related
protein production (Wu et al, 2012). Furthermore, the
elevated BMP and RUNX2 expressions in the combination of
PRF especially with allogeneic BSM may additionally induce
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osteoprotegerin and promote bone forming activity by increased
collagen or osteocalcin production (Engler-Pinto et al., 2019;
Sumida et al., 2019).

This is seen in the presented significant increased cell
viability via MTT assay especially for xenogeneic BSM.
In a recent analysis, the negative effect of zoledronic acid
on the viability and proliferation of osteoblasts could
partly be reversed by the application of PRF (Steller et al.,
2019). In this study, differentiation and proliferation of
osteoblasts tended to be increased when BSMs were combined
with PRF but failed to show significant differences. Here,
further immunological features should be addressed in
subsequent studies to understand the cellular background.
Using a first generation PC (Platelet Rich Plasma, PRP),
the combination of PC and carbonated hydroxyapatite
tended to decrease pro-inflammatory cell inflammation and
subsequently showed a histologically increased bone formation
(Oley et al., 2018).

This study suffers from some limitations. First and foremost,
in vitro studies lack the general bias that results cannot reflect
complex interactions in a biological system that may distort
the effects. However, only in vitro analysis allows drawing
conclusions about single cell-cell interaction. Next and in
accordance with the literature, only one human osteoblast cell
line was used for analysis. Surely, a multi cell line approach
could strengthen the discussed hypothesis and should therefore
be included in future studies. Additionally, this study solemnly
focuses on the initial and early interaction of PRF and BSM and
implications for HOB’s viability proliferation and differentiation.
This way, new insights in the underlying intercellular processes
and protein release kinetics may be gained in comparison to
the complemented data in the literature. However, subsequent
time points are not validated in this analysis. Finally, most
of the given results did not reach statistical significance.
However, since only small sample sizes (as a further limitation)
were analyzed, statistical significance should be treated with
caution and may reflect overall limited validity. Taken together,
future in vivo studies are much in need to validate the
found tendencies.

Within the named limitation of the presented approach,
no recommendation can be given which BSM may best
optimize bony regeneration in combination with PRF. However,
without reaching statistical significance, alloplastic and especially
xenogeneic BSM interacted strongly with PRF and did influence
osteoblast features the most.

The possible underlying intercellular mechanism and early
angiogenic interactions of the PRF with the respective BSM
were evaluated in another study by our working group
(Blatt et al., 2021). Here, it was demonstrated that PRF
initially interacts with its respective BSM via platelet activation
in vitro. Furthermore, PRF had a significant positive pro-
angiogenic effect, especially in combination with alloplastic
and xenogeneic materials in vivo. Here, validated by scanning
electron microscopy, a “storage” of the respective growth
factors of the PRF via the close spatial relationship between
the fibrin network and the BSM and a consecutive slow
release that triggers vasoformative responses was hypothesized

TABLE 4 | textbf(A) AP, (B) COL, (C) OCN, (D) BMP protein expression assessed
via ELISA for the respective samples and respective p-values vs. HOB
alone and native BSM.

(A)
Sample Mean AP protein p-Value p-Value
expression (respective (respective
sample vs. HOB, sample with PRF
Mann-Whitney U vs. native control,
test) Mann-Whitney U
test)
HOB 3980.53 + 1751.86 - -
AKM 5893.47 £+ 437.749 0.050 0.275
AKM+ 4091.66 + 2352.30 0.127
APKM 6099.42 + 3006.82 0.127 0.275
APKM+ 6713.18 &+ 2330.33 0.127
XKM1 7031.43 + 1955.22 0.050 0.275
XKM1+ 3855.01 £+ 2789.08 0.127
XKM2 3219.49 + 706.21 0.050 0.275
XKM2+ 3935.84 + 392.31 0.275
(B8)
Sample Mean COL p-Value p-Value
protein (respective (respective
expression sample vs. HOB, sample with PRF
Mann-Whitney U vs. native control,
test) Mann-Whitney U
test)
HOB 2502.06 + 3004.99 - -
AKM 1101.07 + 666.66 0.827 0.513
AKM+ 2126.60 £+ 3181.29 0.275
APKM 2146.64 + 2427.82 0.827 0.127
APKM+ 2634.02 + 3533.55 0.827
XKM1 2124.46 + 3113.57 0.513 0.275
XKM1+ 1705.80 + 2339.48 0. 439
XKM2 394.48 + 305.84 0.127 0.439
XKM2+ 1652.37 £+ 2495.20 0.275
()
Sample Mean OCN p-Value p-Value
protein (respective (respective
expression sample vs. HOB, sample with PRF
Mann-Whitney U vs. native control,
test) Mann-Whitney U
test)
HOB 1107.52 + 310.94 - -
AKM 3048.80 + 824.21 0.127 0.513
AKM+ 3971.44 £+ 2436.41 0.827
APKM 1624.62 £ 734.12 0.275 0.827
APKM+ 2715.51 £ 1862.22 0.127
XKM1 2689.14 + 1504.79 0.127 0.275
XKM1+ 4117.33 £ 1746.73 0.827
XKM2 1977.93 + 1412.79 0.513 0.127
XKM2+ 4300.08 + 1460.49 0.513
(Continued)
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TABLE 4 | Continued

(D)
Sample Mean BMP2 p-Value p-Value
protein (respective (respective
expression sample vs. HOB, sample with PRF
Mann-Whitney U vs. native control,
test) Mann-Whitney U
test)
HOB 2503.98 + 3001.88 - -
AKM 108.56 + 132.29 0.050 0.513
AKM+ 315.06 + 336.14 0.127
APKM 336.50 + 536.87 0.513 0.275
APKM+ 456.91 + 540.82 0.275
XKM1 50.21 + 42.82 0.127 0.275
XKM1+ 396.22 + 634.17 0.050
XKM2 132.69 + 181.62 0.275 0.275
XKM2+ 575.36 + 661.23 0.050

(Blatt et al, 2021). This assumption may be transferred
to the implications of bony regeneration and could explain
the release kinetics and expression of the above investigated
markers found in this study: initially, PRF boosts primary
viability of HOBs and subsequently releases differentiation
and migration marker. This hypothesis also explains the fact
that migration assay did demonstrate a noteworthy influence
of the PRF but failed to reach statistical significance at this
early time point.

This postulation is validated by another recent analysis
by Kyyak et al. (2020) that investigated if the combination
of an allogeneic or a xenogeneic BSM in combination with
PRF may influence osteoblast activity after longer incubation
time points (after 3, 7, and 14 days). It was shown that the
addition of PRF to allogeneic and, to a minor content, to
xenogeneic BSM revealed a significant increase of HOB viability,
migration, proliferation, and differentiation (Kyyak et al., 2020).
In a bone remodeling animal study, the incorporation of PRF
into a carbonated hydroxyapatite loaded hydrogel demonstrated
a higher number of osteoblasts and decreased osteoclast
activity in comparison to BSM alone after 14 and 21 days
(Alhasyimi et al., 2018). Therefore, it can be discussed if the
combination of PRF and BSM predominately optimizes early
stage osteogenesis whereas a significantly increased expression
is seen at later time points after the passive release of
the growth factors physically entrapped within the fibrin
network. At this point in time, allogeneic BSMs that seem to
bear osteoconductive properties may be in favor to increase
angiogenesis and new vessel sprouting (Kyyak et al., 2020). In
context with the above-mentioned hypothesis, future studies
should investigate if biomechanical aspects of the investigated
BSM may influence interactions with PRF to a greater extent
than what was previously assumed. This may broaden the
indications of bioceramics and other BSM in regenerative
medicine (Ana et al., 2018).

CONCLUSION

To conclude, PRF in combination with different BSM led
to a noteworthy early influence on osteoblast proliferation,
differentiation, and viability in vitro. In contrast to other bone-
engineering methods that are hardly integrated in clinical
workflow (mostly due to regulatory and practically restrictions),
PC and especially PRF are autologous materials that are easy
to produce and use chair-side. As shown, they seem capable to
enhance the features that optimize bony regeneration. Therefore,
translation in the clinical pathway seems feasible.
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Volume of Surgical Freedom:
The Most Applicable Anatomical
Measurement for Surgical
Assessment and 3-Dimensional
Modeling

Lena Mary Houlihan, David Naughton and Mark C. Preul*

The Loyal and Edith Davis Neurosurgical Research Laboratory, Department of Neurosurgery, Barrow Neurological Institute,
St. Joseph’s Hospital and Medical Center, Phoenix, AZ, United States

Surgical freedom is the most important metric at the disposal of the surgeon. The
volume of surgical freedom (VSF) is a new methodology that produces an optimal
qualitative and quantitative representation of an access corridor and provides the
surgeon with an anatomical, spatially accurate, and clinically applicable metric. In this
study, illustrative dissection examples were completed using two of the most common
surgical approaches, the pterional craniotomy and the supraorbital craniotomy. The
VSF methodology models the surgical corridor as a cone with an irregular base.
The measurement data are fitted to the cone model, and from these fitted data, the
volume of the cone is calculated as a volumetric measurement of the surgical corridor.
A normalized VSF compensates for inaccurate measurements that may occur as a result
of dependence on probe length during data acquisition and provides a fixed reference
metric that is applicable across studies. The VSF compensates for multiple inaccuracies
in the practical and mathematical methods currently used for quantitative assessment,
thereby enabling the production of 3-dimensional models of the surgical corridor. The
VSF is therefore an improved standard for assessment of surgical freedom.

Keywords: neuroanatomical quantitation, surgical target structure, surgical access corridor, volume of surgical
freedom, 3D modeling

INTRODUCTION

Importance of Quantitative Anatomy

Anatomy is the foundation of medical understanding. Medical practice has evolved through the
continual scrutiny of biological structure and physiologic function (Acar et al., 2005; Elhadi et al.,
2012; Arraez-Aybar et al,, 2015). As the merits of anatomical scrutiny in disease therapy were
elucidated, the drive to be able to discriminate between “normal” and “abnormal” biological
arrangement increased. This development resulted in the advent of quantitative anatomical
research, the objective of which was to measure the complexity of human architecture.

Abbreviations: ACoA, anterior communicating artery; ICA, internal carotid artery; SD, standard deviation; ST, surgical
target structure; VSE volume of surgical freedom; 2D, 2-dimensional; 3D, 3-dimensional.
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VSF Standard for Anatomical Measurement

Biological variability is an accepted reality (Kreutz and
Timmer, 2009; Higdon, 2013) and a key aspect of managing
pathologic processes. The aim of quantifying anatomy has
been to identify the most reproducible homogenous model
of specific organ systems, thereby establishing principles in
biological structure and physiology. The establishment of these
principles allowed for the appreciation of abnormal morphology
and pathologic processes. The criteria for what now constitutes
the so-called normal anatomy has been used in every aspect
of medical education, investigation, translational research, and
treatment development (Iaizzo et al., 2013).

Anatomical competency is of the utmost importance in
surgical practice (Aziz and Mansor, 2006; Burgess and Ramsey-
Stewart, 2015). It is the cardinal infrastructure upon which the
knowledge base for all surgeons is founded and subsequently
evolves (Selcuk et al., 2019). The surgeon must be aware of
standardized structures and their spatial positioning, associated
variations, and physiologic sequelae. The efforts and discoveries
of anatomists have spurred pivotal breakthroughs in surgical and
medical treatment (Melly et al., 2018; Torio-Morin and Mathieu,
2020) as well as in the development of basic scientific progression
and understanding of the disease process (Barth and Ray, 2019).

Quantitation of Surgical Feasibility
Quantitative anatomy is the method the surgeon uses to
assess the surgical benefits and disadvantages of different
surgical approaches. Studying quantitative anatomy improves the
techniques of neurosurgery and other related surgery disciplines.
This process allows the surgeon and related personnel to
assess, plan, and select the optimal intervention or surgical
approach specific to the pathology, thereby improving surgical
outcomes for patients. Neuroanatomy is especially relevant
and critical because the structural, functional, and physiologic
components are often small in dimensional relation and are
particularly intertwined. There is little room for error in
neurosurgery; all system components represent a significant
function, usually reflected in their structural integrity. The
intricacy of preserving structural eloquence in the nervous system
is further echoed in the surgical parameters the neurosurgeon
must use. Dr. Albert Rhoton Jr. revolutionized the field of
neuroanatomy, making neurosurgery “more accurate, gentle and
safe” (Matsushima et al., 2018) not only by establishing key
concepts in microsurgical anatomy but also by extrapolating the
findings to a surgical approach-specific setting. This innovation
enhanced the relevance of anatomy in surgical planning and led
to the development of integral concepts that surgeons now use to
determine the efficacy of the surgical approach.

The ability to manipulate surgical instruments is an important
criterion in comparing surgical approaches and selecting the
optimal one. Freedom of movement is especially relevant
in neurosurgery, where surgical access through the cranium
and into the deep areas of the brain is often restricted.
When accessing the most extreme limitations of a surgical
corridor, the neurosurgeon encounters parenchymal, bony,
musculocutaneous, and neurovascular structures that define the
boundaries. The degree of manipulation within these parameters
is specific to the approach and delicacy of the structure,
the appreciation of which is only possible with extensive

knowledge of the circumferential anatomy. An appreciation
of these anatomical confines is second nature for the trained
neurosurgeon; nonetheless, the mapping of surgical corridors
specific to these structures has not yet been robustly completed.

When neurosurgery is performed using an operating
microscope for magnification, the movement of surgical
instruments to work on pathoanatomical structures may
be in increments of millimeters. Small surgical corridors,
microscopic anatomy, surgical depth, and impaired visualization
all impose limitations on neurosurgical interventions.
These are the principal surgical criteria that influence the
neurosurgical decision-making process. Technological advances
have broadened the available visualization options, with the
microscope, endoscope, and exoscope all possessing specific
benefits and disadvantages. This additional component must be
assimilated into the surgical decision-making process (Jane, 2013;
Belykh et al., 2018; Herlan et al., 2019). Only through quantitative
anatomical assessment specific to these surgical parameters can
neurosurgeons increase their insight and proficiency in
neurosurgical techniques and operative interventions.

Analysis of the surgical corridor is critical to assessing
the validity of any surgical approach. From a neurosurgical
perspective, the ideal corridor to the structure of interest should
be minimally invasive, with minimal morbidity and mortality,
and it should be cosmetically satisfactory (Castelnuovo et al.,
2013). Conceptually, the best surgical corridor combines the
maximal room for instrument maneuverability and maximal
visualization with the shortest distance to the target of interest.
Instrument maneuverability and visualization are primary
concerns; thus, a means is required for quantitatively assessing
the spatial and morphometric advantages of the surgical corridor,
in addition to considering the distance to the STS. This
metric enables consideration of the influence of neuroanatomical
structures on the feasibility of the corridor, as well as the
ability of the neurosurgeon to function and complete the specific
intervention. How well the neurosurgeon can operate and
manipulate instruments with respect to the surgical approach
directly influences the patient’s outcome.

The measurement by which instrument maneuverability is
quantified is termed “surgical freedom.” The first description
of surgical freedom was noted in 2000 (Horgan et al., 2000;
Spektor et al., 2000). Stereotactic data gathered using a
frameless stereotactic navigation device was used to produce a
quantitative measurement of the area available for instrument
maneuverability. The 3D coordinate data of the region were used
to calculate the area by the summation of triangular areas. Twenty
years later, this method remains the crux of neuroanatomical
quantitation and a key determinant of the feasibility of any
surgical approach (Pillai et al., 2009; Elhadi et al., 2014, 2015).

Surgical Freedom

Surgical freedom is defined in the medical literature as the
maximum allowable working area at the proximal end of a probe
with the distal end on the target structure (Horgan et al., 2000;
Spektor et al.,, 2000; Noiphithak et al., 2018). The goal of this
procedure is to assess the maneuverability of an instrument
and provide the operator with insight into how realistic and
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FIGURE 1 | lllustration of the neuronavigation system in the surgical setup
commonly used to localize both pathologic and anatomically pertinent
structures using stereotaxis. Used with permission from Barrow Neurological
Institute, Phoenix, Arizona.

appropriate it is to use a specific access corridor while also
allowing for the comparison of surgical approaches.

Neuroanatomists and neurosurgeons use specific methods to
measure surgical freedom:

e The cadaveric head specimen is fixed in a rigid head holder.

e A stereotactic navigation system (Figure 1) is used to
acquire the 3D coordinates of the target points for
each surgical approach being analyzed, specific to the
intracranial structure or region of interest.

e The distal end of the surgical instrument is placed on the
target structure.

e For a quadrangular area measurement, the surgical
instrument is moved as far mediocranially, mediocaudally,
laterocranially, and laterocaudally as possible for four or
more points to represent the most extreme limits of the
surgical corridor specific to the approach. At all times,
the distal end of the probe is not moved from the
target structure.

e The coordinates of the surgical instrument’s proximal tip
are obtained with the navigation probe when the tip of the
instrument is at the most extreme position.

e The area bounded by the coordinate data points from the
probe’s proximal tip at the extreme limits is calculated
by dividing the bounded area into triangles in which the
data points form the triangle vertices, then calculating
the sum of the areas of all the triangles using Heron’s
formula (Weisstein).

e The result is represented in either square millimeters or
square centimeters.

This method produces an area that is used as a metric for
surgical freedom. The standard process is to collect four, but
occasionally six, data points. The distribution of these points, as
dictated by the measuring researcher, is usually along the extrema
of the surgical corridor, which does not necessarily take into
account any structural components, or the lack thereof, between
the points. Previous methods have tended to impose regular,
symmetrical shapes on the measurement data to simplify the
shape of the access corridor. In reality, however, the borders of
any surgical corridor are never symmetrical, and they are never a
perfect shape that can be represented by conventional shapes.

This method aims to quantitatively portray the range of
motion of an instrument during a surgical intervention to
illustrate the feasibility and functionality of the surgical approach
and the surgical corridor specific to the target structure. However,
multiple inaccuracies are associated with this calculation method
from a practical, mathematical, and application perspective: (1)
The measured data points are not coplanar, which distorts the
perceived area of surgical freedom. (2) The surgical freedom
metric is dependent on the length of the probe that is used
to capture data. This variation across the literature precludes
interstudy comparisons, which weakens the scientific robustness
of such studies and impairs reproducibility. (3) Measurement
inaccuracy can result in substantial variation in the measured
area. (4) Surgical corridors are irregular and cannot be fully
expressed using simple shapes. (5) A 2-dimensional (2D) shape
does not allow for visualization of a 3D surgical corridor.

In terms of visualization, the area of surgical freedom
is not an optimal representational concept of the surgical
approach corridor because the area is a 2D measurement, and
neurosurgical approaches and corridors are volumetric, or 3D,
shapes. Surgical freedom is arguably the most important technical
parameter dictating the surgical approach and selection process
specific to an anatomical target. Quantitatively analyzing surgical
freedom allows the neurosurgeon to proceed in a more informed
fashion by comparing the numerical values with those of different
approaches to the same anatomical target. What is not taken into
consideration by this method is the fact that surgical instruments
are not deployed in a 2D area but rather in an irregularly
shaped 3D corridor.

Due to the nature of the surgical site, the surgical corridor
transitions from a region of large maneuverability at the surgical
entry point to an apex of minimal freedom at the target structure.
At present, an instruments maneuverability within the surgical
corridor is estimated by the angle formed at the apex of the
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corridor (the angle of attack) in one or two planes, usually vertical
or horizontal. The angle of attack is another anatomical metric
neurosurgeons use to evaluate an instrument’s maximal working
ability in one or more planes where the instrument will be
most frequently deployed. This information gives specific insight
regarding the instrument’s operational freedom, which may not
be evident when assessing the numerical value produced by the
present method of calculating surgical freedom. However, this
method produces a limited representation of the 3D shape of the
surgical corridor.

The deficits in estimating this surgical principle are
exemplified by the illustrations published in the neurosurgery
literature. These illustrations broadly represent the surgical
corridors, denoting general shapes and trajectories garnered
from the neurosurgeon’s experience, but they lack anatomical,
spatial, and surgical accuracy. Surgical freedom should be defined
by the whole expanse of the surgical corridor and should not
be limited to its 2D infrastructure. For all these reasons, we
have endeavored to improve upon the imprecision in currently
accepted methodology for this crucial method of quantitative
surgical anatomy.

Volume of Surgical Freedom

The volume of surgical freedom (VSF) is defined as the maximal
available working volume with respect to a specific surgical
corridor and target structure. VSF is a new methodology that
produces the optimal qualitative and quantitative representation
of an access corridor and provides the neurosurgeon with an
anatomical, spatially accurate, and clinically applicable metric.
From this representation, 3D visualization of the surgical
corridor is possible.

The VSF metric uses a normalized calculation to reduce error
and allow for direct comparison among measurements. This
calculation is achieved by measuring the volume of the irregular-
based cone model of the surgical corridor, with the irregular base
of the cone at a fixed distance from the apex. This report details a
novel approach for surgical anatomy quantitation, the anatomical
experiment used to investigate its validity, and the key steps in
producing a mathematically and spatially superior model of the
approach corridor.

MATERIALS AND EQUIPMENT

Anatomical Specimen Preparation
Cranial dissections of 14 cadaveric specimens were completed
to investigate the data-collection process and for logistical
and surgical representation. The cadaveric heads were fixed
with a customized alcohol-based solution as a preservative.
Colored silicone was incrementally injected into the cerebral
vasculature, with the arteries represented by red and the veins
represented by blue. This differentiation allowed for clearer
interrogation of the intracranial structures and surgical target
structure (STS). Each head was rigidly fixed in a head holder while
measurements were obtained.

Dissections were completed by the first author, a neurosurgery
resident competent in the two selected approaches. Dissection

was completed using a clinical-grade neurosurgical operating
microscope (Zeiss OPMI Pentero, Carl Zeiss Meditec AG,
Oberkochen, Germany). The two open transcranial neurosurgical
approaches selected to model this quantitative methodology
were the standard pterional craniotomy and the supraorbital
craniotomy (Figure 2). These approaches are two of the most
common neurosurgical corridors used to access deep paramedian
structures and regions of surgical complexity. These anatomical
areas are of particular interest in the context of anatomical
quantitation because of the need to avoid injury to critical
neurovascular structures.

Neuronavigation System
A neuronavigation system (StealthStation S7 Surgical Navigation
System; Medtronic, Dublin, Ireland) was used to acquire
predetermined data points. Neuronavigation uses the principle
of stereotaxis. The neuronavigation system uses Cartesian
coordinates to divide the geometric volume of the brain into
three imaginary intersecting spatial planes (axial, sagittal, and
coronal) that are orthogonal to each other. Any point within
the brain can be specified by measuring its distance along these
three intersecting planes. Neuronavigation uses the reference
of this coordinate system in parallel with 3D images of the
brain displayed on the console of the computer workstation
to provide guidance to the corresponding anatomical locations
using medical images (Basarslan and Ciineyt, 2014).
Institutional review board approval was not required for this
cadaveric laboratory investigation.

Methodology Calculator and 3D

Modeling Software

The methodology described herein was implemented as a
calculation tool in Excel for Office 365 (Microsoft, Redmond,
WA, United States). An Excel spreadsheet was used to perform
all of the calculation steps described in this paper, apart from the
calculation of the best-fit plane. The generalized reduced gradient
nonlinear engine of Microsoft Excel Solver was used to calculate
the least-squares best-fit plane for the data points. The Excel
spreadsheet calculation tool was used to calculate the normalized
volume of the surgical corridor (normalized VSF) using the
measurement data as an input. In addition to calculating the VSF
metric using Excel, the VSF data were modeled using a student
license for the 3D modeling software Solidworks 2020 (Dassault
Systémes, Vélizy-Villacoublay, France). The modeling software
was used to create 3D renderings of the surgical corridors
from the measurement data to visualize the surgical corridor
for each dataset. The 3D models were also superimposed onto
microscope images of anatomical approaches to illustrate the
surgical corridor to the structure of interest.

METHODS

Data Collection
A pterional craniotomy was conducted on seven cadaveric
specimens, and a supraorbital craniotomy was conducted on
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FIGURE 2 | (A) Example of a pterional transcranial approach, in which the surgeon uses a lateral trajectory that usually traverses the natural fissures of the brain to
access complex paramedian regions. (B) Example of a supraorbital approach, with an incision made along the eyebrow approaching the skull base from a more
anterolateral perspective, tracking medially along the bone of the anterior cranial fossa that represents the roof of the orbit. Used with permission from Barrow

Neurological Institute, Phoenix, Arizona.

seven cadaveric specimens. Predetermined STSs were selected
by the first author. To illustrate the methodology, three
surgical targets (Figure 3) were identified that are common
to both approaches: (1) paraclinoid internal carotid artery
(ICA), (2) terminal ICA, and (3) anterior communicating
artery (ACoA) complex.

The data points required to calculate the VSF and produce a
spatially and anatomically accurate model were collected for each
STS and both the pterional and supraorbital surgical approaches.
Figure 4 depicts the collection process for all data points.

Interrater and intrarater variability were accounted for by
recording the STS VSF for each specimen and approach a
minimum of three times by multiple qualified neurosurgery
residents. This replication ensured reproducibility of the method,
as well as a larger pool of measurements to assess our
methodology’s advantages and limitations. VSF results are
reported as cubic millimeters, and each result was normalized to
a height of 10 mm from the STS.

Mathematical Methodology

The VSF was calculated by modeling the surgical corridor
as a cone with an irregular base. The STS is the apex of
the cone, and the points measured at the extrema of the
maneuverability of the instrument compose the base of the cone.
For this study, we measured eight extrema points around the
base of the cone, but the calculation methodology is equally
applicable to more or less than 8 points. The 3D coordinate

data from the measurements were used to calculate the volume
of the irregular-based cone. This method can be summarized
as follows:

(1) Calculate a best-fit plane to the extrema data points, which
best represents the plane of the base of the cone.

(2) Translate the best-fit plane in 3D space to a fixed
perpendicular distance from the apex point (normalized
height), maintaining the slope of the plane.

(3) Translate the extrema data points onto the best-fit
plane, along the line between the measured point
and the apex point.

(4) Convert the 3D coordinates of the data points to a 2D
coordinate system on the best-fit plane.

(5) Use the 2D coordinates to calculate the area of the irregular
polygon enclosed by the data points.

(6) Calculate the perpendicular height from the best-fit plane
to the apex point.

(7) Calculate the volume of the irregular-based cone from the
area and the perpendicular height.

This methodology calculates a normalized volume by
calculating the volume of the cone with an irregular base,
modeling the surgical corridor at a fixed height from the apex
point (Figure 5). This methodology was conceived to reduce
the effects of measurement inaccuracy and measurement probe
length on the calculated VSF value.
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FIGURE 3 | Axial view illustration of the skull base showing the primary vasculature supplying the brain. The three surgical structures of interest accessible using
either a pterional craniotomy (orange arrow and shading; dashed line) or supraorbital craniotomy (vellow arrow and shading; solid line) are the paraclinoid internal
carotid artery (ICA), the terminal ICA, and the anterior communicating artery. Used with permission from Barrow Neurological Institute, Phoenix, Arizona.

Calculation of Best-Fit Plane
The best-fit plane was fitted to the data points using the least-
squares method. The best-fit plane was considered to be the
plane that results in the minimum sum of the squares of the
perpendicular distances between each data point and the plane.
The problem is nonlinear, so a nonlinear solver was used
to optimize the best-fit plane. An average plane was first
calculated to use as an initial condition in the solver. The plane
intersecting each subset of three points was calculated using
various combinations of three data points from the set of extrema
data points. The average plane equation coeflicients of all the
calculated planes were used as the coefficients of the average for
the initial condition in the solver.

Calculating a Plane From Three Points
The general equation of a plane can be expressed as follows:

Ax+By+Cz+D =0,

where A, B, and C are the coefficients of the slope in the directions
of the x, y, and z axes, respectively, and D is the coefficient
representing the distance from the plane to the origin.

Calculating a plane from three points Py = (x1, y1, 21),
P, = (x2, y2, 22), and P3 = (x3, y3, 23) first requires
calculating the two vectors between the three points:

—
PP, =P, — Py,
—

PP; =P3— Pi.

The A, B, and C coeflicients of the plane can then be calculated
from the cross-product of the two vectors:

[ABC] = P1P2 XP1P3.

The coeflicient D can then be calculated from the plane
equation by using one of the points (P1):

D = —(Ax; + By + Czy)
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FIGURE 4 | lllustrative depiction of the data collection process. (A) Position of the neuronavigation system, the cadaver, the neurosurgeon with probe, and the
assistant recording data. (B) The neurosurgeon obtains coordinates of the STS with the tip of the neuronavigation probe on the STS. The coordinates, as depicted
on the monitor, are recorded by the assistant. (C) While the surgeon holds an instrument with its distal end on the STS, the assistant holds the neuronavigation
probe and places its distal tip on the proximal end of the surgeon’s instrument to obtain the 3D coordinates of the instrument’s proximal end in space. (D) Eight data
points are sequentially collected that represent the maximal allowable parameters of the surgical corridor. The data points are obtained by placing the tip of the
navigation probe on the proximal end of the surgical instrument in the position marking a specific boundary point. Points 1 and 5 represent the craniocaudal maximal
angle of attack, whereas points 3 and 7 can be used to represent the mediolateral angle of attack. STS, surgical target structure. Used with permission from Barrow
Neurological Institute, Phoenix, Arizona.
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FIGURE 5 | 3D modeling of the steps of the volume of surgical freedom methodology. (A) A plan view of the data points in 3D space. (B) An elevation view of the
points, illustrating that they are not on a single plane. (C) A view of the data points and apex point in space. (D) The best plane fitted to the data points. (E) A view of
the normalized-height plane, at a fixed distance from the apex. (F) An elevation view of the data points after translation to the normalized-height plane. (G,H) The 3D
representation of the shape of the surgical corridor (G) relative to the measured data points (H) standalone view of the corridor model. Used with permission from
Barrow Neurological Institute, Phoenix, Arizona.

Calculating the Average Plane coefficients of the least-squares fitting plane. The coeflicients
After the plane equation of n planes has been calculated, the — Aaverage> Baverages Caverage> and Dayerage Were used as the initial
average plane can be calculated from the average coefficients: conditions for the solver. The distance d between each point P =

(x, ¥, z) and the plane Ax + By + Cz + D = 0 is obtained by
AaverageX + Baverage) + CaverageZ + Daverage = 0,

J— |Ax + By + Cz + D|

where
A+ Ay + ...+ A, A2+ B2+ C?
Aaverage = >
n The nonlinear solver then solved for the coeflicients A, B, C, and
Bi+ Byt...+B, D, which minimized the expression
Baverage = 56 P n 2
C+ G+...+C, p=1 VA2 4+ B2 4 C?
Caverage = " N and
where n is the number of data points to which the plane
D+ Dy+...+D, is being fitted.
Daverage = P .
Normalizing the Best-Fit Plane
Running the Excel Solver to Calculate the Calculating the cones cross-sectional area at a fixed distance
Least-Squares Best-Fit Plane from the apex required a new normalized-height plane, which

Because the least-squares calculation of the best-fit plane is a is parallel to the cone’s base, at the required distance from the
nonlinear problem, a nonlinear solver was used to calculate the apex point. After the best-fit plane Ax+By+ Cz+D =0 is

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 72 April 2021 | Volume 9 | Article 628797


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Houlihan et al.

VSF Standard for Anatomical Measurement

calculated using the nonlinear solver, this plane is translated
into 3D space so that the perpendicular distance between the
apex point and the plane is the required normalized height
of the cone.

Because the plane is parallel to the base of the cone (i.e., the
calculated best-fit plane for the data points), the A, B, and C
plane coeflicients will be the same for both planes. Given this
constraint, the formula for the perpendicular distance between
the normalized-height plane Ax + By 4+ Cz + Dporm = 0 and
the apex point P, = (xa, Yas za) can be rearranged to give
the following:

Dnorm = hnorm (V A2 + B2 + Cz) — (AXa + B)’a + CZu) .

The least-squares best-fit plane was used as the plane for the base
of the cone model.

Translating the Points to the Best-Fit Plane
After the normalized-height plane is calculated, the points
must be translated onto this plane to calculate the area
of the base of the cone model. Maintaining the shape of
the cone requires the points to be translated onto the
normalized-height plane along the line between each point
and the apex. This method ensures that the cross-section
profile of the shape of the cone is unaltered when the points
are translated.

The vector between each data point P = (x, y, z) and the
apex point P, = (xa, Ya, za) is given by the following:

—
PP, = P, —P.

A multiplication factor, t, representing the distance between
the point and the best-fit plane Ax + By + Cz + Dporm = 0 is
calculated as follows:

- (Axu + Bya + Czq + Dnorm)
Axo + Byo + Czp

t =

The coordinates of the point after translation onto the best-fit
plane are then calculated by

P =[xy 7] =[txtytz].

The translation was performed for all n data points to obtain
the translated points P}, P, ...P,.

Calculating the Area Enclosed by the Translated
Points
The shoelace formula (Weisstein) was used to calculate
the area of the base of the cone model. This formula
calculates the enclosed area of an irregular polygon
from the 2D coordinates of the vertices of the polygon.
Calculating the area using this method required mapping
the translated 3D points to a 2D coordinate system on the
normalized-height plane.

The choice of the origin was arbitrary, so the 2D plots
of the data points were simplified by taking the centroid of
the data points as the new origin. The centroid is calculated

by taking average x, y, and z coordinates of all data points
as follows:

Centroid O = [x0 yo 20|

_|:x1+x2+...+xn V+Y2+ .+ z1+22+...+zn]
n n n '

Two perpendicular axes on the plane were created by defining
two vectors on the normalized-height plane using the centroid O,
and two of the translated points P| and P5:

v =P -0,

% = P,—0.

A vector W is calculated that is perpendicular to both % and 7

—
w:

S B
vl /]

This series of calculations results in two perpendicular vectors on
the normalized-height plane that are then used as the axes for the
2D coordinate system. Each 3D data point P’ is converted to a 2D
point P,p by calculating the dot product of each axis vector with

—
the vector between the origin and the point OP":

- —
Pyp = (x2pyp) = (u’.OP’ v.OP’) )

With the data points mapped to a 2D coordinate system, the
area of the shape enclosed by the points is calculated using the
shoestring formula:

).

where |xn Xnt1 Vn Yntl | is the determinant of the matrix, given

by

1
A= E(|x1x2y1yz|+|xzx3yzy3|++|xnx1yny1

|xn Xn+1 Yn Yn+1 ’ = XnYn+1 = YnXn+1-

Calculating the Perpendicular Height of the Cone
Shape

The perpendicular height of the cone shape, h, is simply the
perpendicular distance between the best-fit plane Ax + By +
Cz+ D = 0and the apex point P, = (x4, Ya, Za):

_ |Axg + Bya + Cz + D|

h
VA2 + B4 C?
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Calculating the Volume of the Cone Shape

The volume of the cone shape can be calculated from the
area enclosed by the points on the best-fit plane (A) and the
perpendicular height of the cone shape (h):

1
Volume = 3 =A =h.

This volume is reported as cubic millimeters.

Normalized Volume of Surgical Freedom

The volume calculation depends on the length of the probe
used to obtain the point data because the length of the probe
determines the height of the cone shape. If this factor is removed
from the calculation, then the resulting VSF values will be directly
comparable to all other calculations using this spreadsheet or
methodology, regardless of the length of the probe used to take
the measurements.

Modeling Methodology

The 3D models of the surgical corridors were generated from
the coordinates of the extrema points after translation onto the
normalized-height plane and from the coordinates of the apex
point. Although the mathematical calculation of the area assumes
straight lines between each of the extrema data points when
calculating the enclosed area of the base of the cone, the 3D
model of the surgical corridor used curved splines between each
of the extrema points to better visualize the shape of the surgical
corridor observed in the specimen.

Measurement Inaccuracy Analysis

Because the original measurement data points were not coplanar,
we investigated their effect on the calculation of the area bounded
by the points. For an illustrative data set, the area bounded by
the measured data points was calculated using Heron’s formula.
The data points were then translated onto the best-fit plane, and
the area bounded by these translated points was calculated using
the same method.

As of this writing, 174 individual VSF measurements have
been completed in the neurosurgical research laboratory to
explore multiple neurosurgical approaches. A 190-mm probe
was used for all measurements. For each set of measurement
data, the average probe length was calculated by averaging the
calculated distance from each of the eight coordinates to the
apex coordinate. The average minimum and maximum probe

lengths with standard deviations (SDs) were identified for the 174
measurement samples.

Analysis of the effect of the probe length on the calculated
volume of the surgical corridor required the calculation of the
volume of a cone from the best-fit plane of the measurement data
points to the apex point. The cone shape was maintained while
the cone height was increased by 5 mm, and the data points were
translated onto the plane 5 mm farther away from the apex. This
translation created a new data set representing the same surgical
corridor as that measured by a longer probe. The volume of the
cone was then calculated again from the best-fit plane to the new
data set representing a longer probe. Data analysis was completed
in Microsoft Excel.

RESULTS

Quantitation and Modeling

This methodology generated two wuseful products: a
mathematically robust quantitation of the surgical freedom
of a neurosurgery instrument and a 3D spatially accurate
model of the surgical corridor that takes into account
irregular neuroanatomical parameters. This process gives
direct quantitative information to allow for the comparison of
surgical approaches. VSF is expressed in cubic millimeters. By
default, the VSF also produces the craniocaudal and mediolateral
angles of attack. The spatially accurate model obtained with
the VSF provides a visual representation of this information,
elucidating the breadth of maneuverability specific to all planes.

Table 1 depicts the comparative quantitative results of
a set of measurements for specific anatomical STSs and
pterional and supraorbital approaches. These illustrative
examples show that the pterional craniotomy provides a
larger VSF for all three STSs than the VSF provided by the
supraorbital craniotomy. Thus, if any of these structures
must be accessed, the pterional craniotomy would be the
superior corridor because it provides an increased VSF and
an increased angle of attack in both the craniocaudal and
mediolateral dimensions.

Figures 6-8 demonstrate the 3D models of the surgical
corridors available for deployment of neurosurgery instruments,
specific to the pterional and supraorbital approaches and
the STSs. This methodology provides an increased body of
quantitative and visual information on surgical approach metrics
to aid the neurosurgeon in the decision-making process.

TABLE 1 | Comparative volumetric results of the VSF for measuring instrument maneuverability specific to the surgical target structure and approach*.

Surgical target structure VSF, mm3 NU Craniocaudal Angle of Attack, degrees Mediolateral Angle of Attack, degrees
Pterional Supraorbital Pterional Supraorbital Pterional Supraorbital

Paraclinoid ICA 165.88 43.83 36.72 20.86 50.55 37.40

Terminal ICA 50.69 31.01 22.63 16.29 27.59 31.62

ACoA complex 38.34 15.66 12.64 14.50 31.69 17.44

ACO0A, anterior communicating artery; ICA, internal carotid artery; NU, normalized unit; VSF, volume of surgical freedom.
*Craniocaudal and mediolateral angles of attack were also produced using this measurement system.
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Temporalliobe

FIGURE 6 | lllustration depicting 3D modeling of the surgical corridor to the paraclinoid internal carotid artery (ICA) from a pterional approach (left) and a supraorbital
approach (right). (A) The anterior of the surgical corridor. (B) The surgical anatomy as visualized specific to the surgical corridor model. (C) The surgical view of the
cadaveric anatomy, which is in continuity with the surgical corridor model parameters (pterional: VSF = 165.88 mm?, craniocaudal angle of attack = 36.72°,
mediolateral angle of attack = 50.55°; supraorbital: VSF = 43.83 mm?3, craniocaudal angle of attack = 20.86°, mediolateral angle of attack = 30.40°). VSF, volume of
surgical freedom; 3D, 3-dimensional. Used with permission from Barrow Neurological Institute, Phoenix, Arizona.
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Measurement Inaccuracy

The illustrative data set for Figure 5 was used to compare the
calculated area bounded by the original measurement data points
to the calculated area bounded by the points after translation onto
the best-fit plane. The sample data set comprised measurements
for a supraorbital craniotomy surgical corridor to the anterior
communicating artery. It represented the area calculated by the
previous surgical freedom method (Heron’s Formula) and the
area after translation onto the best-fit plane. The calculation of
the area bounded by this sample set of data point measurements
was 1,489 mm?, and the calculation of the area bounded by
the data points after translation onto the best-fit plane for
the data set was 1,418 mm?. To illustrate the effect of probe
length on the calculated volume, we used this same data set to
calculate the volume from the best-fit plane of the measured
data points to the apex. A cone height of 183.6 mm gave a
volume of 119,386 mm?. The points representing data of the
same corridor as measured were then translated to a plane 5 mm
farther away from the apex. This 5-mm increase in the height

of the same cone shape, to 188.6 mm, gave a cone volume of
129,448 mm®.

Figure 9 shows the frequency distribution of the probe lengths
of the 8 data points for the 174 sets of measurements. The mean
(SD) probe length was 190.4 (5.0) mm, with a minimum of
168.3 mm and a maximum of 212.0 mm.

DISCUSSION

Surgical Application Advantages of the
VSF

The VSF compensates for multiple defects in the established
method of producing a quantitative result to assess surgical
instrument freedom. The process incorporates various spatial,
anatomical, and technical components pertinent for the
accurate and insightful analysis of a surgical corridor. This
quantitative approach resolves issues in assessing this surgically
imperative parameter that are cause by multiple planes,
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FIGURE 7 | lllustration depicting 3D modeling of the surgical corridor to the terminal internal carotid artery (ICA) from a pterional approach (left) and a supraorbital
approach (right). (A) The anterior of the surgical corridor. (B) An illustration of the surgical anatomy as visualized specific to the surgical corridor model. (C) The
surgical view of the cadaveric anatomy, which is in continuity with the surgical corridor model parameters (pterional: VSF = 50.69 mm®, craniocaudal angle of
attack = 22.63°, mediolateral angle of attack = 27.59°; supraorbital: VSF = 31.01 mm®, craniocaudal angle of attack = 16.29°, mediolateral angle of

attack = 31.62°). ACoA, anterior communicating artery; VSF, volume of surgical freedom; 3D, 3-dimensional. Used with permission from Barrow Neurological

Institute, Phoenix, Arizona.
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irregularly shaped access corridors, procedural variability, and
mathematical inaccuracies.

This methodology comprises the various embodiments of a
system and an associated mathematical method to determine a
3D VSEF before operating on neurosurgical structures. The system
characterizes, assesses, and models a 3D volumetric measurement
of the maneuverability of a surgical instrument within a surgical
corridor with respect to STS access, thereby providing new
insight into the accessibility of an intracranial structure via
a specific approach. It is explicitly advantageous to medical
specialties, such as neurosurgery, that deal with microanatomical
structure and require competency in microsurgical techniques.
Dealing with small structures that have definitive targets is
inherent in the microsurgery of STSs that lie at a depth from the
surgical entry point.

Neurosurgeons try to maximize the potential physiologic
space at their disposal to minimize circumferential damage.
The VSF is a metric that enables a more accurate assessment

of the freedom of this physiologic space in conjunction with
specific surgical maneuvers. Anatomically, this concept and
the basis behind neurosurgical corridor modeling can be
characterized by examining the pathologic processes encountered
by the neurosurgeon. For example, vascular aneurysms are
abnormal protrusions or weaknesses in the wall of a blood
vessel. Obliteration of these weaknesses is imperative to prevent
intracranial hemorrhage and potential morbidity and mortality.
Minimizing the degree of brain retraction is an important factor
in decision-making when selecting a surgical approach. With
the VSE, the degree of retraction can be quantitatively measured
with respect to each approach and each STS. Another example
is the midline tumor, such as the pituitary lesion, which often
produces complex surgical conditions because of the need to
cross neurovascular structures and overcome difficult angles
of attack produced by the anatomy. As with vascular lesions,
the VSF can provide a more accurate quantitative assessment
of midline tumors and better anatomical visualization of the

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

April 2021 | Volume 9 | Article 628797


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Houlihan et al.

VSF Standard for Anatomical Measurement

FIGURE 8 | lllustration depicting 3D modeling of the surgical corridor to the anterior communicating artery (ACoA) from a pterional approach (left) and a supraorbital
approach (right). (A) The anterior of the surgical corridor. (B) The surgical anatomy as visualized specific to the surgical corridor model. (C) The surgical view of the
cadaveric anatomy, which is in continuity with the surgical corridor model parameters (pterional: VSF = 38.34 mm?, craniocaudal angle of attack = 12.64°,
mediolateral angle of attack = 31.69°; supraorbital: VSF = 15.66 mm?3, craniocaudal angle of attack = 14.50°, mediolateral angle of attack = 17.44°). ICA, internal
carotid artery; VSF, volume of surgical freedom; 3D, 3-dimensional. Used with permission from Barrow Neurological Institute, Phoenix, Arizona.
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different surgical corridors to reach this region of interest.
Finally, a third example is the abnormal lesion of the nerves,
such as an acoustic neuroma growing at the deep apex of the
cerebellopontine angle of the skull base, the trajectory of which
naturally follows the conical structure of our model when the
potential physiologic space is created by brain retraction and the
release of cisternal cerebrospinal fluid.

Given that neurovascular structures tend to traverse the fossae
floors along their pathway, the use of this surgical corridor
modeling method is particularly relevant in surgical interventions
of the skull base, where the STSs are usually bounded inferiorly by
the skull base. Skull base surgery usually entails both anatomical
and technical obstacles: deep STSs, multiple eloquent structure
boundaries, dural tethering, and skull base canal insertion. These
influential factors substantially limit maneuverability, which is
extremely precious. The VSF is a valuable tool for evaluating
surgical corridors that allow only restricted movement and
therefore is a particularly useful metric for the assessment of skull
base surgical approaches.

This methodology generates the first spatially accurate model
of an irregular surgical corridor that also considers actual
anatomical boundaries. Furthermore, it allows the influence
of the different visualization techniques used in surgical
intervention to be examined. For example, the operating
microscope, although limited in image expanse and illuminating
capabilities, does not function within the approach corridor.
In contrast, the endoscope is used within the surgical corridor,
where, as an extra instrument or a space-occupying entity, it
will impede the freedom of other instrumentation. Experimental
scrutiny of this variable has not been completed, although it is
common knowledge among endoscopic surgical specialists who
have proposed multiportal endoscopic approaches to combat
instrument crowding or “swording” (Dallan et al., 2015; Lim et al.,
2020). The VSF not only provides a numerical representation
of the effect of the endoscope on instrument freedom but
also creates a 3D representation of this influence. Notably, the
endoscope is dynamic and can be moved out of the trajectory
of attack as dictated by the operating surgeon, but the numeric
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FIGURE 9 | A plot of the average probe length of each set of measurement data. Probe length was calculated as the distance between the coordinates of each
extrema point and the apex point. The plot shows considerable variation in the calculated probe length, although the same fixed-length probe was used in all
measurements. This variation is caused by measurement error that can be mitigated by using the normalized volume of surgical freedom metric. Used with

permission from Barrow Neurological Institute, Phoenix, Arizona.

change in the VSF caused by its presence remains valid. Given the
dynamic nature of the endoscope, mapping its optimal position
in the context of different STSs and angles of attack could pose
a useful predictive model for improving the efficiency of surgical
movement and minimizing exposure.

The system and the associated method provide the surgeon
with a volumetric metric to determine the appropriateness and
utility of a surgical approach to access a specific pathology. It
would, therefore, potentially allow the neurosurgeon to select
approaches and define a safe access corridor for guidance during
both the planning and the conduct of surgery. This metric can
also elucidate the appropriateness of surgically attainable targets
specific to an approach. Like all attempts at neuroanatomical
quantitation, the VSF functions as a quantifiable metric for
assessing the likelihood of surgical risk and injury to anatomical
STSs, but it achieves this with substantially superior accuracy and
volumetric spatial computation.

Procedural Superiority of the VSF

The VSF methodology includes the calculation of the area
bounded by the surgical corridor extrema coordinate points.
Perpendicular to the central axis of the surgical corridor,
this area is bounded by the surgical corridor extrema points
that are measured.

Previous methods also measured the bounded area and used
this area calculation as the metric of surgical freedom. These
methods used Heron’s formula to calculate the area, which
involved subdividing the bounded area into triangles, with
the measured points as the vertices of the triangles. With the

coordinates of each vertex known, the lengths of the three sides
of each triangle were calculated using Heron’s formula, and the
areas were summed to give the total bounded area.

In our proposed VSF methodology, the bounded area is used
in calculating the VSF because the base of the cone shape is
formed by the bounded area and the area value is used to
calculate the volume of the cone shape. The VSF methodology
uses a different method—the shoelace formula—to calculate
the area. The shoelace formula was used instead of Heron’s
formula because it can calculate the area of irregular shapes more
accurately. Heron’s formula inherently requires choosing how to
divide the area into triangles, which is important, as illustrated
in Figure 10. This figure illustrates two methods of dividing an
ideal shape and a shape determined from measurement data into
triangles. The first choice of division of the shape results in an
accurate calculation of the bounded area of each shape. However,
the second choice of division, while calculating the area of the
ideal shape correctly, overestimates the area of the shape from
the measurement data and results in an area outside the bounds
of the shape being included in the calculation.

A method that requires a choice, or the validation of a choice,
for each set of data is not conducive to creating a calculator that
will give repeatable and accurate results because each calculation
requires user input to review and determine how the shape will
be divided into triangles. To avoid this dilemma, we selected
the shoelace formula to use in calculating the area for the VSF
methodology. This formula uses coordinate data of the vertices
of a closed, irregular shape to calculate the enclosed area. This
method accounts for irregular shapes and does not overestimate
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FIGURE 10 | llustration depicting a limitation of using Heron’s formula to calculate the area of an irregular closed shape. (A) An idealized shape made up of eight
data points. (B) A shape plotted from a sample measurement, also with eight data points. (C) An example of a choice of division of the area into component triangles
for application of Heron’s formula. (D) This division choice applied to the sample data. In this case, using Heron’s formula on each of the triangles results in a correct
calculation of the total area. (E) Another example of a choice of division of the area into component triangles. (F) This division choice applied to the sample data. In
this case, using Heron’s formula on each of the triangles results in an overestimation of the bounded area, as the shaded area is included twice in the calculated
area, as part of triangles A (56-6-7) and B (4-5-7), although it is outside the area bounded by the data points. Used with permission from Barrow Neurological Institute,
Phoenix, Arizona.
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the area, as the Heron’s formula method does. Because the
VSF method includes the identification of a normalized-height
plane for the base of the cone, and the measured points are
translated onto this plane, the points can be converted into a 2D
coordinate system on the normalized-height plane, and the 2D
shoelace formula can be used. Converting the 3D coordinates
to 2D coordinates has the advantage of allowing the creation
of 2D plots of the cone base that can be used to verify the
measurement data.

Translating the original measurement points onto a plane and
calculating the area using the translated points also increases
the accuracy of the calculated area over a calculation using the
original 3D measurement points. The area of interest is the
area of the surgical corridor perpendicular to the central axis of
the surgical corridor, which is the truest representation of the
accessibility of the surgical approach. Because the best-fit plane
is perpendicular to the central axis of the surgical corridor, the
area bounded by the translated points is perpendicular to the axis
of the surgical corridor and thus represents a true cross-section
of the surgical corridor. As noted previously, the 3D coordinate
data that are measured are not in a single plane because of
inaccuracies in measurement, meaning that the triangles formed
for measuring the bounded area using Heron’s formula are
not perpendicular to the central axis of the surgical corridor.
As a result, calculating the total area by summing the areas
of the triangles would be an overestimation. The sample data
set of Figure 5 illustrates this as the area calculated using
Heron’s formula on the original measurement data points (1,489
mm?) was 5% higher than the perpendicular area measured
from the data points after translation onto the best-fit plane
(1,418 mm?).

Benefits of Using Normalized Height
Although the concept of volumetric quantification of surgical
freedom is novel, we further refined the concept to a normalized
volumetric quantification of surgical freedom to compensate
for several inaccuracies inherent in the measurement process.
The measurement process involves measuring the coordinate
data points for the extrema of the surgical corridor at the end
of a surgical instrument of fixed length (Figure 4). Doing so
resulted in the coordinate data being measured outside the
cadaveric specimen, such that the area being measured was
not a measurement of the surgical entrance but rather an
abstract measurement of surgical freedom that could only be
compared to other measurements that used a surgical instrument
of equal length. Measuring with a shorter probe would result
in a smaller measurement of surgical freedom for the same
surgical corridor because of the conical shape of the surgical
corridor, whereas measuring with a longer probe would result
in a larger measurement of surgical freedom because the length
of the probe defines the vertical height of the cone shape
from base to apex.

The depth of the structure from the surgical entry point
is of secondary importance to the degree of freedom of the
instruments within the surgical corridor, which is why this
method of measurement can be used at the end of a fixed
probe. With the use of this method, surgical corridors and their

quantitative measurements with respect to STSs can be directly
compared only if the probe length is exactly equal across studies.
This limitation raises questions about the scientific validity of
these studies and restricts replication of results and large-scale
analysis of anatomical surgical corridor data. The limitation
is equally applicable to a volumetric measurement of surgical
freedom; for the same surgical corridor, a shorter probe results
in a smaller volume measurement, and a longer probe results
in a larger volume measurement. Measuring the volume of
the surgical corridor up to a fixed distance from the apex (a
normalized height) can mitigate this issue. The measurement
data from any length of probe can be used to calculate the VSF at
a fixed distance from the apex, so the normalized VSF calculation
allows the direct comparison of VSF data from any measurement
that uses this method.

This decoupling of cone height from probe length also
improves the accuracy of the VSF measurement. In our
experimental data, human error in collecting coordinate data led
to variation in the distance between the apex point and each of
the extrema data points of the surgical corridor. This inaccuracy
in the data existed in all three dimensions, and there is little that
can be done in processing the data to improve the accuracy in the
two dimensions on the plane of the base of the cone. However,
the normalized VSF measurement, by defining a fixed distance
from the apex to the base of the cone, can reduce the inaccuracy
in the third dimension along the axis of the cone. The inaccuracy
in this dimension has a large effect on resultant calculations. The
SD of the average probe length data for all measurement data sets
was identified as 5 mm from the plot (Figure 9). The effect of this
variation on the calculated volume can be seen in our sample data
set analysis. In this case, the height of the cone shape increased
from 183.6 to 188.6 mm, for an increase of 5 mm (2.7%). The
resultant calculation of the cone volume increased by 8.4%. This
outcome demonstrates how errors in probe length measurements
can be exaggerated in the calculated surgical freedom metric,
and thus may translate to important surgical implications. The
use of a normalized cone height eliminates this variation in the
calculated volume and leads to a more consistent result that can
be compared to other normalized VSF data with a much higher
degree of confidence.

3D Modeling of the Operative Corridor
Visualization is a critical skill. From the surgeon’s perspective,
being able to orient and envision the structures and any
restrictions and obstacles in the surgical corridor is imperative
to selecting the most appropriate approach and planning
specifically for the selected surgical strategy. As previously noted,
neuroanatomy has been extensively analyzed and neurosurgeons
have a well-established knowledge base about anatomical sites
and the sizes and arrangements of specialized regions. Less
explicitly defined are the physiologic and surgical corridors
created by operators, the architecture of these potential or created
spaces, and how the circumferential anatomy affects these crucial
aspects in surgical decision-making.

The novel design of the VSF results in an improved concept
constructing a configuration that embodies the actual geometry
of the surgical approach corridor, which is illustrated by
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our models. When incorporated with the clinical, anatomical,
and surgical application, this volumetric model yields better
assessment and prediction of the ability to manipulate surgical
instruments, while providing spatially and anatomically accurate
representation that can aid the surgeon in decision-making.
These images accentuate the importance of not only anatomical
considerations but also the critical principles of microsurgery:
technique, instrument maneuverability, and the predicted
primary instrument axis. The VSF methodology provides an
anatomically and spatially accurate 3D depiction illustrating
all these key surgical ideals, which proves its substantial
clinical applicability.

Limitations

Ideally, this quantitative analysis and modeling should be
conducted in vivo in human patients rather than in cadaveric
specimens because the brain parenchyma can harden in cadavers
with fixed tissue, resulting in decreased surgical maneuverability.
However, cadaveric brain tissue is the best model available;
although it may not be exactly representative, the quantitative
results are proportionate. Although the surgical corridor may be
larger in vivo, the anatomical parameters are the same, and the
3D models of the surgical corridor are therefore still reflective of
real-time surgical views.

Ideally, the VSF measurements should be made in relation
to pathologic processes, such as a vascular weakness like an
aneurysm or an intracranial mass lesion, which was not possible
in the current study. We therefore could not take into account
the potential mass effect influence of intracranial pathology on
surrounding brain parenchyma and structures, nor could we
predict the pathologic decrease in intracranial potential space.
Again, this limitation is inherent in all cadaveric modeling
because the accessible anatomy is generally physiologically
normal. The reproducible STSs are reasonable representations
of delicate neurovascular components of high priority to the
neurosurgeon who must select the optimal approach on the
basis of quantitative metrics that are critical to the decision-
making process. What can be extrapolated from our analysis is
the predictable numeric value and anatomical shape of surgical
access corridors used to reach the pathologic target. In addition,
the VSF quantitatively and visually allows for the comparison
of approaches, and it ultimately provides increased multifaceted
information for surgical decision-making that is comparable to
other available metrics.

The VSF methodology is based on the assumption that
the surgical corridor traverses from a region of large freedom
and maneuverability to an apex or an STS. This assumption
produces the cone shape that supports the mathematical and
modeling structure of this system. This is the accepted surgical
trajectory of transcranial surgical interventions and potentially
that of other surgical interventions, where instruments proceed
from areas of large surgical freedom to small, confined regions
necessitating microsurgical technique. However, this model is
not applicable for comparison with all approaches. The caveat
of this quantitative and visual estimator is the assumption of
the surgical apex; the corridor ends at the point represented
by the STS. For quantitatively and spatially comparable results,

the comparison of different surgical approaches is possible only
when both approaches abide by this assumption. For example,
the comparison of a transcranial pterional approach and an
endonasal transplanum-cavernous approach to the paraclinoid
internal carotid artery is not an equivalent assessment, because
an endonasal approach creates a large amount of deep surgical
exposure, and its parameters do not converge to an apex as in a
transcranial approach (Figure 11). Conversely, it is acceptable to
quantify and model specific to an STS if both approaches have the
same surgical boundaries (i.e., both use a deep transsphenoidal
approach) and if an assumption has been established that the
STS represents the conical apex. For example, a comparison of
a transnasal approach and a transmaxillary approach is possible
because both produce the same deep surgical exposure, although
they are restricted more superficially by different anatomical
structures at the surgical entrance. In this scenario, the VSF is
a useful metric and a helpful surgical corridor modeling tool for
visualizing these restrictions.

Future Directions

This report describes in detail an improved and more
representational mathematical and modeling methodology for
quantitatively assessing surgical freedom. Our rationale was to
produce a robust, multifaceted tool that neurosurgeons can use
to estimate the benefits and disadvantages of different surgical
approaches specific to various STSs.

Although we have illustrated quantitatively and visually how
the various constituents of this novel design are superior to the
previous method, comparative analysis has yet to be completed.
Our next step in proving the scientific, mathematical, logistical,
and applicable advantages of the VSF will be to complete
cadaveric quantitation of the same surgical approaches specific
to various STSs and to analyze the results. Specifically, three
areas should be examined in detail when comparing this VSF
methodology with previous methodologies: (1) the increase in
accuracy of the measured area when measuring the area on
a single plane versus on points in 3D space because of the
measurement of only the perpendicular area; (2) the reduction
in the variation in results because of the calculated probe
length using the normalized unit of the VSF and how variations
in probe length affect the calculated area or the VSF metric;
and (3) further analysis of the limitations of Heron’s formula,
specifically regarding the choice of division of the bounded area
of irregular shapes.

Our interdisciplinary research group also intends to replicate
this experimental methodology with multiple neurosurgical
approaches. We will then quantitatively analyze the benefits
and disadvantages of different operative corridors to specific
STSs, which will ultimately increase the body of reproducible,
standardized, and comparable surgical freedom data and
promote optimal surgical techniques and practices.

In regard to comparing the VSF with the previously used
method, we predict that the quantitative results will correlate
and will be approximately proportionate. It is important to
highlight that the merits of the VSF are a result of two key
features: the increased accuracy of this multifaceted biomedically
orientated mathematical methodology and the ability to produce

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

April 2021 | Volume 9 | Article 628797


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Houlihan et al.

VSF Standard for Anatomical Measurement

Paraclinoid
internal carotid

artery /////;

©2020 Barrow

from Barrow Neurological Institute, Phoenix, Arizona.

FIGURE 11 | Surgical maneuverability of an instrument using a transcranial pterional approach compared with a transnasal transplanum-cavernous approach to the
paraclinoid internal carotid artery. In the transcranial approach, the surgical corridor progresses from a superficial region of large maneuverability to a small deep
apex, whereas in the transnasal approach, a significant amount of deep volume is created by traversing the ethmoid and sphenoid sinuses. Used with permission

Transnasal
transplanum-cavernous

anatomically and spatially accurate 3D models. These two
components have coalesced to produce an effective translational
tool that combines anatomical, clinical, and surgically pertinent
principles for improved operative decision-making.

Although our report details the use of this methodology for
neurosurgical operative corridors, this system can likely be used
in its current form to quantitatively analyze and spatially visualize
the surgical approaches of different surgical specialties. Doing so
would require that they abide by the structural parameters of
this measurement process: that the instrument freedom of the
surgeon traverses from a region of larger maneuverability at the
surgical entrance to a target apex of minimal maneuverability.
As denoted when referencing skull base surgical concepts, it
is in fixed domains of minimal freedom that knowledge and
insight about the movement capabilities of an instrument are
most important. Quantitation of spinal surgical corridors and
specific STSs is certainly feasible using this methodology, and it is
worthy of further investigation.

Our method for determining the VSF provides the surgeon
with a diverse metric and a wuseful tool for improved
surgical preoperative planning and decision-making. Current
neurosurgical navigational systems plan surgical routes along a
direct trajectory based on a linear display. These navigational
approaches portray the trajectory line to the STSs in different
views (e.g., axial, coronal, sagittal, and probe view), which is
not always the optimal approach and does not incorporate any
criteria relevant to surgical corridor analysis. These planning

navigation systems also do not incorporate any modeling, which
would elucidate or illustrate the degree of surgical freedom.
By compiling a substantial body of data, we hope to develop
standardized reproducible surgical approach principles specific
to operative corridors and STSs and thereby establish predictive
surgical theory. Consequently, the integration of the VSF into
intraoperative planning, as well as into surgical navigation
software and systems, could prove to be a powerful tool
for improving surgical decision-making and techniques, while
ultimately minimizing surgical morbidity and mortality.

CONCLUSION

The VSF is a superior method of quantitative anatomical
measurement. This innovative concept can be used to develop an
actual geometric model of a surgical corridor that yields better
assessment and prediction of the ability to manipulate surgical
instruments. The VSF accounts for multiple inaccuracies in the
practical and mathematical method of assessment, and it also
enables the production of 3D models. For this reason, the VSF is
a preferable and clinically applicable standard for the assessment
of surgical freedom. This quantitative measurement can establish
surgically attainable targets for specific approaches and also
assess the suitability of a specific surgical approach compared to
alternative operative options, thereby acting as a pivotal tool in
the decision-making armamentarium of the neurosurgeon.
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Patients often opt for implantation of testicular prostheses following orchidectomy for
cancer or torsion. Recipients of testicular prostheses report issues regarding firmness,
shape, size, and position, aspects of which relate to current limitations of silicone
materials used and manufacturing methods for soft prostheses. We aim to create a 3D
printable testicular prosthesis which mimics the natural shape and stiffness of a human
testicle using a lattice infill structure. Porous testicular prostheses were engineered with
relative densities from 0.1 to 0.9 using a repeating cubic unit cell lattice inside an
anatomically accurate testicle 3D model. These models were printed using a multi-jetting
process with an elastomeric material and compared with current market prostheses using
shore hardness tests. Additionally, standard sized porous specimens were printed for
compression testing to verify and match the stiffness to human testicle elastic modulus
(E-modulus) values from literature. The resulting 3D printed testicular prosthesis of relative
density between 0.3 and 0.4 successfully achieved a reduction of its bulk compressive
E-modulus from 360 KPa to a human testicle at 28 Kpa. Additionally, this is the first
study to quantitatively show that current commercial testicular prostheses are too firm
compared to native tissue. 3D printing allows us to create metamaterials that match
the properties of human tissue to create customisable patient specific prostheses. This
method expands the use cases for existing biomaterials by tuning their properties and
could be applied to other implants mimicking native tissues.

Keywords: 3D printing, testicular prosthesis, meta-materials, bio-fabrication, implants, soft prostheses, bio-
materials

INTRODUCTION

Testicle prostheses are offered to patients following orchidectomy for testicular tumors, loss
after torsion, atrophy, and undescended testicles. These prostheses are made from silicone, like
breast implants, either being fully solid, saline-filled, or silicone gel-filled. There are theoretical
risks associated with silicone and liquid-filled implants, including connective tissue diseases,
auto-immune disorders, and implant failure due to rupture. While these risks remain very low,
there is a market push toward an alternative for silicone use in soft prosthetic implant design (1-3).
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The main issues regarding testicular implants are related to
the use and limitations of current materials and manufacturing
methods. Recipients of testicle prostheses often describe them
as being too firm, not the right size or shape, or positioned
too high. These aspects can adversely affect physical exercise,
sexual activity and confidence, leading to dissatisfaction and
regretting the decision for accepting an implant. Sizes for
testicular prostheses offered on the market are limited to
small, medium, and large despite the individual nature of
the human body (4-7). Additionally, they are designed
to be sutured in place only in one position at the top
of the prosthesis allowing them to freely rotate around
that point inside the scrotum (8). The solution to these
problems may lie with adopting new approaches to customized
implant design using 3D scanning, modeling, and printing.
Size, shape, and suture positioning could be adapted to
an individual’s needs using these technologies. However, a
significant challenge for improving the firmness or “feel” of
prosthetic testicles is the lack of medically approved bio-materials
with appropriate properties.

To the best of our knowledge there is currently no study which
quantifies and compares current market testicular prostheses
regarding firmness, size and shape to verify patient complaints
or provide a benchmark for creating an improved prosthesis.
The use of 3D printing in individual testicle prosthesis design
is limited and does not focus on developing prostheses with
the intention to solve issues regarding firmness, soft tissue
applications or using 3D printing to directly print an implant (9).

Consequently, it would be highly beneficial to create a
system where already approved, well-established materials could
be manufactured using innovative techniques to alter material
properties. Doing so would allow a testicular prosthesis or
other soft prostheses to have controllable properties that match
natural tissue.

3D printing processes typically create components layer by
layer from 3D computer models. Currently, 3D printing is the
only method which can produce precisely controlled lattice filled
structures. Research with lattice filled structures to create bio-
mimetic properties has been extensively used with metals and
primarily focused on mimicking bone and hard tissue properties
(10-12). By creating a soft prosthesis using this method, we
can overcome common problems described by patients, while
avoiding the need for silicone gels or liquid infills to develop
a safer, more natural-feeling product. In this study, we aim to
prototype a 3D printed testicular prosthesis by engineering a
lattice structure that exhibits the natural feel, size and shape of
a real testicle.

A meta-material is a material engineered to have particular
mechanical properties based on its sub-structure and not material
composition. For example, two foams made from the same
material can be either stiff or soft depending on their relative
densities. However, while foam is made with randomized sub-
structures, a meta-material is populated with a repeating shape
called a unit cell. Properties such as the E-modulus (stiffness)
and hardness can be finely tuned by manipulating the physical
parameters of the unit cell. This approach was used to design a
3D printed testicular prosthesis with anatomical shape, size, and

tuneable stiffness. Figure 1 outlines the method for designing the
testicular prostheses.

MATERIALS AND METHODS

Testicular Prosthesis Design

Testicle prostheses and standard sized samples were 3D printed
using Visijet M2 ENT UV Curable Elastomeric material with
a Projet MJP 2500 3D printer (3D Systems, Rock Hill,
United States). The reported E-modulus (E;), strength (o), and
density (p,) of this material was 0.27-0.43 MPa, 0.2-0.4 MPa,
and 1.12g/cm?, respectively (13). The unit cell chosen to adjust
the mechanical properties of the base material is the cubic lattice
structure made of circular cross-sectional beams with a length (1)
and radius (r). This unit cell was chosen because of its simplicity
and known analytical relationships. The relative density can
be adjusted using Equation (1) and the E-modulus (related to
firmness, hardness and feel) can be adjusted using Equation (2).

s (7) - ()

7'[}’2

7

(1)

r
Ps
(2)

Eg

These equations are based on the applied mechanics Euler-
Bernoulli beam theory which suggest that a minimum of six
unit cells in the X, Y, and Z dimensions of a sample is needed
for the analytical solutions to begin to converge to real world
expectations (14, 15).

Testicles with relative densities 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8,
0.9, and 1.0 (fully solid) using the cubic lattice structure were
designed. The testicular prosthesis model and shape was adapted
from the BodyParts3D database (16), a collection of anatomical
3D models of an adult human male. The dimensions of the
testicle model used were 29, 31, and 38 mm in the X, Y, and Z
directions, respectively. Considering the size of the model and to
achieve the relative densities, the length of the unit cells were held
constant at 3.5 mm while the radius of the beams were adjusted
as depicted in Figure 1C. A wall thickness of 2 mm was chosen to
provide the unit cells with a protective skin while minimizing any
additional stiffness contribution to the prosthesis.

Compression tests with different shaped objects cannot be
compared since the shape and cross-sectional area affects how
much force is needed to displace a material. Additionally, shapes
with non-uniform cross-sections cannot yield E-modulus values.
Standard sized test samples with a uniform cross-section provide
a way for determining the E-modulus of the lattice structures
independent of its final shape. Thus, to verify the analytical
models through compression testing, cube-shaped samples of
uniform cross-sectional area (25 x 25mm) using the same
design parameters (unit cell size, shape, and top and bottom
wall thickness) as the testicular prostheses were created using 3D
printing (Figure 1E).

All 3D models were designed in 3D Sprint software package
(3D Systems, Rock Hill, United States), a tool for manipulating
parameters such as wall thickness, unit cell type, model size, and
preparing the final models for 3D printing.
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FIGURE 1 | Method for designing testicular prostheses; (A) material selection, (B) selection of cubic lattice unit cell and identification of relevant design parameters
related to relative density length (L) and radius (R), (C) Plot showing how the radius and length of the cubic unit cell beams can be adjusted to achieve a range of
relative densities, choosing a radius, or length which is too small may not be manufacturable, while choosing values too large narrows the range of achievable relative
densities, (D) populate 3D model of testicle with cubic unit cell, (E) create compression test specimens with uniform cross-sectional area (25 mm?), (F) 3D print the

testicles and compression specimens using a Multi-Jet process.

Testicular Prosthesis Manufacturing and

Post-processing

The Projet MJP 2500 3D printer uses an inkjet printing head
which dispenses droplets of a liquid photopolymer onto a
build surface. The droplets are subsequently hardened by Ultra-
Violet (UV) light. A wax support structure is simultaneously
printed to fill any voids in the 3D model which requires
removal post process in a hot water bath followed by an
oil bath. This process is outlined in Figure2. Using the
3D printer detailed here, the achievable X, Y, Z resolution
is 1,600 x 900 x 90 DPI, with a recommended minimum
feature size of 25 wm. Based on the DPI, the resulting layer
thickness in the Z direction was 32 pwm. The printer parameters
used regarding speed, curing time, temperature, and layer
thickness were set at factory default settings by 3D Systems
and cannot be changed since these parameters are optimized
specifically to the MJF 2500 print head and Visijet M2 ENT
UV material.

Compression Testing

Compression testing was conducted using an Instron Universal
Testing System (Norwood, United States) with a 2 kN load cell
compressing at 10 mm per min at a temperature of 25°C to 50%
strain, along the Z axis of print direction for all samples. Cubic
shaped samples of uniform cross-sectional area (Figure 1E) were
compressed to verify the analytical model and determine the E-
modulus (stiffness) of the bulk material and the relative densities.
Values obtained from previously published studies using Real-
Time Shear Wave Elastography to measure the E-modulus of
male testicles were used to verify that the designed prostheses
fell within the range of real testicular stiffness (28 + 6 KPa)
(17-19). For each relative density three samples were tested for
statistical analysis.

Shore Hardness Testing
Shore hardness is a measure of a materials resistance to
indentation using a device with a spring-loaded indenter. Using a
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FIGURE 2 | Material jetting technique and post-processing method used to 3D print the testicle prostheses.
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we measured the hardness of the 3D printed prostheses and
medical testicle prostheses, the gold standard comparison;
Promedon® (Endotherapeutics, Epping, Australia), Kiwee®©
(Coloplast, Humlebaek, Denmark), and the Torosa® (Coloplast,
Humlebaek, Denmark). These prostheses were categorized into
four areas (top, bottom, left and right) to assess any change in
hardness due to features or shape differences of the prostheses.
The hardness was measured in the center of those areas
at room temperature following the method of the ASTM
D2240 standards.

RESULTS

3D Printed Testicular Prostheses and

Cubic Lattice Samples

All 27 testicular prostheses and 27 cubic lattice samples, 9 of
which are illustrated in Figure 3A, were printed together in
11.5h. The average weight and material cost per prosthesis was
17g and $16 AUD, respectively. A visual comparison of the
market prostheses and a 3D printed testicular prosthesis with
a relative density of 0.4 is shown in Figure 3B. The resulting
testicular prostheses and samples appeared to have a smooth
surface finish and layer lines often seen with 3D printed parts
were not visible. Figure 3C captures the deformation of a 0.4
relative density cubic lattice sample under compression.

Compression Testing Results

Compression test results indicated that a 100% dense material
with an E-modulus of 360 KPa is modifiable to a minimum of
10 KPa at 20% relative density. Figure 4B displays a comparison
between the experimental and analytical results [from Equation
(2)]. The averaged experimental results followed a similar
trend; however, they are consistently lower than the analytical

prediction apart from relative density 0.9. At this relative density,
the pore sizes are too small to allow the wax support structure to
be fully removed post printing, leaving excess solid wax behind
and contributing to an increase in stiffness (Figure 4).

Comparison with human testicle E-modulus values
demonstrated that the relative densities using this model
required to match the feel of a testicle were between 0.3 and
0.4 as shown in Figure4C. For each specimen, a boxplot in
Figure 4D shows the repeatability of the cubic lattice E-modulus
results for a sample size of 3.

Hardness Testing Results

The results shown in Figure 5 show how the hardness of the 3D
printed testicles correlates to its relative density while revealing
the hardness of the market prostheses exceeded the hardness of
samples with relative densities 0.3 and 0.4 which is the range
we would expect the hardness of a human testicle to be (5-15).
The top side of each market prosthesis was much harder than the
left, right, and bottom positions because the suture holes located
there were made from a harder material. Relative density of 0.2
was omitted from the results as these prostheses were too soft to
obtain reliable values.

DISCUSSION

Using 3D printing we have demonstrated with a meta-material
approach and a cubic lattice unit cell that we can manufacture
a novel testicular prosthesis where the shape, size, and stiffness
can be finely tuned to match a human testicle. With this
approach, the need for silicone or liquid infills and thus risk
of rupture is eliminated. Importantly, this approach expands
the potential use cases of existing medically approved materials.
This provides opportunity for a single base material to be
used for a range of prosthetic implant products that vary in
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FIGURE 3 | (A) 3D printed testicular prostheses and cubic lattice compression samples of relative density 0.2-1.0, (B) Medical prostheses Kiwee, Torosa, and
Promedon (L, large; M, medium; S, small) next to a 3D printed testicular prosthesis, (C) Compression testing of cubic lattice samples showing deformation.
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stiffness or other mechanical properties, with cost savings from
economies of scale and reduced regulatory approval or material
certification processes. These advantages and benefits are directly
translatable to other areas of prostheses or silicone implant
designs and to patients or clinicians looking for an improved
individualized product.

To our knowledge, this is the first study to quantify and
compare medical testicular prosthesis characteristics using a
shore hardness test. The results shown here clearly indicate

that the existing medical prostheses are relatively too firm.
Particularly the top section where the suture position is located,
consistent with patient complaints of products being too
hard (4-6).

The best performing medical prostheses regarding hardness
was the Kiwee, with results in-between relative densities 0.3
and 0.4 (the ideal case). However, in October 2017 Coloplast
withdrew the Kiwee prosthesis from the market due to “particles
found on the surface of some implants” (20). Being the
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only silicone gel filled testicle prostheses, the removal of the
Kiwee from the market leaves only two options for patients
at our hospital; the Torosa (saline filled) and Promedon
(solid silicone).

Hardness tests provide a useful way to determine the basic
feel of a prostheses. For 3D printing prostheses, hardness can be
theoretically tuneable as there is a direct correlation between the
hardness results and E-modulus values; as the relative densities
increase, so does the hardness value.

The cubic unit cell used in this paper was a good starting
point for prototyping a 3D printed testicular prosthesis with
tuneable stiffness. However, the benefits of 3D printing can allow
for more complex unit cell geometries, gradients of relative
density, and wall thicknesses without compromising cost or the
manufacturing process. A human testicle is made of several
substructures, each with unique mechanical properties. These
substructures could be mimicked in a more complex prosthesis
design. For example, the epididymis could also be modeled

into the prosthesis with its own firmness, as well as surgically
functional aspects such as suture positions.

Such graded designed metamaterial approaches and 3D
printing are beginning to be used to solve problems with or
improve upon other medical device products. This includes
applications for orthopedic implants where bone substructures
including cortical and trabecular bone have been 3D printed
with titanjum in a graded lattice structure to match the
anisotropic mechanical properties of bone (11, 21). These
concepts could be further applied here to improve upon the
testicle prosthesis design.

This technology could potentially have applications in other
implants that seek to mimic the feeling of native tissue. For
example, silicone breast implants have rupture rates as high
as 10% at 10 years after implantation (22). Our method could
create realistic feeling implants that have lower risk of rupture
or shrinkage due to the lattice infill. Additionally, nose and ear
prostheses or functional medical devices and training models

Frontiers in Surgery | www.frontiersin.org

April 2021 | Volume 8 | Article 626143


https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org
https://www.frontiersin.org/journals/surgery#articles

Skewes et al. 3D Printed Testicular Prostheses

Shore Hardness 00 Scale 3D Printed and Market Testicle Prostheses
80

mTop
70 Bottom
m Left

60 Right

50

40

30

Shore Hardness 00 Scale

20

10

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 Kiwee M Torosa L Promedon S

FIGURE 5 | Shore Hardness OO scale results for 3D printed testicles and medical prostheses. Notably the Kiwee which is a silicone coated silicone gel filled
prostheses shows appropriate hardness results (within ranges of relative density 0.3-0.4); however, Torosa and Promedon prostheses are relatively hard compared to
natural tissue. Note that the Hardness results for Torosa small and medium sized prostheses are the same as the large size, as the hardness value is dominated by the
material and not minor changes in size.

which require hardness in some areas and softness in others  (FDM) processes. These materials are used with injection

could be achieved, owing to the versatility of printing differing  molding systems and come in pelletised form. Therefore, they

structures in one print. would need to be further processed into a powder or filament
Different unit cells such as Triply Periodic Minimal Surfaces  to be 3D printed. There are many of these TPU materials with

like the Gyroid, or Schwarz P surfaces, or other beam-based  stiffness ranges between 2.2 and 5.5 MPa. While stiffer than

unit cells like the diamond can achieve different ranges of E-  the material used here, using the concept in this paper with a

modulus for the same relative densities as the cubic unit cell (23).  diamond unit cell and a TPU with 2.4 MPa, a relative density

For example, the diamond structure can theoretically achieve a  of 0.25-0.35 would be recommended to match the feel of a

relative modulus of 0.05 with a relative density of 50%. Compared ~ human testicle.

with the cubic which can achieve a relative modulus of 0.25 at

relative density 50%. This means that by selecting the appropriate ~ CONCLUSIONS

unit cell shape, a material which has a higher E-modulus could

be used to achieve the same result, further expanding the use of ~ We have demonstrated how 3D printing can be used to create

existing materials. a meta-material lattice structure for realistic feeling testicular

prosthesis prototypes. These prototypes address the most

common complaints of patients including unnatural size and

shape and discomfort. This same technology could be used with

i ¢ > various elastomeric materials and simulate the characteristics of a
directly 3D printable soft polymer materials on the market that  yariety of native tissues. These developments will contribute to a

can be utilized to make patient specific and life-like implants,  fytyre of individualized patient implants and prostheses through

which provides a great opportunity for the 3D printing industry  complete customization of shape, size and mechanical properties
to develop compatible materials. Additionally, no fatigue tests matching of human tissue.

have been conducted to determine if the cubic lattice structures

withstand repeated loading. This is recommended for future

work on implantable materials prior to clinical trials. DATA AVAILABILITY STATEMENT
Although this study was not performed with an implantable

material, the concept could be applied to an implantable material

with a similar bulk E-modulus range and a variety of 3D

printing methods including Selective Laser Sintering (SLS) or

Fused Deposition Modeling (FDM). For example, materials

such as Thermoplastic Polyurethane (TPU) which are approved  AUTHOR CONTRIBUTIONS

for implantation such as Lubrizol Carbothane™ TPU (24) or
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Introduction: The number of patients with iatrogenic spinal deformities is increasing due
to the increase in instrumented spinal surgeries globally. Correcting a deformity could
be challenging due to the complex anatomical and geometrical irregularities caused
by previous surgeries and spine degeneration. Virtual and 3D printed models have the
potential to illuminate the unique and complex anatomical-geometrical problems found
in these patients.

Case Presentation: We present a case report with 6-months follow-up (FU) of a 71
year old female patient with severe sagittal and coronal malalignment due to repetitive
discectomy, decompression, laminectomy, and stabilization surgeries over the last 39
years. The patient suffered from severe low back pain (VAS = 9, ODI = 80). Deformity
correction by performing asymmetric 3-column pedicle subtraction osteotomy (PSO)
and stabilization were decided as the required surgical treatment. To better understand
the complex anatomical condition, a patient-specific virtual geometry was defined by
segmentation based on the preoperative CT. The geometrical accuracy was tested using
the Dice Similarity Index (DSI). A complex 3D virtual plan was created for the surgery from
the segmented geometry in addition to a 3D printed model.

Discussion: The segmentation process provided a highly accurate geometry (L1 to
S2) with a DSI value of 0.92. The virtual model was shared in the internal clinical
database in 3DPDF format. The printed physical model was used in the preoperative
planning phase, patient education/communication and during the surgery. The surgery
was performed successfully, and no complications were registered. The measured
change in the sagittal vertical axis was 7cm, in the coronal plane the distance
between the C7 plumb line and the central sacral vertical line was reduced by
4cm. A 30° correction was achieved for the lumbar lordosis due to the PSO at
the L4 vertebra. The patient ODI was reduced to 20 points at the 6-months FU.
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Conclusions: The printed physical model was considered advantageous by the surgical
team in the pre-surgical phase and during the surgery as well. The model was able to
simplify the geometrical problems and potentially improve the outcome of the surgery by
preventing complications and reducing surgical time.

Keywords: 3D printed anatomical models, flat back deformity, 3D virtual model, 3DPDF, fused deposition modeling

INTRODUCTION

As the number of instrumented spinal operations increases
globally, the group of patients with iatrogenic spinal deformities
is growing (1). Loss of lordosis, development of segmental
or global kyphosis after a shorter or longer thoracolumbar
stabilization are the most common form of iatrogenic (so
called “flat back”) deformities (2). Beyond the consequent spinal
canal stenosis, the disturbance of global balance can result in
severe disability and pain where only surgical correction of the
spinal alignment can provide significant functional improvement
(2). The common sagittal balance problem in some cases
is complicated with coronal imbalance, making the surgical
correction procedure more complex. Further anatomical and
geometrical irregularities caused by the previous surgeries (e.g.,
lack of anatomical landmarks, segmental bony deformations)
makes the situation more challenging. In such cases, meticulous
preoperative planning and proper implementation of the surgical
plan are the keys to success and advanced scientific tools are
needed to support the process and improve the outcome.

Here, we present the case of an elderly female patient with
severe sagittal and coronal malalignment due to repetitive spine
surgical interventions for over 39 years. Virtual and 3D printed
patient-specific models were used to understand the unique and
complex anatomical-geometrical problem and to plan the proper
surgical correction.

CASE PRESENTATION
Medical History

A 71-year-old female patient was admitted to our institution.
She suffered from severe low back pain, irradiating to the left
leg, and an inability to walk more than 50 m due to fatigue
in both lower extremities. There were some significant, treated
comorbidities in her medical history: chronic hypertension, non-
insulin-dependent (type II) diabetes, and ischemic heart disease.
Previously, the patient’s back problems were treated in other
hospitals. The first discectomy surgery at the level of L4/S1
was performed 39 years ago, since then a mild L5 sensory-
motor deficit persisted on the right side. Sixteen years later, L4/5

SVA

body and the CSVL.

FIGURE 1 | Spinal alignment evaluation. Sagittal spino-pelvic parameters (A=C) for the assessment of the alignment [A-C adopted from Lafage et al. (4)]: pelvic
parameters measured were P, PT, and SS. Regional spinal parameters included PI-LL mismatch, LL, and TK. Global alignment was assessed linearly by SVA and the
angular measurements of T1SPI, TOSPI, and TPA. Cervical parameters were composed of T1 slope, C2-C7 cervical lordosis, and C2-C7 SVA. (D) For the GAP score
L4-S1 lordosis L(L4-S1) and the global tilt (GT) were defined. (E) Coronal alignment is assessed by measuring the distance between the center of the C7 vertebral
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discectomy was performed followed by an L3/4 discectomy a
year later. A repeated discectomy was done at L4/5 level 4 years
ago, followed by a discectomy/decompression at the L2/3 level
due to signs of cauda syndrome. The last surgical intervention
in another hospital was done a year later (3 years ago), when
an L2-L4 posterior stabilization and L3 laminectomy without
intervertebral fusion was performed.

Evaluation and Analysis

Physical examination showed severe sagittal and coronal
imbalance, compromised gait, tenderness at the lower back
area and spastic muscles. She suffered from mild distal motor
weakness in both lower extremities and numbness of the
left leg. Based on her examination and imaging studies [full
spine X-ray, lumbar CT (Supplementary Figure 1) and MRI
(Supplementary Figure 2)], the severe lumbar sagittal and
coronal malalignment was identified as the primary source
of pain. Beside the deformity, non-union and partial implant
loosening at the L2-L4 segments, and degenerative instability
at the L1/2 and L3/4 segments were diagnosed. Patient’s pain
was assessed by Visual Analog Scale (VAS = 9 preoperatively),
and disability was measured using the Oswestry Disability
Index (ODI = 80% preoperatively) (3). Surgical treatment
was indicated considering the spinal pathology, severe pain,
disability, and life quality deterioration.

Analysis of Spinopelvic Alignment in Terms

of Surgical Correction

Global balance and spinopelvic alignment were analyzed to
determine the objective of the correction. Parameters describing
the spinopelvic alignment were calculated from standing X-ray
using the Surgimap software (Nemaris Inc., New York, NY,
USA). Pelvic incidence (PI), pelvic tilt (PT), sacral slope (SS),
lumbar lordosis (LL), and thoracic kyphosis (TK) were measured
(4) (Figure 1). Global sagittal alignment parameters such as the
sagittal vertical axis (SVA), T1 spinopelvic inclination (T1SPi), T9
spinopelvic inclination (T9SPi), and T1 pelvic angle (TPA) were
also calculated (5). The Global Alignment and Proportion (GAP)
Score was calculated according to the method published by Yilgor
et al. (6). The coronal alignment was assessed by measuring
the distance between the center of C7 vertebral body and the
central sacral vertical line (CSVL) (7). The measurements are
summarized in Table 1.

The central origin of the patients complaint was the loss
of lordosis at the lumbar spine due to the degenerative
and iatrogenic processes. The patient’s global balance was
characterized as an imbalance both in the sagittal and coronal
planes. The GAP score was 8 preoperatively, corresponding
to severely disproportioned alignment. Therefore, the aim of
the surgical correction was the 3D correction of the lumbar
alignment. To calculate the degree of the desired lordosis
correction, different approaches were sequentially applied. First,
we used the formula published by Le Huec et al. (8) to calculate
the ideal lumbar lordosis (ILL) corresponding to the pelvic
anatomy of the patient. According to their formula (LL =
0.54*PI + 27.6°) the ILL was 57°. Second, the ILL was adjusted
by the patient’s age to avoid overcorrection and to decrease

TABLE 1 | Parameters for the evaluation of the spinal alignment pre- and
postoperatively.

Parameter Preop Postop
Pl (%) 55 55
PT () 27 21
SS(9) 28 34
LL () 17 47
PI-LL (%) 38

TL () 2

TK () 16 30
TISPI (°) 0 6
T1SPI (°) 7 1
TPA () 34 22
T1S () 41 31
CL(°) 39 32
GT (%) 12 28
L(L4-S1) () 14 31
C2-C7 SVA (mm) 12 20
SVA C7-S1 (mm) 156 82
C7 to CSVL distance (mm) 48

GAP score 8

surgical invasiveness (4, 9, 10). In the age-group of 65-74-
year-old, the threshold of spino- pelvic alignment parameters
to avoid significant disability (ODI > 40%) are SVA = 9cm,
PI-LL = 18°, PT = 26°. The threshold values for minimal
disability (ODI < 20%) are SVA = 5cm, PI-LL = 6°, PT =
23°. According to these data (10), target values of SVA between
5 and 9cm, PI-LL between 6 and 18° and PT between 23 and
25° were determined for the alignment correction. A LL between
37° and 49° corresponded to these parameters, therefore the
desired total lordosis correction was 20-32°. Considering all
of the surgical issues, and the optimal lordosis distribution, an
L1/L2 and L3/L4 transforaminal lumbar interbody fusions (TLIF)
and alignment correction by performing an asymmetric pedicle
substraction osteotomy (PSO) of about 20° at the L4 level as
well as stabilization from Th9 to the iliac bone with posterior
fusion was decided as the required surgical intervention to treat
the patient.

Virtual and 3D Printed Models of the
Surgery

To better understand the complex anatomical condition at the
lower lumbar level, especially in the neuro foraminal and central
spinal canal area, patient-specific virtual and physical models
were created based on the pre-op CT (Figure 2). The CT data
were exported from the hospital PACS in DICOM file format. To
comply with the ethical approval and the patient data protection
policies, anonymization of the DICOM data was performed using
Clinical Trial Processor software (CTP, RSNA, USA) (11). The
segmentation process was performed on the 2D CT images
(12). The thresholding algorithm and manual segmentation
tools (erase, paint, fill etc.) were used in 3D Slicer 4.1.1 free
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Patient-specific virtual model

CT Scans
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Thresholding
(bone/soft tissues)

3D Geometry
STL

3DPDF document.

Patient-specific physical model

FIGURE 2 | Definition of virtual 3D geometry from CT scan. During the segmentation process the bone volume is first separated from the surrounding soft tissue by
thresholding of the greyscale levels of the CT images. The resulting mask (green) voxels represent the 3D volume of the L1-S1 spine segment. Then, from the mask, a
triangulated surface mesh is generated in STL format. The STL file serves as an input for 3D printing, with FDM technology. The virtual patient-specific geometry can
be edited in CAD software in order to perform virtual surgical intervention (L4 PSO). The virtual geometries are then integrated in the clinical communication as a

v

3D Printing Virtual Surgical Planning

software (Brigham and Women’s Hospital, Boston, MA, USA)
(13), Figure 2. To evaluate the accuracy of the segmentation
process, the Dice Similarity Index (DSI) was calculated (14),
obtaining a value of 0.92 and thus providing a highly accurate
geometry. Inspection and correction of the 3D geometry was
performed with MeshLab 1.3.2 free software (CNR, Pisa, Italy)
(15) and universal remeshing with contour preservation was
applied. The virtual geometry of the patient’s spine [triangulated
surface mesh, STereoLithography (STL) format] was printed
with a Fused Deposition Modeling (FDM) device (Dimension
1200es 3D Printer; Stratasys, Israel; filament type: ABSplus in
ivory,/scaffold: Soluble Support Technology, SST). In parallel to
the printing process, a complex 3D virtual plan was created for
the surgery in Autodesk Fusion 360 (Autodesk Inc., California,
U.S.A.) Computer Aided Design (CAD) software. First the STL
model was converted into a solid body, and then virtually we cut
out a wedge shape from the L4 vertebra for an asymmetric 3-
column pedicle subtraction osteotomy (PSO) with 20° correction
in the sagittal plane. The virtual model and virtual surgical plan
was imported in STL format to MeshLab 1.3.2 and subsequently
saved as a Universal 3D File (U3D). A 3D Portable Document
Format (3DPDF) file, containing the U3D mesh, was created
using Adobe Acrobat (version 10 Pro Extended) 3D tools with
default activation settings. The 3D visualization parameters were

set as follows: CAD optimized lights, white background, solid
rendering style, and default 3D conversion settings. The 3DPDF
file was then incorporated in the institutional web browser-based
SQL database (Oracle Database 12c) as previously described in
the literature (16). The document was accessible by clinicians
from any institutional desktop PC or mobile device.

Surgical Treatment and Outcome

The surgery was successfully performed without any
complications (OR time: 270min, blood loss: 750 ml). The
patient was discharged from the hospital in good condition,
4 days after surgery. 30 degrees of lumbar lordosis correction
was achieved, the majority at the L4-S1 levels (17°) (Figure 3,
Table 1). The measured change in the sagittal vertical axis (SVA)
was 7 cm. In the coronal plane, the C7 to CSVL distance was
reduced by 4 cm. The GAP score decreased significantly from 8
to 3. ODI decreased at the 6-months FU to 20 points from 80,
the VAS for the LBP decreased to 3 from 9 (17).

DISCUSSION

Clinical studies about the benefits of new visualization and 3D
printing techniques are still very rare worldwide (18). Patient-
specific tangible, 3D printed physical models can improve
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from 4.8 cm pre-op (B) to 0.5 cm post-op (D).

FIGURE 3 | Preoperative (A,B) and postoperative (C,D) standing X-rays for sagittal (A,C) and coronal (B,D) spinal alignment evaluation, using the Surgimap software
sagittal alignment tools. In the sagittal plane, the SVA was reduced by 7.4 cm compared to the preoperative X-rays due to the Th9-lleum fixation, correction with the
L3-L4 intervertebral fusion (TLIF) and the 3-column osteotomy at the L4 level. The coronal alignment was corrected by reducing the distance between C7 to CSVL

surgical performance and outcome compared to the sole on-
screen inspection of the virtual models (19). 3D printed physical
models through haptic perception improve understanding of
3D shapes compared to visual perception only (20-22). In a
survey based study among the members of AOSpine (23), a
high interest among spine surgeons toward the incorporation
of 3D technologies (virtual or 3D printed models) into the
clinical practice was recorded. The Radiological Society of
North America (RSNA) 3D printing Special Interest Group
(SIG) published (24) guidelines for medical 3D printing
and appropriateness for clinical scenarios. The recommended
scenarios do not include the iatrogenic adolescent spinal
deformity; although this case demonstrates the benefits.

In a recent systematic review by Lopez et al. (25), in adult
spinal deformity, the usage of 3D printing in preoperative
planning and in the manufacturing of surgical guides is
associated with increased screw accuracy and favorable deformity
correction outcomes. In our study, the physical model not only

provided guidance in the preoperative planning phase, but also
aided the surgeon in understanding the complex anatomy during
the surgery.

It is challenging in the surgical management of adult spinal
deformity to determine the degree of planned correction,
particularly in patients with severe preoperative malalignment.
Less aggressive correction may constitute a reasonable
compromise between radiographic alignment goals and
perioperative and postoperative risk (9). The Surgimap software
allowed the measurement of pre- and postoperative X-rays
with ease and speed, providing a vast array of opportunities
for assessment of spinal deformity and surgical planning. The
aid of 3D virtual and 3D printed models, and X-ray based
planning software allowed us to achieve a LL of 47° after the
surgery providing the restoration of global balance showed by
the improvement of the GAP score. The well-planed surgical
correction of the lumbar alignment provided the restoration
of the global spinopelvic balance, resulting in the reduction in
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pain and disability as well as improvement in health-related
quality of life. The improved global parameter (GAP score of 3)
corresponds to a moderately disproportioned alignment with
low chance of postoperative mechanical complication (6).

The limitation of the described approach is that currently
it is uncommon for medical centers to have access to a 3D
printing facility or lack the know-how for image processing
needed for model preparation. The time needed for the presented
visualization, printing, and planning is also a limitation as it is not
always available before surgery.

CONCLUSION

A patient-specific 3D virtual and printed physical geometry
as well as computer-aided surgical planning were used to
develop the optimal surgical plan for the deformity correction
in a complicated iatrogenic adult spinel deformity case. The
surgery was successfully implemented providing the planned
correction of the lumbar alignment. The printed physical model
was considered advantageous by the surgical team in the pre-
surgical phase and during the surgery as well. The chosen FDM
technology provided an accurate, robust, and affordable physical
model. The model not only clarifies the geometrical problems,
but it can also improve the outcome of the surgery by preventing
complications and reducing surgical time.
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Long-term placement of non-degradable silicone rubber pancreatic duct stents in
the body is likely to cause inflammation and injury. Therefore, it is necessary to
develop degradable and biocompatible stents to replace silicone rubber tubes as
pancreatic duct stents. The purpose of our research was to verify the feasibility and
biological safety of extrusion-based 3D printed radiopaque chitosan (CS) ducts for
pancreaticojejunostomy. Chitosan-barium sulfate (CS-Ba) ducts with different molecular
weights (low-, medium-, and high-molecular weight CS-Ba: LCS-Ba, MCS-Ba, and
HCS-Ba, respectively) were soaked in vitro in simulated pancreatic juice (SPJ) (pH 8.0)
with or without pancreatin for 16 weeks. Changes in their weight, water absorption rate
and mechanical properties were tested regularly. The biocompatibility, degradation and
radiopaque performance were verified by in vivo and in vitro experiments. The results
showed that CS-Ba ducts prepared by this method had regular compact structures
and good molding effects. In addition, the lower the molecular weight of the CS-Ba
ducts was, the faster the degradation rate was. Extrusion-based 3D-printed CS-Ba
ducts have mechanical properties that match those of soft tissue, good biocompatibility
and radioopacity. In vitro studies have also shown that CS-Ba ducts can promote the
growth of fibroblasts. These stents have great potential for use in pancreatic duct stent
applications in the future.

Keywords: 3D printing, chitosan, pancreatic duct stent, biocompatible, degradation

INTRODUCTION

Pancreaticoduodenectomy (PD) is still the classic method of treatment of benign and malignant
tumors of the pancreas, ampullary and duodenum. However, the incidence of postoperative
complications is still higher than 30-40% due to complicated procedures (Gouma et al., 2000;
Bassi et al,, 2001). Pancreaticojejunostomy is the most important and complicated procedure
in PD surgery. Pancreatic fistula is the most serious complication after pancreaticojejunostomy
(Karim et al., 2018). Severe pancreatic fistula can cause abdominal infection and hemorrhage,
and even progress to severe sepsis. Therefore, it is recommended to use pancreatic duct stents

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 99

June 2021 | Volume 9 | Article 686207


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2021.686207
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fbioe.2021.686207
http://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2021.686207&domain=pdf&date_stamp=2021-06-04
https://www.frontiersin.org/articles/10.3389/fbioe.2021.686207/full
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Pan et al.

3D-Printing Radiopaque Chitosan Ducts

to reduce complications and mortality during PD and middle
segment pancreatectomy. To drain pancreatic fluid, placement
of a silicone rubber stent into the main pancreatic duct has
been proven to be an ideal method to promote anastomotic
healing by preventing trypsin from corroding the anastomosis
in the early postoperative stage and by reducing the incidence
of postoperative pancreatic fistula (Isayama et al, 2016).
However, as these materials are non-degradable and -easily
cause inflammation after long-term use, their applications are
limited. Some studies have used polylactic acid (PLA) to prepare
pancreatic duct stents (Yang et al., 2019). However, the high
modulus of this material, which is not consistent with that of soft
tissue, is prone to induce damage and inflammation during its
use, and it takes a long time to degrade. Therefore, it is necessary
to develop a material with a suitable degradation time and
Young’s modulus for the preparation of pancreatic duct stents.

Various methods have been used to prevent anastomotic
fistula, but the study results show that they produced little
difference in the rate of pancreatic fistula, and the incidence of
B-grade and C-grade pancreatic fistula is still as high as 19.8%
(Peng et al., 2002; Bassi et al., 2017). Therefore, it is of great
significance to reduce the incidence of early pancreatic fistula
by developing a new pancreatic duct stent material. Traditional
silicone rubber tubes are inert materials and have no biological
activity. However, with the increasing application of natural
biodegradable materials in clinical practice, this shortcoming can
be effectively solved.

Chitosan (CS), which is the deacetylated form of chitin
(degree of deacetylation >50%), is a naturally occurring
polymer and the second most abundant natural biopolymer
after cellulose (Ahmed and Tkram, 2016). CS is an excellent
biocompatible polymer with a range of properties, such
as non-toxicity, biodegradability, antimicrobial and immune-
modulatory activities (Anitha et al., 2014). Most importantly,
CS has the potential to promote soft tissue healing (Ahmed
and Tkram, 2016). Our previous research (Zhao et al., 2020)
studied the preparation of extrusion-based 3D printing of CS
ducts for soft tissue engineering. It was found that the mechanical
properties of these CS ducts matched well with those of soft tissue
and had great potential in soft tissue engineering.

When a biodegradable stent is developed, it is essential to
know how long it will take to degrade. This means that we
must be able to track its degradation in vivo. In future clinical
applications, postoperative follow-up observation of patients is
very important. X-ray imaging technology is an effective and
convenient method for detecting and evaluating the position and
shape of implant materials (Sang et al., 2014; Houston et al.,
2017). Traditional polymer molecules should be endowed with
radiopaque properties to meet medical requirements. Barium
sulfate is the common imaging agent used to enhance the
imaging effects of polymers in the body and facilitate the dynamic
observation of implant material changes after surgery.

It is very difficult to prepare the complicated structures
of ducts by traditional manufacturing technologies, whereas
the emergence of 3D printing provides vast opportunities for
personalized medicine (Shi and Huang, 2020). In this study,
based on clinical requirements, radiopaque pancreatic duct

stents using degradable CS and barium sulfate were prepared
by extrusion-based 3D printing technology for the first time.
To evaluate the mechanical matching of CS-BaSO4 (CS-Ba)
to pancreatic tissue, the mechanical properties of CS-Ba were
tested during its degradation in simulated pancreatic juice (SPJ).
The biosafety and applicability of the CS-Ba composites were
evaluated by biocompatibility testing in vitro and in vivo. In
addition, the radiopaque effects of CS-Ba ducts were studied
in vivo. Overall, this study will verify the advantages of
extrusion-based 3D-printed CS-Ba ducts as pancreatic duct stents
in many aspects.

EXPERIMENTAL

Materials

Three CS samples (deacetylation: 95%) with different molecular
weights, including low molecular weight (50,000 g/mol, LCS),
medium molecular weight (200,000 g/mol, MCS), and high
molecular weight (500,000 g/mol, HCS) CS, were purchased
from Cool Chemical Science and Technology Co., Ltd., China.
Barium sulfate (BaSO4, 99%), glycolic acid (GA) (C;H403, 98%)
(GA), potassium hydroxide (KOH, 85%), sodium chloride (NaCl,
99.5%), and the analytical reagent ethanol (C,HgO, 99.7%) were
purchased from Sinopharm Chemical Reagents Co., Ltd., China.
Additionally, pancreatin from porcine pancreas was purchased
from Sigma-Aldrich, St. Louis, MO, United States; the Live-
Dead Cell Staining Kit was from Dalian Meilun Biotechnology
Co., Ltd., China; the mouse TNF-a/IL-10 Quantikine ELISA
Kit was purchased from R&D Systems, United States; and
the DNA Content Quantitation Assay Kit (Cell Cycle) and
lipopolysaccharide (LPS) were purchased from Beijing Solarbio
Science & Technology Co., Ltd., China. Mouse fibroblasts (1929
cells) and mouse RAW264.7 macrophages were purchased from
Shanghai Cell Bank, Chinese Academy of Sciences, and Sprague-
Dawley (SD) rats were purchased from Experimental Animal
Center, Fujian Medical University.

Preparation of the solution of artificial SP] was performed
according to Charteris et al. (1998) and Del Piano et al. (2008).
A solution containing 0.1% pancreatin and 0.5% sodium chloride
was prepared using deionized water, and the pH was adjusted to
8.0 by the addition of NaOH.

Duct Preparation

CS-Ba ducts were prepared with a weight mixing ratio of 23%
barium sulfate to CS with different molecular weights. GA was
added for dissolution at a ratio of solute to solvent of 1:4, and
the mixture was stirred evenly. Combination with rotation-axis
and slurry-extrusion 3D printing (cRS3DP) was used to fabricate
CS-Ba ducts. A stepping motor was used to drive the quartz rod
to match the speed. In this study, the 3D printing parameters
were as follows: the printing layer (d.) was 0.4 mm in each layer,
the printing speed (v.) was 4 mm/s, and the air pressure was
0.8 MPa, the diameter of the rotary axis (d) was 2 mm, the moving
speed of the syringe needle (v) was 0.12 mm/s and the rotary
speed of the rotary axis (x) was 0.29 r/s (Zhao et al., 2020). The
number of printing layers was adjusted according to the required
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diameter of the ducts. The duct cavity diameter was determined
by the diameter of the quartz rod. The function of the quartz rod
was to act as a rotary axis driven by a stepper motor for slurry
deposition. The printed quartz rod and CS-Ba ducts were soaked
in KOH for 12 h and then transferred to deionized water for 12 h.
Finally, the quartz rod in the middle of the ducts were removed,
and the shaped ducts were stored in deionized water for later use
(diagram shown in Figure 1). Because the quartz rod is smooth,
it is easy to remove from the ducts.

X-ray Diffraction (XRD) Patterns and
Fourier Transform Infrared Spectroscopy
of CS-Ba Ducts

The sample was placed on a sample stage for analysis. A Cu target,
a tube voltage of 40 kV, a tube current of 5 mA, continuous
scanning at 26 = 5-85°, a scanning speed of 5°/min, and a
step size of 0.02° were used. Fourier transform infrared (FTIR)
was used to characterize functional groups with the following
parameters: infrared scanning range, wavelength range of 4,000-
650 cm ™!, resolution of 4 cm ™!, and 16 scans.

In vitro Swelling and Degradation Tests

of the CS-Ba Ducts

Different molecular weights of CS mixtures (LCS-Ba, MCS-Ba,
and HCS-Ba) (n > 15 per group) were accurately weighed after
drying at 65°C for 24 h and soaked in SPJ solution. The ratio
of mass to solvent was 1:30 g/mL, and the solution was changed
every other day to maintain the activity of pancreatin. At 2,
4, 8, 12, and 16 weeks, three samples from each group were
removed and weighed after washing and drying at 65°C for 24 h.
The degradation rate was calculated as the degradation rate =
[(Wo - W ) / Wo] x 100% (where Wy is the original weight
and W’ is the dried weight). To observe the degradation of
CS-Ba by pancreatin in this study, an SPJ solution without
pancreatin was created (with the other conditions remaining
the same), and the degradation rates of the samples in the SP]
solutions were compared.

To evaluate the changes in the water swelling rates of the
samples during the degradation process, samples from different
groups were removed at 4, 8, and 16 weeks, and after the
water on the surface of the samples was wiped dry with filter
paper, W was recorded. The samples were placed in an oven
and weighed upon reaching a constant weight to determine
Wgq. The swelling percentage was calculated as follows: S% =
[(Wo — Wg) /Wo] x 100%.

Mechanical Strength Measurements of
the CS-Ba Rods

The samples were made into cylindrical tensile samples with
cross sections approximately 1.5 mm in diameter. A universal
testing machine (CMT4304 and SANS) with a tensile speed of
10 mm/s was used to test each sample’s original tensile strength,
Young’s modulus and fracture stress according to ISO 527-1 2012.
Samples were soaked in the alkaline SPJ solution. The mechanical
properties of the samples were tested at 4, 8, and 16 weeks and

compared with the original mechanical properties to observe the
mechanical strength changes during the degradation process.

CS-Ba Duct Cell Viability Assays

The MTT method was used to test the in vitro cytotoxicity of
different molecular weight of samples. Extraction of the sample:
According to I1SO 10993-12:2012 (E), the extraction ratio was
0.2 g/mL, the extraction medium was modified Eagle medium
(MEM) medium containing 10% fetal bovine serum (FBS), the
extraction temperature was (37 £ 1)°C, and the extraction
time was (24 = 2) h. The blank control group used MEM
containing 10% FBS, the negative control group was a high-
density polyethylene (HDPE) extract group, and the positive
control was a complete medium containing 0.64% phenol. The
absorbance was measured at 570 nm with a microplate reader,
and the survival rate (%) was calculated according to the
following formula:

Cell viability (%) = (ODs79e/ODs7gp) x 100%,

where ODs7q, is the absorbance of the 100% extract and ODsyqy
is the absorbance of the blank group. If the cell survival rate
is less than 70% that of the blank cells, the compound is
potentially cytotoxic.

Live/Dead Fluorescence Staining

One hundred microliters of L929 cells were inoculated into a 96-
well plate at a density of 1 x 105 cells/mL per well. The cells were
incubated with complete medium for 24 h, and then the complete
medium was replaced with the corresponding sample extract.
After incubation for 24 or 48 h, the extract was discarded and
the cells were washed with PBS twice. The dyes calcein-AM and
propidium iodide (PI) were added followed by incubation at 37°C
in the dark for 30 min. The staining solution was discarded, and
100 LL of PBS was added. The morphology and viability of the
cells were observed under an inverted fluorescence microscope.
Green fluorescence indicated living cells, and red fluorescence
indicated dead cells.

Cell Cycle Detection

1929 cells were cultured with extracts of the three kinds of
ducts (The extraction method of sample extract was shown in
section “CS-Ba Duct Cell Viability Assays”), and the control
group was cultured with complete medium. After 24 h, the
cells were digested with 0.25% trypsin to prepare a single cell
suspension, which was fixed with 70% ice ethanol for 24 h.
After centrifugation at 1000 rpm, the cells were washed with
PBS twice and incubated at 37°C for 30 min after the addition
of 0.25 mg/mL RNase. Next, PI solution was added followed by
incubation at 4°C for 30 min. The supernatant was discarded
after centrifugation, and 500 wL of PBS was added. Cell cycle
changes were measured with a BD Accuri C6 Plus cytometer
(United States).

Hemolysis Assay
Rat blood (1 mL) was centrifuged for 10 min at 3000 rpm, the
upper serum was discarded, and the samples were washed three
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times with PBS. Then, 20 wL of red blood cells were treated by
the addition of 500 L of PBS extract with different molecular
weights of CS-Ba samples, which were exposed to ionizing
water and PBS as positive and negative controls, respectively,
for 4 h at 37°C. The absorption sensitivity of the hemoglobin
in the liquid was monitored with an ultraviolet spectrometer
after centrifugation for 10 min at a speed of 3000 rpm, and
the hemolysis rate (HR) of the solution was calculated using
the following formula. In the formula, A;, Ap., and Ay are the
absorbance of the supernatant at 540 nm for the test sample
and the positive and negative controls, respectively. HR (%) =
(At — Anc) /(Apc — Anc) x 100% .

Measurement of the Production of

Inflammatory Factors in vitro

Mouse RAW 264.7 macrophages were cultured in Dulbecco’s
modified Eagle medium (DMEM) containing 10% FBS. The
concentration of the cells was adjusted to 1 x 10°/mL in complete
culture medium. The cells were inoculated into 96-well plates
at 100 pL per well. After 24 h of culture, the original culture
medium in the wells was discarded. The negative control group
was supplemented with 100 pL of complete culture medium,
and the positive control group was supplemented with complete
culture medium containing 1 wg/mL LPS. Then, the LCS-
Ba, MCS-Ba, and HCS-Ba samples were added to the extract
solution. The supernatant of the cell culture was extracted
24 h later, and the TNF-a and IL-10 contents were determined
with ELISA Kkits.

Animal Experiment

The animal research protocol was approved by the Experimental
Animal Ethical Committee of Fujian Medical University (No:
2020-0022). Thirty-two SD rats weighing 200-250 g were
randomly divided into four groups. The control group was
implanted with inert silicone rubber tubes, and the other groups
were implanted with LCS-Ba, MCS-Ba, and HCS-Ba ducts.
Each duct was placed in the abdominal cavity and fixed to
the surface of the pancreas with 5-0 non-absorbable sutures
(as shown in Figure 4A). Serum amylase was then measured
in blood from the tail vein of three rats in each group 1 day
before surgery and 1, 3, and 7 days after surgery. Eight and
sixteen weeks after the operation, the radiopaque performance
and degradation of the CS-Ba ducts in each group of rats
were observed by X-ray, and venous blood was taken for the
detection of liver and kidney function. Then, four rats from
each group were euthanized, and the pancreatic tissues around
the ducts were taken as pathological sections to observe the
inflammation of the tissues around the ducts. During the 16th
week, the hearts, liver, spleen, lungs and kidneys of the rats
were taken for hemoxylin-eosin (HE) staining to observe the
toxicity of the test materials in vivo after long-term implantation.
Finally, the removed ducts were cleaned and dried to a constant
weight, and the duct degradation rate was determined after
comparison with the weight before implantation. The surface
morphologies of the materials were observed by scanning
electron microscopy (SEM).

Statistical Analysis

All experiments were repeated three or more times (n > 3) and
the data are presented as mean =+ SD. Statistical analysis was
performed using one-way ANOVA, and P < 0.05 was considered
statistically significant.

RESULTS AND DISCUSSION

Due to the limitations of biodegradable materials, many stents
that have been researched have a long degradation time and
high Young’s modulus, which restricts their scope of clinical
use (Parviainen et al., 2000; Laukkarinen et al., 2008; Nordback
et al., 2012). Therefore, it is necessary to constantly explore
new materials and develop pancreatic duct stents that are more
suitable for clinical needs. As a natural biopolymer material, CS
has been widely studied and used in various disciplines due to
its excellent biological properties (Griffon et al., 2005; Biazar
and Heidari Keshel, 2014; Dan et al., 2016). However, there are
few studies on its use as a pancreatic duct stent. Based on the
above experimental results, this study will verify the feasibility
and safety of CS as a pancreatic duct stent from multiple aspects,
such as its degradation performance, mechanical properties and
biocompatibility.

Preparation and Identification of CS-Ba

Ducts

The preparation of 3D CS ducts is currently difficult. Due
to the characteristics of CS, it cannot be 3D printed by
thermal processing, and CS ducts prepared by the freeze-drying
method are not suitable for pancreatic duct stents due to their
irregularities and large porosity (Ao et al., 2006; Nawrotek et al.,
2016). Irregular and large pores may cause pancreatic fluid to
leak from the lateral wall of the catheter and thus corrode the
surrounding anastomotic tissue, causing anastomotic damage.
Therefore, CS ducts were prepared by 3D printing by extrusion
molding and it was verified that the use of GA to dissolve
CS can achieve the best biocompatibility (Zhao et al., 2020).
To implant CS in the body and obtain good visualization, we
added barium sulfate to the CS to prepare a slurry. The infrared
spectra of CS and different molecular weights of CS-Ba samples
are shown in Figure 2A. The main functional groups of CS
included NH, (1596 cm™1), C = O-NHR (1658 cm™!), axial C-H
(2868, 2922 cm™!), and —OH and N-H (3400 cm™") (Barbosa
et al, 2019). The characteristic peaks of SO42~ were located
at 1195, 1120, and 983 ¢cm™!, corresponding to symmetrical
vibrations, and the out-of-plane vibrations of SO42~ at to 610 and
636 cm™! (Sivakumar et al., 2015). The CS-Ba ducts prepared in
this study had obvious vibration peaks in both places, indicating
that the synthesized product contained barium sulfate particles.
In addition, comparison of the spectra of different molecular
weights of CS showed that the basic skeleton structure of the CS
molecules did not change, indicating that the molecular weight
had little effect on the chemical structure. Figure 2B shows the
XRD patterns of CS and CS-Ba with different molecular weights.
The spectrum of pure CS showed two characteristic diffraction
peaks at 11.40 and 20.20°. These are the characteristic peaks of
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the semicrystalline structure of CS (Samanta and Ray, 2014). The
diffraction peaks from CS-Ba at 26 = 25.8, 26.8, 28.7, 32.8, 41.6,
42.6, 45.9, 48.2, 60.8, 65.8, and 75.8°correspond to the barium
sulfate standard diagram (210), (102), (211), (020), (022), (113),
(411), (402), (232), (224), and (125) crystal planes (PDF#83-
2053). The presence of these peaks indicated an increase in
local crystallinity.

As shown in Figure 3, the color of the extrusion-based 3D
printed CS-Ba ducts was light yellow, and there was no significant
difference in the color between the different molecular weights

of CS-Ba ducts. The CS-Ba duct surfaces were relatively smooth,
their shapes were regular, and they had good flexibility after
the absorption of water and subsequent expansion. In the dry
state, the duct walls became hard, and hollow ducts had good
patency from the side view (Figures 3A-E). Electron microscopy
observations showed that the surfaces of the ducts prepared by
the extrusion method were uniform and flat with dense structures
and little particle deposition (Figures 3F-K). It was found that
the CS-Ba ducts prepared by this method had a dense structure
with regular microfibers on the surface and few holes. This dense
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FIGURE 3 | SEM and visual observations of the CS-Ba ducts prepared by extrusion-based 3D printing. (A, C-E) Macro morphologies of the LCS-Ba, MCS-Ba, and
HCS-Ba samples in different positions (0-silicone rubber, 1-LCS-Ba, 2-MCS-Ba, and 3-HCS-Ba). (B) A silicone rubber tube was used as a control. (F-K) Radial

micromorphology of the LCS-Ba (F), MCS-Ba (G), and HCS-Ba (H) ducts.

structure can prevent pancreatic juice from leaking from the
wall to the outer side and corroding anastomotic tissue. The
microstructure confirmed that the CS-Ba ducts prepared by this
method were suitable for use as pancreatic duct stents during
pancreaticojejunostomy.

Degradation of CS-Ba in SPJ and in vivo

The ideal biomaterial needs a degradation rate that matches
the rate of tissue regeneration to ensure normal healing of
the anastomosis after pancreaticojejunostomy while avoiding
complications such as anastomotic stenosis caused by rapid

degradation of the stents. The most optimal degradation time
of the pancreatic duct stent is approximately 3-6 months.
Enzymatic hydrolysis is one of the important ways of chitosan
degradation in vivo. In addition to specific enzymes such
as chitinase, chitosanase, and lysozyme, chitosan can also be
degraded by non-specific enzymes such as cellulase, lipase, pepsin
and papain (Lee et al., 2008; Suwan et al., 2009; Pan et al,
2016). Lysozyme is the main chitosan degrading enzyme in
the human body. However, pancreatin is the enzyme that is
directly contact with the CS-Ba ducts. In this study, we compared
the degradation of CS-Ba ducts in solutions both with and
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without pancreatin (Figure 4F). The results showed that the
degradation of the three types of CS-Ba ducts in the SP] solution
containing pancreatin was significantly faster than that of the
ducts in the SPJ solution without pancreatin (P < 0.05). In
the SPJ solution containing pancreatin, the degradation rate
of the LCS-Ba ducts was significantly faster than that of the
MCS-Ba and HCS-Ba ducts (P < 0.05). The environment of
human pancreatic juice is weakly alkaline (pH 7.8-8.4). Under
weakly alkaline conditions, the digestive effects of pancreatin
are the strongest. In a pH > 6 environment, the dissolution

rate of CS is reduced due to the deprotonation of the amino
groups present (Matica et al, 2019). Therefore, under the
combined effects of many factors, the SPJ solution containing
pancreatin can degrade CS-Ba ducts faster than the SP] solution
without pancreatin. In addition, the molecular weight is an
important factor that affects the degradation of CS—the lower
the molecular weight is, the faster the degradation rate will be
(Varoni et al., 2018). Therefore, the molecular weight of CS
can be adjusted to meet the degradation time requirement of
pancreatic duct stents.
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Figure 4E displays the mass losses of the CS-Ba ducts after
implantation. Compared with the original masses, the average
mass losses of LCS-Ba, MCS-Ba, and HCS-Ba after 8 weeks
of implantation were 6.37, 5.25, and 4.77%, respectively, and
the average mass losses after 16 weeks were 16.34, 12.85, and
10.16%, respectively. We found that the degradation rate of
LCS-Ba was significantly faster than the rates of MCS-Ba and

HCS-Ba (P < 0.05). Moreover, the degradation rates of the
different molecular weights of CS-Ba ducts were found to be
significantly faster in vivo than in vitro, which was related to
the wet environment inside the body and the acidic nature
of cellular metabolites. The body temperature and lysozymes
also promoted the degradation of the materials. As shown in
Figure 4B, images of the ducts after degradation showed that
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FIGURE 6 | Different molecular weights of CS-Ba ducts induced RAW 264.7 macrophages to secrete (A) TNF-a and (B) IL-10 (* represents P > 0.05, ** represents
P < 0.05 compared with the positive control; # represents P < 0.05 compared with the negative control).
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tissue, and few inflammatory cells were found (1) (magnification 400x).
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FIGURE 7 | HE staining of the pancreas and surrounding tissues at the duct contact site at 8 and 16 weeks. There was no obvious abnormality in the pancreatic

| MCS-Ba

HCS-Ba |

the color became black, the texture became brittle, and part of
the ducts appeared to be deformed and broken. The ducts at
different time points were observed by SEM, and very small
scaffold fragments and etched cavities appeared on the surface
of each group at 8 weeks. With further degradation at 16 weeks,
the surface cracks of the ducts deepened, parts of the ducts
collapsed and the etched cavity increased. The changes in the
LCS-Ba ducts were the most obvious among all of the ducts
(Figures 4C,D). In addition, during degradation in the body,
the surface of the material gradually turned from pale yellow
to black. This phenomenon is very similar to the darkening
of CS after heat treatment, radiation treatment or the Maillard
reaction (Yue, 2014; Shamekhi et al., 2017). The essence of the

Maillard reaction is the condensation reaction between carbonyl
ammonia. Since most of the enzymes in the body are proteins,
their carboxyl group and the amino group of chitosan may react
under certain conditions to produce the complex black polymer
protein melanin, leading to blackening of the surface of the ducts.

In vitro and in vivo Biocompatibility of
CS-Ba Ducts

Any medical device applied to the human body must undergo
toxicity testing before clinical application. Chitosan has
been proven to be a natural polymer material with good
biocompatibility. Although barium sulfate has been widely used
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FIGURE 8 | Strength and Young’s modulus of CS-Ba ducts during
degradation in SPJ solution compared with viscera and other biopolymers.

as a gastrointestinal contrast agent, its toxicity as a CS-Ba mixed
material duct is unclear. Figure 5B shows that the cell survival
rate of L929 cells treated with CS-Ba with different molecular
weights was greater than 70%. Moreover, the cell survival rate
of each group was significantly better than that of the positive
control group (P < 0.05). Figure 5A shows that the number
of cells increased rapidly over time, and the cells were in the
full state. From the above results, it was proven that the CS-Ba
ducts had no obvious cell cytotoxicity. Additionally, hemolysis is
regarded as a primary and credible method of judging the blood
compatibility of implants, and values up to 5% are permissible
for biomaterials (Liu et al., 2017). If the material of a pancreatic
duct stent cause hemolysis, since it is in direct contact with
the blood around the anastomotic site, it will affect the blood
supply of the anastomotic site tissue, thus affecting healing. In
this study, the red blood cells incubated with different CS-Ba
compound extracts showed no obvious hemolysis (a HR of
almost 0), indicating that the CS-Ba compounds had good blood
compatibility (Figure 5D).

To further explain the effects of the CS-Ba degradation
products on the proliferation cycle of L929 cells, we quantitatively
analyzed the cell proportions in each phase of proliferation by
flow cytometry. From Figure 5C, we found that the number of
cells in the GO/G1 phase was significantly lower in the three CS-
Ba groups than in the control group, while the proportion of
cells entering the S and G2/M phases in the three CS-Ba groups
was higher, indicating that the CS-Ba extract contains ingredients
that promote cell proliferation. Muzzarelli et al. (1988) believed
that CS functions similarly to glycosaminoglycans because of
its structural properties. As important glycoproteins in the
extracellular matrix, glycosaminoglycans play an important role
in cell proliferation, differentiation and morphogenesis. Thus, CS
could promote the growth of fibroblasts in the anastomotic tissue
and accelerate anastomotic healing after pancreatoenterostomy.

Macrophages regulate tissue healing by secreting different
inflammatory factors during the early and late stages of healing

(Mirza et al, 2009; Rodero and Khosrotehrani, 2010; Koh
and DiPietro, 2011; Mahdavian Delavary et al., 2011). In the
early stage of healing, macrophages secrete proinflammatory
factors (TNF-a, IL-1, and IL-6, etc.), proteases and reactive
oxygen radicals to enhance the inflammatory response against
pathogens at the damaged site. In the stage of tissue formation,
macrophages secrete anti-inflammatory factors (IL-10, etc.) and
phagocytic apoptotic cells to promote the regression of wound
inflammation and initiate tissue repair. However, overexpression
of inflammatory factors will disrupt the balance of the local
immune environment and cause the overexpression of fibroblasts
in the late stage of healing, leading to the occurrence of
anastomotic stenosis. Therefore, the in vitro inflammatory factor
induction experimental results were studied. As shown in
Figure 6, we found that LCS-Ba, MCS-Ba and HCS-Ba did
not induce an excessive inflammatory response in macrophages
(P> 0.05).

Rats have been widely used in animal studies of changes
in acute pancreatitis (Gill et al.,, 1989). In animal experiments,
CS-Ba ducts were fixed onto the surface of the pancreas in
rats for evaluation so that they fully touched the pancreatic
parenchyma. At the same time, we used the silicone tube for
comparison, because it is an inert non-degradable material and
is the most commonly used material for pancreatic duct stents.
Serum amylase is the most sensitive hematological index in acute
pancreatitis, and its changes mainly occur in the early stage.
Therefore, rat serum amylase was tested in the first week after
surgery. The results showed that except for a transient increase in
amylase on the first day after the operation, the levels returned
to near normal after 3 days (Supplementary Figure 1b). This
result showed that the CS-Ba materials did not cause acute
inflammation of the pancreas. Additionally, in the histological
specimens at 8 and 16 weeks (Figure 7), pancreatic acinar cell
vacuolation, fibrosis and granuloma were not found. However,
a small amount of inflammatory cell infiltration was observed.
This result does not reflect chronic toxicity of the material to the
tissue. In addition, HE staining of the heart, liver, spleen, lung and
kidney of the rats and blood biochemical indexes confirmed that
CS-Ba did not have obvious toxicity to the important organs in
the body after exposure for a long period of time (Supplementary
Figures 1c-f, 2).

Mechanical Properties of CS-Ba Ducts
and Their Matching With Soft Tissue

Mechanical properties are key factors that affect tissue
regeneration in addition to biocompatibility. Matching of
the Youngs modulus of the implant material with that of
the tissue can reduce complications such as tissue damage,
inflammation, and necrosis and contribute to cell adhesion
and tissue regeneration (Lee et al., 2019). Figure 8 shows the
comparison between the mechanical properties of CS-Ba in
the degradation process with other polymers and soft tissues
(Ashby, 2011; Jang et al., 2018; Liravi and Toyserkani, 2018).
The elastic modulus and strength of soft tissues are generally
low, as the Young’s modulus of human internal organs is lower
than 0.001 GPa. Currently, a silicone rubber stent is commonly
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FIGURE 9 | Tensile properties of CS-Ba rods manufactured with different molecular weights. (A) Fracture strain, tensile strength, and Young’s modulus. [(@-c) In SPJ
solution with pancreatin. (d—f) In SPJ solution without pancreatin]. (B) Tensile stress and strain curves. [(a, d) LCS-Ba rods. (b, €) MCS-Ba rods. (c, f) HCS-Ba rods.].

used for pancreaticojejunostomy, and it has a Young’s modulus
of 0.006-0.02 GPa. Compared with other degradable polymers,
such as PLA (Young’s modulus of 2-4 GPa and strength of 40-
70 MPa), the Young’s modulus of silicone rubber is more suitable
for the repair of soft tissues such as the pancreas, but its inability
to degrade limits its further applications. In this study, the
Young’s modulus of CS-Ba increased in the early stage and then
decreased but was still 0.01 GPa after 16 weeks, which is close
to the modulus of the human viscera. During degradation, the
strength continued to decline; however, it could be maintained
at 3-4 MPa after 16 weeks, which represents a good supportive
effect compared with internal organs. It could prevent the

anastomotic site from collapsing and causing stenosis. In this
study, the original Young’s modulus of three molecular weights
of CS-Ba ducts was approximately 8-10 MPa, which is slightly
lower than the mechanical properties of the pure CS previously
studied (Zhao et al., 2020). This is because the blended system
of the polymer and heavy metal salt cannot guarantee fusion
of the two phases and is prone to incompatibility or two-phase
separation, which will become a source of fracture and affect
the mechanical properties of the final material (Rawls et al,
1990). At the 16th week of degradation, the tensile strengths and
Young’s modulus of the CS-Ba ducts were basically the same as
those of silicone elastomers, which indicated that after 16 weeks
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FIGURE 10 | Radiopaque performance of CS-Ba ducts with different molecular weights during the degradation process in vivo.
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of degradation of CS-Ba ducts, their mechanical properties
maintained sufficient support for the drainage of pancreatic fluid,
and no corresponding collapse occurred.

An interesting phenomenon appeared in this study. As shown
in Figure 9A, in SP] solution, the breaking strain and tensile
strength of CS-Ba with different molecular weights decreased

with increasing degradation time, and the lower the molecular
weight was, the faster was the rate of decline (P < 0.05).
In the SPJ solution without pancreatin, the fracture strain
decreased in the early stage but did not decrease further after
4 weeks. There were no obvious changes in the tensile strength,
indicating that the degradation of the material was not obvious
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in the alkaline solution. Interestingly, the Young’s modulus
of the materials increased in the early stage but decreased
in the late stage in the SPJ group containing pancreatin for
the different molecular weights of CS-Ba samples. In the SPJ
solution without pancreatin, the modulus remained unchanged
after the initial increase and did not continue to decrease.
This change rule can be clearly seen in the stress-strain curve
(Figure 9B). This result was similar to the change trend of
the water absorption rate of the material (Supplementary
Figure 3). In the early stage, the water absorption rate decreased,
and the material became hard. As degradation progressed, the
water absorption rate slowly increased. This phenomenon also
appeared during the degradation process of electrodeposited CS
catheters in Nawrotek et al.’s (2020) study. This may be due to
the deprotonation of the CS amine groups in the early stage
under alkaline conditions, the reduction in ion repulsion, and
the strengthening of molecular connections through hydrogen
bonds and hydrophobic interactions, making the texture of the
material harder, increasing the Young’s modulus, and decreasing
the water absorption rate. In the solution with pancreatin, as
the degradation progressed, cracks or holes appeared on the
surface of the material, allowing water to enter the inside of the
material, causing the water absorption rate to increase and the
modulus to decrease. In the alkaline solution without pancreatin,
the tensile strength of CS-Ba did not change significantly, while
the Young’s modulus increased and did not decrease in the later
stage. The results confirmed that pancreatin can accelerate the
degradation of CS-Ba.

Cs-Ba Ducts With Good Radiopaque

Properties
In most polymer materials, the macromolecular chain only
contains elements with a low electron density and low specific
gravity such as C, H, O, and N. There are no elements with
a high electron cloud density (such as halogens or metal
elements), so the materials cannot be radiographically tested.
To overcome this inherent defect, traditional polymer molecules
must be endowed with radiation-impermeable properties to
meet medical needs. In this study, degradable radiopaque CS-
Ba ducts were prepared so that the ducts could be detected by
X-ray after implantation. Nordback et al. (2012) verified that
PLA stents mixed with 23% barium sulfate have good radio-
opacity effects. From Figure 10, X-ray observations indicated that
the imaging effects of the ducts containing 23% barium sulfate
were significantly better than those of the silicone rubber tube.
With increasing implantation time, the duct radiopaque status
was slightly decreased compared with the initial status, and the
peripheral duct edge in the LCS-Ba group became blunt, but
the outline was still not deformed, indicating that the CS-Ba
ducts can maintain a certain radial support force after 16 weeks.
In addition, the imaging performance was good, which is very
beneficial for future observations and follow-up after the material
is implanted in the human body.

As mentioned above, this study investigated the process,
microstructure and performance of CS-Ba ducts for
pancreaticojejunostomy tissue repair. The microstructure

of the CS-Ba ducts was analyzed by SEM, FTIR, and XRD.
The tensile strength, Young’s modulus and fracture strain of
CS-Ba ducts were measured to evaluate the degree of mechanical
matching to pancreatic tissue. The degradation performance and
biocompatibility of CS-Ba ducts of different molecular weights
in SPJ in vitro and in vivo were also studied. The radioopacity
of the CS-Ba ducts in the body was evaluated. There are still
some shortcomings in this study. The best degradation time
of the pancreatic duct stent is approximately 3-6 months, but
the degradation rate of 50,000 g/mol molecular weight chitosan
in this study was still unable to meet its needs. Therefore, in
future work, we will try to further reduce its molecular weight to
regulate the degradation time of the stent and use large animals,
such as pigs, for further verification.

CONCLUSION

This study verified the advantages of extrusion-based 3D printed
CS-Ba ducts as pancreatic duct stents. The following conclusions
can be drawn:

1. CS-Ba ducts prepared by this method have the following
advantages: compact and ordered structure, good molding
effects, and a simple preparation method. The length and
diameter of the CS-Ba ducts can be adjusted to customize
personalized pancreatic duct stents for the patient.

2. CS-Ba ducts possess mechanical properties that
match those of soft tissues, and they can meet the
degradation time required for the healing of the
pancreaticojejunostomy by controlling the molecular
weight of CS. In an in vitro study, it was shown to have
the potential to promote the growth of fibroblasts,
which could accelerate anastomotic healing after
pancreatoenterostomy.

3. The CS-Ba ducts had a good radiopaque performance and
could be detected by X-ray after surgery. In conclusion,
extrusion-based 3D-printed CS-Ba ducts can feasibly
replace silicone rubber tubes as pancreatic duct stents and
have considerable application potential in the future.
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Objective: To evaluate the efficacy and safety of endoscopic variceal ligation +
endoscopic injection sclerotherapy (EVL+EIS) to control acute variceal bleeding (AVB).

Methods: Online databases, including Web of Science, PubMed, the Cochrane Library,
Chinese National Knowledge Infrastructure (CNKI), China Biology Medicine (CBM) disc,
VIP, and Wanfang, were searched to identify the studies comparing the differences
between EVB+EIS and EVB, EIS from the inception of the databases up to December
30, 2020. STATA 13.0 was used for the meta-analysis.

Results: A total of eight studies involving 595 patients (317 patients in the EVL group and
278 patients in the EVL+EIS group) were included. The results of the meta-analysis did
not reveal any statistically significant differences in the efficacy of acute bleeding control
(P = 0.981), overall rebleeding (P = 0.415), variceal eradication (P = 0.960), and overall
mortality (P = 0.314), but a significant difference was noted in the overall complications
(P =0.01).

Conclusion: EVL is superior to the combination of EVL and EIS in safety, while no
statistically significant differences were detected in efficacy. Further studies should be
designed with a large sample size, multiple centers, and randomized controlled trials to
assess both clinical interventions.

Keywords: esophagogastric variceal bleeding, endoscopic variceal ligation, endoscopic injection sclerotherapy,
cirrhosis, meta- analysis

BACKGROUND

Esophagogastric variceal bleeding (EVB) is the most dangerous complication of decompensated
cirrhosis (1). Most of the patients with liver cirrhosis have symptoms of esophagogastric varices,
with an increase in the incidence by 7% per year (2). EVB is the main influencing factor for the
increased mortality in patients with liver cirrhosis (3). The mortality of the first bleeding was about
20-30% if an active intervention was not carried out (4). Within 2 years after the first bleeding, the
rebleeding rate and mortality increased significantly, which threatened the safety of patients (5).
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However, the secondary prevention of EVB in liver cirrhosis
mainly includes endoscopic treatment, non-selective beta-
blocker drugs (NSBBs), transjugular intrahepatic portosystemic
shunt (TIPS), and surgical treatment (6); all these methods have
limited curative effects. Although the evidence is not convincing,
guidelines recommend the use of ligation and vasoactive drugs as
first-line therapy for acute variceal bleeding (AVB) (7).

In the development of endoscopic therapy technology,
sclerosing agent injection, tissue glue injection, vein ligation,
and several other technical methods have emerged gradually
to control acute bleeding and prevent rebleeding (8). Previous
studies and meta-analyses have shown that vasoactive drugs
and sclerotherapy are better than sclerotherapy alone (9).
However, the clinical outcomes were not evaluated with respect
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to endoscopic variceal ligation (EVL) combined with endoscopic
injection sclerotherapy (EIS). Thus, we conducted a meta-
analysis to investigate the efficacy and safety of EVL+EIS to
control AVB.

METHODS

Inclusion and Exclusion Criteria

Inclusion Criteria

(1) Patients: Liver cirrhosis patients with AVB >18 years old.
Among them, nationality and race. are not limited.

(2) Interventions: Clinical interventions are EVB combined with
EIS, EVB, or EIS.

(3) Outcomes: Bleeding control rate, risk of overall rebleeding,
rebleeding rate, overall mortality, and complications.

(4) Study design: Types of included studies are retrospective,
prospective, and randomized controlled trials (RCTs).

Exclusion Criteria

(1) Patients with  hepatocellular
other malignancies.

(2) Publications based on animal experiments.

(3) Duplication, abstract, conference papers, and articles
without detailed data were also excluded.

cell carcinoma or

Database Search Strategy

The online databases, including Web of Science, PubMed, the
Cochrane Library, Chinese National Knowledge Infrastructure
(CNKI), China Biology Medicine disc (CBM), VIP, and Wanfang,
were searched, and the studies that compared the differences
between EVB combined with EIS and EVB, EIS were identified
from the inception of the databases up to December 30,
2020. Free terms and subject terms were combined, and the
language was restricted to English and Chinese. The key
search words were “endoscopic variceal ligation,” “endoscopic
injection sclerotherapy,” “EVL;” “EIS;)” “cirrhosis;,” “esophageal
variceal bleeding.”

Data Extraction

Two researchers extracted the data from the studies
independently. The information included the following: (1)
General characteristics of the included studies: authors, country,
study design, sample size, mean age, the main cause of cirrhosis,
and Child-Pugh score; (2) Outcomes: efficacy of bleeding
control, overall rebleeding rate, overall mortality, variceal
eradication, and complications.

Risk of Bias Assessment
The methodological quality and bias assessment were completed
by two reviewers. The risk of bias was assessed using the

TABLE 1 | The characteristics of included studies.

Study Country Study design No. of patients (1)  Mean age Male Main cause of cirrhosis Child-Pugh class C (n, %)

EVL EVL+EIS (Years) (%) EVL EVL+EIS EVL EVL+EIS
Laine et al. (11) USA RCT 20 21 a7 73.2  Alcohol  Alcohol 9 (45.00) 9 (42.86)
Saeed et al. (12) USA RCT 25 22 53.1 91.5  Alcohol Alcohol 15 (16.00) 9 (40.91)
Traif et al. (13) Saudi Arabia RCT 31 29 48.8 61.7 HCV HCV 10 (32.26) 5(17.24)
Djurdjevic et al. (14) USA Prospective study 51 52 55.6 61.2  Alcohol  Alcohol 12 (23.23) 10 (19.23)
Umehara et al. (15) Japan RCT 26 25 58.2 62.3 HBV HBV 6 (23.07) 4 (16.00)
Harras et al. (16) Egypt Prospective study 50 50 48.9 46.9 HCV HCV 4(0.08) 2(0.04)
Mansour et al. (17) Egypt RCT 60 60 NA 65 HCV HCV 32 (53.33) 24 (40.00)
Zheng et al. (18) China Prospective study 54 19 55.2 65.4 HBV HBV 14 (9.21)

RCT, randomized controlled trail; HCV, Hepatitis C virus; HBV, Hepatitis B virus.
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Allocation concealment (selection hias)

Blinding of paricipants and personnel (performance hias)
Blinding of outcome assessment (detection bias)
Incomplete outcome data (attrition hias)

Selective reporting (reporting bias)

Other bias

0% 25% 50% 75%  100%

. Low risk of hias

D Unclear risk of hias

B Hioh risk of bias

FIGURE 2 | Summary of the assessment of risk of bias.
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FIGURE 3 | Assessment of risk of bias.

Cochrane Collaboration tool, which rates seven items as high,
low, or unclear for risk of bias (10). These items include
random sequence generation, allocation concealment, blinding
of participants and personnel, blinding of outcome assessment,
incomplete outcome data, selective outcome reporting, and other
potential sources of bias.

Data Analysis

STATA 13.0 was used for the meta-analysis. x2-test and
I*-test are used to determine the heterogeneity among the
studies. If I> < 50%, P > 0.1, there is no heterogeneity
in the data analysis, and a fixed-effects model was used;
if not, the random-effects model assessed the different
causes of heterogeneity. Sensitivity analysis was carried
out when the subgroup analysis was not satisfactory,

and it was employed to evaluate the robustness of the
main results.

RESULTS

Characteristics of the Included Studies

A total of 368 records were searched in online databases.
After assessing the titles and abstracts, 211 studies were
identified as eligible citations. Full-text reading retrieved
eight studies (11-18) involving 595 patients (317 patients in
the EVL group and 278 patients in the EVL+EIS group)
(Figure 1).

Among the eight included studies, three were from the USA,
and five were designed as RCTs. The main courses of cirrhosis
were hepatitis B virus (HBV), hepatitis C virus (HCV), and
alcohol. The characteristics of the included studies are listed in
Table 1.

None of the included studies were assessed to have a low risk
of bias in all the seven items of the Cochrane Collaboration tool
(Figure 2). The majority of the studies were high risk for random
sequence generation and for other sources of bias (Figure 3).
Studies scored high risk for other sources of bias with respect to
concerns, such as baseline differences and industry funding. Most
of the studies had an unclear risk of bias for selective outcome
reporting, and a few had registered protocols.

Results of the Meta-Analysis

Efficacy of Acute Bleeding Control

In this meta-analysis, three studies reported the efficacy of acute
bleeding control. No heterogeneity was detected between studies
(I> = 0.0%, P = 0.933), and the meta-analysis was conducted
using a fixed-effects model. The results did not show any
significant difference between EVL and EVL+EIS interventions
(risk ratio (RR) = 0.99, 95% CI: 0.63-1.56, P = 0.981; Figure 4).

Overall Rebleeding

An overall rebleeding was reported in seven included studies,
and no heterogeneity was observed between studies (I> = 0.0%,
P = 0.873). The meta-analysis was conducted using a fixed-
effects model. No statistically significant difference was detected
in EVL and EVL+-EIS (RR = 0.83, 95% CI: 0.52-1.31, P = 0.415;
Figure 5).

Variceal Eradication

Among the included studies, four reported variceal
eradication. The meta-analysis using a fixed-effects model
(study heterogeneity: I> = 0.0%, P = 0.985) did not
detect any statistically significant difference in EVL and
EVL+EIS (RR = 1.01, 95% CIL 0.82-1.23, P = 0.960;
Figure 6).

Overall Mortality

The overall mortality was reported in six included studies. No
heterogeneity test was observed between studies (I> = 0.0%, P =
0.630), and hence, a fixed-effects model was used to analyze the
data. Strikingly, no statistically significant difference was detected
in EVL and EVL+EIS (RR = 0.80, 95% CI: 0.52-1.24, P = 0.314;
Figure 7).

Frontiers in Surgery | www.frontiersin.org

June 2021 | Volume 8 | Article 664454


https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org
https://www.frontiersin.org/journals/surgery#articles

Suetal.

Ligation and Sclerotherapy for AEVB

Overall (--squared = 0.0%, p = 0.933) <

Study %

ID RR (95% Cl) Weight
Saeedetal. 1.17 (0.43,3.18) 19.47
Al Traif etal. 0.92 (0.44, 1.95) 36.73
Djurdjevic et al. 0.98 (0.49, 1.95) 43.80

> 0.99 (0.63, 1.56) 100.00

314

sclerotherapy; EVL, endoscopic variceal ligation.

3.18

FIGURE 4 | Forest plot of the meta-analysis comparing EVL and EVL+EIS with respect to the efficacy of acute bleeding control. EIS, endoscopic injection
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FIGURE 5 | Forest plot of the meta-analysis comparing EVL and EVL+EIS in overall rebleeding. EIS, endoscopic injection sclerotherapy; EVL, endoscopic variceal

Complications

Complications were reported in the included studies. The results
of the meta-analysis show that deep ulcers (RR = 0.97, 95%
CIL: 0.53-1.79, P = 0.247), dysphagia (RR = 0.43, 95% CI:
0.18-1.01, P = 0.106), strictures dilated (RR = 0.15, 95% CI:

0.02-1.17, P = 0.353), and pain (RR = 0.56, 95% CI: 0.31-1.03,
P = 0.124) did not show any significant difference between EVL
and EVL+-EIS, but the overall complication rate (RR = 0.60, 95%
CI: 0.41-0.87, P = 0.01) had a statistically significant difference
between EVL and EVL+EIS interventions (Figure 8).
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FIGURE 6 | Forest plot of the meta-analysis comparing EVL and EVL+EIS in variceal eradication. EIS, endoscopic injection sclerotherapy; EVL, endoscopic variceal
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FIGURE 7 | Forest plot of the meta-analysis comparing EVL and EVL+EIS in overall mortality. EIS, endoscopic injection sclerotherapy; EVL, endoscopic variceal

DISCUSSION

EVB patients have a high risk of rebleeding and death after
bleeding control (19). If the EVB patients do not receive
secondary preventive treatment for 1-2 years, the rebleeding rate
is elevated to about 60%, and the mortality rate is 33% (20).
At present, EVL and EIS are indispensable in the endoscopic

treatment of the secondary prevention of EVB. The basic
goal of the treatment is to eradicate or reduce the degree of
esophageal varices in order to reduce the recurrence rate and
mortality (21). Patients with a history of EVB should be treated
routinely by endoscopy, and patients with acute EVB should
continue to receive corresponding endoscopic treatment after the
termination of bleeding (22).

Frontiers in Surgery | www.frontiersin.org

June 2021 | Volume 8 | Article 664454


https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org
https://www.frontiersin.org/journals/surgery#articles

Suetal.

Ligation and Sclerotherapy for AEVB

Study
1D

(1)Deep ulcers L

%
RR (95% CI) Weight

(3)Strictures dilated

Saeed et al. —— 0.45(0.18, 1.11) 18.28
Al Traif et al. i 1.37 (0.24, 7.65) 3.19
Mansour et al. e 2.29(0.75,6.93) 6.37
Subtotal (l-squared =61.7%, p=0.074) -F...,"_} 0.97 (0.53, 1.79) 27.83
. 1

(2)Dysphagia |

Saeed et al. T I 0.09(0.01, 1.45) 9.36
Harras et al. — 0.64 (0.25, 1.65) 14.71
Subtotal (I-squared = 49.0%, p =0.161) - 0.43(0.18, 1.01) 24.07

1
|
Saeed et al. -
1

0.14 (0.01, 2.63) 5.33

Djurdjevic et al. 0.15(0.01,2.91) 513
Harras et al. (Excluded) 0.00
Subtotal (l-squared =0.0%, p= O.QZEF-- 0.15(0.02, 1.17) 10.46
= 1
(4)Pain i
Saeed et al. —_— 0.35(0.08, 1.57) 8.97
Umehara et al. — 0.77 (0.35, 1.68) 16.28
Harras et al. T - 294 (012, 70.56D.77
Mansour et al. _— 0.27 (0.06, 1.24) 11.62
Subtotal (l-squared = 0.0%, p =0.402) e 0.56 (0.31,1.03) 37.64

1
Overall (l-squared =25.1%, p = 0.205) <> 0.60 (0.41, 0.87) 100.00

1

T : T
00508 1 197

FIGURE 8 | Forest plot of the meta-analysis comparing EVL and EVL+EIS in complications. EIS, endoscopic injection sclerotherapy; EVL, endoscopic variceal ligation.

In EVL technology, the negative pressure at the front end
of the endoscope is inhaled into the esophageal varices that
are then ligated with a rubber ring in the transparent cap (7).
The physical ligation blocks the blood supply of the varices,
resulting in thrombosis, tissue necrosis, and ulcers, finally leaving
healing scars for the treatment and elimination of varices (23).
EIS refers to the injection of a sclerosing agent into the tissue of
varicose vein or adjacent to varicose vein, which shows ischemia
and necrosis in the tissue of varicose vein, and then produces
fibrosis, to eliminate varicose veins (24). With the continuous
development of endoscopic technology and the evolution of
sclerosing agents, the clinical application of EVL and EVs is also
evolving (25).

The present meta-analysis did not detect any statistically
significant difference in the efficacy of acute bleeding
control (RR = 0.99, 95% CI: 0.63-1.56, P = 0.981), overall
rebleeding (RR = 0.83, 95% CI: 0.52-1.31, P = 0.415), variceal
eradication (RR = 1.01, 95% CI: 0.82-1.23, P = 0.960),
and overall mortality (RR = 0.80, 95% CI: 0.52-1.24, P =
0.314), but a significant difference was observed in the overall
complications (RR = 0.60, 95% CI: 0.41-0.87, P = 0.01). The
main complications of EVL include chest pain or discomfort,
dysphagia or pain, and erosion or ulcer at the ligation site,
infection, or bacteremia (26). Rubber bands falling off and
sliding can also form ulcers and after rebleeding (27). Compared

to EVL alone, the effect of EIS combined with EVL varies in
different studies. In patients with active bleeding, EVL uses
ligation device, which limits the intraoperative field of vision,
raising the technical requirements of endoscopic operators (28).

Due to various conditions, the present meta-analysis
has some limitations. Firstly, the included studies were
from different countries. Secondly, the frequency of
follow-up and the total duration of follow-up were
also incompatible. Thirdly, some disparities in medical
technology and medical facilities were observed in
the included literature. Therefore, EVL and EVs may
show similar results in the treatment of esophageal
variceal bleeding.

In conclusion, EVL is superior to the combination of EVL
and EIS in safety, while no significant differences were noted in
efficacy. Nonetheless, further studies should be designed based on
a large sample size, multiple centers, RCTs to substantiate these
two clinical interventions.
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Purpose: This study aimed to assess the feasibility of partial hepatectomy (PH) simplified
by using microwave-based devices in animal experiments.

Methods: PH was performed on 16 beagles using either Acrosurg Scissors (AS) or
Acrosurg Tweezers (AT) without hepatic pedicle (HP) control. Parenchymal transection
time, Glissonean pedicle (GP) seal time, bleeding volume, bile leak, and burst pressure
were recorded. Probable complications were investigated after 4 weeks.

Results: Transection time (6.5 [6.0-7.6] vs. 11.8 [10.5-20.2] min, p < 0.001) with AT
were significantly shorter than with AS. GP sealing times (60 [55-60] vs. 57 [46-91] s,
p = 0.859) by both devices were nearly similar. Bleeding volume in the AT group was
approximately one-fourth of that in the AS group (6.7 [1.4-22] vs. 28.8 [5.8-48] mL, p =
0.247). AT created higher burst pressure on the bile duct stumps (p = 0.0161). The two
devices did not differ significantly in morbidity and mortality after four-week follow-up.

Conclusion: Acrosurg devices achieved a safe PH without HP control owing to
microwave-based sealing. AS could be used alone in PH, whereas the clamp-crushing
function of AT seemed more advantageous in reducing the transection time and
blood loss.

Keywords: microwave surgical device, scissors-type, tweezers-type, clamp crushing, partial hepatectomy

INTRODUCTION

Hepatectomy is the main surgical intervention for several liver diseases, especially liver tumors.
When performing partial hepatectomy (PH), the most common problems that surgeons encounter
are hemorrhage and bile leak (I, 2). Various strategies, including vascular control (Pringle
maneuver, total hepatic vascular exclusion, low central venous pressure), and transection
techniques (finger fracture, clamp crushing), are used to prevent intraoperative bleeding (3-5).
In recent decades, many advanced surgical tools, such as ultrasonically activated devices (UAD),
electrothermal bipolar vessel sealers (EBVS), Habib’s coagulator, CUSA®, and staplers have also
been introduced during liver surgery to reduce the risk associated with PH (6-10). However, none
of the latest advanced energy devices could achieve a complete transection of both the hepatic
parenchyma and the Glissonean pedicle (GP) safely without the assistance of other surgical tools or
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Partial Hepatectomy and Microwave Surgical Devices

hemostatic agents (5, 11-15). The role of such energy devices
in the occurrence of post-operative bile leak also remains
controversial (16, 17). In practice, the clamp-crush technique
under GP clamping is still favored for liver resection at many
surgical centers (3, 5, 13, 15, 18), and PH still requires several
surgical energy devices so far.

Amid the booming development of modern energy devices,
our group invented microwave coagulation surgical instruments
(MWCX) for use in many surgical procedures (19-21). The
unique microwave dielectric heating by these original MWCX
has demonstrated advantages of sealing sizable vessels (20, 22)
as well as coagulating fragile parenchyma (spleen, liver) (21,
23). In 2017, two types of microwave surgical devices with
improved coagulation power and energy efficiency of MWCX
were released commercially: a scissors-type for seamless “seal-
and-cut” dissection and a tweezers-type for forceful grasping
and sealing of tissues. However, both the old MWCX and the
updated scissors and tweezers have never been formally approved
for PH as the main surgical instrument. In fact, due to the
limitations of currently-used energy devices, hepatectomy needs
several surgical tools for dissection, coagulation and cutting of the
liver parenchyma as well as the Glissonean pedicle. Our devices
could be the solution to this thorny problem.

Based on MWCXs’ excellent tissue coagulation reported in
previous studies (19-23), we hypothesized that using the new
microwave scissors alone would enable PH and GP sealing,
whereas the single microwave tweezers would be sufficient to
reduce blood loss in this procedure. Therefore, this experimental
study was set up to assess the feasibility of using the scissors-
type or tweezers-type microwave devices as a single surgical
instrument to achieve a safe and simple PH with respect to less
bleeding, less risk of bile leaks, and the use of fewer instruments.

MATERIALS AND METHODS

Instruments

Two microwave surgical devices (Acrosurg, Nikkiso Co., Ltd.,
Tokyo, Japan), which have been commercialized based on our
MWCX, were used in this study (20, 22, 23). One was the
Acrosurg Scissors S09 (AS), and the other was the Acrosurg
Tweezers S22 (AT). AS is comprised of a pistol-type handgrip
with a microwave emitting button, a 90-mm-long shaft covering
a microwave antenna, a 15-mm fixed lower blade, and a 15-
mm rotating upper blade (Figure 1A). The thickness of the
lower and upper blades is 2.5 and 1.4 mm, respectively. The
central and outer electrodes of the microwave antenna are
integrated into the fixed and rotating blades, respectively. Thus,
microwaves can be emitted from the lower blade to the upper
one while performing resection (Figure 1C). In contrast, AT
has a pair of fine-serrated jaws whose width and length are
3.2 and 10 mm, respectively, similar to surgical thumb forceps
(Figure 1B). Each jaw contains two outer electrodes placed in
parallel alongside a central electrode of the microwave antenna
so that microwaves circulate around each jaw independently
when grasping or clamping tissues (Figure 1D). Both microwave
devices are connected to a generator (ASG-01, Nikkiso Co.,

Ltd., Tokyo, Japan) that produces microwaves at 2,450 MHz
(12-cm wavelength).

Animals

All procedures for the animal experiments were approved by
Shiga University of Medical Science (SUMS) Ethical Committee
for Animal Research. Sixteen female beagles weighing from 8.5
to 10.5kg were raised in pathogen-free conditions according
to the institutional regulations of SUMS Research Center for
Animal Life Science (RCALS). We chose female beagles to
facilitate the PH procedure because the male animal has a penis
attached alongside the mid-line of the lower half of the abdomen,
hindering an extended incision of the abdominal wall. Otherwise,
animal sex does not affect the PH short-term outcomes. The
beagles underwent general anesthesia with mixed medications:
subcutaneous injection of ketamine hydrochloride (Ketalar 500
mg/10 mL, Daiichi Sankyo, Tokyo, Japan) at a dose of 25 mg/kg
body weight and medetomidine chloride (Domitor 10 mg/10 mL,
Orion Pharma, Espoo, Finland) at a dose of 20 pg/kg body
weight. Anesthesia was maintained by inhaled insoflurane 1-
2% via an endotracheal tube. The animal were mechanically
ventilated with an oxygen-mixed inflow of positive-pressure air
to keep the tidal volume in the range of 12-15 mL/kg (24).
Physiologic saline 0.9% was intravenously infused at a rate of
180-200 mL/h for intraoperative resuscitation.

Procedures

All surgical procedures were performed by a single senior
surgeon specialized in hepatic surgery (SN) with the assistance
of a surgical fellow (KD). Sixteen beagles were allocated to two
groups using either AS or AT. After receiving general anesthesia,
the beagle was placed in the supine position. A 20-cm-midline
incision from the xiphisternum to the umbilicus was made to
expose the left lateral lobe (LLL) of the liver. The inner portion
of the LLL, which had a separate GP, was selected for PH. The
operation included three steps: (1) cut-line marking on the LLL
surface; (2) parenchymal transection without hepatic pedicle
(HP) occlusion; (3) GP sealing and cutting of the treated portion
(Figure 2). The second and third steps depended on which device
was employed.

When AS was used, the surgeon performed PH by using only
this device. The power output was set at 60 W. The hepatic
parenchyma was coagulated and cut seamlessly from the free
edge toward the radical end of LLL adjacent to its proper GP.
The corresponding GP was, in turn, sealed and cut afterward.
When AT was used, the power output was set at 80 W. The
hepatic parenchyma was grasped and gently crushed by the AT
to isolate crossing vessels and bile ducts inside, while microwaves
were concomitantly released from the AT jaws to coagulate the
fragmented tissue. The coagulated part was then cut by using
Metzenbaum scissors. This cycle was repeated toward the LLL
radical end. Similarly, the GP was also sealed by AT and cut with
Metzenbaum scissors.

In both protocols, parenchymal transection time and GP seal
time were recorded separately. Bleeding volume was estimated
in milliliters by subtracting the weight of new gauzes from the
blood-soaked gauzes after the surgery using a conversion rate of
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electrode and two parallel outer electrodes of the microwave antenna (B,D).

FIGURE 1 | Acrosurg Scissors: the central electrode of the microwave antenna is integrated within the lower blade and the upper blade contains the outer electrode
(A,C). Acrosurg Tweezers consists of two branches connected to each other at the hinged end and a bipolar forceps-styled tip. Each serrated jaw includes a central
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FIGURE 2 | Schema of partial hepatectomy (PH): beagle’s liver with demarcated line for parenchymal transection [black dashed line, (A)]; parenchymal transection of
the inner portion of LLL and its proper GP [double-headed arrow, squared image (A)]; liver remnant after PH and the sealed GP stump [black line, (B)]. LLL, Left
Lateral Lobe; LML, Left Medial Lobe; QL, Quadrate Lobe; RML, Right Medial Lobe; RLL, Right Lateral Lobe; CL, Caudate Lobe; CBD, Common Bile Duct; GB,

Gallbladder; CHA, Common Hepatic Artery; GP, Glissonean Pedicle.

1g=1mL (25). If excessive bleeding occurred, the lost blood was
to be harvested by a suction system and its volume added to the
total volume. The length and thickness of the resected portions
and GP diameter were measured.

Before abdominal closure, new gauze was applied on the
cutting stump of the remnant liver to check the bile-leak
coloration; leaking was confirmed if yellowish fluid tinged the
gauze. The dog was then transferred back to RCALS for post-
operative follow-up. After 4 weeks, re-laparotomy was conducted
to confirm any chronic adverse events (bleeding, abscess, ascites,
adhesion). The extrahepatic bile ducts (EBDs) were harvested
to test ex vivo the EBD sealing. In this test, a small catheter
was inserted into the open lumen of the EBD. Physiologic saline
0.9% was administered gradually by an electric pump (KD]J20,
KD Scientific, Inc., Holliston, Massachusetts) connected to a

pressure amplifier (PA-001, Star Medical, Inc., Tokyo, Japan).
Burst pressure was defined as the highest intraluminal pressure
prior to EBD stump leakage (16).

All resected portions containing the GP stump and sealed
EBDs were fixed in 10% neutral-buffered formalin, paraffinized,
and sectioned into 2-pwm-thick slides for hematoxylin and eosin
(H&E) staining. Histological features were evaluated under a
light microscope (Nikon Eclipse 90i, Nikon Corp., Tokyo, Japan)
with image processing software (Image-Pro Plus version 7.0],
Media Cybernetics, Inc., Bethesda, Maryland).

Statistical Analyses

The data are presented as medians with interquartile ranges
for continuous variables and as actual numbers for categorical
variables. The cutting surface of the liver was approximated
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TABLE 1 | Outcomes of partial hepatectomy using Acrosurg Scissors (AS) and
Tweezers (AT).

Outcome AS AT p*

Total operated cases 8 8

Parenchymal transection

Transection area (cm?) 12 [11.2-12.4] 12.7 [12.2-15.9] 0.082
Transection time (min) 11.8 [10.5-20.2] 6.5[6.0-7.6] 0.0008
Transection speed 0.9[0.7-1.2] 2.1[1.9-2.2] 0.0007
(cm?/min)

GP sealing

GP diameter (mm) 7.9[7.7-8.9] 11.1[10-12.8]  0.003
GP seal time (s) 57 [46-91] 60 [55-60] 0.859
Intraoperative bleeding

Bleeding volume (mL) 28.8 [5.8-48] 6.7 [1.4-22] 0.247
Bleeding rate 2.4[0.5-3.5] 0.5[0.1-1.7] 0.292
(mL/cm?)8

Bile leak after 0 0 1.0
hepatectomy

After 4-week follow-up

Total cases observed 8 8

Adhesion 6 3 0.351
Complication 1 (Ascites) 1 (Bile leak) 1.0
Death 1 (Gallbladder bed bleeding) 0 1.0

*p-value calculated by the Wilcoxon rank-sum test for quantitative data represented as
median [interquartile rangej; and by Fisher’s exact test for qualitative data.

8Bleeding rate calculated from the bleeding volume and transection area.

GR, Glissonean pedicle.

by an ellipsoidal shape. Thus, the transection area S (cm?)
and transection speed v (cm?/min) were calculated by the
following equations:

S=mab (a and b represent half of the section length
and thickness)

v =S/t (t represents the transection time)

The bleeding rate (mL/cm?) was also calculated by dividing the
bleeding volume by the transection area. All data were analyzed
by a statistical software package (Stata 12.0, StataCorp., Lakeway
Drive, Texas). Fisher’s exact test was applied to compare two
categorical variables, whereas the Wilcoxon rank-sum test was
applied to test the difference between two quantitative groups; p
< 0.05 was considered significant.

RESULTS

The PH outcomes using the Acrosurg devices (AS and AT) are
presented in Table 1. The transection areas by both devices were
not significantly different (p = 0.082). AT required only half of
the transection time of AS to finish the parenchymal dissection
(median: 6.5 vs. 11.8 min, p < 0.001). As a result, the transection
speed of AT was two-fold higher than that of AS (median: 2.1 vs.
0.9 cm?/min, p < 0.001). AT sealed GP that had a larger diameter
(median: 11.1 vs. 7.9 mm, p = 0.003) within a similar seal time
(median: 60 vs. 57 s, p = 0.859) compared to AS.

TABLE 2 | Extrahepatic bile duct (EBD) sealing by two acrosurg devices.

Outcome AS AT p*
Number of trials 6 6

Diameter (mm) 1.8[1.8-1.8] 3.4 [2.8-3.4] 0.0045
Burst pressure (mmHg) 607.5 [472-705] 806.5 [776-889] 0.0161

*p-value from Wilcoxon’s ranksum test, data represented as median [interquartile range].
AS, Acrosurg Scissors; AT, Acrosurg Tweezers.

The bleeding volume in the AT group was estimated at less
than one-fourth of that in the AS group (median: 6.7 vs. 28.8 mL,
p =0.247). PH using AS often encountered more oozing of blood
than with AT (median bleeding rate: 2.4 vs. 0.5 mL/cm?). Most
blood loss collected during the operation were determined to be
parenchymal transection-related bleeding because all GP sealing
was accomplished by both devices without any considerable
bleeding. No blood loss was harvested by using a suction system.
There was no bile leak at the cutting surface immediately after PH
in both groups.

All dogs in the AT group were healthy after 4 weeks, whereas
one dog from the AS group died on the 2nd post-operative day.
Autopsy revealed many clots had accumulated at the infrahepatic
recess, surrounding the gallbladder bed. The gallbladder of
this dog had been removed because of a gallbladder laceration
when performing PH. The old cutting stump remained dry
without clotting or ongoing bleeding. There were no differences
regarding complications between the two groups (p = 1.0). A
pale bile-tinged coloration of the cutting stump was discovered
in one case in the AT group that implied a probable bile leak.
Adhesions were observed more frequently when using AS than
with AT (p = 0.351).

Ex vivo experimental data are shown in Table 2. Although
the EBD stumps sealed by both devices exhibited excellent burst
pressure, AT-induced seals withstood a significantly higher burst
pressure than that of AS-induced seals (median: 806.5 vs. 607.5
mmHg, p = 0.0161), and AT could seal larger EBDs (p = 0.0045).

Microscopic examination revealed that the GP stumps
sealed by both devices showed complete fusion of the pedicle
as well as its inside components, which were histologically
indistinguishable. The surrounding area was covered by a layer
of destroyed hepatocytes (Figure 3A). It was possible to observe
the vacuolization in the interstitial zone alongside the GP, which
indicated the unique characteristic of microwave coagulation
in the tubal structures. The EBD samples revealed similar
pathological features: all layers were denatured and fixed with
interlayer vacuole-like spaces that created total occlusion of the
sealed edges (Figure 3C). In particular, there was a flattened,
well-coagulated segment in specimens sealed by AT due to the
forceful compression from the serrated jaws of the tweezers
(dashed lines, Figures 3B,D).

DISCUSSION

In this study, we assessed the contribution of two Acrosurg
devices separately to achieve safe and simple PH. To date, one
of the most widely-accepted strategies to control blood loss in
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FIGURE 3 | Upper images: a microscopic view of a sealed Glissonean pedicle
(GP) by AS (A) and AT (B); Lower images: sealed EBD using AS (C) and AT
(D). The GP stumps in both groups were fused; their structures were
histologically indistinct (H&E stain, x40). The vicinity of the GP was covered by
a layer of deformed hepatocytes, which lost their normal texture [star mark,
(A,B)]. Vacuolization caused by microwave energy existed along the GP’s
interstitial zones [black arrow, (A,B)]. Vacuole-like spaces also appeared in the
EBD stumps [black arrow, (C,D), x40] whose sealed edges revealed a
deformed segment that fitted the serrated-jaws of the tweezers-type device
[dashed lines, (B,D)]. AS, Acrosurg Scissors; AT, Acrosurg Tweezers; EBD,
Extrahepatic bile duct; H&E, Hematoxylin and Eosin.

PH is the combination of inflow occlusion (Pringle maneuver)
with some energy devices (EBVS, UAD) or a dissector (CUSA®,
water jet) (7, 8, 18, 26, 27). As a result, a PH procedure
requires several surgical instruments (dissectors, energy-based
sealers, stapler etc.). Acrosurg devices have already proven their
sealing capability in previous studies (19-21, 23). Hence, it was
reasonable to test AS and AT as new instruments to reduce the
number of instruments used for a PH.

In the present study, both AS and AT could achieve a complete
parenchymal transection with minor bleeding (<30 mL). Even
when adding up to 25% of the estimated blood loss, which
was considered the “concealed” bleeding during the operation
(25), to the total volume, the subsequent amount of bleeding
remained <50mL. The bleeding rates when using AS or AT
were lower than those reported by recent studies that employed
conventional energy devices in open hepatectomy. Although it
is difficult to compare experimental data with clinical outcomes,
the use of AT resulted in a bleeding rate that was less than one-
sixth of the published clinical data (0.5 vs. 6.6, 5.04, 3.19, or 3.4
mL/cm?) (7, 8, 15, 28). Both AS and AT gave positive outcomes in
terms of transection speed. Although the speed with AS seemed
equivalent to other energy devices, AT outperformed energy
devices applied in previous studies (2.1 vs. 1.07, 1.11, and 1.16
cm?/min) (7, 8, 28). The overwhelming cutting speed and minor
bleeding associated with the use of AT compared to other energy
devices (even with AS) might be explained by its sealing process.
AT has serrated jaws to grasp and crush the tissue, which is
then flattened under forceful compression. Owing to the crushing
of the 3.2-mm-wide jaws, intrahepatic structures (artery, portal

vein, bile duct) were skeletonized within a narrow strip (equal
to 3.2mm) that allowed the surgeon to observe them clearly
before conducting the coagulation. The use of AS precluded the
identification of the underlying structures that were sandwiched
by the hepatic parenchyma during the seamless transection.
Therefore, the sealing zone could sometimes undergo premature
resection that caused the oozing of blood on the cutting surface,
requiring more time for recoagulation during the transection
phase. Clinically, AS is suitable to perform a simple hepatectomy
such as wedge resection whereas AT could be used for large
liver resections which need firm hemostases. It is also possible
to combine AT and AS to shorten the transection time.

The good results of Acrosurg devices are also attributed to
the heating mechanism of microwaves. Microwaves are able to
penetrate to the core of the induced liver portion and enable
homogenous coagulation of the targeted tissue from inside to
outside (29). Their dielectric heating also engenders less thermal
injury, avoiding undesirable destruction of collateral structures
(21, 23). The microwave sealing process, combined with the
scissors-like design, helped AS achieve PH without instrument
exchanges. If such excellent sealing is accompanied by the use
of the clamp-crushing AT, a surgeon only needs a pair of
Metzenbaum scissors to perform nearly bloodless PH within
a short transection period. In practice, there are some energy
devices, such as EBVS or UAD, that are available for parenchymal
dissection, but neither has been applied as the sole instrument
for the whole procedure of PH (7, 8, 18). Hence, using Acrosurg
devices might be likely to simplify the PH procedure.

Besides parenchymal dissection, the GP, which consists
of portal triads, is often ligated separately by tying knots,
placing sutures, or using staplers in a conventional PH (5,
9, 10, 13, 18). In contrast, Acrosurg alone could seal the
GP as well as EBDs flawlessly. In the experimental condition,
our study reported the creation of an EBD stump capable
of withstanding significantly higher burst pressure compared
to other EBVS/UAD instruments reported in a previous
study (16). This finding was consolidated by histological
examination where the GP and EBD stumps, deemed to be
single large vessels, were shown to be definitely fused and
fixed, demonstrating seal integrity. During this experiment,
regardless of whether AS or AT was used, the large GP
was slowly sealed and cut sequentially in two or three
overlapping cycles with only a less-than-5-mm, intervening GP
segment to ensure an adequate seal. These results showed that
Acrosurg devices were able to seal these structures perfectly.
Furthermore, the results with EBDs demonstrated that Acrosurg
devices could secure the coagulation of smaller intrahepatic
bile ducts, which showed no cholorrhea immediately after
the operation.

The 4-week follow-up also revealed positive endpoints. The
dead beagle in the AS group was attributed to intra-abdominal
hemorrhage due to excessive bleeding from the gallbladder bed.
This case was considered a PH complication, but it was not
directly related to the bleeding from the parenchyma or GP
stump. This indicated that all stumps had been completely sealed.
Nevertheless, a bile leak was still detected with the naked-eye
in one case in the AT group. To eliminate the drawback of
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macroscopic assessment, we recommend that bilirubin tests of
ascites or abdominal fluid should be carried out in both the acute
and chronic post-operative stages.

In this study, we did not perform a comparative experiment
between our devices and other conventional energy devices
(Harmonic, LigaSure or CUSA®) because there was no one
currently available device that could be used to perform the
entire PH procedure by itself. Also, the function of Acrosurg
for hepatectomy has not been presented earlier. Our work
is the first study to prove that PH and Glissonean pedicle
dissection could be achieved safely and simply with a single
microwave device in an experimental model. We used a
number of 16 beagles to comply with the principles of 3Rs in
animal experiments (implemented by SUMS) but still ensure
the statistical significance of the research. These preclinical
data are the essential evidence to introduce Acrosurg to PHs
on humans.

The primary limitation of this study was the lack of
intraoperative monitoring of blood pressure and central venous
pressure whose fluctuations might affect bleeding during liver
resection (14). This study was performed on a normal liver,
whereas performing PH on a cirrhotic liver is not an exceptional
circumstance (30). Therefore, functional assessment of Acrosurg
on abnormal liver texture should be conducted, especially
focusing on the potential of a non-bleeding parenchymal
dissection without prior HP control. A safe PH without
inflow occlusions helps patients avoid the risk of liver
function impairment as well as hemodynamic disturbance,
both life-threatening events in cirrhotic or chemotherapy-
induced livers.

In conclusion, two microwave-based Acrosurg devices were
able to achieve a complete parenchymal transection as well
as a GP seal without prior HP occlusion in an experimental
model. AS could be employed as a sole instrument to perform
PH whereas AT, which combined a clamp-crushing maneuver
with microwave sealing, demonstrated a quasi-bloodless PH
in a shorter operation time than the seamless transection
achieved using AS. Both devices allow surgeons to perform a
safer PH with very few instruments. The results of this study
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Seoul National University College of Medicine, Seoul, South Korea

Cochlear implants (Cls) have become the standard treatment for severe-to-profound
sensorineural hearing loss. Conventional Cls have some challenges, such as the use
of extracorporeal devices, and high power consumption for frequency analysis. To
overcome these, artificial basilar membranes (ABMs) made of piezoelectric materials
have been studied. This study aimed to verify the conceptual idea of a totally implantable
ABM system. A prototype of the totally implantable system composed of the ABM
developed in previous research, an electronic module (EM) for the amplification of
electrical output from the ABM, and electrode was developed. We investigated the
feasibility of the ABM system and obtained meaningful auditory brainstem responses of
deafened guinea pigs by implanting the electrode of the ABM system. Also, an optimal
method of coupling the ABM system to the human ossicle for transducing sound waves
into electrical signals using the middle ear vibration was studied and the electrical signal
output according to the sound stimuli was measured successfully. Although the overall
power output from the ABM system is still less than the conventional Cls and further
improvements to the ABM system are needed, we found a possibility of the developed
ABM system as a totally implantable Cls in the future.

Keywords: hearing loss, sensorineural, biomimetics, basilar membrane, cochlear implant

INTRODUCTION

The human ear consists of the external ear, middle ear, and inner ear. Sound waves enter the
external ear and pass through the external ear canal, which reach the ear drum. Eardrum vibrates in
response to the sound signal. These vibrations are amplified in the middle ear through the ossicular
transmission and sent to the cochlea. The cochlea acts as a transducer that converts mechanical
vibration into electrical signals (Kang et al., 2015). The basal membrane in the cochlear has a
trapezoid structure, which is narrow and thick in the base, and wide and thin in the apex. Due
to its physical and structural features, the basal membrane acts as a frequency analyzer that shows
frequency selectivity (Saadatzi et al., 2020). On the base, the maximal displacement of BM is shown
for the high frequency sound, and the maximal displacement at the apex is shown for the low
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frequency sound. The BM separate the vibration according to
the frequency. And then, the hair cell react to its movement
generating electrical signal. The electrical signal stimulates the
auditory nerve and is transmitted to the auditory cortex.
Problems in any part of the process of sound transmission from
the external ear to the brain can lead to hearing loss, and most of
the hearing loss is caused by cochlear impairment.

Cochlear implants (ClIs) are universally considered to be
the standard of care for the medical treatment of severe-to-
profound sensorineural hearing loss. Nevertheless, conventional
CIs have some challenges such as problems caused by the use of
extracorporeal devices and a very high power consumption of the
wireless power transmission, implanted stimulating circuit, and
digital signal processor (DSP) (Wang et al., 2008). To overcome
these problems, many researchers have focused on developing
tully implantable CIs (FICIs). However, even the newly developed
FICI had some limitations in its practical application. It has
a subcutaneous microphone that produces too much ambient
noise, and a battery that requires frequent recharging (Briggs
et al., 2008). As a result, an FICI requires ultra-low-power sound
processing and energy-efficient neural stimulation (Yip et al.,
2014). To solve these two problems, several researchers developed
a bioelectronic middle ear microphone to eliminate the need
for a subcutaneous microphone and a self-powered piezoelectric
device to reduce power consumption.

To eliminate the microphone, some researchers have used
the acoustic energy directly from the ossicles. In 1999, Maniglia
et al. (1999) developed a bioelectronic middle ear microphone
of this kind. More recently, the Envoy Esteem implant uses a
“sensor” that is placed on the body of the incus where it can detect
tympanic membrane vibration. The sensor converts the vibration
to an electrical signal and sends it to the sound processor.
Subsequently, the sound processor amplifies, filters, and sends
the stimulus to the piezoelectric transducers (the “driver”) that
converts the electrical signal back to mechanical energy and
vibrates the stapes (Pulcherio et al., 2014). Thus, fully implantable
middle ear implants typically use an implantable sensor to detect
the mechanical motion of the ossicles, using the ear as a natural
microphone (Yip et al., 2014).

Besides, to solve the problem of conventional Cls requiring
frequent recharging, many studies have tried to reproduce the
function of a basilar membrane in the human cochlea and
to develop an artificial cochlea. At present, several research
groups have been focusing on the development of an artificial
basilar membrane (ABM), which is a piezoelectric acoustic
nanosensor that mimics the function of human hair cells. In a
healthy inner ear, sound waves move hair cells by converting
vibrations to electrical signals; likewise, sound waves deform
the piezoelectric membrane, generating electrical signals that
propagate through the auditory nerve. Frequency selectivity in
the ABM is determined by the trapezoidal geometry as it is
in a natural basilar membrane. Piezoelectric membranes can
self-generate electricity, thereby reducing the need for frequent
battery recharging.

There are two types of ABM; the cantilever type and
membrane-type ABM. Tanaka et al. (1998) and Xu et al. (2004)
proposed a microcantilever array that mimics the mechanical

performance of the BM. Recently, Jang et al. (2015) reported an
ABM that was fabricated using a micro-electromechanical system
(MEMS)-based piezoelectric cantilever array. However, the
cantilever-type ABM has a higher resonant frequency (>3 kHz)
than the human voice band (0.3-3.5 kHz). Our research team
has developed a membrane type ABM with resonant frequencies
within the human hearing sound range (Jung et al., 2015). In
our previous paper (Jung et al.,, 2015), our teams reported the
development of an ABM with frequency separation behaviors
within an audible frequency range (450-5,000 Hz), which covers
most of the voice band. This ABM can analyze vibratory signal
inputs and convert them into electrical signal outputs without
an external power source by mimicking the function of the
human cochlea. The ABM is composed of a piezoelectric film
(polyvinylidene difluoride, PVDF) with 13 electrodes on top.
The piezoelectric artificial membrane was assembled with a
liquid chamber, which was fixed onto the experimental platform.
This membrane structure was adjacent to the liquid chamber,
and if the micro-accelerator pushed the base port equivalent
to the oval window of the cochlea, membrane displacement
occurred, resulting in the generation of an electronic signal from
the ABM. We measured the vibration response and voltage
production of the ABM throughout the frequency range to
analyze the function of the ABM as a sound frequency analyzer
(Jung et al., 2015).

However, preexisting ABMs have some limitations for clinical
application. First, the electrical output from ABMs is not
sufficient to stimulate auditory neurons. To acquire sufficient and
effective stimulation of auditory neurons, the electrical output
should be amplified throughout the EM. Second, we need to
use the acoustic energy directly from the ossicles to eliminate
the microphone for totally implantable cochlear implants. An
optimal method of connection for transmitting the vibration
energy to the coupled piezoelectric ABM is needed.

This study aimed to devise and evaluate the feasibility of a new
concept of a totally implantable ABM system using an ABM.

1. To develop an EM for the amplification of electrical
output from ABMs and investigate the auditory brainstem
responses of deafened guinea pigs, which are stimulated
by the amplified output of electricity generated by the
combination of the ABM and EM in response to vibration
input from the micro-actuator.

2. To study the most suitable connection method for coupling
ABMs to the middle ear ossicle and check the possibility of
a bioelectronic middle ear microphone.

MATERIALS AND METHODS

Conceptual Design of a Totally

Implantable ABM System

The term totally implantable ABM system implies a complete
connection system, as shown in Figure 1. The system works as
thus: the sound vibrates the ossicle, which activates the connected
ABM. From there, the ABM converts the sound into electrical
output. The output from the ABM is amplified and converted
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into a biphasic current signal by the EM, which transmits
the electrical output to the electrode inserted into the cochlea.
This electrode, in turn, stimulates the auditory nerve. This is a
schematic of the entire system, implanted in the mastoid cavity.
Unlike conventional CIs, there was no external microphone
because we used ossicular vibrations. The ABM converts ossicular
vibrations into electrical signals, which are transmitted to the
inserted electrode array, stimulating the auditory nerve. The EM
is located in the temporal area (Figure 1). Thus, the ABM is an
acoustic sensor that senses the sound stimuli and converts it to
an electrical signal and acts as a frequency analyzer.

ABM Packaging and Functional

Evaluation of ABM

A detailed description of ABM is provided in a previous
paper (Jung et al., 2015). The fabrication process included a
microfabrication process that formed patterned line electrodes
and electrical pads, a corona polling process to increase
piezoelectricity of piezoelectric polymer film, and assembly
process of a membrane part and packaging part. In brief, the
ABM is composed of a piezoelectric film (PVDF) with 13
electrodes on top (Figure 2A). The membrane was designed to
have a logarithmic width varying from 0.97 to 8.0 mm along
the 28-mm length. The piezoelectric polymer film was made of
a 25.4-um thick PVDF film (Kynar® Film, Professional Plastics,
Singapore). The fabricated ABM was assembled with the newly
developed package as shown in Figure 2A. The package includes
a main liquid chamber on which ABM is assembled firmly
with liquid sealing layer and ABM fixture. External vibrational
stimuli are applied through a base port and the output signals
from the ABM are transmitted through a slit on the apex
side. All the package was made with biocompatible titanium.
The size of ABM packaging was minimized for implantation
in the mastoid cavity. The ABM successfully separated low
frequency at the apex (distal end) and high frequency at
the base (proximal end) from incoming sound stimuli. In a
previous paper, we analyzed the voltage production of the ABM
throughout the frequency range, and our ABM showed six
channels of frequency separation characteristics. The base port
of the ABM is the movable area where the vibration input by
the piezoactuator (P-883.11, PI Ceramic, Lederhose, Germany)
is applied. This area is equivalent to an oval window in the
human ear. The piezoactuator generates a displacement of the
base port up to 6.5 wm according to the amplified voltage
applied to the piezoactuator by the amplifier. Since the blocking
force of the piezo actuator is very high (190 N) compared to
the force required to move the base port, the displacement
of the base port is the same as that of the piezoactuator.
The displacement of the piezoactuator (from 0 to 5 pwm)
showed a linear relationship with the applied voltage input
to the piezoactuator amplifier (from 0 to 10 V) (Figure 2B).
We measured the electrical output from the ABM according
to the input voltage of the piezoactuator (Figure 2C). We
acquired the relationship between the displacement of the base
port and the electrical output from ABM using the measured
values (Figure 2D). The ratio of the electrical output and

the displacement of the base port represents the sensitivity
(mV/p M) of the ABM.

Development of the EM and Functional
Analysis

The EM is composed of an amplifier module, signal
controller, current stimulator, and Bluetooth module to
enable recharging (Figure 3A).

This module obtains electrical signals from the ABM,
amplifies the electrical output from the ABM, and transfers
controlled biphasic signals to the electrode inserted into the
cochlea. This EM has 16 channels and an amplification ratio
of 40.22 to 57.13 db. The stimulation strategy of the current
stimulator is the continuous interleaved sampling (CIS) strategy.
The conversion ratio (mA/mV) for EM was from 0.05 to 0.53.
Thus, an electrical output of 1 mV generated by the ABM
was amplified and converted to biphasic signals of at least
0.05 to 0.53 mA.

In the in vivo experiment, we used two guinea pigs
(Hartley, males, 8 weeks old, 300-350 g in weight). Anesthesia
was induced using ketamine (40 mg/kg, intramuscularly) and
xylazine (10 mg/kg, intramuscularly). And then, under aseptic
conditions, a retroauricular incision was made. And the overlying
muscle was dissected to expose the bulla. Bullotomy was
performed by drilling a hole through the bulla to expose the
round window niche and the basal turn of the cochlea. And
cochleostomy was performed on the basal turn of cochlea and
saline was irrigated through the cochleostomy site to introduce
deafening in both ears (Lee et al., 2017). In order to confirm
deafness, we assessed the hearing status of guinea pigs after
deafening by measuring ABRs. Then, the subjects were implanted
with intracochlear stimulating electrodes into the cochlea. The
intracochlear electrode was inserted into scala tympani through
the cochleostomy site and then placed about 2 mm deep
from the cochleostomy site (Supplementary Figure 1). All
animal and experimental protocols were approved by the Seoul
National University Hospital Institutional Animal Care and Use
Committee (SNUH-IACUC, No. 12-0144). All animals were
treated in accordance with the Guide for the Care and Use
of Laboratory Animals (8th ed., 2010). And electrical auditory
brainstem response (eABR) measurements were performed in
a sound-attenuated and electrically shielded room. eABRs were
recorded in a similar manner to ABR measurements. The
stimulus presentations, ABR acquisitions, equipment control
and data management were coordinated using the computerized
Intelligent Hearing Systems (IHS, Miami, FL, United States)
with the Smart EP software. The biphasic current signal from
a combination of the microphone and EM were applied. The
electrical stimuli stimulated the subjects’ auditory nerves and
we measured it with an eABR. The data acquisition digitization
parameters were identical to the ABR recording parameters (100-
1,500-Hz filter, 512 repetitions). When sound stimuli (from 77 to
85 dB SPL) was applied, a conventional microphone to transmit
the electrical signal to the EM. The electrical output amplified
and modulated by the EM was transmitted to the electrode
inserted into the guinea pig’s cochlea (Figure 3B). The spiral
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ganglion neurons were stimulated by the electrical output, and
the eABR was recorded from the deafened guinea pig. The eABR
recordings were acquired according to the intensity of sound
stimuli (Figure 3C).

Evaluation of Electrical Output (in vitro)
and eABR Recording in Animals (in vivo)
Using a Combined Unit of the ABM and
EM

In the in vitro test, the electrical output from ABM was applied
to the EM, which produced biphasic current output. The ABM
produced a maximum of 3.7 mV electrical output at 540 Hz
upon vibrational input by the piezoactuator. The electrical output
from ABM was amplified by approximately 40 dB (equivalent
to approximately one hundred times) through the amplification
part of the EM. Finally, the amplified voltage signal was converted
into 8-bit digital signals by the analog-to-digital converter
(ADC), and the biphasic current signal was generated by the
current stimulator (Figures 4A,B).

In an in vivo animal experiment using a combined unit of
the ABM and EM, the same method mentioned in the previous
paragraph was used to introduce deafening, and the same surgical
procedures such as postauricular incision, exposure of the bulla,
bullotomy, and cochleostomy were performed in two guinea pigs.

Spiral ganglion neurons were stimulated by the biphasic current
output from the combined unit of the ABM and EM. The input
vibration to the ABM was produced by a piezoactuator. As the
input signal to the piezoactuator amplifier increases from 1 to
10V, the electrical output from the ABM increases and generates
a higher biphasic current output through the EM. The current
output signal was transmitted to the auditory nerve, and we
measured it with an eABR (Figure 4C).

Measurement of Electrical Output From
the ABM With a Tube-Type Connector
and Rod-Type Connector Coupled to the
Ossicles in a Cadaveric Temporal Bone

We developed a tube-type connector coupled to the umbo and
a rod-type connector coupled to the malleus head. Detailed
specifications of the design of each connector’s length, diameter,
and angle were demonstrated in Supplementary Figure 2. To
find the optimized coupling to the umbo, we chose the suitable
design (Type F-2) for the human middle ear among several
designs that changed the size and shape of the umbo connection
site, the length and diameter of tube, and the angle of tube
(Supplementary Figure 3). The selection for the most suitable
connector was conducted through experiments in which many
preliminary connectors were directly attached to the umbo site
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of the human cadaveric temporal bone. The tube-type connector
had a membranous part that was coupled to the umbo and
a tube part that was filled with liquid and connected to the
base port of the ABM packaging (Figure 5A). Using a fresh
frozen temporal bone, the tube-type connector and the rod-
type connector were connected directly to the ossicles of the
cadaveric temporal bone to measure the electrical output from
the ABM after applying sound stimuli. Sound stimuli were
generated by a mouth simulator (B&K, 4,227, Denmark) and
applied through a tube-shaped earphone to the external auditory
canal. The magnitude and frequency of the applied sound stimuli
on the eardrum were 70-120 dB SPL and 200 ~ 8,000 Hz
(Figure 5B). In order to exclude the noise effect, the electrical
output from the ABM was measured when the connector was
coupled to the ossicle and when not coupled to the ossicle.

By subtracting the latter value from the value obtained from
the former, we obtained an electrical signal that excludes the
noise effect. During ossicular coupling to rod-type connectors,
the maximum transfer function could be delivered to the ABM
when the axis contacting the rod and the malleus head was
perpendicular. In addition, to deliver movement of the natural
middle ear ossicles to the sensor without energy loss, we should
reduce the mechanical loading of the ABM. We had to create a
free joint state with little mechanical loading between the ossicle
and the rod-type connector. For this purpose, the ABM was fixed
in mastoid bone with bone cement. The positioning of rod-type
connector at optimistic angle with little loading to the ossicle
was very difficult and time-consuming. However, in the tube-
type connector, the connection between the membranous part
and umbo was relatively easy.
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RESULTS

Measuring Electrical Output Generated
From the ABM by Vibratory Input From

the Piezoactuator

The relationship between the displacement of the base port
and applied voltage input to the piezoactuator demonstrated
a proportional relationship of linearity (Figure 2B). The input
voltage of the piezoactuator and the output voltage of the ABM
showed a proportional relationship of linearity (Figure 2C). The
input voltage of 6 V generated an electrical output of 6 mV
from the ABM. Therefore, we assessed the relationship between
the displacement of the base port and the electrical output from
ABM using Figures 2B,C, and a linear relationship between the
two was detected in the displacement range from 0 to 5 pm
(Figure 2D). The sensitivity or efficacy (mV/pum) of the ABM was
1.82 mV/p m.

Measurement of EM Function (in vivo)

Using sound stimuli (from 77 to 85 dB SPL), a conventional
microphone transmits the electrical signal to the EM. The signal
amplified by the EM is transmitted through the electrode to
stimulate the auditory nerve. The electrical currents on the
electrode ranged from 200 to 600 pwA. The graph shows the
varying eABR by stimulus strength (Figure 3C). The second peak
(P2) wave appeared from the sound stimuli of 77 dB SPL. We

observed that wave patterns gradually increased in amplitude as
the stimulus increased.

Measurement of Electrical Output Using
the Combined Unit of ABM and EM

(in vitro)

When the ABM and EM were connected, several mV electrical
outputs were generated from the ABM when the actuator was
stimulated, and the EM then amplified the electrical output one
hundred times to hundreds of mV. The EM converted it into a
biphasic current signal, producing a few hundred microamperes
of current. This was sufficient to stimulate the subjects” auditory
nerves (Figure 4B).

eABR Recording in Animals Using the

Combined Unit of ABM and EM (in vivo)

Figure 4D shows the typical eABR waveforms recorded. The
intensity of the stimulus voltage for the actuator was changed
from approximately 1 to 10 V in 1 V steps. The first negative
peak (N1) and the second positive peak (P2) were always clearly
visible and were not obscured by the electrical artifact nor by
the digastric muscle response (Hall, 1990). Therefore, wave N1-
P2 was analyzed. The thresholds and amplitudes of the N1-P2
wave were measured. The threshold of this animal was 7 V. In
Figure 4D, according to each stimulus intensity, the magnitude
of the red two-way arrow indicates the amplitude of N1-P2 wave.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

135

July 2021 | Volume 9 | Article 693849


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Chung et al.

Artificial Basilar Membrane System

As the intensity of the stimulus increased from 7 to 10 V, the
tracing waveform showed a larger N1-P2 amplitude and shorter
latency in general.

Electrical Output From the ABM With
Tube-Type Connector and Rod-Type
Connector Coupled to the Ossicles in a
Cadaveric Temporal Bone

Noise correction was obtained by subtracting the measured
electrical output when the ossicle and connector were detached
from the measured electrical output when the ossicle and
connector were connected. In the tube-type connector coupled
to the umbo, we measured 120 WV of electrical output from the
ABM applying sound stimuli (110 dB SPL, 750 Hz) (Figure 5C).
Frequency characteristics showed that ABM with the tube-type
connector coupled to the umbo is reduced to three channels
compared to six channels in the ABM in response to actuator
stimulation. The rod-type connector also has a frequency
specificity of three channels and an electrical output of up to
3.98 WV (Figure 5D). The positioning of rod type connector
at optimistic angle with little loading to the ossicle was very
difficult and time-consuming. In addition, the output of the ABM
when coupled with the rod-type connector was not constant
from experiment to experiment. However, in the tube connector,
the connection between the membranous part and umbo was
relatively easy, and constant electrical output was obtained from
the ABM regardless of the connection angle or contact state.
Therefore, a tube-type connector coupled to the umbo was a
better option for piezoelectric acoustic sensors in transmitting
the vibrational energy of ossicles compared to the rod type
connector because it obtained a relatively constant electrical
output regardless of the experimental conditions and a larger
electrical output than the rod-type connector.

DISCUSSION

We developed a fabricated-packaged ABM with clear frequency
separation characteristics within an audible frequency range
(450-5,000 Hz) (Jung et al., 2015). The ABM functions as a
frequency analyzer that separates vibratory inputs according
to their frequency. The ABM converts them into electrical
outputs without an external power source by mimicking
the function of the human cochlea. The ABM is a fully
implantable system using the ME microphone, which reduces
the power consumption (20-40 mW) (Zeng et al, 2008)
of wireless power transmissions and implements a concept
called a self-power generating frequency analyzer. Since ABM
serves as a frequency analyzer and our 16-channel amplifier
array has reduced power consumption compared to DSP
(about 5 mW) (Marsman et al, 2006) the existing CI
(may be 1/25), the overall power consumption of the ABM
system might be reduced. Conventional CIs require high
power consumption and frequent recharging. By using the
characteristics of our ABM, which functions as a frequency
analyzer and self-generates electricity, the need for frequent

battery recharging can be reduced, and it is possible to develop
totally implantable CIs.

However, the electrical output from the current ABM is not
sufficient to stimulate auditory neurons. To acquire sufficient
stimulation of auditory neurons, the electrical output should be
amplified throughout the EM, and we developed an EM different
from the existing speech processors. In the present study, we
report the recording of eABRs in guinea pigs using a combination
of the ABM and the EM. Through this experiment, we confirmed
the feasibility of a totally implantable ABM system using ABM.
Further, the recording of eABRs was obtained according to the
frequency of the input stimuli. Low-frequency sounds or input
stimuli peaked near the apex of the ABM, which transmitted
its signal to the electrode placed at the apex of the cochlea. In
addition, we designed various types of connectors to determine
the most suitable connection method for coupling with the
ossicle. Although the electrical output from the ABM decreased
during coupling with the ossicles, the output of the ABM
when coupled with the tube-type connector was greater than
when coupled with the rod type connector. The development of
connectors has opened the possibility of bioelectronics middle
ear microphones obtaining acoustic energy from the ossicles
and the possibility of full implantation without the need for an
external microphone.

Several ABMs have been developed so far, and each ABM has
advantages and disadvantages. Jang et al. (2015) demonstrated
an ABM based on a piezoelectric cantilever array with frequency
selectivity in the range of 2.92-12.6 kHz. Comparing this ABM
with ours, our ABM is closer to a totally implantable cochlear
implant because the frequency range is closer to the speech
frequency range (450-5,000 Hz) and it is packaged with a
liquid chamber for implantation into the body. To improve
the efficacy of the ABM in the frequency band of the human
speech range, our team utilized the PVDF film instead of more
efficient piezoelectric materials, modified the design of ABM, and
included a liquid chamber. Moreover, we explored the ossicular
connection with the ABM for a totally implantable ABM system.
Inaoka et al. (2011) examined whether sound stimuli applied
to the stapes generated electrical output from the piezoelectric
membrane after implantation into the cochlea. When sound
stimuli at 100 dB SPL at frequencies of 5, 10, or 20 kHz
were directly applied to the stapes using an actuator, peak-to-
peak voltage outputs of 23.7, 5.7, or 29.3 WV were recorded,
respectively. This piezoelectric membrane was used as small sizes
for implantation into the guinea pig cochlea. Therefore, the
electrical output from this device is not sufficient to stimulate
auditory primary neurons. This output was approximately 50
times smaller than the electrical output of our ABM. The
electrical output should be 10°-fold higher than the output of
this device for effective stimulation of auditory primary neurons
when electrodes are placed in the scala tympani, similar to
conventional Cls. In addition, we compared our ABM with the
existing literatures on ABM development using PVDF. Saadatzi
et al. (2020) developed the ABM with PVDF plates and gold
electrodes mounted on the PDMS elastomer matrix. This ABM
showed five channels of frequency separation characteristics
within the frequency range of 3 to 8 kHz. Another ABM reported
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in 2018 had a novel vibration control technique of an artificial
auditory cochlear epithelium that mimics the function of outer
hair cells (Tsuji et al., 2018). It showed four channels of frequency
separation characteristics at frequency more than 4.6 kHz.
Conversely, our ABM reduced the resonant frequency to 450 Hz,
had biocompatible packaging, and implemented a prototype for
a totally implantable ABM system using the EM module. In
this study, we obtained eABR responses in experimental animals
when the ABM system (ABM + EM) is applied in vivo and
evaluated the feasibility of the ABM system in terms of electrical
power and frequency selectivity. This point is a distinction from
the existing studies that studied only the characteristics of the
ABM itself, and the possibility of clinical application can be
evaluated through in vivo study of ABM systems implanted in the
guinea pig. Our ABM system requires 100 times amplification for
effective stimulation of auditory primary neurons compared to
the output current from the conventional CL.

Despite the advantages of our ABM system, some limitations
need to be improved upon for its practical use for transplants:
(1) insufficient sensitivity as a sensor, (2) reduction in ABM
sensitivity during coupling with the ossicle, and (3) insufficient
electrical power of the whole ABM system.

ABM Sensitivity as a Sensor and

Improvement of Sensitivity

The ABM efficiency was 1.82 mV/pm, as shown in Figure 2C.
As much as the base port is pushed by the actuator in
the experimental range of 0-5 pm, the electrical output was
produced in proportion to the displacement of the base port.
This is a new finding that was not discovered in the previous
study. In addition, using the finite element (FE) model to
convert the displacement of the base port to sound pressure,
Figure 6A shows the sensitivity of ABM (mV/Pa). To calculate
the equivalent sound pressures applied to the base port as a
function of the displacement by the piezoactuator, finite element
modeling including the ABM, liquid chamber, and base port was
carried out. We aimed to measure the electrical output from the
ABM based on the input sound pressure and to evaluate the
sensitivity of the ABM as a sensor. We measured the electrical
output generated from the ABM by the vibratory input from
the piezoactuator in the same way as in the previous paper
(Jung et al., 2015). The ABM sensitivity was 0.120 mV/Pa in this
study. In the ABM based on piezoelectric cantilever array, the
maximum sensitivity was 1.67 mV/Pa, and the sensitivity of the
ABM was in the range of 0.354-1.67 mV/Pa (Jang et al., 2015).
Despite the difference in material and characteristics between
the membrane-type ABM and cantilever-type ABM, our ABM
should increase the sensitivity as a sensor to increase the efficacy
of the whole system. To improve the efficacy of the ABM,
more efficient piezoelectric material with self-powered sensing
capability should be developed. A comparative study on the
different piezoelectric materials can be performed to determine
the best candidate for sensor integration. We used film PVDF
for our ABM. However, lead zirconite titanate (PZT) showed
a 10 times higher piezoelectric charge/force ratio than that of
PVDF film (Boukabache et al., 2014). Our team has made many

attempts to find more efficient piezoelectric materials. In general,
polymer type piezoelectric materials has much lower piezoelectric
response in the range of 0.1 ~ 42 pC/N, while ceramic type
piezoelectric materials such as PZT has piezoelectric response
of 490 pC/N (Guerin et al, 2019). However, polymer type
piezoelectric materials such as PVDF has much lower Young’s
modulus of 1.7 GPa compared to that of PZT (~60 GPa). The
trade-off between piezoelectric response and Young’s modulus
should be carefully considered for developing ABM as it required
high signal output in the human audible frequency range.
Considering piezoelectric response and Youngs modulus of
PZT and PVDE we selected PVDF as the best material to
produce a larger signal output at human audible frequency
range, which is biocompatible, and has no problem with its
performance even after prolonged exposure to heat and moisture.
In addition, our research team also attempted to develop a
partially etched form of ABM to increase the efficiency of existing
ABMs for next-generation ABM research (Kang et al., 2015).
In an effort to improve the frequency separation performance,
a partially etched-type ABM was presented by varying the
thickness of ABM. By mimicking the longitudinal pattern of
human basilar membrane, the partially etched-type ABM showed
improved frequency separation performance and lowered the
responsive frequency range. Also, the vibrational displacement
was increased almost 3 times compared to non-etched ABM.
To increase the power of a piezoelectric membrane, attempts
to reduce the thickness of a piezoelectric membrane and to
change into multilayer construction should be done (Inaoka et al.,
2011). Efforts are ongoing to discover more efficient piezoelectric
materials and develop more efficient ABM structures in terms of
the electrical output and frequency selectivity.

The Concept of the Middle Ear

Microphone

The middle ear microphone converts the vibration of the
tympanic membrane or ossicles into an electrical signal (Mitchell-
Innes et al., 2017). For the total implantable CI system, we used
the middle ear microphone to obtain the vibration from the
ossicle and connect it to the base port of the ABM. In a previous
study, we measured the displacement transfer function of each
part of the ossicles using laser Doppler vibrometry to determine
the site of maximum ossicular motion that would be optimal
for attachment of the sensor portion of the fully implantable
prosthesis (Chung et al., 2013). The malleus head and the incus
body turned out to be an optimal ossicular site for coupling to
middle ear microphones. We used the malleus head as the site
to connect to the ABM with the rod type connector. However,
since the umbo is a straightforward access area and site of
maximum ossicular vibration, there has been an attempt to detect
the ossicular vibration for totally implantable hearing devices by
attaching the piezoelectric sensor directly to the umbo (Gesing
etal., 2018). In this study, the size of ABM was too large to directly
contact the umbo, so we designed the most appropriate tube-type
connector coupled to the umbo and conducted several trial-
and-error methods, actually experimented with various designs
and forms of the tube-type connectors several times. This is
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FIGURE 6 | The comparison of (A) the sensitivity as a sensor between ABM and ABM with umbo connection and (B) the efficacy between the conventional cochlear
implant, ABM system, and ABM system with umbo connection.

meaningful because it is the first attempt to use the umbo as
a coupling site, unlike the Carina or Esteem, which have been
coupled to the malleus head or incus body.

The Causes and Solutions of Reduction

in ABM Sensitivity During Coupling With
the Ossicle

The efficacy of the ABM was reduced by approximately 17 dB
(approximately 10 times) owing to the coupling to the umbo
(Figures 6A,B) as the vibration energy was lost in the connection
part. The electrical output of the ABM may decrease due to
the decrease in the displacement of the base port during umbo
connection, resulting in a decrease in overall ABM sensitivity.
There were reasons for the reduction in ABM sensitivity during
umbo connection and ways to improve this limitation.

The contact point between a tube-type connector and the
umbo is critical because too much or too little force will result in
a conductive loss and finally reduce sensitivity (Bruschini et al,,
2009). Therefore, some middle ear implants use intraoperative
loading devices to improve coupling efficiency and consistency
(Jenkins and Uhler, 2014). Using an intraoperative loading device
can control the contact point of the umbo connection and can
improve the reduction in ABM sensitivity due to coupling.

The mass effect of the coupling between a tube-type connector
and the umbo should also be considered as the displacement of
the ossicular chain decreases with added mass, thereby decreasing
sensitivity (Nishihara et al., 1993). Also, we can reduce the mass
effect by fixing the connected ABM to the mastoid.

Another consideration is the ambient pressure changes, which
can lead to large displacements of the ossicular chain (Mitchell-
Innes et al., 2017). If the middle ear microphone is fixed to
the temporal bone, then this ossicular displacement will result
in a sustained increased force on the ossicles at the contact
point, and there is the possibility of bone resorption and a
subsequent loose fit (Mitchell-Innes et al., 2017). To solve
this problem, a hydroacoustic transmission system with soft

contact to the ossicles was developed, consisting of a water-filled
flexible tube covered on the ossicular side by a soft balloon-
like tip with a thin wall, which was connected to a piezo-
electric transducer at its other end (Hiittenbrink et al., 2001).
The soft coupling of the water-filled balloon can prevent a
localized pressure load and cannot restrain the free movement
of the ossicle during ambient pressure changes, thus reducing the
potential risk of bone resorption, which might occur with a rigid
coupling (Hiittenbrink et al., 2001). The structure of the tube-
type connector, which is filled with fluid inside the tube and has
a flexible membrane structure to transmit vibration well to the
umbo side, could be a good connector design that can be a good
alternative to solving the existing coupling problem.

Results showed a decrease in frequency specificity at the
umbo connection. In order to obtain the ideal ossicular coupling
possible, we have experienced many trials and errors during
the experiment about the rod-type and tube-type connector.
Depending on the angle of connection with the ossicle, or the
axis pressed by the connector, the electrical output from the
ABM in the rod-type connector is inconsistent and difficult
to control. In addition, the process of fixing the ABM to
the temporal bone to reduce mass effect and the load on
the ossicle is time-consuming. In comparison, the tube-type
connector was considered a more suitable connector because it
obtained a relatively constant electrical output regardless of the
experimental conditions and a larger electrical output than the
rod-type connector. To find the optimized coupling to the umbo,
we chose the best design (Type F-2) for the human middle ear
among several designs that changed the size and shape of the
umbo connection site, the length and diameter of tube, and the
angle of tube (Supplementary Figure 3). The selection for the
most suitable connector was conducted through experiments in
which many preliminary connectors were directly attached to
the umbo site of the human cadaveric temporal bone. There is
a solution to improve the shape of the junction that connect
the umbo, so that the movement of the umbo can be delivered
to the ABM system as much as possible. More research is
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needed to determine whether the loss of frequency specificity in
a cadaveric temporal bone connected with the ABM is caused by
a connectivity technology issue, an intrinsic characteristic of the
ossicle, or a fresh frozen temporal bone problem. To improve the
ossicular connection problem, an effective method for ossicular
connection should be devised. Moreover, it may be possible to
increase the frequency selectivity by adjusting the thickness of the
ABM. Further studies are needed to improve the loss of frequency
selectivity in ossicular connections.

Efficiency of the Entire ABM System and

How to Improve Insufficient Efficiency

In the entire ABM system, to sufficiently stimulate the acoustic
nerve, the EM was required to amplify the electrical output
from the ABM by 100 times. After amplifying the electrical
output from the ABM 100 times and processing it with a
biphasic signal through the electrical module, we obtained an
eABR waveform in guinea pigs. Inaoka et al. (2011) were the
first to conduct animal testing of an ABM and showed eABRs
using a membrane-type ABM applying sound stimuli at 100 dB
SPL at a frequency of 5, 10, or 20 kHz. The electrical output
(5.7 ~ 29.3 pV) should be 105-fold higher than the output of
this device for effective stimulation of auditory primary neurons
when electrodes are placed in the scala tympani similar to
conventional CIs. We evaluated the efficiency of the entire ABM
system compared to the conventional CI to assess the feasibility
of our ABM system. We analyzed and compared the electrical
output of the entire ABM system (ABM + EM + electrode), ABM
system with umbo connection, and conventional CI according
to the sound pressure (Figure 6B). As shown in Figure 6B,
the efficacy of the entire ABM system is lesser by 42.8 dB
(approximately 100 times) compared to generating an electrical
signal of 1.5 mA at a sound pressure of 74 dB SPL on conventional
CI electrodes (Maarefvand et al., 2017). Thus, the electrical
output should be approximately 102-fold higher than the output
of the present ABM system for effective stimulation of auditory
primary neurons when electrodes are placed in the scala tympani
compared to conventional CIs. The graph of the electrical output
according to the sound pressure showed that in the case of
the ABM system with umbo connection, the electrical output
is lesser by 17 dB compared with that of the ABM system
without coupling. In the case of the ABM system with umbo
connection, the electrical output should be approximately 10°-
fold higher for effective stimulation of auditory primary neurons.
Therefore, the magnitude of the electrical output from the ABM
is not high enough to stimulate the acoustic nerve sufficiently
without amplification, and further improvement of electrical
efficiency is still required. To increase the efficiency of the whole
system, there has to be an increase in the sensitivity of the ABM,
increase the efficiency of the coupling to the umbo, or increase
the efficiency of the EM. In order to increase the efficiency of
the EM, there are solutions such as (1) increasing the amplifier
gain of EM, and (2) adding amplification circuits between ABM
and EM. If the amplifier array gain of the new EM is 100
times (40 dB) higher than that of the existing EM (1,000 times,
60 dB), the overall amplification is 100,000 times (100 dB). And

since the power consumption will be several hundreds of pW
when an amplifier array is added, it does not significantly affect
the overall system power consumption. However, designing an
ultra-high gain amplifier array greater than 60 dB (1,000x) is
faced with many other challenges such as noise reduction and
input-output non-linearity.

In addition, Our ABM had 13 electrodes and showed six
channels of frequency separation characteristics (Jung et al,
2015). When connected to the ossicular chain, the frequency
characteristics were reduced to three channels. A number of
studies have suggested that speech recognition does not typically
improve beyond 8-10 spectral channels for cochlear implant
recipients (Friesen et al., 2001; Croghan et al., 2017; Schvartz-
Leyzac et al.,, 2017; Berg et al.,, 2019). This performance plateau
could be explained by limited independent neural populations,
channel interaction, ceiling effects on some tasks, and limitations
of envelope-based speech coding (Friesen et al., 2001; Croghan
et al., 2017; Schvartz-Leyzac et al., 2017; Berg et al, 2019).
Based on previous studies, we wanted the ABM to distinguish
more than eight channels, but only six channels could be
obtained due to the characteristics of the membrane type of
piezoelectric material. Therefore, improvements are needed in
terms of frequency selectivity and power. Improvements in
frequency selectivity and power can be obtained by changing the
ABM structure to cantilever form or combining multiple ABMs
with different operating conditions. In addition, improvements
in the material of ABM are needed, and efficient coupling
methods should be devised. The method for ossicular connection
is also important, but improving ABM sensitivity can improve
the frequency separation characteristics because it increases the
effective response from the ABM in more frequency ranges. We
have already described earlier how to improve ABM sensitivity.
Another option is to change the current membrane-type ABM
to cantilever type ABM to improve the frequency response
characteristics. The partially etched-type ABM developed by our
team was presented to overcome both the limitations of cantilever
types ABM that only respond to specific frequencies and the
limitations of membrane-type ABM that do not clearly show
frequency separation characteristics. However, it did not show
definite increase in frequency separation (Kang et al.,, 2015).
Finally, there will be a way to improve the transfer function of the
junction by 3D printing the shape of the junction between umbo
and the ABM to match the three-dimensional structure.

The previous papers only showed the possibilities of each
ABM; however, in this study we numerically estimated how
insufficient our whole ABM system is in terms of efficiency
compared to the existing CI. Thus, the novelty of this study is
that it evaluates the feasibility of the ABM system.

CONCLUSION

In conclusion, we developed a prototype of the totally
implantable ABM system, consisting of the ABM, EM, and
electrode, and evaluated its feasibility. We obtained meaningful
auditory brainstem responses by implanting the output electrode
of the ABM system into guinea pigs. Also, we successfully
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measured the electrical signal output from the ABM system
through a middle ear connection from the umbo vibration with
external sound stimuli. The power of the whole ABM system was
100 times lesser than that of conventional CIs and the umbo
connection further deteriorate the output power, but we found
a possibility of a self-powered ABM system, which might be
one of the future options for a completely implantable device.
Improving the intrinsic efficiency of the ABM and developing
an eflicient ossicular connection (coupling) technology are the
challenges that lie ahead.
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Skin tissue bioengineering is an emerging field that brings together interdisciplinary teams
to promote successful translation to clinical care. Extensive deep tissue injuries, such
as large burns and other major skin loss conditions, are medical indications where
bioengineered skin substitutes (that restore both dermal and epidermal tissues) are
being studied as alternatives. These may not only reduce mortality but also lessen
morbidity to improve quality of life and functional outcome compared with the current
standards of care. A common objective of dermal-epidermal therapies is to reduce the
time required to accomplish stable closure of wounds with minimal scar in patients
with insufficient donor sites for autologous split-thickness skin grafts. However, no
commercially-available product has yet fully satisfied this objective. Tissue engineered
skin may include cells, biopolymer scaffolds and drugs, and requires regulatory review
to demonstrate safety and efficacy. They must be scalable for manufacturing and
distribution. The advancement of technology and the introduction of bioreactors and
bio-printing for skin tissue engineering may facilitate clinical products’ availability. This
mini-review elucidates the reasons for the few available commercial skin substitutes.
In addition, it provides insights into the challenges faced by surgeons and scientists
to develop new therapies and deliver the results of translational research to improve
patient care.

Keywords: skin, bioengineering, burns, wound closure, skin substitutes, clinical translation, tissue engineering,
biopolymers

INTRODUCTION

The challenges of translational medicine are becoming more prevalent with developing new
technologies as novel therapies for personalised medicine. One therapy where translational research
is at the forefront is reducing the use of skin autografts for extensive full-thickness burns with
laboratory-generated skin (1-7). The split-thickness meshed and expanded skin autograft has been
the prevailing standard of care for burns surgeons for decades and remains the preferred method
of wound closure due to its relatively high efficacy of stable wound closure (3, 8, 9). However, if
the burn area massively exceeds the area of available donor site for skin autografts, the advantages
of autologous engineered skin substitutes is compelling. To regenerate a substitute of uninjured
human skin that definitively provides wound closure both anatomically and physiologically (6) is a
common challenge for tissue engineers, and may involve polymer chemists, cellular and molecular
biologists, surgeons, nurses, and therapists. A systematic review of clinical studies investigating
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autologous bilayered skin substitutes as epithelial stem cell niches
after grafting, identified 16 potential studies and nine types of
autologous skin substitutes over a 25-year period (10). Currently,
only a small number of these are still available for therapeutic use,
with no ideal substitute in the market. The current models have
distinct attributes, for the majority, the scaffold type is a source
or derivation of collagen (biologic) with autologous fibroblasts
and keratinocytes. Another novel synthetic scaffold utilising
a polyurethane (PUR) has also been used to generate a skin
composite (composite cultured skin, CCS) and has reported its
use for the treatment of a 95% total body surface area burn patient
(11). However, these all remain deficient in pigmentation, hair,
and other dermal appendages. The authors draw on combined
experiences from taking the research bench to bedside. This
review will describe the distinct models of bilayered tissue
engineered products that have been used therapeutically, which
there are few, but all address the same clinical challenges.

The Need for an Alternative to Skin
Autografts for Extensive Full-Thickness

Burns

Burns are a global health concern, especially for low to middle-
income countries, accounting for over 95% of burn deaths (12).
Burn injuries of all depths make up only a small proportion
(1%) of trauma hospitalisations in Australia (13), but are one
of the most costly, due to long hospital and rehabilitation
stays (14, 15). In the United States, hospitalised burns cost
over $1billion per year (16) and in high income countries
the mean cost per 1% TBSA is US$4159.00 (17). These costs
are significant, but the major indirect cost is the patients
lifelong scars and disfigurements. As the percentage of total
body surface area (TBSA) burn and burn depth increases,
the costs increase exponentially (14). Extensive, full-thickness
burn injuries (>50% TBSA) usually require intensive care,
multiple surgical procedures, physical and occupational therapy
and psycho-social interventions to recover. Patients with these
degrees of burn often die which obviates skin graft paucity
(18). However, advances in burn care have led to increased
survival rates due to early excision of eschar, temporary wound
closure, advanced nutritional support, infection prevention, and
improvements in critical care medicine (19-22). Although, burns
in the elderly and those with coincident trauma such as inhalation
injury, remain challenging.

In this patient population, temporary wound coverage
provides time for utilisation of donor sites from superficially
burned skin and re-harvesting to allow multiple procedures
of skin autografting (23). Maximising wound coverage with
available donor site involves thin, widely-meshed, or expanded
(Meek-Wall technique) (24) skin autografts, resulting in poor
functional and aesthetic outcomes. In addition, donor sites
generated by split-thickness skin graft harvesting are extremely
painful, may require opiate analgesia, limit mobilisation,
and discourage compliance with physical therapy (25). Skin
autografts, however, have properties that promote their
continued widespread use for the closure of large, deep skin

wounds (no rejection, vascular inosculation, high efficacy, long-
term stability), but their correlation with increased morbidity,
especially in the elderly, is a significant disadvantage, which
motivates the search for alternatives (26, 27).

An ideal skin substitute should adhere, vascularise,
and integrate quickly, contain both epidermal and dermal
components, provide permanent and definitive wound closure,
be autologous, resist infection, be easy to prepare, handle well,
easy to apply, cost-effective, and resist mechanical shear forces
(28). They should demonstrate high engraftment rates, restore
natural pigmentation, and provide all skin appendages and
sensory networks in uninjured skin. This list of qualities is
comprehensive, and to simultaneously replicate these features in
vivo requires complex engineering in the laboratory. Engineered
skin fabrication is a specialised professional field with many
aspects still to be elucidated and reduced to practise. A
standardised universal classification system for “skin substitutes”
was published by Davison-Kotler et al. in 2018 to encapsulate
all adaptations (research and clinical) using a factorial design
(29). Primary categories include acellular dermal substitutes,
temporary skin substitutes, and permanent skin substitutes,
further expanding into sub-categories (2). The many variations
have been tabulated in former reviews and will not be detailed
here (6, 7, 29-38). This review focuses on permanent, cellular,
and mainly autologous products with dermal and epidermal
components. It will explore a few commercially available
products and some clinically used in extensive wounds (Table 1).

Large, Excised Wounds —Temporising the

Wound Bed for Definitive Closure

The loss of the epidermis, and sufficient dermis to ensure loss
of all the epidermal adnexa, requires rapid wound closure. The
primary focus is on reducing inflammation and granulation,
preventing infection and limiting contraction. The associated
mortality and morbidity rates decrease with the successful
implementation of the above and achieved by staged closure
(69). Acellular dermal substitutes comprising a dermal and a
pseudo-epidermal component have been widely used to achieve
physiological closure. Their implementation has produced
a paradigm shift in burn care (21, 70, 71). The dermal
components may originate from decellularised human skin,
biological polymers, or synthetic polymers. Their function is to
temporarily close the excised wound to decrease fluid loss, allow
integration and controlled granulation tissue invasion inducing
a vascularised wound bed. Commercial examples include
Integra® Dermal Regeneration Template, Pelnac, Terudermis,
Hyalomatrix, and RenoSkin (69). These products and similar
ones have limitations, including a risk of transmissible disease,
loss from infection and high costs (5, 72). Despite regulatory
approval for specific medical indications, most dermal substitutes
have not achieved worldwide consensus as market leaders for
large, deep dermal wounds. However, establishing a neo-dermis
enhances structural stability and provides the time required for
definitive epithelial wound closure, whether by serial grafting or
by generating and applying autologous engineered skin.
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TABLE 1 | Examples of clinically-available or investigative skin substitutes [adapted from Vig et al. (7), Boyce et al. (31)].

Product-country of origin

Classification/components

Proposed clinical
indication

Product limitations

Dermal-epidermal
substitutes

TISSUEtech Autograft system
(Hylomatrix 4+ Laserskin)—Italy
(39, 40)

Tissue-cultured skin autograft
(TCSA's)—Germany (41)

Engineered skin substitute
(ESS)—USA (42-50)

Composite cultured skin
(CCS)—Australia (51-57)

Self-assembled skin substitute

Cellular, autologous Ks, Fbs
with HA

Cellular, autologous Ks, Fbs
with Matriderm™

Cellular, autologous Ks, Fbs,
bovine collagen-GAG

Cellular, autologous Ks, Fbs,
synthetic polymer

Cellular, autologous Ks and

Diabetic ulcers

Chronic ulcerations

Large burns and other skin
loss conditions

Full- thickness burns

Burns

Small wounds, difficult to
use clinically

Small wounds

Xenogeneic scaffold, small
pieces, shrinkage of
product, cost

Scaffold porosity, complex

Labour intensive

(SASSs)—Canada (58) Fbs

Autologous homologous skin
construct (AHSC)—USA (59-61) cells

MyDerm—Malaysia (62-65)
Fbs, Fibrin

StrataGraft™M-USA (66, 67)

Cellular, autologous skin

Cellular, autologous Ks and

Cellular, allogeneic Ks and

Burns, acute trauma chronic
wounds

Cell suspension/aggregate

Burns, skin trauma and
chronic wounds

Clinical efficiency

Burns and skin conditions Allogeneic, temporary, size

Fbs, non-bovine collagen

denovoSkin— Switzerland (68)

Cellular, autologous Ks and

Burns Xenogeneic scaffold

Fbs, bovine collagen

HA, Hyaluronic acid; Ks, Keratinocytes, Fbs, Fibroblasts.

The NovoSorb™ Biodegradable Temporising Matrix (BTM)
is a synthetic scaffold that is currently in routine use for burns and
complex wound repair (73-79). It is a scaffold that temporises
the wound and biodegrades after integration and establishment
of dermal elements (80). Furthermore, it resists infection, can be
made in large sheets, is inexpensive to produce, easy to handle,
and provides integration time (76-82). With the optimisation of
a dermal replacement template and a major limitation addressed,
i.e., acquisition of time for cellular growth, the prospective next
step is the specification of a definitive wound closure alternative.

The Current State of Bioengineered

Dermal-Epidermal Substitutes

Bioengineered skin substitutes involving dermal and epidermal
components are the focus of this paper; however, epidermal
replacements (cellular) require brief reference to appreciate
the desirability of both components. A skin substitute is yet
to be achieved that replaces the anatomy and physiology
of uninjured skin or completely replaces all skin autograft
properties- implying why an epidermal replacement alone will
not replicate a meshed, or sheet, autograft. Cultured Epithelial
Autografts (CEAs) have been used since 1986 (83), and other
adaptations or iterations of keratinocyte suspensions [e.g., Epicel
(84, 85), Cell Spray, RECELL® (86), BioSeed (87), Laserskin (39,
40)] have evolved. These are clinical adjuncts to therapies with
traditional treatments of burn care to expedite reepithelialisation
rate. Clinically applicable for small wounds (88), ulcers (87, 89—
92), superficial burns (93) and skin graft donor sites; they have
not been universally accepted by burns surgeons independently
for deep large burns due to their limited expansion rate,
mechanical fragility on handling, tendency to blister in vivo and

vulnerability to shear after application (partly to deficiencies
in basement membrane formation) (94). In addition, they
are costly to produce, can take weeks to manufacture, and
are epidermal derived replacements (95-100). Incorporating
a substitute containing epidermal and dermal components is
a logical progression toward regenerating a tissue more like
uninjured skin (101).

A critical paracrine dialogue between fibroblasts and
keratinocytes is essential for basement membrane synthesis,
a beneficial feature for engineered skin substitutes (102-104).
The basement membrane protects against shear by establishing
a molecular bond that anchors the cellular epidermis to
the extracellular matrix of the dermis. The most analogous
to skin, and the most successful clinically to date, is an
Engineered Skin Substitute (ESS) developed in Cincinnati, Ohio
(105). Developed over the past 30 years, the ESS comprises
autologous keratinocytes and fibroblasts in a bovine collagen-
glycosaminoglycan (GAG) scaffold (42-50). The ESS model
was the first to demonstrate stable closure of full-thickness
burns by combination with Integra® Dermal Regeneration
Template (106). In 2017, a report was published of ESS’ clinical
results in 16 subjects treated from 2007 to 2010. For patients
with >50%, TBSA full-thickness burns, ESSs were able to
reduce the need for harvesting donor skin grafts and reduce
the mortality rate compared with data from similar patient
populations reported in the National Burn Repository of the
American Burn Association (107). The ESS results in a closed
wound that has structural and functional similarities to native
skin. However, this model also has limitations (lack of other cell
types and adnexal structures, contraction of the collagen scaffold
during ESS fabrication, relatively high cost and regulatory
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complexity); and is not commercially available. Pre-clinical
studies have recently demonstrated the successful incorporation
of melanocytes (108, 109), microvascular endothelial cells (110),
and hair follicles (111) into the ESS model.

Bovine collagen is also used in denovoSkin™ (Cutiss AG,
Zurich), which consists of a collagen hydrogel and human
dermal fibroblasts and keratinocytes. It has been classified as an
Advanced Therapy Medical Product (ATMP) and has received
FDA and EMA Orphan status to treat burns in the US and EU
(112, 113). It is currently undergoing clinical trial recruitment
for adult and children burns, with an estimated completion
date of 2023. However, the production of a dermal-epidermal
equivalent with xenogeneic (non-human)-derived biologicals,
such as bovine, rat, or porcine collagens or glycosaminoglycans
(42) raises the potential for immune recognition and rejection
and risk of prion transmission. A synthetic scaffold and
autologous cell approach may reduce these risks.

Several matrices using fibroblasts alone to provide the
biological extracellular matrix environment (114-117) have
shown the generated skin’s long-term stability in vitro
(118). Through the Special Access Program in Canada, a
Self-Assembled Skin Substitute (SASS) has shown clinical
effectiveness, reporting a case series of 14 severely burned
subjects (58). This substitute contains autologous fibroblasts and
keratinocytes, forming a human biopolymer fibroblast scaffold
with subsequent keratinocyte seeding. The constraining factor
for this type of substitute, like some others, is the production
time, with an average of 9 weeks from the initial biopsy (58).
In addition, the SASSs post-transplantation displayed visible
junctions between applications, re-iterating the need for a
sizeable sheet that can be generated and transplanted with
fewer anaesthetics.

Improved scalability has now been reported using a
biodegradable polyurethane (PUR) as the scaffold for a dermal-
epidermal alternative, known as a composite cultured skin
(CCS) (51-57). The attributes for an “ideal engineered skin,’
as mentioned previously (119), formulated the premise of
combining an engineered-epidermis to a modified BTM dermal
substitute. Compared to bovine collagen (a biologic), a synthetic
biodegradable PUR showed lower toxicity and cytotoxicity,
reduced immunogenic reaction, and minimal inflammatory
response (51, 52, 120). The BTM-CCS provided a two-stage
strategy, with the CCS as a definitive second stage wound closure
material. The application of NovoSorb™ BTM, a temporising
matrix, addresses one of the major limitations of available skin
substitutes [i.e., time required for autologous cell expansion 3-
5 weeks (38)]. The integration period enables the time required
for cell isolation, expansion and bilayered construction (up to
7-weeks if needed) (11, 69). The CCS is a 1 mm thick PUR
porous scaffold, populated with autologous fibroblasts in a fibrin
network and layered with autologous keratinocytes (53, 54).
Pre-clinical studies in a porcine model initially demonstrated
the efficacy of small CCS, and later large pieces, generated
in an automated bioreactor (54, 57). This custom-made novel
bioreactor device has taken this from research to clinic (11, 57).
The two-stage strategy of BTM-CCS has been used clinically
in a 95% TBSA burn injury (covering 40% TBSA of original

burn) (11). The patient not only survived but, at 1.5 years
post-injury, required minimal contracture release in areas where
autografts were applied and none to the CCS-applied areas. The
result for CCS was a smooth, supple aesthetic appearance with
varying pigmentation from primary epithelial engraftment. No
delineation between junctions of CCSs can be observed. ROM
and SOSS scores were comparable to sheet graft, but favourable
over 1:3 meshed STSG and Meek.

The subcutaneous layer (the deepest layer of skin) is absent
in many investigational and clinical substitutes. Polarity TE,
a US company, produces an Autologous Homologous Skin
Construct (AHSC). They claim that functional full-thickness
skin can be regenerated by obtaining a full-thickness biopsy
with immediate application (59). A retrospective, 15-patient
post-AHSC application review case series was reported (60)
for various wound types (burns, acute/traumatic injuries, and
chronic wounds). It differs from the conventional dermal-
epidermal substitute, in that it seems not to necessitate culture
and is returned to the patient within days. These wounds were
closed at 3 months post application; however, further studies are
required to investigate and substantiate the claims of efficacy,
especially in full-thickness, excised burns (61).

Several other dermal-epidermal constructs have been used
clinically or gone to clinical trial pending commercialisation
(Table 1). Some examples include, tissue cultured skin autograft
(TCSAs using Matriderm™, Germany) (41), TISSUEtech
Autograft system™ (using Hylomatrix, Anika Therapeutics
Inc., Bedford) (121), and others using Allodermis (122, 123),
Human plasma (124, 125), and Fibrin (MyDerm, Japan) (62-65).
Another bi-layered product recently receiving (2021) FDA
approval for adult deep partial-thickness burns is StrataGraft®
(Mallinckrodt, USA) (66, 67). Although it is not autologous,
this bilayered allogeneic product comprises murine collagen
and allogeneic fibroblasts and keratinocytes, this acts indirectly
on the autologous cells to assist with wound closure (66). This
type of treatment is limited for deep full-thickness burns as
it needs another source of autologous cells e.g., meshed graft
or other skin appendages, to close the wound. However, it
is readily available and “off-the-shelf” ready for immediate
use, whereas typical bilayered autologous substitutes can take
weeks to fabricate. As with any graft, there is potential for loss
if there is no neovascularization. The majority of clinically
available engineered skins are avascular; however, this is under
investigation by researchers (126). The loss of graft can be due
to an accumulation of blood (haematoma), fluid (seroma),
contamination, or mechanical shear. The different skin models
mentioned have varying pore sizes and can contribute to
the success of the engraftment. The density of the dermal
component (ie., too small or large pores) can inhibit or
promote vascularisation (57, 127). Shear of a substitute graft
or blistering will also occur if there is loss or no basement
membrane and reiterates the importance of cell-cell contact of
the epidermal-dermal component in vitro culture. When this
loss occurs, the wound heals by secondary reepithelialisation and
healing is delayed. Although, a systematic review of bilayered
skin substitutes showed wound healing rates for leg ulcers
were comparable with the standard of care (RR 1.51, 95%
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1.22-1.88) (128). A widely meshed STSG used for extensive
wound coverage results in a weave-like pattern, producing a
poor aesthetic result. In contrast, autologous engineered skin
provides immediate coverage with a stratified epidermis that
suppresses granulation tissue and arrests the scarring process.
Producing a favourable smooth, pliable, even skin, with a
reduction in pain and itch (55, 68, 107). Another major strength
and benefit over skin autografts is the reduction of autologous
donor skin and its associated morbidities. The diverse bilayered
approaches mentioned all have their strengths and weaknesses,
and in review, the ideal model may likely be combinations
of biopolymer scaffolds and stem cells that can produce a
functional, clinically safe and effective alternative (129, 130). Any
of these tissue engineered products will face regulatory reviews
and reimbursement requirements.

Clinical Challenges for Skin Substitutes

As cell-based therapeutic inventions, these products require
approval by regulatory authorities to ensure high quality, safety
and proven efficacy (131) (Therapeutic Goods Administration,
TGA in Australia; Food and Drug Administration, FDA in
the United States; European Medicines Agency (EMA), in the
European Union, etc.). Several pre-clinical substitutes are being
used through Special Access Programs (SAP) in designated
countries. This scheme is a way of using non-licenced products
to treat life-threatening injuries where other methods are not
suitable, or non-existent. In the United States, the passage of the
21st Century Cures Act, in 2016 (31) and new agency programs

will facilitate the clinical use of novel products and devices to treat
patients at severe medical risk.

The generation of highly manipulated tissue-engineered
products follows the standards for current Good Manufacturing
Practices (cGMP) (132). They should ideally be free of any
xenogeneic product (131) and include mandatory testing for
microbiological assessment [sterility assurance level (SAL) of
107°] and transportation validation to ensure that product
integrity is maintained. Generating a clinically viable, and ethical,
product suitable for market is a lengthy and labour intensive
process, with high initial capital costs. These infrastructure
costs, process complexity, and stringent quality control result
in expensive products, making commercialisation less practical
(133, 134) and are translational challenges a therapeutic product
may encounter (Figure 1). The cost of such substitutes, however,
should not be assessed directly by the cost per unit of production
only (31, 135), but also indirectly by assessing overall hospital
cost reductions concerning length of stay, the number of
reconstructive surgeries post-major burn, patient outcome and
aesthetics. Although, an experienced highly trained medical
team, including specialised nurses and therapy protocols are
required during the intense early stages of treatment until they
become the prevailing standard of care.

The Future Opportunities of Skin
Substitutes

The generation of laboratory-generated “skin substitutes,”
irrespective of classification, have to date only partially

Frontiers in Surgery | www.frontiersin.org

August 2021 | Volume 8 | Article 640879


https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org
https://www.frontiersin.org/journals/surgery#articles

Dearman et al.

Clinical Translation of Skin Substitutes

addressed the requirements for achieving stable wound closure.
They currently produce inadequate pigmentation (hypo- or
hyperpigmentation), they lack vasculature, hair, glands, and
none have replicated the results of unmeshed autograft or
duplicated the anatomy and physiology of uninjured skin.
Due to cost, regulatory restraints, and the significant scientific
challenge to incorporate all skin features simultaneously (136—
139). Approaches to the refinement of fabrication systems for
skin substitutes will facilitate advanced models of engineered
skin to reach their markets with a consequent decrease in costs.
The requirement for scalability is a compelling demand for
large burn injuries and can be met by incorporating automated
bioreactors (57, 140). These may assist production and provide
complete automation and standardisation to improve product
quality. The robotic systems are engineering advances that will
move forward in parallel with medical advances. The 3D and 4D
bioprinting fields coupled with the latest compatible bioinks are
novel techniques that may rapidly advance the tissue engineering
field (141-145).

In time, these technologies and advances in tissue engineering
will at least reduce, and possibly replace, the need for skin
autografts and enable easier clinical translation of an acceptable
autologous engineered skin, suitable for patient use. The
significance of this is that patients with life-threatening burns will
no longer suffer the painful acute morbidity and later scarring
that donor sites generate. Time in ICU and total hospitalisation
will be reduced, the need for reconstructive surgery will decrease,
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3D Printed Patient-Specific Complex
Hip Arthroplasty Models Streamline
the Preoperative Surgical Workflow:
A Pilot Study

Michael Jiang "2, Jasamine Coles-Black "?*, Gordon Chen’, Matthew Alexander?,
Jason Chuen'? and Andrew Hardidge?
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Introduction: Surgical planning for complex total hip arthroplasty (THA) often presents
a challenge. Definitive plans can be difficult to decide upon, requiring unnecessary
equipment to be ordered and a long theatre list booked. We present a pilot study
utilising patient-specific 3D printed models as a method of streamlining the pre-operative
planning process.

Methods: Complex patients presenting for THA were referred to the research team.
Patient-specific 3D models were created from routine Computed Tomography (CT)
imaging. Simulated surgery was performed to guide prosthesis selection, sizing and the
surgical plan.

Results: Seven patients were referred for this pilot study, presenting with complex
conditions with atypical anatomy. Surgical plans provided by the 3D models were
more detailed and accurate when compared to 2D CT and X ray imaging. Streamlined
equipment selection was of great benefit, with augments avoided post simulation in three
cases. The ability to tackle complex surgical problems outside of the operating theatre
also flagged potential complications, while also providing teaching opportunities in a low
risk environment.

Conclusion: This study demonstrated that 3D printed models can improve the surgical
plan and streamline operative logistics. Further studies investigating the optimal 3D
printing material and workflow, along with cost-benefit analyses are required before this
process is ready for routine use.

Keywords: 3D printing, orthopaedic surgery, simulation, presurgical planning, healthcare systems

INTRODUCTION

Total hip arthroplasty (THA) has been a highly successful operation worldwide since its inception
(1). The main indications for the procedure are pathologies which alter the biomechanics of the hip
joint: most commonly osteoarthritis, fracture, and tumour infiltration. These conditions displace
the centre of rotation of the joint via bony destruction. THA aims to correct these defects by
restoring the centre of rotation, maintaining alignment and offset of the joint, preserving adequate
bone stock and ensuring stability of the hip joint through either a cemented or uncemented
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prosthesis (2). Uncemented acetabular prostheses require ~50-
60% surface area coverage and two thirds rim fit to provide
adequate fixation for native bone to heal into and create union
(3). The optimal position for an uncemented prosthesis requires
both sufficient fixation and orientation, with 6 degrees of freedom
in which errors can occur (4). In patients with atypical anatomy,
this can be very challenging to achieve.

In routine THA, the size and position of the required implants
is optimised using templating X rays (XR) (5). In patients
with atypical or disrupted acetabular anatomy, more extensive
investigation is necessary (6). Computed tomography (CT) is
used in these cases to image the relevant anatomy in three-
dimensional space; however preoperative planning based on CT
alone is often insufficient to decide upon a definitive procedure.
Multiple surgical plans must be prepared, leading to an increased
workload for the surgical team, along with increased logistical
and financial burden. 3D printed patient-specific models for
preoperative planning have been suggested as an approach for
these complex cases, and have demonstrated clinical benefit in
this patient cohort (7).

Previous studies regarding the use of 3D models in surgical
planning noted intraoperative benefits of reduced theatre time,
decreased blood loss and shorter fluoroscopy time (7). Most
studies shared a similar workflow, using preoperative CT imaging
to create a digital render which was transferred to a 3D printer
for model creation (8-12). Models were used for anatomical
appraisal of relevant surgical anatomy, simulated surgery and
templating of implants. Some studies also sterilised the 3D prints
to be used in the intraoperative field as a reference to better
orient the surgical anatomy, with this process being possible with
inexpensive materials such as polylactic acid (PLA) which was
able to be sterilised without deformity using high pressure steam
(13-15). Consistently in the studies, surgeons felt that the 3D
models were particularly useful in complex cases. Chen et al.
(16) noted that visualisation of atypical anatomy alone was of
benefit in planning the approach, with simulation and implant
templating adding to the utility of the procedure. Bizzotto et al.
(13) reported similar findings with 3D printed models being most
useful for complex intra articular fractures with intra-articular
steps of 2 mm or more.

While other methods such patient-specific instruments,
custom 3D printed implants and computer aided preoperative
planning have also been reported in the literature, the barrier to
access with regards to initial investment is much greater (17, 18).
In this pilot study, the authors present our initial experiences
with 3D printed patient-specific models produced in-house with
open source software for pre-surgical planning. We describe how
models have improved surgical planning and the perioperative
workflow in complex THA.

METHODS

Patient Selection

Patients included in this study were those requiring THA with
challenging surgical anatomy from July 2018 to December 2019 at
Austin Health, Melbourne, Australia. Inclusion criteria included
complex anatomy which was difficult to appreciate through

CT reconstruction alone. Conditions included complex pelvic
fractures, osteoarthritis complicated by substantial bone loss and
patients with Perthes disease or developmental hip dysplasia.
Suitable patients were referred to the research team by the
orthopaedic unit at Austin Health. This study was approved
by the Austin Health Human Research Ethics Committee in
accordance with its guidelines. Informed consent was obtained
from all patients when consenting for their surgical procedure.

Medical Image Processing and Printing
Following routine preoperative CT, raw medical imaging data
was processed using soft fines and bone fines algorithms,
under guidance from the radiology department, and exported
as Digital Imaging and Communications in Medicine (DICOM)
files. Scans were performed using a GE Revolution CT scanner
(Milwaukee, WI, USA) with 0.625 mm slice thickness, 100-120
kVp, modulated current of 300-600 mA and 30-40cm FOV.
A virtual 3D model of the patient anatomy was created using
3D Slicer (version 4.9; Harvard, US, 2019) (19), an open source
medical image processing software. The workflow involved
selectively including voxels above the 200-250 Hounsfield Unit
(HDU) range, under advice from the radiology department
at Austin Health, as this value was the lowest possible to
reliably delineate bony anatomy from soft tissue while preserving
cancellous bone architecture from the scan. Manual deletion of
the femur was performed to define the acetabulum. Meshmixer
(version 3.5; California, US, 2019), an open source computer
aided design software, was used to repair mesh defects, remove
extraneous surfaces and down-mesh the model to reduce file
size prior to printing. Average processing time from acquiring
the DICOM data to the completed Standard Triangle Language
(STL) file suitable for 3D printing was 1 hour over the length of
the study, with it being reduced to as little as 30 min by case 7. No
difference in processing time was attributed to complexity of the
case. Members of the orthopaedic team performed processing of
digital images with technical input regarding printing parameters
provided by the university engineering laboratory affiliated with
the study. Previous studies have validated the dimensional
accuracy of models created using this technique (15, 16, 20).

Completed STL files were 3D printed within 24 h, using a
variety of materials as described in Table 1. The first three cases
were created using VeroWhite resin (Stratasys, Eden Prairie,
MN, USA), with the following three created from plaster. The
final case utilised all three materials and was the basis for the
material comparison.

Simulated Surgery

Surgical simulation was performed by the consultant and
registrar responsible for each case. Each model was placed
on a theatre tray, fixed in the position expected for a
posterior approach, with a routine THA instrumentation set
up prepared for reaming. The consultant and registrar then
reamed the acetabulum in successive increments replicating
the intraoperative process. Reaming was attempted to the
appropriate size, with some models reamed further to test
for acetabular wall integrity while aiming to maximise rim
fit. Templating of the cup was based on the seating of the
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TABLE 1 | A summary of the three materials trialled for 3D printed patient-specific
models and cost per model.

Material 3D Printer Average cost per
model (US$)
Plaster Projet 660 (3D Systems Corporation, Rock 200
Hill, SC, USA)
VeroWhite Objet 30 (Stratasys, Eden Prairie, MN, USA) 1,500
Resin
Nylon Jet Fusion 4200 (Hewlett-Packard, Paola 100

Alto, CA, USA)

implant, rim fit and bone stock in the surrounding walls post
reaming. Post reaming, a trial cup was secured and impacted
where possible to assess for fixation. Finally, further implants
such as plates, augments and cages were trialled to demonstrate
suitability and templated where required. The femoral side was
unable to be templated as all materials used in this study
deformed to an unacceptable level upon impaction.

Simulation on average required 15min for a straightforward
case with one type of material. Additional time was required for
contouring of plates and when complications, such as fracture,
were encountered. Following simulation, the surgeons recorded
a surgical plan and estimated sizing of any prostheses required in
the surgery, which was then compared to the data obtained from
planning using templating XRs.

RESULTS

Seven patients underwent complex THA during the study period,
using 3D printed models as an adjunct to pre-surgical planning
(Table 2). Patient-specific models were 3D printed in plaster,
resin, and nylon.

Simulation with patient-specific 3D printed models conferred
superior clinical, logistical and educational outcomes compared
to CT and XR. Deliberate practice with the models prior to
the operation streamlined equipment selection and revealed
potential complications, allowing them to be accounted for
intraoperatively. Ordering of equipment was able to be reduced
to only the necessary trays, reducing the logistical and
financial burden involved. Surgical simulation also provided
a low-pressure environment for teaching without risk to the
patient (21).

Material Properties

Plaster performed best when reaming the models with the most
realistic haptic feedback of the three materials (Figure 1). Plaster
models are created by fusion of layers of plaster powder, thus
allowing each cycle of the reamer to scrape away a small layer and
most effectively reproduced the grasp of an intraoperative ream
which was not reproduced by the resin or nylon. However, these
models often had deficiencies in the surrounding acetabulum due
to lack of bony detail within the cancellous bone on CT imaging.
This rendered them prone to shattering if reamed too far past
the acetabular shell of bone. In comparison, resin provided the
most realistic trial of implant impaction due to the presence of

support material which was left in sifu in anatomical locations to
approximate soft tissue. The support material in the resin models
prevented this issue, and allowed impaction of the implant into
the model without breakage. However, as the layers of resin and
support are fused together, reaming was more strenuous. For
the average hemi-pelvis printed in this study, each plaster model
cost ~USD$200, while resin models were the most expensive at
USD$1,500 including both the resin and the necessary support
material. The costs of these models would be increased if a
larger section of the pelvis was required. Nylon models were the
most cost-effective at USD$100 per model, however its material
properties were found to be least favourable on simulation, in
accordance with findings from other studies (22). These models
were prone to warping on reaming, and bony architecture quickly
became distorted. Rotation of the reamer within the model
resulted in rotational stretching of the layers within the model,
thus losing anatomical accuracy.

DISCUSSION

Our pilot study reports encouraging findings indicating that
simulation with patient-specific models narrows the definitive
surgical plan, streamlines prosthesis selection and predicts
potential complications prior to complex THA.

Limitations

The authors acknowledge the limitations of this pilot study,
due to the small cohort size. Furthermore, comparison to a
control group is extremely challenging in a cohort of unique and
complex cases, where even patients with the same condition often
present with vastly different anatomy. Both these limitations
are inherent to the nature of the pathologies addressed with
complex THA. This dilemma has been raised previously by
Karlin et al. (9) who commented on the difficulty in creating a
satisfactory control group for complex pathologies with clinical
heterogeneity within the same disease classification. In this
study, more complex patients were enrolled into the 3D print
group as planning would have been extremely challenging with
conventional planning methods.

Longer term outcome data is also required in order reach a
definitive conclusion on the benefits to patient safety and quality
of life. As 3D printing technologies continue to improve, the
methods for creating models requires further streamlining to
ascertain the most appropriate material and printer type as well
as integration into the wider surgical system.

Clinical Benefits

Surgical simulation allowed us to trial multiple approaches to the
same surgical problem. Patients recruited for this study provided
unique challenges with complex atypical anatomy rendering
traditional templating methods unreliable. Deliberate practice
with patient specific anatomy provided the surgeon with key
information including if an augment was required, whether a
rim fit acetabular cup was adequate for fixation or if alternatives
were required, and the size progression and orientation of the
intraoperative ream achieved safely. A more confident approach
into the acetabulum can also be made, with visualisation and
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TABLE 2 | A summary of the cases involved in this pilot study including demographic data, causative pathology leading to THA and changes to surgical management.

Templated size of
acetabular cup (mm)

Material

Notes on image processing Cost (USD)

Case Age Pathology 2D 3D Intra- Changes to surgical plan
operative
1 92 Acetabular 48 48 52 On simulation, it was found that there was an undiscovered = VeroWhite  This model provided an acceptable representation 1,600
fracture fracture of the posterior ramus which fractured on reaming. of patient anatomy. The support material provided
The decision was made to pre counter a plate and sterilise it an analogue to the soft tissue and cancellous
for moulding on the back table to stabilise the fracture. bone. Reaming and impaction was well
Trialling also indicated the patient was not suitable for a cage, supported. The fracture pattern was well
therefore one was not ordered. A femoral head graft was preserved by the support material. Processing
opted for to fill the posterior wall defect. On reaming the time of the model was 1.5 hrs
cortical edges spun dangerously, and the decision was made
to cut the femur directly under the head to ream.
2 52 Perthes’ 54 52 52 When viewing the CT imaging, augments were decided upon. Verowhite — This model provided an accurate representation of 1,500
disease On simulation it was determined that augments were not patient anatomy, with adequate assessment of
necessary and that adequate fixation was able to be fixation. Not difficulties were encountered on
achieved. Augments were not ordered. reaming. Processing time for this model was 1.5
hrs
3 53 Perthes’ 46 60 50 This patient was trialled with the Stryker RAS system which ~ Verowhite ~ The resin model was able to withstand reaming 1,550
disease included an augment within the acetabular cup itself, hence using the oversized RAS system, however
the large difference in templating size. Augments were impaction was not satisfactory with a poor rim fit
considered for this case however intraoperatively there was resulting in a unsatisfactory simulation of cup fit.
adequate fixation with the superior edge uncovered. Processing time of the model was 1h
4 89 Acetabular 64 60 62 The patient had a complex acetabular fracture with anterior ~ Plaster The fracture pattern printed using the plaster was 250
fracture column discontinuity. Augments and a cup/cage complex quite frail. The posterior wall segment and anterior
were prepared for this case. Augments were trialled on the column discontinuity required additional
model and sized at 50 mm. The superior bone stock was construction as they both fell off post print.
deemed adequate for screws on visualisation of the model. Processing time for the model was 1 h.
Intraoperatively, the superior screws provided adequate
fixation and other implants were not required.
5 84 Severe 48 48 48 The anterior wall of this model was shown to be deficient on  Plaster The plaster model in this case provided an 200
osteoarthritis reaming. The decision was made to bias reaming posteriorly accurate haptic mimic to bone. The acetabular
and femoral to preserve anterior bone stock. A 48 mm cup press fit in the wall had solid bone stock on CT and as such
head necrosis model which was reflected intraoperatively. reaming was very realistic with an accurate
representation of rim fit which was replicated
intraoperatively. Processing time for this model
was 1 hr
6 46 Severe 46 52 54 Patient presented with bilateral severe OA and femoral head  Plaster Reaming of this model required care due to the 200
osteoarthritis necrosis. 2D templating proved difficult using the affected or lack of support material within the acetabulum.
and femoral contralateral acetabulum. 3D simulation was much more The anterior wall was nearly breached and almost
head necrosis reflective of the intraoperative conditions. failed. Processing time for this model was 0.5 hrs.
7 50 Severe 54 58 58 2D templating was difficult as patient had considerable bone  Plaster, This case provided the material comparison noted Resin:
osteoarthritis loss and was not comparable to the contralateral side. VeroWhite, in the material properties section. Image 1,200
and femoral Augment was trialled. Intraoperatively there was adequate Nylon processing was 0.5 hrs with a longer simulation Plaster: 250
head necrosis fixation with 3 screws. time to account for all models. Nylon: 100

Templated size of implant on XR and CT (2D) vs. on the patient specific model (3D) is shown and compared to the size of definitive implant decided upon intraoperatively.
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from top down plaster, resin and nylon.

FIGURE 1 | From left to right (A) The plaster models possessed the most realistic haptic feedback during simulated surgery, with each revolution of the reamer
removing a layer of plaster which closely reflects what occurs intraoperatively. (B) The resin models performed best when simulating implant fixation due to the
surrounding support material which mimicked soft tissue structures absent in other models. (C) A comparison of all three materials with the same model created in

simulation informing the surgeon of any potential obstructions
from osteophyte or other bony prominence along with the
knowledge of which of these can be safely resected to improve
access without compromising fixation later on.

In cases of pelvic fracture, the model better visualised the
fracture pattern and allowed all fragments to be accounted for
intraoperatively, with the additional benefit of allowing trialling
and pre-contouring of plates and screws required.

For example, Case 3 involved an acetabulum with 3 plane
mismatch which would have likely caused blow out of the medial
wall with a cup that could secure a rim fit in the acetabulum.
Due to this, a smaller cup with augments was planned. On
simulation, it was shown that a smaller cup was able to be secured
with adequate fixation and no augmentation despite leaving the
superior edge exposed. This avoided the increased operating
time, equipment cost and potential for failure associated with
the augment. Templating via this method is extremely valuable
in these cases, as the affected side is often too disrupted to
confidently template, with the contralateral side too dissimilar to
use reliably.

Pre-contouring of implants was another valuable aspect
when simulating complex THA with patient-specific models.
Templating of plates, cages and screw placements with 3D
printed models led to significant reductions in operating time,
as reflected in the study by Chana-Rodriguez et al. in which
a plate was able to be implanted intra-operatively in a case of
complex acetabular fracture without adjustment post templating
on a 3D printed model (23). This was reflected in the first case,
with the patient presenting with a complex acetabular fracture
and associated protrusio acetabuli. Upon reaming of the model,

a fracture line previously thought insignificant on review in
radiology meetings failed, causing a posterior ramus fracture. The
decision was made to plate this prior to reaming to prevent this
complication intraoperatively hence a lead plate was contoured
using the 3D model. The model allowed trialling of multiple
plate positions with the most optimal decided upon for the final
fixation. This plate was then sterilised and used to fashion the
definitive implant intraoperatively on the back table, while the
fracture site was prepared. The implant was secured with minimal
further adjustment.

Similarly, screw placements were able to be assessed for
viable bone stock, as seen in Cases 2, 4, and 7. Future cases
which require similar screw, plate, cage or augment constructs
could see significant operative benefit from the use of models to
prefabricate the required implants.

Our pilot study also allowed for the identification of other
potential complications, allowing preparation of contingency
plans. Aside from the pubic ramus fracture identified in Case
1, adjustments were made to the femoral head graft. Originally,
a subcapital cut was chosen, planning for the head to be
placed into the acetabulum and reamed into the posterior wall
defect. However, there was significant cortical bone present
which caught on reaming and started to spin dangerously.
Therefore, the femoral head was cut further superiorly, allowing
the graft to be safely reamed into the defect. 3D printed patient-
specific models were invaluable in predicting these intraoperative
difficulties ahead of time, preventing stressful situations in the
operating theatre.

Replication of the intraoperative process creates an
environment of known processes from a previously uncertain
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augments or cages.

FIGURE 2 | Plaster model from Case 4 showing an acetabular fracture with anterior column discontinuity. Despite the anterior column disruption it was shown that the
posterior column was intact and stable, allowing for screws to be placed in the posterior and superior aspects of the cup to stabilise the construct without need for

procedure. The operation becomes streamlined as the optimal
alignment and positioning of the ream along with the fit
and orientation of the implant is being recreated instead of
discovered. Stress inducing questions such as if increasing the
size of the ream will improve the fit or cause a wall blowout, which
obstructing anatomy can be removed, and if a non-conventional
fixation is sufficient or will cause impingement have already
been answered, giving the surgeon the confidence to proceed
with their predetermined plan. The reduction in stress related to
operative uncertainty can also be communicated to the patient,
informing them of the risks associated with their complex
procedure and the steps taken to mitigate the complications.
Our study found these factors positively impacted surgical
preparation from both a clinician and patient perspective.

Logistical Benefits

Preparation for complex THAs involves the logistics of ordering,
transport and sterilisation of all prostheses that may be required
for the case. For complex cases, multiple sizes of acetabular
cup, augments and cages are required in preparation for a
definitive plan based on intraoperative findings. This equipment
can comprise up to 14 trays for a standard THA with
further equipment required for complex cases (24), conferring

a significant logistical burden on the healthcare system. In
addition, reducing the number of trays required in preparation
would reduce the financial and environmental impact of the
hospital. In our study, 3 cases which were originally planned
for augments were shown to not require them post simulation.
Simulation in Case 3 demonstrated that the smaller cup
was able to be repositioned and medialised adequately such
that augments were not required, with similar findings in
Case 2. In Case 1, the femoral head was demonstrated as
being suitable as a graft to fill the acetabular defect, again
avoiding the need for augments. A further two cases were
less definitive, with augments subsequently ordered but not
used (Figure 2). Similar findings have been commented on in
previous studies involving 3D modelling software in complex
arthroplasty (25-27).

Reducing the unpredictability of complex cases also allows
for theatre time to be allocated more efficiently. Difficult
cases can be highly variable in the theatre time required,
resulting in more conservative theatre bookings and staffing
allocations. Simulation of complex cases provides greater clarity
on the approach and techniques required, giving a more precise
indication of case duration and allowing theatre bookings to be
allocated more efficiently.
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Teaching

Although not initially a focus of our pilot study, it became
apparent that simulating complex hip arthroplasty using 3D
printed patient-specific models also provides a valuable teaching
opportunity for trainees in a unique and low risk learning
environment. Deliberate practice outside of the operating theatre
allows the opportunity for trainees to plan, prepare and execute
complex cases under the supervision of surgical educators while
preserving patient safety. Due to this, simulated surgery using 3D
models can not only provide a valuable tool in surgical planning
but also a unique tool in surgical training (21).

Workflow

This study aimed to demonstrate an example of a workflow
from routine preoperative CT imaging to model creation that
occurs entirely within a hospital environment for the planning of
complex hip arthroplasty. Image processing and model creation
was performed by members of the Orthopaedic team, with a
rapid improvement in processing time noted from Cases 1 to 7.
Once the initial learning curve had been overcome, cases could
be processed in as little as 30 min. With utilisation of an in-house
3D printer, total turnaround was 24 h from scan to model. With
use of open source software, this process could be integrated
into a surgical unit with minimal outlay: primarily education
of staff in the image processing procedure and the cost of the
prints themselves.

In our experience, the decision to print in-house compared
to a third party is influenced by cost and time. Third party
production of the model is more expensive due to extra
labour costs and has a longer turnaround time between scan
and print. However, outsourcing the process eliminates the
extra time requirement for the in-house staff and eliminates
the set up and maintenance costs of housing the printer.
Conversely, development of an in-house process can have
drastically improved turnaround times. With a 24 h turnaround
it may even be possible to apply this process to emergency
trauma, which has been previously reported as unfeasible due to
prolonged processing times (28). An in-house process in these
cases could compress the time between scan, model creation
and simulated surgery to one working day, while also providing
greater input from the surgeon into the modelling process (29).
This study also demonstrates that the learning curve can be
quickly overcome by a surgical unit with minimal disruption to
clinical workflow. The volume of models printed also weighs into
the cost-benefit analysis, with set up and maintenance costs being
less enticing if faced with a smaller case load (30).

While many options for segmentation and CAD software
exist, the software selected in the study had the lowest barrier to
access. Although lacking the automation and advanced features
of some proprietary software, 3D slicer (version 4.9; Harvard, US,
2019) and Meshmixer (version 3.5; California, US, 2019) were
sufficient for the manual segmentation and creation of 3D models
of bony anatomy. If soft tissue structures were to be involved
in further research, more advanced software would need to be
considered to lessen the technical and time burden that would be
associated. We encountered no patients with metalware in situ,
and the resultant flare artefacts.

Regarding material selection, the ideal material would mimic
the biomechanical properties of bone, while also allowing
incorporation of surrounding soft tissues into the print. The
haptic feedback would ideally mimic the grasp of the reamer
as it removes layers of cortical and cancellous bone. However,
this would need to be balanced against the brittleness of the
material which would leave it prone to shattering when force
was applied. In this pilot study, the plaster models reflected this
best with the resin models providing additional resistance to
what would be expected due to the fusion of layers of material.
The material would also require sufficient viscoelasticity to allow
testing for rim fit as the acetabular cups inserted are typically 1-
2 mm greater in diameter than the reamer. In this aspect the resin
was superior as the plaster was prone to shattering on impaction.

The current literature regarding the biomechanics of
3D printed materials mainly focuses on qualitative surgeon
assessment of haptics, with quantitative studies still lacking
(31). The femoral side was not investigated in this study due
to material deficiencies. One femur was templated using resin
however this model failed on impaction and was unable to
withstand the forces necessary to hold the femoral prosthesis.
While additional material could be used to reinforce the
acetabular walls of the plaster models, this may confer extra
strength not present within normal anatomy. As such, an ideal
material combination still requires further research.

CONCLUSION

Complex acetabular surgery continues to challenge orthopaedic
surgeons, with new solutions and approaches continually
emerging. This pilot study suggests that in-house creation of 3D
printed patient-specific models can be rapidly integrated into
a surgical unit, and can provide an array of benefits to the
surgeon through the trialling of multiple approaches, devices and
implants for complex THA, streamlining the logistics involved.
In addition, they provided a unique teaching opportunity for
surgical trainees.

This pilot study has informed our next steps to further
streamline our workflow with regards to case selection,
model creation and pre-operative rehearsals prior to the
implementation of a larger-scale prospective trial. More broadly
in the orthopaedic literature, further studies into the optimal
printing workflow along with quantification of the financial
benefits of the models are required before it can be justified for
routine use.
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INTRODUCTION

The cornea and lens facilitate a pathway for light to pass through the eye to reach the retina,
which then receives and transfers visual signals onto the brain for processing. These three major
ocular tissues are critical for generating clear vision; therefore, any damage to the cornea, lens,
and/or retina will undoubtedly impair eyesight and often lead to blindness. Tissue engineering,
in particular, the development of biomaterials with specific properties, has been increasingly
researched for treating ocular disease (1). Due to its abundance in the corneal stroma, collagen
type I (Col-I) has been a popular and versatile biomaterial developed to replace diseased corneal
layers; however, it has become evident that no singular biomaterial can be an effective substitute
for the intact cornea because of the differences in composition between each of the corneal layers
(2). Collagen type IV (Col-1V) is the predominant member of Descemet’s membrane of the cornea,
the supportive layer of the corneal endothelium (3, 4). Furthermore, it is also the main collagen
type detected in the lens capsule (5), and in both Bruch’s membrane and the internal limiting
membrane (ILM) of the retina (6). Therefore, the application of Col-IV as a biomaterial could
potentially be useful in creating a natural environment and substratum for corneal endothelial cells
and the epithelial cells of the lens and retina. In this paper, previous publications on Col-I and -IV in
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ocular-related applications were reviewed and the insights into
the future direction of development of these two collagen types
in ocular bioengineering are discussed.

The Distribution of Col- | and Col-IV in the

Cornea, the Lens, and the Retina

The human cornea is a transparent, avascular, highly innervated,
and organized tissue that is located at the front of the eye
(Figure 1). The cornea acts as a transparent window making up
two-thirds of the refractive power of the eye and consists of five
main layers from anterior to posterior sides: corneal epithelium,
Bowman’s layer, corneal stroma, Descemets membrane, and
corneal endothelium (2) (Figure 1). One major structural protein
in the cornea is collagen. The human cornea consists of
many types of collagen and different collagen combinations are
detected within different layers (Table 1).

The central thickness of a normal adult human cornea
approximately measures 530 um (19). In the context of
bioengineering, the stroma is critical because it constitutes
the majority of the corneal volume and provides a significant
contribution to both its overall transparency and strength
(20). The corneal stroma is predominantly made up of Col-
I fibrils organized into ~300 orthogonally arranged lamellae
(2). These fibrils have a unique, smaller diameter, and regular

endothelium is comprised of a monolayer of interconnected
hexagonal cells sitting on the Descemet’s membrane. This layer
is key to maintaining relative stromal deturgescence/dehydration
that is essential for corneal transparency (2). The Descemet’s
basement membrane is comprised primarily of Col-IV, as well
as laminin, perlecan (a heparan sulfate proteoglycan), nidogen,
and to a lesser degree, collagen type VIII (Col-VIII) (3, 4).
While both Col-IV and Col-VIII are present in the Descemet’s
membrane, only Col-IV is located adjacent to endothelial cells in
both the infant and adult structure (19). In comparison, Col-VIII
chains initially face the endothelial cells in the infant Descemet’s
membrane, but lose contact as we age and shift to face the
stroma (3, 4).

The lens is a transparent, biconvex orb that consists of the
lens capsule, the lens epithelium, and lens fibers (Figure 2). Col-
IV is the main type of collagen found in the lens capsule, which
is a thick, uninterrupted basement membrane surrounding the
lens. The lens capsule is structurally analogous to the corneal
Descemet’s membrane, as it consists of interlinking Col-IV and

TABLE 1 | Distribution of collagen types in the human cornea.

Layer Collagen type
interfibrillar spacing that supports the transparency of the tissue
(21). Furthermore, when stress is applied to the cornea, these  Epithelium IV, XV, XVIII, XII (7-183)
well-organized collagen fibers of the stroma are stretched to ~ Bowman's layer IV (14)
counterbalance this force, allowing the cornea to maintain its  Stroma 1 11,V VL XL XV (15-17)
existing shape (22). In addition to the stroma, the corneal  Descemet membrane IV, VIl (15, 18)
Epithelium

Anterior

=

Posterior

e ——————————
= s e Gen Gen cen s esn | > Descemet’s membrane

+— Bowman’s layer

- Stroma

FIGURE 1 | A schematic illustration of the human cornea, located at the front of the eye and consisting of five layers.
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FIGURE 2 | A schematic illustration of lens anatomy and the matrix composition of the lens capsule in the enlarged area.

laminin networks bound together by nidogen and perlecan (5)
(Figure 2). The lens capsule acts as a supporting matrix for lens
epithelial cells anteriorly and fiber cells posteriorly. As a result
of this structure encapsulating all lens cells, it also protects them
from infection. In younger eyes, the lens capsule also has a
role in determining the force required for lens accommodation,
a process where the lens changes shape to alter our field of
focus (23).

The human retina is the sensory tissue that lines the inner
surface of the back of the eye, which senses light and sends

signals to the brain to provide vision (6). It contains multiple
layers with various cell types (Figure 3). Retinal ganglion cells
(RGC) represent a type of neuron located at the inner surface
of the retina. The RGCs receive visual information from the
photoreceptors (rods and cones) via intermediate neuron types
including bipolar cells, amacrine cells, and horizontal cells.
Rods and cones are responsible for sensing light. Bipolar cells
transfer visual information from photoreceptor cells to amacrine
cells. Amacrine cells are interneurons in the retina that have
short neurotic processes to connect to adjacent neurons and to
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transfer neuronal signals. Horizontal cells, which are the laterally
interconnecting neurons, have cell bodies in the inner nuclear
layer of the retina. They help integrate and regulate the input
from multiple photoreceptors (6). Retinal pigmented epithelial
(RPE) cells make up a single layer of the postmitotic cells. This
epithelia functions as a natural barrier and a regulator of the
overlying photoreceptors (24). The final type of retinal-specific
cells is the Miiller glial cells. These cells span the entire retina
and connect with all other cell types via cellular processes that
reach out to wrap around the neurons and the synapses. They
also reach out to blood vessels, so as to act as an intermediary
between neurons and the circulatory system, thus regulating the
flow of nutrients to the retina. Miiller glia plays a critical role
in maintaining neuronal health and supporting visual function
(6). When light first enters the retina, it passes through the
ganglion cell layer (GCL), then the inner plexiform layer (IPL),
inner nuclear layer (INL), outer plexiform layer (OPL), and outer
nuclear layer (ONL) (6). All these neural layers comprising eight
types of retinal cells are located between the ILM and Bruch’s
membrane (Figure 3).

Basement membranes are specialized structures of the
extracellular matrix that play an essential role in tissue
development and maintenance. Type IV collagens are abundant
components of all basement membranes (25). Bruch’s membrane
and ILM represent two significant basement membranes within
the human retina and are located at the inner and outer retina,
respectively (Figure 3) (6). Bruch’s membrane primarily regulates

the passage of nutrients and metabolites between the RPE and
underlying choriocapillaris (6). Bruch’s membrane also offers a
solid base and attachment site for RPE cells, acting as a part of
the blood-retinal barrier (26). Bruch’s membrane may also be
involved in RPE differentiation (27) and wound healing (28, 29).
Type IV collagen is present on both sides of Bruch’s membrane
in a sandwich style with the middle layer containing elastic fiber-
like bands, and can also be detected in the extracellular matrix
surrounding human RPE cells (30).

The ILM is not a true membrane, resulting from the fusion
of the foot processes of the glia-like Miiller cells. It forms a
physical barrier that protects the retina from toxins and from
traction from the vitreous as the eye moves. Col-IV is the
predominant extracellular matrix (ECM) protein in human ILM
and accounts for ~60% of its total proteins (31). Col-IV has
been detected throughout the entire thickness of ILM and is
likely to be secreted by retinal Miiller cells (32). Several studies
have identified that Col-IV is critical not only for the structural
integrity of the basement membrane but also for neuron survival
and angiogenesis (33, 34). Higher expression of Col-VI has been
found on the posterior side of the retina compared to its anterior
side (35).

The Structure of Col-l and -IV

Collagens make up a supra-family of ECM proteins possessing
a distinct triple-helical region formed from three polypeptide
chains (36). Currently, 28 genetically distinct collagen types
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have been identified and described in the literature (37, 38).
Within this group, Col-I is classified as fibril-forming, while
Col-1V is defined as network-forming due to their unique
supramolecular organization. Due to its predominance in body
tissues, Col-I biosynthesis has been more extensively explored
and will be outlined in this review; however, there is a notable
lack of focus on the differences between Col-I and Col-IV
biosynthesis, which can be predicted on the basis of their differing
supramolecular structures.

At its most basic level, collagen biosynthesis involves
the processing and aggregation of collagen monomers into
functional structures. Synthesis begins within the nucleus in
generating relevant mRNAs, followed by the transcription of
mRNA molecules into a different a-chain (38). While Col-I
only possesses two types of a-chains (a1l and a2), Col-IV has
6 a-chains (al1-6) that form different network configurations
to provide basement membrane specificity (39, 40). Col-I and
Col-IV are also considered heterotrimeric. This classification
results from the number of a-chain genes associated with each
subtype; for example, Col-I trimers are composed of two al
chains and one a2 chain (39). Col-IV heterotrimers have greater
complexity as they can organize into three different isoforms:
alala2, a3o4as, and a505a6. The alala2 Col-IV heterotrimer
is predominant throughout the basement membranes of the
body (40); however, the a304a5 network has been identified
within specific tissues, including basement membranes within
the eye. The adult human lens capsule contains only a3a4a5
network (41), whereas only alala2 was found in the retinal ILM
(42). Both alala2 and a3a4a5 collagen IV networks co-exist in
Bruch’s membrane (43), and all of six isoforms have been detected
in adult Descemet’s membrane (3).

Within the primary structure of collagen is a high proportion
of the repeating triplet sequence, Gly-X-Y. X, and Y in
this sequence are predominantly occupied by proline (Pro)
and hydroxyproline (Hyp), respectively (38). High proportions
of Hyp are essential as this amino acid has a critical
role in stabilizing the triple helix through the formation of
intramolecular hydrogen bonds. Accordingly, Xu et al. (2019)
found hydrogen bond energy within helical regions to positively
correlate with greater thermal stability (44). The formation of the
triple helix in the procollagen molecule is likely a shared process
for Col-I and Col-IV. While uninterrupted triple helical domains
are the dominant structure of Col-I and have been found to have
a defined length of 300nm (45, 46), Col-IV instead contains
21-26 interruptions within the Gly-X-Y sequence of the triple
helix, leading to greater intramolecular flexibility, more suited for
network formation (47, 48).

Within the extracellular space, self-assembly is initiated, and
due to the significant differences in the resulting matrices, Col-
I and Col-IV deviate at this stage. Released Col-I tropocollagen
molecules undergo a spontaneous but organized aggregation
process (38); albeit this spontaneous process has also been
found to be dependent on temperature, pH, ionic strength
of the solution, and the concentration of collagenous and
non-collagenous components (38, 49). Molecular assembly of
Col-I involves a linear alignment, with N- and C-terminal ends

opposed in different tropocollagen trimers. Formed elongated
fibrils can be 500 wm or more in length with a width of 500 nm
(36, 38). These fibrils also have a specific 3-dimensional packing
arrangement involving lateral associations between fibrils as they
are staggered by about one-fourth of a molecular length. This
staggering also provides Col-I fibrils with a striated organization
where bands appear every 67 nm (50). Fibrillar organizations of
Col-I show a degree of crystallinity; however, this organization
varies throughout different tissues. Col-I aligns into straight
parallel fibrillar arrangements in tendons, while in the human
corneal stroma, Col-I fibrils are arranged in 300 orthogonally
arranged sheets (51, 52).

Following the spontaneous molecular arrangement,
additional stabilization of collagen is provided through
crosslinking. Lysyl oxidase (LO) facilitates crosslink formation
both in the head-to-tail alignment between adjacent telopeptide
regions and in adjacent helical regions laterally (53, 54). LO
initiates the formation of aldehydes from previously modified
amino acid residues, lysine, and hydroxylysine (38). Aldehydes
formed in each region are then able to trigger aldol reactions with
lysine residues in adjacent molecules, resulting in the formation
of aldimine crosslinks. Intermolecular crosslinks following
spontaneous molecular organization provide the required
mechanical strength and stability for collagen organization. In
comparison, Col-IV supramolecular assembly aims to create a
mesh-like network structure. Within its polypeptide structure,
Col-1IV chains have an N-terminal collagenous 7S domain, and a
C-terminal non-collagenous/globular domain (NC1), in addition
to the central triple helix (40). In the creation of a network,
varying arrangements of Col-IV trimers are created. Two
Col-1IV trimers can covalently interact via their NC1 domain to
form dimers while four 7S domains are able to crosslink into
tetramers allowing for the creation of a strong and stable network
(40, 47, 55). More specifically, the 7S domains bond through the
formation of disulphide bridges and covalent bonding of lysine
and hydroxylysine residues (47). This is a unique feature seen
in the Col-IV quaternary structure as the 7S domain contains
cysteine and lysine residues. LO also plays a role in Col-IV
crosslink formation as it again facilitates oxidative deamination
of lysine and hydroxylysine allowing for the formation of
aldimine links, as seen in Col-I (56).

CURRENT DEVELOPMENT OF TISSUE
ENGINEERING IN TREATING OCULAR
DISEASES

The ability to manufacture bioengineered tissue that mimics
existing intact tissue that can act as a means of repairing damage
or to replace diseased layers presents obvious benefits in disease
treatments. Using native matrix protein as the base material
is a plausible direction and collagen, in particular Col-I, has
been widely investigated as a suitable candidate biomaterial. The
current landscape of tissue engineering in cornea, lens, and retina
is detailed in Section Cornea.

Frontiers in Surgery | www.frontiersin.org

August 2021 | Volume 8 | Article 639500


https://www.frontiersin.org/journals/surgery
https://www.frontiersin.org
https://www.frontiersin.org/journals/surgery#articles

Song et al.

Collagen in Ocular Bioengineering

Cornea

Corneal blindness is a worldwide problem that affects at least 10
million people (57-59). Corneal transplantation is an effective
way to treat corneal blindness; however, there are still several
significant barriers to this procedure including shortage of donor
tissue and graft rejection. Currently, only one cornea is available
for every 70 patients worldwide (60). The lack of fully functional
eye bank facilities in third world countries, usually accompanied
by other limitations, such as the lack of staft training, equipment,
and public awareness of corneal donation, impact the access and
ability to complete this vision rehabilitative procedure (61). High
tissue graft rejection rates have also been reported potentially
leading to reduced visual acuity. One study found that 10%
of grafts are rejected within the 1st year, increasing in up to
50% of patients who have had multiple prior graft procedures.
Each rejection episode represents a risk of total graft failure
and permanent blindness (62). Donor viability may be further
impacted by the presence of transmissible diseases like hepatitis
A and HIV. Similarly, donor numbers may be impacted by
the increasing popularity of corneal laser refractive surgery
which represents a relative contraindication for use in corneal
transplant procedures (58).

Corneal tissue engineering has become increasingly popular to
treat severe corneal injuries and is used in two main applications:
constructing a bioengineered tissue to replace donor tissue and
serving as a filler/implant to fill/replace partial damaged tissue.
Due to its abundance within the cornea, Col-I is one of the
main natural polymers studied in this area. Researchers have
developed and used plastically compressed collagen (PC) to
construct bioengineered corneal grafts (63). PC refers to collagen
gel from rat-tail collagen I being self-crosslinked at 37°C, and
then compressed and dehydrated to provide strength and corneal
shape. During this process, keratocytes (corneal cells located in
the stroma) may be seeded into the structure. It is reported that
minimal cell death was induced by the compression of the gel,
where the collagen fibers were dense and homogeneous, similar
to that of the intact corneal stroma (64). Its strength and optical
properties can be further improved by introducing electrospun
poly(lactic-co-glycolic acid) (PLGA) mats and using a laser to
create micro-holes in the matrix resulting in increased (15 times
higher) light transmittance than the previous model (65).

There are other physical methods to make collagen-
based corneal implants, including centrifugal ultrafiltration and
vitrification (66, 67). The process of centrifugal ultrafiltration
involves the concentration of a collagen solution (from 5 to 125
mg/ml) with 30h of centrifugation, followed by rehydration in
water with an additional 10 h of centrifugation. The final collagen
solution was neutralized and molded into a corneal shape. The
Youngs modulus of the structure was 4.83 MPa, which was
between the strength of anterior corneal stroma (9.72 MPa) and
posterior corneal stroma (2.04 MPa) (66). Further crosslinking
including photocrosslinking or chemical crosslinking were also
tested, displaying a mean light transmittance rate of over 85%
and higher Young’s modulus (34.89 MPa), compared to the
native corneal stroma (66). This was also compatible with
keratocytes and corneal epithelial cells, further representing the
ability to closely mimic natural tissue (66). Collagen structures

produced by vitrification, called “Collagen vitrigel,” can support
re-epithelialisation on its surface, and stop epithelial cells from
migrating into the cornea stroma (68). An attempt to increase
its optical and mechanical properties was achieved by mixing
the collagen solution with B-cyclodextrin to regulate collagen
fibers to better mimic the normal corneal stromal structure
(69). This resulted in comparable mechanical properties to
the native cornea; however, only with moderate transparency
(60-80% light transmission in visible light range), representing
a relative disadvantage of this process. It was also found
that the optical properties of the collagen vitrigel can be
improved by replacing PB-cyclodextrin with a-cyclodextrin,
and inducing further chemical crosslinking with 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC),
suggesting further improvements may still be possible (70).

Chemical crosslinking is widely used in fabricating
bioengineered corneal implants. The most common chemical
crosslinker is EDC and N-hydroxysuccinimide (NHS). Animal
collagen (porcine collagen) and recombinant human collagen
(type I and type III) have been crosslinked with EDC and
NHS to fabricate an artificial cornea (71-73). These collagen
structures have shown good mechanical properties (with
up to 260 KPa tensile strength), optical properties (with
up to 92.5% light transmittance), and show compatibility
with corneal cells (71, 73). Other materials, such as silk
fibroin, may be added into the chemically crosslinked collagen
hydrogel prior to crosslinking, to enhance certain mechanical
properties, such as maximum tensile strain without affecting the
biocompatibility (74).

Electro-compacted (EC) collagen gels are produced by
compacting collagen using a pH gradient created by electrodes.
This can improve the packing density of the collagen gel. Kishore
et al. developed a collagen matrix using this method (75). The
collagen matrix was further crosslinked by EDC and NHS to
enhance its strength. The results show that although chemical
crosslinking reduced the visible light transmission (from 79-93%
to 67-89%), it dramatically increased the tensile modulus of the
collagen gel (from 16 kPa to 1.8 MPa) (75). The structure is
also shown to be compatible with primary keratocytes. Another
bioengineered corneal stroma layer fabricated by electro-
compaction and stacking collagen film has been developed by
Chen et al. (76). The EC-compacted collagen solution showed
a 5-fold of increase of storage modulus compared to non-
EC compacted collagen and remains capable of promoting
the proliferation of human keratocytes. These collagen layers,
with aligned collagen fibers and human corneal stromal cells
cultured on them, can be stacked and integrated by weighting
down, to form a layered microstructure that closely mimics
the corneal stromal structure. No further chemical crosslinking
processes are introduced in the weighting down process, with
the stacked structure having a much lower Youngs modulus
than the native cornea (0.23 kPa compared to 23.05 kPa) (76).
Alternatively, magnetic fields have been used to align the collagen
fibers during the self-assembling process of the collagen gel
(77). The magnetic field-generated collagen gel had a similar
arrangement of collagen fibers to the EC collagen gel, and it also
supported keratocyte growth (77). Proteoglycans extracted from
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TABLE 2 | Main advantages and disadvantages of Collagen-crosslinking method
in corneal bioengineering.

Collagen-crosslinking Main advantages in
method corneal bio engineering

Main disadvantages in
corneal bio engineering

Physical-crosslinking High mechanical strength  Lower optical properties

(65) (65, 70)
Chemical-crosslinking High mechanical strength  Potential cell toxicity (80)

(71)

High optical

properties (73)

Photo-crosslinking Higher biocompatibility Slow crosslinking process
(81) (66)
Organized collagen fiber Lower mechanical

(76) property (76)

Electro-compaction

porcine corneal tissues (35% of decorin and 65% of lumican,
keratocan, and osteoglycin) have also been incorporated during
the fabrication of the collagen gel to improve the transparency;
however, the details of the transmittance was not reported (77).

While there are many studies on collagen-based corneal
implants in development, the development of collagen-like
material-based corneal fillers/sealants are more recent. Collagen-
like material-based filler can be used to seal corneal perforations
and has been made and tested by Samarawickrama et al.
(78). The collagen-like material-based filler was based on a
modified collagen peptide conjugated to polyethylene glycol
(CLP-PEG). After its application to the wound site, the filler
was further crosslinked by 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-
4-methylmorpholinium chloride (DMTMM) to form a structure
that adheres to and seals the perforation. DMTMM was tested
individually with human epithelial and endothelial cell lines and
was shown to have no cell toxicity. The performance of this filler
was compared to cyanoacrylate glue, a currently used treatment
in clinics, with the results showing that the CLP-PEG filler glue,
with an internal collagen patch, generated a much smoother
surface than the cyanoacrylate glue. One disadvantage was that
the bursting pressure of the CLP-PEG filler was much lower
than the cyanoacrylate glue (86.6 mm Hg compared to 325.9).
According to Islam et al., the CLP-PEG hydrogel is significantly
weaker than normal human cornea due to its higher water
content (90% compared to 78%) (79). While in vivo safety has
been proven after 5-week long animal experiments done by
implanting the gel into the cornea of guinea pigs (78), its weaker
mechanical properties raise the concern of whether the CLP-PEG
hydrogel may be stable under constant internal pressure for an
extended period of time. The main advantages and disadvantages
of the collagen-crosslinking method in corneal bioengineering
are summarized in Table 2.

In conclusion, collagen corneal implants have already
achieved good mechanical properties, optical properties, and
biocompatibility; however, there are limitations. The collagen
gel without additional crosslinking usually has a mechanical
property weaker than the human cornea (66). Some of the
chemical crosslinkers, such as EDC, while can achieve good
mechanical properties, may exhibit health risks if remaining

within the implant structure. The implants mentioned above
adopt traditional manufacturing processes, such as casting that
lack flexibility compared to modern fabrication processes, such
as 3-D printing.

Lens

Although the cornea represents the primary structure responsible
for light refraction, the lens remains important for fine-tuning
and precisely focusing the light that passes through it to
the retina. A cloudy lens will prevent light transmission and
can therefore lead to reduced visual acuity, and if significant,
blindness. Cataract, a condition of irreversible clouding of the
natural lens, is the leading cause of blindness affecting ~20
million individuals globally (82-84). Cataract surgery is currently
the only method for treating cataract, with 28 million operations
performed annually (85). Cataract surgery requires the removal
of the clouded lens material and insertion of a prosthetic
intraocular lens (IOL). IOLs have varied biomaterial composition
and design in order to produce the best visual acuity outcomes
and prevent surgical complications; the most common of which
is posterior capsular opacification (PCO). PCO results from
remaining LECs post-surgery that are attached to the damaged
anterior lens capsule. These cells can undergo an epithelial-to-
mesenchymal transition (EMT) as they migrate to the posterior
capsule (86, 87). These trans-differentiated cells are contractile
and deposit excessive extracellular matrix, including Col-I and
Col-IIT that are not normally found within the normal adult
lens (86, 88). These activities cause lens capsular wrinkling
and opacification, correlated with loss of vision. Historically,
PCO rates were as high as 20-40% of patients at 2-5 years
follow-up after surgery (89), albeit more recent figures suggest a
significantly decreased incidence. Neodymium: YAG (Nd:YAG)
laser capsulotomy is an effective procedure used within the clinic
to treat PCO. It involves the disruption of the central posterior
capsule by the laser to clear the visual axis, thereby improving
visual acuity (90). It uses a solid-state laser with a wavelength of
1,064 nm that can deliver high energy to ocular tissue resulting
in tissue disruption without physically touching the tissue (91).
Although successful, Nd:YAG laser treatment is not without risk,
with damage to the IOL and retinal detachment noted in some
cases (90, 92, 93).

Clinical and laboratory-based studies identified two key
factors affecting associated PCO incidence: IOL material and
design. Historically, most IOLs have been made up of three
standard synthetic materials: polymethyl methacrylate (PMMA),
silicone, and acrylic polymers. PMMA was the first IOL material;
however, PMMA IOLs were rigid and inflexible requiring a
larger incision in surgery for appropriate insertion (>5mm).
This has previously been correlated with an increased risk of
PCO due to the disruption of the blood-aqueous barrier and
lens capsule (94, 95). In comparison, foldable IOLs (silicone
and acrylic polymers) requiring only small incisions (<2.5 mm)
are associated with fewer complications resulting in more
widespread use (96, 97). There is a strong influence of IOL
material on PCO incidence. Past studies have found that PMMA
IOLs are consistently associated with high rates of PCO in
comparison to silicone or acrylic IOLs (98, 99); however, recent
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comparative studies have presented mixed results concerning
PCO risk in silicone and acrylic IOLs. It has been found
that instead of the material itself defining biocompatibility, the
material’s hydrophobicity/hydrophilicity may be the defining
factor for PCO incidence. IOLs with a hydrophobic character
produce significantly lower rates of PCO in comparison to
hydrophilic IOLs (100). In addition, when comparing PMMA,
silicone, hydrophobic acrylic, and hydrophilic acrylic IOLs,
the hydrophobic acrylic IOL produced significantly less PCO
compared to other materials (101). It is widely accepted that
this hydrophobicity increases adhesion to the Col-IV of the
lens capsule, and therefore creates closer apposition of the
IOL and remaining posterior capsule following surgery (102,
103). This close adherence provides a barrier to the migrating
transdifferentiating lens epithelial cells (LECs). In comparison,
IOLs with hydrophilic character have PCO rates not dissimilar
to PMMA IOLs, as they have been described to promote aberrant
LEC proliferation and migration (102, 104).

Extracellular matrix molecules including Col-1V, fibronectin,
and laminin have been evaluated as potential adhesive coatings
or materials for IOLs and have been found to mimic the effects
of hydrophobic IOLs, producing minimal PCO (105-107). Past
studies have noted that IOLs, either made from Col-IV or with a
Col-IV coating produced significantly less PCO (108). In these
studies, Col-IV was found to assist in stabilizing damage to
the blood-aqueous barrier and preventing EMT transformations
that normally initiate fibrotic PCO. The incorporation of native
lens capsules containing ECM molecules, in particular, Col-1V,
therefore, appears promising but requires more development and
further research.

Another significant factor determining PCO incidence is IOL
edge design. This factor holds significance as these edges also
have the potential to form a physical barrier to LEC movement.
Studies comparing PCO outcomes between hydrophobic acrylic
IOLs and silicone IOLs both made with sharp edges found no
significant differences after 3 years of observation (109-111).
Sharp edges in combination with other IOL design factors, like
uninterrupted edges and appropriately angled haptics, have all
been found to contribute to the reduction in PCO (112-114).

Presently no treatment, surgical technique, or IOL
design/material arising from engineering this artificial lens
replacement has been found to eliminate PCO completely.
Therefore, moving forward, researchers have begun to look at
options to create/regenerate natural lens structures, a process in
which tissue engineering may play a significant role. Mammals
have been found to possess lens regenerative abilities contingent
upon the remaining LECs being relatively undisrupted and
on an intact anterior and posterior lens capsule (115). This
method of lens regeneration is driven by these LECs and is
called “LEC-mediated regeneration.” Studies in both rabbits
and macaques found that upon fiber cell mass removal, a
whole lens structure was able to regenerate on the remaining
lens capsule within 7 weeks and 5 months, respectively (116);
however, these regenerated lenses showed irregular fiber cell
growth that led to the development of opacities. To address this
problem, other studies have inserted tissue-engineered scaffolds
following fiber mass removal. For example, Gwon and Gruber

utilized a biodegradable hyaluronic acid scaffold and found
lenses of greater optical clarity and normal fiber arrangement
regenerated (117). It is believed these scaffolds provide the
necessary mechanical support to the remaining lens capsule and
LECs, mimicking the support previously provided by the natural
fiber mass (118). Furthermore, this then encourages normal
regeneration as opposed to aberrant proliferation and migration
of LECs (i.e., PCO also linked to a sudden disruption of contact
inhibition) (119, 120). With positive results for Col-IV-coated
IOLs previously observed, Col-IV could also be a suitable scaffold
candidate to be incorporated in future tissue engineering-based
approaches to address both lens regeneration and PCO concerns.
This type of approach has yet to be trialed in humans and there
are limiting factors to consider. For example, older patients in
whom the majority of cataract surgeries are performed (121),
have hard cataracts that may require more significant intraocular
surgical manipulation. This can lead to a significant loss of crucial
LECs and possible damage to the supporting lens capsule, both of
which are essential for LEC-mediated regeneration. Adult lenses
also have larger capsules “stretched” from years of continuous
lens growth (118). This impacts on the mechanical environment
present and makes it unconducive to regeneration. Therefore,
tissue-engineered scaffolds should consider these elements that
may impact an outcome following scaffold implantation. For
example, if Col-IV-based scaffolds were developed, they may
require specific dimensions or design to appropriately stretch
a “looser” capsule. Col-IV as a biomaterial could also be cast
into a “patch” and utilized to substitute the lens capsule lost
during surgery and hence minimize LEC disruption to maximize
regeneration potential. The use of collagen biomaterials or
scaffolds in this field is not widely seen and the previous study
on the benefits of a Col-IV-based IOL is outdated (105-108).
Therefore, moving forward, a tissue-engineering approach,
utilizing collagen-based scaffolds to encourage lens regeneration
is a potential and promising path that still requires a significant
amount of work.

Retina
Tissue engineering in the retina has previously been investigated,
with studies using a range of materials including decellularised
natural tissues, such as amniotic membrane, lens capsule, Bruch’s
membrane (BM), collagen I as well as synthetic materials
(122); however, to date, there are no reports of Col-IV usage
in such retinal bioprinting studies. It is unclear why Col-
IV was not used as a main biomaterial for retinal tissue
engineering. Col-IV is an important protein for ocular health.
Alport syndrome is the most typical Col-IV-related pathology
in the eyes. In 1990, a role for Col-IV in an inherited
genetic disease was subsequently discovered when mutations
in Col-IV a5, and later Col-IV a3, and Col-IV a4, were
found to underlie X-linked and autosomal recessive forms of
Alportsyndrome, respectively (123). Ophthalmologic findings
include anterior lenticonus characterized by a thin, fragile lens
capsule (124), dot-and-fleck retinopathy (125), and temporal
retinal thinning (126).

Despite no reports for collagen IV as a bioink, it has been
used in retinal gluing. The aim of gluing is to achieve a strong
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TABLE 3 | A summary of bioprinting methods.

Printing methods

Advantages

Disadvantages

Inkjet bioprinting SJI
DOD Thermo
Piezoelectric
Electrostatic

Laser-assisted bioprinting
Stereolithography (SLA)
Extrusion bioprinting

Fast, cost-friendly

Fast, more controllable
Good cell viability
Simple, flexible, and low-cost

Requires low viscosity material

Limited printable structure, high cell death
Selective in the material of the bioink
Requires shear-thinning material

and immediate adhesion between the retina and retinal pigment
epithelium (RPE). In 1989, researchers tried to apply “Matrigel”
that contained Col-IV and laminin, to study the effects of
successful adhesives on retinal cells in vitro, and to investigate
the potential biocompatibility of substrates. They found that
the “Matrigel” preparation stimulates the proliferation of bovine
retinal glial cells around retinal breaks. Pre-treatment with
fibronectin supported the growth of retinal cells after sealing
(127); however, there are little to no further studies on Col-
IV as a retinal sealant, with most studies conducted prior to
the 1990’s. This may be due to advancements in vitreoretinal
surgery to treat retinal diseases. More recently, gluing associated
with retinal tissue engineering appears to represent a renewed
focus in retinal surgery-related developments (122), with further
potential application in clinics. Tyagi and Basu performed glue-
assisted retinopexy for rhegmatogenous retinal detachments
(GuARD) in patients, which allowed early visual recovery
while avoiding the problems of gas or oil tamponade and
obviating the need for postoperative positioning that represents
a significant practical limitation for patients in the early
postoperative period (128). Ophthalmologists also found fibrin
glue provided a superior adhesive for sealing retinal breaks,
while showing no additional adverse effects in patients (129).
With the early successes reported in 1989, Col-IV may be a
valuable biomaterial that is to be used in gluing applications in
clinical surgery.

COLLAGEN-I AND -IV IN BIOPRINTING
OCULAR TISSUES

Bioprinting belongs to 3D printing and is classified as additive
manufacturing. The fundamental mechanism adopted here is
by stacking materials layer by layer to form a scaffold/structure
based on computational images (130). Compared to classic
molding methods, bioprinting has been in the spotlight in
recent years, with its advantages and capability to generate
customized structures based on recorded images, as well as the
reproducibility of cell printing. In recent years, publications
about in situ printing, directly printing biomaterials/cells to
injured sites using hand-held printers to reconstruct the wound
and promote healing, gave us a glimpse of what future surgeries
may be like (131).

Bioprinting

Unlike materials used in traditional 3D printing such as plastics,
the materials used in bioprinting refer to biomaterials, usually
organic materials, such as collagen, gelatine and alginate, or
bioink with a cell-laden ability (130). The most frequently
used methods in 3D bioprinting are inkjet bioprinting, laser-
assisted bioprinting, and extrusion-based bioprinting (Table 3).
Additional technologies like vat photopolymerisation may also
be used in bioprinting.

Inkjet bioprinting, which is similar to the conventional inkjet
printer, prints the structure by precisely depositing micro-drops
of bioinks to a substrate. The inkjet printing technique can be
divided into two categories, continuous inkjet printing (SIJ),
which means continuously printing a stream of drops whilst
selecting the drops that are needed to be printed to the substrate,
and drop on demand inkjet printing (DOD), where the ink
drop is only ejected out of the nozzle as needed (132, 133). The
DOD technique can be further divided by the method used to
form the micro-droplets; thermo-inkjet printing, piezoelectric
inkjet printing, and electrostatic inkjet printing (134). The DOD
technique has been applied to fabricating a corneal-like structure
incorporated with corneal stromal cells, thus achieving good
cell viability (up to 7 days) (135). Inkjet bioprinting has been
investigated in its potential of fabricating other tissues, including
bone and cartilage tissues (136, 137), blood vessels (138), and
retinal layers (139). Inkjet printing is fast and cost-effective
compared to other bioprinting methods (140) but is limited by
the requirement of low-viscosity material to prevent clogging
during printing (141).

Laser-assisted bioprinting during the printing process
involves a pulse laser that is applied to a laser absorption layer,
with bioink-containing cells covering its lower surface not
directly exposed to the laser. This causes thermal expansion
that ejects micro-droplets of the bioink onto the substrate (142).
This method can precisely control the type and density of the
cells during printing (143); hence, is often used to manufacture
scaffold-free cell structures (144). A human corneal-like stroma
with high cell viability has been produced with this technique,
using a Col-I based bioink and human stem cells (145). Further
developments have improved the strength of the laser-assisted
bioprinted structure, as evidenced by this technique that is
used to successfully print mesenchymal stromal cells for bone
regeneration, with the aid of pre-printed nHA-collagen disks
(146). Laser-assisted bioprinting does not carry the risk of
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blocking the printing nozzles and remains a relatively fast
process. The main current limitation of this technique is the high
rates of cell death during the printing process that may impact
the long-term survival of the tissue (142, 147).

Photopolymerisation ~ or  photocrosslinking is a
further technique used in 3D bioprinting, known as
stereolithography (SLA). For this technology, a laser beam
is applied directly to the printing material to initiate
photopolymerisation/photocrosslinking in a selected area
of bioink and the 3D structure is printed layer-by-layer. The
bioink used in this printing process is usually required to be
photopolymerisable or to contain a photoinitiator to be able to
crosslink. As an example, methacrylate gelatine (GelMa) and
eosin-Y combined with visible light are common materials and
photoinitiators used for this cell printing process (148). This
combination has been successfully used to print human corneal-
like stroma and shows good cell compatibility post-printing
(149). Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP)
is another photoinitiator used with GelMa and UV. Other
studies printing different tissue or organs, including artificial
cartilage and liver using this same combination, also have good
cell viability (150, 151). Stereolithography has been adopted
in making artificial blood vessels with a photopolymerisable
polyacrylate material (152). As the bioink used in printing is
required to be photo-cross linkable, this remains a relative
limitation of the technique.

Extrusion bioprinting is the most common bioprinting used in
current applications (153). During extrusion printing processes,
the shear-thinning bioink is extruded from a syringe by the
pressure created by either air, a piston, or screw. The extrusion 3D
printer can be a single syringe, a multi-syringe, or joint syringes,
with coaxial printing tips to meet different needs. Extrusion
printing is widely used in tissue engineering with a variety
of bioinks. Multi-syringe extrusion printing has been used in
printing human skin with two different layers, both dermis and
epidermis (154). An example of coaxial extrusion bioprinting has
been published in a study that used alginate as the shell that was
immediately crosslinked by the calcium ion that was contained
in the mixture of GelMa and calcium chloride during the
initial mixing process, binding the GelMa together before further
crosslinking (155). Extrusion bioprinting has great potential in
surgery. In addition to printing the entire structure, it can also be
used in in situ printing. O’Connell et al. developed an extrusion
printing-based hand-held device called a “biopen” for treating
cartilage injuries (131, 156). As a hand-held device, it increases
surgical dexterity and portability. It adopts the coaxial extrusion
printing mechanism and integrates a UV-curing attachment to
solidify the material during, and post-printing. Another device,
developed by Hakimi et al., is also a handheld 3D printer based
on double syringe extrusion printing (157). Targeting a range
of tissues, this dispensing method uses a cartridge that applies
a crosslinker on the top of the material while printing (157).
In the above-reviewed extrusion methods, a viscous bioink is
usually required to maintain the shape of the printed structure
during the printing process. For low viscous bioinks, a method
called “freeform reversible embedding of suspended hydrogels
(FRESH)” has been developed. In this method, the bioink was

printed in a supporting material to obtain higher resolution and
structural support for printing low-viscosity bioinks that have
difficulty maintaining the printed shape during printing. This
technique has already been used to print a range of human
tissue including artificial human corneal stroma and heart tissues
(158, 159).

Collagen-I Based Bioink

Since Col-I is the major component of the human corneal stroma,
most of the bioink under current investigation for use in corneal
applications contains this as its major constituent; however, this
is usually combined with other materials in order to gain enough
printability or postprinting mechanical properties. These bioinks
can be printed with the earlier mentioned bioprinting methods.

The bioink used in 3D printing of human cornea using FRESH
printing by Isaacson et al. was a combination of up to 8 mg/ml
methacrylated bovine Col-I and sodium alginate (158). The
authors reported that with increased concentration of collagen in
the bioink, and the addition of sodium alginate, the printability
and transparency were improved. A formulation of the bioink
that contained 2.66 mg/ml Col-I and 2% of sodium alginate was
reported as their choice of best overall properties (158). Another
example of combining bovine Col-I with sodium alginate to make
the collagen-based bioink for corneal bioprinting was developed
by Kutlehria et al. (160). In this study, they used the SLA
technique to fabricate the supporting structure and then used
extrusion printing to print corneal stroma-like tissue onto the
structure. The collagen in use was an acid-soluble bovine Col-
I. The sodium alginate used acted to assist the solidification
of the printed structure with the use of calcium chloride as a
crosslinking agent. Gelatine, incorporated with the bioink, was
added to enhance its printability. The optimized concentrations
of the components of the bioink include 4% gelatin, 3.25%
alginate, and 5 mg/ml collagen (160). A similar formulation of
bioink was used by Wu et al., who also combined collagen with
other natural polymers, including gelatine and sodium alginate
(161); however, they used normal extrusion-based bioprinting
techniques, and Col-I sourced from rat tail. As extrusion printing
requires the bioink to have high printability, this bioink has
high gelatine content at 10% weight per volume, to improve
printability. The collagen concentration was low at 0.83 mg/ml
and the bioink also contained 1% alginate. The printed structure
was immersed with calcium chloride to further strengthen the
structure. The printed structure was found to be transparent
and cell compatible; however, the authors also reported that
the alginate structure could not be degraded by cells, therefore
potentially inhibiting cell proliferation (161).

Other methods to facilitate the liquid to gel transition
of collagen-based bioink included using temperature-sensitive
biomaterials and other natural cross-linkers. Duarte Campos
et al. used low gelling temperature agarose as a component in
their bovine Col-I based bioink (135). The composition included
2 mg/ml Col-I and 5 mg/ml agarose. The bioink was held in
the printer with a temperature above the gelation point and the
printed structure was held at room temperature for the gelling
of agarose, then at 37°C for gelling the collagen. The structure
printed by this bioink can show letters of text placed under it
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without distortion, and had good cell compatibility (over 95%
cell viability); however, it had a lower mechanical strength than
cornea (135). Sorkio et al. have used a bioink with 1.2 mg/ml
human collagen in combination with human plasma, thrombin,
and hyaluronic acid to print the cell-loaded corneal-like structure
(145). Thrombin served as a crosslinker to assist bioink gelation.
Stem cells were printed by laser-assisted bioprinting in parallel
with the main structure, forming a corneal-like structure, with
cells surrounded by collagen fibers. The structure showed
good cell compatibility; however, it required non-transparent
supporting material during printing, resulting in a translucent
final structure, with no report of its mechanical properties (145).

A bioink primarily incorporating decellularised cornea was
used to print a corneal model using an extrusion printing
technique (162). The decellularised cornea was dissolved in
acetic acid and pepsin with a concentration of 20 mg/ml and
later neutralized by NaOH to make the bioink. The printed
corneal model had over 75% light transmittance in the visible
light spectrum and was compatible with human turbinate-
derived mesenchymal stem cells (hnTMSCs) (162). The collagen
content of the decellularised cornea solution was suggested to be
~86% (163); however, the detail of the collagen types was not
given (163).

In conclusion, the printing method used in published studies
is FRESH (158), extrusion printing (160-162), DoD (135), and
laser-assisted printing (145). For the crosslinking methods, the
chemical crosslinkers that are widely used in fabricating collagen-
based corneal-like structures are not popular among the 3-D
cell printing projects. As all these projects incorporated cells in
the bioink, more gentle crosslinking methods were used that
include crosslinking using natural biomaterials, such as alginate-
calcium, gelatin and thrombin, and low-temperature agarose.
Most of the reported corneal bioprinting research studies used
lower concentrations of Col-I (0.82 to 5 mg/ml) to maintain
transparency of printed structure but required additional gentle
crosslinkers. The only bioink that appears to have a higher Col-
I concentration used 20 mg/ml of the decellularised cornea with
86% being collagen (162). This higher concentration of collagen
has sufficient printability for extrusion printing without the need
to add gelatine (162); however, it would be challenging to define
the composition of the material obtained from decellularised
corneas that contain many different proteins. This uncertainty
could be a significant potential limitation to the broader
applicability and use of the bioink. The collagen sources are either
animal-based, such as bovine (135, 158, 160) and rat (161), or
from human tissue (145, 162). The current studies of 3-D printing
of corneal tissue remain primarily proof-of-concept studies that
still have a notable period before their actual clinical use. The
printed structures are mainly focused on corneal stromal layers
and cells, except the study done by Wu et al. that explored the cell
viability of encapsulated epithelial cells (161). Although a number
of tissues represent potential alternatives to natural tissue, none
of the above-mentioned printed structures have reported similar
or exceeded the mechanical properties compared to the intact
human cornea. It is also notable that none of the above-
mentioned projects used photo-crosslinking, either during the
printing process or post-printing. This may be because of the

concern that the photoinitiator and the light-curing process may
be cytotoxic. Sorkio et al. suggested that photocrosslinking can be
important not only to further enhance the mechanical properties
of the printed structure but also expressed concern for its impact
on cell viability (145). Diamantides et al., reported that the cell
viability of the chondrocytein, the collagen bioink decreased to
76%, with 10s of 1.2 W/cm? blue light, and 0.5 mm riboflavin
photo-crosslinking (164); however, Ibusuki et al.,, have shown
that with 40's of photocrosslinking using 0.5 W/cm? blue light
and 0.5 mM riboflavin, the cell viability of chondrocytesin, the
collagen solution, was still over 90% (81). The cytotoxic effect
of photocrosslinking could be reduced by lowering the strength
of the curing light, and therefore, it is possible to introduce
photocrosslinking into the development of cell encapsulating
collagen-based bioinks to enhance methods on bioengineering
a cornea.

Collagen-IV Based Bioink

To date, there is little to no exploration into the field of Col-IV
bioprinting, and the utilization of Col-IV as a versatile bioink.
Hence, the current use of collagen in bioinks is essentially limited
to Col-I as previously discussed. In comparison, the current
use of Col-IV emphasizes cell culturing, where it is utilized
as a coating. A previous study tested a number of coatings of
a polydimethylsiloxane substrate including Col-I and Col-IV
(165). Substrates coated with Col-IV were found to produce the
most ideal phenotypic expression in bovine corneal endothelial
cells, with strong ZO-1 expression and minimal cytoskeletal a-
SMA, indicating no abnormal EMT. This was a predicted result
as normal corneal endothelial cells have been found to secrete
Col-IV as their native collagen, but following an EMT, these
cells instead produced Col-I (166, 167). A follow-up study tested
cultured primary human cells on coated Col-I gels and found that
only gels coated with Col-IV produced confluent monolayers of
high cell density suitable for transplant (168). A similar study
found that of the different ECM-coating proteins tested, only
Col-IV-coated silk fibroin films allowed for the formation of
confluent monolayers of primary human corneal endothelial cells
that maintained apolygonal morphology (169).

For future applications of bioprinting, including the
construction of a full-thickness corneal substitute, Col-IV
printing, with or without cells, could hold significant promise.
Col-IV bioprinting of layers extends beyond the printing of layers
in a potential biomimetic corneal substitute, as this collagen
is ubiquitous in the basement membranes of the body. Hence,
the development of Col-IV inks and bioinks is essential for the
recreation of 3D scaffolds for research, and clinical applications
in which the cultured cells require a basement membrane to
support their physiological function.

CONCLUSION AND FUTURE TRENDS

We have reviewed the application of tissue engineering in the
cornea, the lens, and the retina with a focus on Col-I and Col-
IV. Compared to the lens and the retina, tissue engineering of
corneal structures is heavily studied. This may be due to its
relatively simple-layered structure and a strong practical need to
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overcome the current global shortage of donor corneas. Despite
the natural lens representing a relatively simple-structured tissue
to the cornea, the success of IOLs has appeared to limit the
need for tissue engineering, a lens alternative. Subsequently, most
studies found emphasized coating or enhancing the compatibility
of IOLs in the lens to reduce the need for secondary cataract
(PCO). The more complicated structure of the retina has made
it the most challenging to engineer; however, a few studies have
successfully engineered retinal-like layers and structures, albeit
with variable current practical application (29, 122, 139).

Collagen is a widely used biomaterial and a key structural
protein in ocular tissues; however, most studies focused on the
application of Col-I. Various methods have been developed to
make Col-I- based structures, and all have shared one common
principle, that is, to cross-link Col-I fibers. As some of the cross-
linking methods, such as gentle cross-linking using alginate, or
photo-crosslinking, are compatible with 3D printing, this has
enabled further development of printing Col-I based structures.
In the cornea, numerous studies have developed various types of
Col-I bioinks and printed cell-laden corneal-like structures that
have shown similar morphology and transparency to the native
intact cornea, albeit with limited comparable tensile strength in
many examples. Despite Col-IV being an essential component
for lens and basement membranes in the cornea and the retina,
it was mainly used as a coating material to support cell growth.
Development of a Col-IV based scaffold or bioink remains
limited. It could be that fabricating a Col-IV based structure is
more challenging than Col-I, given their structural differences,
but it can also be that the importance of incorporating Col-IV
in tissue engineering for the lens and the retina has not yet been
widely investigated. Col-IV is an essential protein for retinal and
lens cell growth, and to develop a Col-IV based structure could
greatly enhance cell compatibility.

The application of 3D printing was not limited to print an
entire structure but also used for in situ printing to fill or seal
injuries. In situ printing is novel in treating diseases, and has
been used to treat cartilage injuries (131, 156). With the right
biomaterial and biopen developed to fit the size of different ocular
tissues, this could provide a useful tool to treat ocular injuries
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Introduction: This case report describes the reconstruction of a severe comminuted
fracture and bone defect in the lateral half of the clavicle using a novel titanium prosthesis.
This unique prosthesis has been specifically designed and three dimensionally printed
for the clavicle, as opposed to the Oklahoma cemented composite prosthesis used in
common practice. The aims of this study were to: (1) describe the prosthesis, its stress
analysis, and its surgical fixation and (2) to demonstrate the results of the 2-year follow-up
of the patient with the lateral clavicle prosthesis.

Patient’s Main Concerns: A 20-year-old, right-handed woman complaining of severe
pain in the right shoulder was admitted to our hospital following a traffic accident. Physical
examination revealed pain, swelling, tenderness, limb weakness, asymmetric posturing,
and loss of function in the right shoulder.

Diagnosis, Intervention, and Outcomes: Radiographic evaluation in the emergency
room showed complete destruction with a comminuted fracture of the lateral half of the
right clavicle and a comminuted fracture of the coracoid. We designed a new prosthesis
for the lateral half of the clavicle, which was then tested by finite element analysis
and implanted. Use of the new prosthesis was effective in the reconstruction of the
comminuted fracture in the lateral half of the clavicle. After 2 years of follow-up, the
patient had an aesthetically acceptable curve and was able to perform her activities of
daily living. Her pain was relieved, and the disabilities of the arm, shoulder, and hand
score improved. Active range of motion of the shoulder joint and muscle strength were
also improved.

Conclusion: This novel prosthesis is recommended for reconstruction of the lateral
half of the clavicle following development of bony defects due to fracture. Our patient
achieved functional and aesthetic satisfaction with this prosthesis.

Keywords: finite element analysis, comminuted fracture, clavicle, fracture, clavicle prosthesis
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The Reconstruction of Lateral Clavicle Using Prosthesis

INTRODUCTION

The clavicle, acting as a strut between the scapula and the
sternum, articulates with the sternal manubrium medially and
with the acromion of the scapula laterally (1). The clavicle
contributes to the strength, coordinated scapulohumeral rhythm,
and overall range of motion (ROM) of the shoulder girdle (2).

Fractures of the clavicle are common in adults and represent
about 4% of all fractures. Further, 21% of clavicle fractures affect
the lateral half (3). Clavicular fractures are caused mostly from
direct injury, accompanied by a fall on the point of the shoulder,
which is the most clinical and biomechanical mechanism of
fracture (4).

Recently, to decrease the high rate of surgical complications
after claviculectomy, some surgeons suggest a new method for
reconstruction of bony defects with autogenous bone or allografts
bone to protect the subclavian vessels and brachial plexus, restore
the shape of the shoulder, and decrease pain (5). Outcomes of
midshaft clavicular malunion, including restoration of length and
alignment, soft-tissue preservation, use of local bone graft, and
plate fixation, is a reliable treatment option, regardless of the
time since fracture (6). Vartanian et al. (7), report the use of an
Oklahoma prosthesis, which is a cemented composite prosthesis
used to reconstruct bony defects after metastatic tumor resection
of the medial third of the clavicle.

Computer-aided  engineering technology has many
applications in the medical field to generate a surface model of
the prosthesis mirrored from the contralateral healthy side (8).
Finite element analysis is used to examine the biomechanics of
the clavicle reconstruction plate, which are calculated by the
quantity of the forces applied by the muscles as a result of the
surgical technique (9).

We present the case of a severe comminuted bony defect
following fracture in the lateral half of the clavicle treated using
a titanium prosthesis. To resolve the bony defect, we designed a
novel titanium prosthesis for the lateral half of the clavicle.

In this study, we designed the titanium prosthesis and tested it
by finite element stress analysis and inserted it to fill the defect
at the site of bone loss in the clavicle. The aims of this study
were to: (1) describe the prosthesis, its stress analysis, and its
surgical fixation and (2) to demonstrate the results of the 2-year
follow-up of the patient with the lateral clavicle prosthesis. To
our knowledge, the presentation, findings, and management of
this case have not been previously described in the literature.

CASE REPORT

A 20-year-old, right-handed woman complaining of severe pain
in the right shoulder was admitted to our hospital following
a traffic accident. Physical examination revealed pain, swelling,
tenderness, limb weakness, asymmetric posturing, and loss of
function in the right shoulder.

Abbreviations: 3D, three-dimensional; CT, computed tomography; DASH,
disabilities of the arm, shoulder, and hand; DICOM, digital imaging and
communication in medicine; FEA, finite element analysis; ROM, range of motion;
VAS, visual analog scale.

FIGURE 1 | Preoperative computed tomography scan revealing the scope of
the lesion. This was essential in identifying the small bone fragments separated
from the fracture.

Radiographic evaluation in the emergency room showed
complete destruction with a comminuted fracture of the lateral
half of the right clavicle and a comminuted fracture of the
coracoid. A computed tomography (CT) scan revealed the scope
of the lesion and was essential in identifying the small bone
fragments separated from the fracture (Figure 1).

A preoperative assessment was performed for pain using
the visual analog scale (VAS) score with a result of 9. The
preoperative disabilities of the arm, shoulder, and hand (DASH)
score (10) was 98.3. A higher score means greater disability, with
100 points indicating a complete disability of the extremity and 0
points indicating a perfect extremity.

The patient was informed that data concerning her status
would be submitted for publication and the patient agreed
and signed the form providing written informed consent
to participate in the study. The study was registered on
ClinicalTrials.gov (NCT03577678).

Manufacturing of Prosthesis and Finite
Element Analysis

A normal clavicle three-dimensional (3D) geometry model was
designed using data extracted from the CT scan. The 3D model
of the clavicle was developed using the digital imaging and
communication in medicine format, and image segmentation
was performed using the Mimics software (Materialize NV)
(Figure 2). The size of the prosthesis corresponded to that of the
lost portion of the clavicle,

The Prosthesis was manufactured by using 3D printer
selective laser melting. The material used was Ti-6Al-4V alloy
powder. The prosthesis Size of pores were 900 microns air and
100 microns solid, and the Volume of pores to the e whole
implant was 60% while Weight of pores to whole implant body
is 38%. The prosthesis was structured from mesh and 2 holes on
the medial part of both sides to reduce the modulus. The surface
of the prosthesis was polished without any coating (Figure 3). We
created three designs to reach the best one which simulate bony
part of clavicle.
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FIGURE 2 | The process of manufacturing of the prosthesis. The three-dimensional model of the clavicle was developed using the digital imaging and communication
in medicine format, and image segmentation was performed using the Mimics software (Materialize NV).

(4) Planning

FIGURE 3 | Titanium design of the lateral half of the clavicle. The size of the
prosthesis corresponded to that of the lost portion of the clavicle, and the
prosthesis had a porous structure to reduce the modulus.

After completion, the 3D computer models and the designed
model were imported into the ANSYS Workbench 15.0 (ANSYS
Inc., Canonsburg, PA, USA) for finite element analysis. The
stress distribution and deformation were calculated using the
ANSYS Workbench. The boundary conditions applied are two
fixed points at the ends of the implant on the lateral side and
medial side. Thereafter, the effect of dynamic load location on
the clavicle is applied with tension loads in two directions of the
later side and medial side with an amount assumed to be 150 N
to simulate the real case. The maximum stress was tested. The
maximum stress was present at the middle third of the clavicle
length, which is a characteristic of clavicle fractures in real life.
While the maximum elongation was 50 microns and 75 microns
in the lateral and medial sides, respectively. Thus, a comparison
of the stresses predicted and the load location by finite element

analysis suggested that the results could be in the same range
(Figure 4).

We validated the results of FEA to check the results
given by FEA software. This was done by comparison
with experimental data, and comparison with other similar
computation techniques.

Surgical Technique

The patient underwent the operation in the supine position.
The operative site was sterilized from the lateral border of the
acromion to the sternum, and then a horizontal skin incision was
made on the superior surface of the clavicle. The skin, platysma,
and subcutaneous tissue were raised, with care taken to avoid
injury to the supraclavicular nerves. The fracture site was exposed
and inspected; thereafter, the small fragments and sharp fracture
ends were removed.

The prosthesis was fixed with the remaining normal portion
of the clavicle using a press fit, and the entire prosthesis was filled
with a synthetic bone substitute (Figure 5). The prosthesis was
implanted and fixed to the acromion with non-absorbable sutures
through small holes on the surface of the prosthesis. Thereafter,
the wound was closed. The operating time was 1.5h, the blood
loss was 1L, and there were no intra-operative complications.

Postoperative Care

The arm was maintained in a sling throughout the day for 2
weeks. Thereafter, active assisted ROM exercises of the shoulder
at the scapular plane were initiated. Full active motion was
started at 4 weeks, and strengthening and resistive exercises of
the shoulder girdle were started at 6 weeks up to 12 weeks. The
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FIGURE 4 | Finite element analysis. A comparison of the stresses predicted
and the load location suggest that the results could be in the same range.

progress of the exercises was dependent on the tolerance of the
patient. By 6 months, the patient resumed her normal activities
of daily living.

Outcomes

The VAS score for pain was 2, while the DASH score was 28, after
2 years post operation. The CT scan 6 months after the operation
(Figure 6) revealed a good position for the prosthesis and no
evidence of a stress fracture. Active ROM results of the shoulder
at 1-year follow-up were flexion 125°, abduction 110°, external
rotation 50°, and internal rotation 70°.

A radiographic examination at 2-year follow-up (Figure 7)
revealed a good position of the prosthesis and no bony changes
found. Muscle strengths compared with the uninjured shoulder
at 2-year follow-up were maximum flexion strength 73%,
maximum abduction strength 71%, maximum external rotation
strength 65%, and maximum internal rotation strength 77%. Our
patient was able to perform her activities of daily living but was
not able to participate in sports activities that required a wider
shoulder ROM, such as throwing.

DISCUSSION

This study described a case with comminuted lateral half clavicle
fracture that was reconstructed using a 3D printed prosthesis

FIGURE 5 | Implantation of the prosthesis. The prosthesis was fixed with the
remaining normal portion of the clavicle using a press fit, and the entire
prosthesis was filled with a synthetic bone substitute.

FIGURE 6 | Postoperative computed tomography scan 6 months after the
operation revealed a good position for the prosthesis and no evidence of a
stress fracture.

for treatment of the bone defect. The postoperative contours of
the shoulder were acceptable to the patient, and there was no
evidence of related complications, like infection or a rejection
reaction. The procedure maintained the supportive function of
the shoulder and protection for the major vessels and nerves at
the base of neck.

The clavicle provides protection for the major vessels and
nerves at the base of the neck and maintains an aesthetic
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FIGURE 7 | Postoperative radiograph at 2-year follow-up revealed a good
position of the prosthesis.

function by defining graceful curves. It also works as a support
to hold the glenohumeral joint and increase the ROM (11).
To our knowledge, there are two studies regarding bone defect
reconstruction with cement prosthesis after clavicle tumor
resections (5, 7), and 1 about a titanium prosthesis after
total claviculectomy (11). The use of customized 3D printing
prostheses has proved beneficial in many surgeries (12). In
this study, 3D printing was used to construct a lateral half
model of the clavicle, and the geometrical borders of the
contralateral healthy clavicle were used to design the prosthesis.
The largest differences between the reconstructed portion and the
normal one were seen at the insertion sites of the tendons and
ligaments, because the action of the muscles was limited in the
reconstruction of the lateral half of the clavicle (13).

The Ti-6Al-4V alloy is considered biocompatible to the
human body. One of the main desirable properties of
biomaterials for orthopedic implants is the low modulus of
elasticity due to bone reabsorption, besides biocompatibility,
corrosion resistance, mechanical strength, fatigue resistance and
wear resistance, which is especially the case of metallic materials.

The surface of prosthesis has a direct influence on its
anchorage in bone. It is responsible for direct contact with patient
tissues and is a key factor for Osseo integration (14); we designed
the prosthesis from Ti-6Al-4V alloy.

Selective laser melting is one of the most widely used
additive manufacturing processes for metallic materials, based
on powder-bed fusion. It can be defined as a process whereby
3D functional parts can be produced by selectively scanning
and consolidating a powder bed in a layer-wise manner. SLM

provides many advantages over conventional processes such
as ability to create complex geometries with internal cavities
or features without specific dies or tools, reduced lead time
from design to testing, reduced need for assemblies, and joining
processes resulting in less production costs (15). We use the
selective laser melting at manufacturing of our prosthesis.

A good and lasting connection of the implant with the
bone tissue is possible when there are sufficient conditions for
the bone to grow into the pores of the material, therefore
the use of a porous implant may be helpful in solving this
problem Surface morphology is an important factor determining
long-term implant stability, especially if bone quality is poor.
A porous surface improves mechanical interlocking between
the implant biomaterial and the surrounding natural tissue,
providing greater mechanical stability at this critical interface
(16), our prosthesis had Size of pores shape 900 microns air
and 100 microns solid, Volume of pores shape to the whole
implant shape is 60% and Weight of pores shape to whole implant
body is 38%.

Finite element simulation techniques are being developed to
provide mechanical responses and are used without any risks.
These techniques provide definition about the load and material,
as well as the value of the forces, using computation to investigate
the biomechanics of the clavicle as a result of the surgical
technique (17). Maximum stress occurs at the middle third of
the clavicle length, which is a characteristic of clavicle fractures in
normal life. During the dynamic strength analysis, the prosthesis
in our study showed similar characteristics and resulted in the
same range. The bone substitutes also had similar structural
properties and compression strength, indicating that they are
suitable for different clinical conditions (18, 19).

Finite element method (FEM) is a highly convenient and
effective method to analyze near-real situations with the help
of real-time, anticipated boundary and loading conditions,
especially for biomedical applications. Computational structural
analysis provides many approaches to successfully achieve the
target. It is very difficult to analyze and predict exact mechanical
behavior of adjacent tissues and implant inside the body (in-
vivo), during the process of healing in orthopedic applications.
Therefore, FEA is very helpful in designing and analyzing any
medical device for optimality (20).

Using the FE method in our study was to provide a model
allowing detecting the changes in bone characteristics leading to
the manifestation of pathological conditions. Therefore, the focus
in FE analysis is on creating an optimal FE model.

Validating the results of FEA it is extremely important to
check the results given by FEA software (21). This was done by
comparison with experimental data, and comparison with other
similar computation techniques.

Limitations of this technique are the cost because it is custom
made and is therefore more expensive, and, if the patient has any
contraindications for CT scans or even surgery, this technique
will be limited.

In conclusion, we advocate the use of this novel prosthesis for
reconstruction of the lateral half of the clavicle after bone defects
due to fracture. The advantages of the new prosthesis are that it
replicates the dimensions of the normal bone; the patient could
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use her shoulder and return to activities of daily living and was
satisfied with the aesthetics of the shoulder.
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Method: Over a 12-month period (2019-20) in our multidisciplinary team we designed
a surgical instrument to transplant heart patches to the epicardial surface. The device
was designed for use via uni-portal or multi-portal Video-Assisted Thorascopic Surgery
(VATS). For preliminary feasibility and sizing, we used a 3D printer to produce parts of a
flexible resin model from a computer-aided design (CAD) software platform in preparation
for more robust high-resolution metal manufacturing.

Results: The instrument was designed as a sheath containing foldable arms, <2cm
in diameter when infolded to fit minimally invasive thoracic ports. The total length was
35cm. When the arms were projected from the sheath, three moveable mechanical
arms at the distal end were designed to hold a patch. Features included: a rotational
head allowing for the arms to be angled in real time, a surface with micro-attachment
points for patches and a releasing mechanism to release the patch.

Conclusion: This brief research report represents a first step on a potential pathway
towards minimally invasive robotic epicardial patch transplantation. For full feasibility
testing, future proof-of-concept studies, and efficacy trials will be needed.

Keywords: instrumentation, regeneration, thorascopic surgery, myocardial patch, automation, keyhole, chest
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Minimally Invasive Robotic Cardiopatch Transplant-Device

GRAPHICAL ABSTRACT |

INTRODUCTION

Since the first reports of robotic minimally invasive cardiac
surgery (1), there has been increasing attention given to the
role of minimally invasive robotics in cardiothoracic surgery
(2-6). Meanwhile, tissue engineers have been making gains
toward regenerating the myocardium (7-9). The first human
trials of patches containing biomaterials/cells applied to the
epicardial surface to regenerate the heart have been reported
with promising results (10-14). Moreover, increasingly accessible
techniques such as 3D bioprinting (one approach to generating
heart tissue patches) promise scalability, reproducibility, and
highly refined control over the characteristics of the patch to
be grafted (7). However, many approaches to regenerate the
myocardium surgically using patches applied to the epicardial
surface have worked toward a model of open surgery via median
sternotomy (8). There is an unanswered but pressing question
whether surgical patch-based repair of the heart will need to be
delivered by minimally invasive and/or robotic surgery by the
time it reaches widespread clinical use (7). Additionally, for heart
failure patients who may not be fit for a heart transplant or major
surgery but who may tolerate a less invasive keyhole procedure
(15), this solution may open up a therapeutic avenue for them.

Our team therefore conceptualised and designed a
novel surgical instrument to deliver heart tissue patches
to the epicardium. Our multidisciplinary team included a
cardiothoracic surgeon, a bioengineer and two specialists in
robotics, mechanical engineering, and mechatronics. To our
knowledge, the early-stage design we present is a world-first
with no similar design existing. This descriptive brief research
report represents the initial step on a potentially significant
pathway to pivot the field away from its focus on traditional
open surgery.

METHOD

Design Process, Objectives, Reasoning

The design process was initiated with several discussions
amongst the team to determine the objectives, requirements,
and feasibility of the idea. An initial outline of the design was
sketched with attention to the ergonomics at human surgery,
the size and material requirements for thorascopic insertion and
manipulation of the instrument within the chest cavity, the shape
requirements to ensure suitability for human cardiothoracic
anatomy, the mechanism to allow for an operator to manoeuvre
the instrument using handles outside the chest cavity at the
proximal (external) end of the instrument and the ability for the
device to be controlled in future by both master-slave robotics
and fully automated robotics.

Using SOLIDWORKS® (Dassault Systemes SOLIDWORKS
Corp, Waltham, MA, USA) computer aided design (CAD)
software, the instrument blueprint was created and revised
several times to ensure it was optimised. At this stage, attention
was given to the points of attachment for patches onto the
instrument and the details of how the patch would fold into
the instrument when retracted and then be spread out for
deployment when expanded (without damaging the patch).
Another challenge was the releasing mechanism for the patch
to release it from the instrument. It was decided that tiny
attachment nodules/hooks would be placed at the distal ends of
the manoeuvrable arms and at the apex of the pyramid created
by the three arms converging. When the arms are expanded
(outfolded) this stretches out the patch between the metal arms.
This has the effect that when outstretched the patch itself would
move away from the apex and fold out to form the base of
a pyramid.

The patches will be made from alginate 4%/gelatin 8%
in cell culture medium, which is a hydrogel that becomes
fluid at temperatures over ~28°C and is more solid at lower
temperatures. It can be crosslinked ionically by adding calcium
chloride (2% w/v in phosphate buffered saline) which increases
the strength of the material. A similar hydrogel with a modified
molecular structure, gelatin methacryloyl (GelMA), can be used
in a similar way to alginate/gelatin but is more robust when it is
crosslinked which is done by UV light photocuring. Therefore,
we created the instrument design to include areas for attachment
nodules/hooks which would be attached to areas within the patch
containing small rings of GelMA at the corners and the centre.
These reinforced patch ring-corners would be attached to the
arms distally. In the folded position, the patch centre will be
similarly attached to the instrument platform where the proximal
ends of the three arms converge (the apex of the pyramid
formed by the arms). When opening the arms (pitch rotational
movement) this will pull the patch away from the platform where
the proximal ends of the arms converge as it unfolds and expands
to become the outstretched base of the pyramid. Next, to release
the three patch corners from the apex, the instrument arms can
be moved laterally (yaw rotational movement). To ensure that
release happens first at the apex/central connection the strength
of the GelMA ring will be modified by using fewer layers so that
this connection releases first (before the GelMA ring connection
to the distal tips of the arms). In case of failure to release by
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G3 |
G2

G1

68.50

3416.85

FIGURE 1 | (A,B) Lateral view. One single Grip (GP) controls forward protrusion and backwards retraction of the instrument. Grips G1-G3 are triplicate (only two of
each are visible in the 2D lateral view images shown), and control each of the three distal arms to which they are attached (distal arms not visible - infolded and
covered by sheath). G3 Grips control the curvature of the patch, G2 the rotation angle of the arm, and G1 the deployment angle of the arm. (C) “Top down” view
showing triplicate arrangement of Grips when in line with each other and opened with 120 degree angles between each set of three Grips. Grips exit the cylindrical
instrument body which has diameter of 15 mm. All measurements in mm. See Supplementary Video 1 for dynamic demonstration in silico.
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this mechanism, the platforms with the hook/nodule attachments
can be moved in a sliding movement distally away from the
instrument body, theoretically releasing them by breaking the
GelMA rings.

The head has a rotational mechanism (role rotational
movement) which allows for the rotation of the patch through
360 degrees. One arm is able to be made shorter than the
other two during patch deployment. This means that by opening
that arm past 90 degrees to the main instrument body whilst
shortening it, the patch should be able to open and face any
lateral direction (similar to the triangle that can be made with the
extended index and middle finger to the thumb in opposition).
This gives the instrument three degrees of rotational movement
in addition to the three degrees of translational movement in
the X, Y, and Z axis which are achieved by movements at the
entry into the chest (similar to moving a pencil pinched lightly
between the thumb and index finger). Additional to these six
degrees of freedom, each arm is capable of pitch and yaw rotation
individually. The shortenable arm has the additional benefit of
being openable in a confined space, for example, if facing the
surface of the heart when opening, so that its excursionary
movement can be completed without damaging surrounding
structures. Overall, these movements will allow for the patch to be
expanded in the hemithorax and then rotated to face the surface
of the heart at the correct angle.

One surgical approach for the operation of this instrument
is via standard left-sided anterolateral multiportal video-assisted
thorascopic surgery (VATS)—similar to a left lower lobectomy
approach but with the left lung deflated via endobronchial
intubation and single lung ventilation of the right lung. The
pericardium would need to be partly opened to gain access
to the epicardial surface. In particular, for a chronic ischaemic
cardiomyopathy heart failure patient or after myocardial
infarction (MI), the target area may be the anterolateral surface
of the heart over the left ventricle. With the rotational head and
the releasing mechanism, it should be possible to manoeuvre
the patch and apply it to the epicardium on most surfaces
reachable without moving the heart: a minimally invasive VATS
transplantation of a regenerative cardiac patch.

Following these discussions and revisions aimed at optimising
the instrument design we 3D printed a version of the instrument
to assess for size and identify learning points. This “sizing and
learning” print was in preparation for the full metal prototyping
which will use 17-4 Ph Stainless Steel (SAE Type 630 stainless
steel—hardened stainless steel containing ~15% chromium, 5%
nickel, 5% copper).

RESULTS

Early-Stage Design Outcomes

The device has nine Grips plus one push-out Grip (Figure 1,
Supplementary Video 1). Each arm has three Grips (Figure 1A,
Labels G1, G2, and G3). The top Grip (G3) controls the
attachment platforms and therefore the curvature of the patch
(it also acts as a releasing mechanism if attachment platforms are
moved beyond the maximal boundary of the outfolded patch),
the middle Grip (G2) controls the rotation angle of the arm, and

the bottom Grip (G1) controls the deployment angle of the arm.
The push out Grip (GP) protracts or retracts the arms from their
sheath. Supplementary Figure 1 shows a frontal and trimetric
view of the mechanism with the sheath removed.

The designed length of the instrument was 35 cm and cylinder
diameter was 1.5 cm (Figures 1B,C). Each arm was 60 mm, thus
the maximum size of a triangular outfolded patch would be ~18
cm?. The tips of each arm are 11.2cm apart while opened at
90 degrees to the body of the instrument. The smallest parts in
our instrument were the joints which are cylindrical type joins
(which act like screws connecting two linked pieces) and these
were 1 mm diameter and 1 mm height.

Special features of the instrument included a space between
the arms when infolded where the folded patch could be stored
prior to deployment (Figure 2). The patch could therefore be
inserted into the chest within the mechanism (and covered by
the outer sheath) without damaging it during insertion. Control
over each of the three arms was achieved by three separate
mechanisms connecting the arms to the Grips at the proximal
end of the device (Supplementary Figure 2).

The arms were designed so that they could be individually
rotated, including when the arms are folded out from their closed
position. The region conveying rotationary control is shown
in Supplementary Figure 3. In Supplementary Figure 3B the
proximal (operator’s end) region where the Grips converge
is shown.

Along each arm the design includes a moveable attachment
platform which can be controlled using Grip number 3
(control pathway highlighted in Supplementary Figure 2A).
Supplementary Video 1 shows the releasing mechanism as it
moves along one of the three arms. This movement from the
distal aspect of an arm to the proximal aspect allows for the
attachment platforms to be moved, pulling them away from
the patch connections and releasing the patch. These patch
connecting platforms are shown in more detail in Figure 3.

The attachment platforms will have small hooks (not shown
in the figure) where they will be able to attach to rings of a
semi-robust crosslinked hydrogel (GelMA) at the corners of the
patch. If the releasing mechanism fails to move the hook from
the patch and release that corner, the arm could be rotated using
the rotationary mechanism shown in Supplementary Figure 3
to pull the connection away from the patch. To reduce the risk
of injury to surrounding structures, the edges of the design are
curved and smooth (Figure 4).

3D Printing of Sizing and Learning Resin
Prototype

Some of the parameters for the 3D printer settings for the sizing
and learning prototype are shown in Supplementary Figure 4.
We used a Stratasys ]J750™ polyjet multi-material 3D printer
(Stratasys, Eden Prairie, MN, USA). The materials used to print
the test (sizing and learning) prototype parts were VeroVivid (a
translucent colour material) and Agilus (an elastomeric polymer)
which cost under £10 GBP ($14 USD). The total cost (excluding
hardware purchase) of the sizing and learning print was <£60
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FIGURE 2 | (A,B) Close-up angled view (A) and complete lateral view (B) of the distal end of the instrument (the patient end where the patch would be enclosed).
Movements of this compartment are controlled at the other (operator’s) end of the instrument by the connected Grips shown in Figure 1.

GBP ($83 USD). A comparison of the resin size to the computer-  which is used to dissolve the support material for the printed
aided design blueprint is shown in Figure 4. The printed product  parts) and during this final phase some of the tiny cylinder joints
underwent a chemical bath (in a solvent named Opteon SF-79, (6 out of 13) were lost.
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FIGURE 3 | The patch releasing mechanism in close-up. (A) Shows an arm patch attachment point/platform (highlighted in blue); (B) shows anterior view close-up of
the platform where a hook/nodule (not shown) will attach patch corners; (C) shows a posterior view of the platform shown in (B).

DISCUSSION

Brief Research Report key Considerations
and Unanswered Questions

Our novel surgical instrument design is aimed at minimally
invasive approaches to transplant patches for myocardial
regeneration and is enabled for future robotic control of the
device. Whilst it has not been designed to fit with current
commercially available cardiothoracic surgical robots, it has been
designed to be ready for robotic control, where the instrument
itself would be attached as a forearm to a robotic arm. This
was based on the capabilities in our department to build a full
robotic arm and the instrument could be used for master-slave
or full automation. It is important that any new instrument
design is enabled for compatibility to these envisaged future
robotic controls.

The sizing and learning resin 3D print gave several insights
which will be invaluable for the full prototyping phase from
stainless steel. Firstly, it showed us that a major challenge is going
to be accounting for the manufacturing machine error with such
small parts (our smallest components are I mm diameter X 1 mm
height cylinder joints). The printer we used has a high resolution
(horizontal build layers down to 14 um) but there is also print
error margin of £150-200 pm (up to 1% of the diameter of our
instrument and 20% of our 1 mm cylinder joints). These valuable

learning points taught us that the next phase will likely require
both a slight enlarging of the instrument and also the use of a
very low error manufacturing technique for the stainless steel
prototype. Furthermore, each part in the design is a perfect fit
and therefore allowed no space for collision volume (the distance
away from the molecular centre which may come into contact
with adjacent parts). The metal print in future will require micro-
adjustments across every part of the design to add +100 pm
space around each part so that there is room for manufacturing
machine error in the generation of the stainless steel prototype.
Another consideration is that following the initial fabrication
of the instrument it will have to be immersed in the same
chemical bath used for the resin sizing and learning print
(Opteon SE-79) during which time our tiny joints can still be lost.
In fact, during the resin learning print 6 of our 13 joints were lost
during the chemical bath. Therefore, we may need to include over
20, adding in extra joints in anticipation that some will be lost
during the manufacturing process. Future trials by our group will
determine whether these issues can be minimised by increasing
the size of the instrument without removing the clinical utility.
We have envisaged the instrument being used for VATS
approaches and it should be highly versatile so it can be used with
multiple surgical approaches via uniportal (one large “keyhole”
in the chest for all instruments) or multiportal (several keyhole
incisions) VATS—for example with a left anterolateral approach.
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FIGURE 4 | Curved edges of the arm to reduce risk of injury to surrounding structures inside the chest. (A) Shows the CAD blueprint for the main component of one

of the arms. The photographs in (B,C) show the same curved edged arm with surrounding component parts after the sizing and learning resin print (VeroVivid and

Agilus). These parts were reproduced with a high degree of accuracy to the blueprint and the surrounding component parts fitted with the main body of the arm. This
(Continued)
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device.

FIGURE 4 | suggests these components will be accurately fabricated in the subsequent stainless steel prototype. Photographs in (D,E) show component parts
outcome of Agilus/VeroVivid resin sizing and learning print. Despite inherent printer error margin, sizes were accurate to the CAD blueprint and appropriate for surgical
use. There were limitations to the resolution printable by this method shown by the fusion of resin material at the distal tip in the photograph (F) compared to the input
CAD image shown in (G). This has shown that subsequent prototyping will require a manufacturing method capable of retaining the detail of small parts within the

The exact approach would depend on the target area of the heart
(for instance we would probably want to deploy the patch over
a specific infarcted or failing area of the left ventricle). This will
likely need a wide space and multiple ports to get a good view and
manoeuvre into the best position.

The patch itself (see Supplementary Video1l) can be
customised in many ways with different biomaterials to control
the viscosity of the patch and also for different cell types within
the patch (16). Many different cells have been tried by researchers
in this field, often derived from stem cells (7). Our approach
might be able to treat heart failure for patients who would
otherwise not be eligible for a transplant (in a less invasive
standalone procedure to patch the myocardium rather than
replace the whole heart). There are many complex considerations
for this, including whether one could generate a patch of patient-
specific heart tissue from stem cells reprogrammed from the
patient’s own skin cells and transplant that (7). Importantly,
all approaches to myocardial regeneration with a patch
have so far have imagined an open surgical transplantation
method which may actually preclude this treatment in
many of the heart failure patients it is ultimately intended
to benefit.

The therapeutic approach will be different for the acute vs.
chronic phase of ischaemic cardiomyopathy and/or MI and
initially this instrument has been designed with a view to being
applicable in a non-acute situation as a standalone procedure. In
the acute phase it may not even be required to transplant cells
but just putting a patch as an adjunct to regular treatment which
stimulates macrophages and other inflammatory responses may
be beneficial for remodelling and cardiac function after MI (17).
For this instrument, it is clinically most likely to be useful for
chronic heart failure caused by ischaemia or MI. There are many
open questions and a large amount of research is focused on
regenerating the myocardium (7, 8). The unique selling point
of this instrument is that no one has yet presented a solution to
the question of how to transplant patches without open surgery.
By the time regenerative patches for the myocardium are ready
for clinical use they may need to be able to be transplanted by
minimally invasive and/or robotic approaches. If patch transplant
were to be used as an adjunct in a patient already undergoing
another procedure, a minimally invasive method would need to
exist because the primary procedure may not be via open surgery.
As a standalone treatment for high-risk patients with heart failure
who cannot have open surgery, it may be beneficial for them if
this can be done by a less invasive approach.

This brief research report represents the first time this
approach has been presented (without restriction for anyone
to build upon). Whilst it has been developed for cardiac
applications, it could even be co-opted for other applications
(e.g. abdominopelvic) where diverse minimally invasive robotic
approaches are also being developed (5, 6). Its main limitation is

that the descriptive work herein is at an early stage. It is likely
that future instrument designs will have to be larger, perhaps
more fitting for a 5-6 cm incision rather than a 2 cm one. This
would also have the potential benefit of bypassing the major
challenge of how to infold a patch then outfold it like a net
(without crushing it). Specifically, a 5-6 cm diameter instrument
could potentially accommodate a non-folded patch large enough
to be used without repeated application of small patches. Future
studies will be needed to optimise designs, fully prototype them
and then assess the actual performance of any prototype in
proof-of-concept surgery followed by full ex-vivo (cadaver) and
in-vivo trials. Efficacy will need to be evaluated in terms of
transplantation success over repeated applications (with full
measurement of parameters such as time to delivery, deployment
accuracy in a non-beating and beating heart, patch size, covered
epicardial surface area and a full range of quantitative and
qualitative analyses—all compared to relevant controls). Then
trials will be needed for a functional demonstration of a clinically
and statistically significant improvement in cardiac function
(including non-inferiority against the alternative approach of
traditional open surgery). Whilst this brief report article has
focused on a surgical instrument design, significant work will
also be needed to show that the patch matrix we propose—
alginate 4%/gelatin 8% patches &= cells based on our previous
optimisation for cardiac applications (9, 16, 18)—is superior to
reference patch materials. Translating these technologies is a
lengthy process, which is part of the point: it should happen in
parallel to the advancements currently underway in the field of
myocardial regeneration, or the field risks unveiling a successful
new treatment to a world that might have moved away from
traditional open surgery (2, 19), limiting how to actually deliver it.

CONCLUSION

Over 12 months our multidisciplinary team has invented a design
for a novel surgical instrument which is at the leading edge of
innovation in this field. Findings from our sizing and learning
resin print of this instrument have prepared the way for the
stainless-steel prototype to be manufactured. This is a world-
first achievement which may alter the direction of research for
surgical transplantation of patches for myocardial regeneration.
This brief research report presents the first step on this pathway,
for which further trials will be needed.
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“Translational Research” has traditionally been defined as taking basic scientific
findings and developing new diagnostic tools, drugs, devices and treatment options
for patients, that are translated into practice, reach the people and populations for
whom they are intended and are implemented correctly. The implication is of a
unidirectional flow from “the bench to bedside”. The rapidly emergent field of
additive manufacturing (3D printing) is contributing to a major shift in translational
medical research. This includes the concept of bidirectional or reverse translation, early
collaboration between clinicians, bio-engineers and basic scientists, and an
increasingly entrepreneurial mindset. This coincides with, and is strongly
complemented by, the rise of systems biology. The rapid pace at which this type of
translational research can occur brings a variety of potential pitfalls and ethical
concerns. Regulation surrounding implantable medical devices is struggling to keep
up. 3D printing has opened the way for personalization which can make clinical
outcomes hard to assess and risks putting the individual before the community. In
some instances, novelty and hype has led to loss of transparency of outcomes with dire
consequence. Collaboration with commercial partners has potential for conflict of
interest. Nevertheless, 3D printing has dramatically changed the landscape of
translational research. With early recognition and management of the potential
risks, the benefits of reshaping the approach to translational research are
enormous. This impact will extend into many other areas of biomedical research,
re-establishing that science is more than a body of research. It is a way of thinking.

Keywords: additive manufacturing, 3D printing, translational research, bioengineering, systems biology, biomedical,
design methodology, entrepreneurship

INTRODUCTION

“Translational Research” has been defined as taking basic scientific findings and developing new
diagnostic tools, drugs, devices and treatment options for patients, “the bench to bedside” goal of
biomedical research. (Woolf 2008; van der Laan and Boenink 2015; Sanders 2020). The
implication is of unidirectional flow with the aim of seeking how scientific knowledge can
be applied in a clinical setting. (Rubio et al., 2010). This century has seen translational research
dramatically rise in prominence, largely driven by the recognition that statistically few
discoveries in “bench” science have had any material impact on human health or clinical
practice with a considerable lag time for those that do. (Balas and Boren 2000; Contopoulos-
Ioannidis et al., 2008; Trochim et al., 2011).
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Modern healthcare demands for innovative, faster and more
personalized solutions have seen the convergence of engineering
and biomedical research, leading to emergence of the rapidly
growing field of bioengineering, driven to a large extent through
the application of additive manufacturing. (Homes 2018).
Additive manufacturing, otherwise known as 3D printing was
first created in the 1980s. It refers to creating a three-dimensional
object from a digital model or blueprint through the printing of
materials in successive layers. (Ventola 2014; Fan et al., 2020).
This technique enables a focus on functional design, rapid
prototype  production and individual customization.
(Parthasarathy 2014; Ventola 2014; Paul et al., 2018; Fan et al.,
2020).

3D printing has not only been instrumental to the
development of new fields of study, it has brought together
multidisciplinary teams from across the spectrum of
engineering, medicine, biomedical research, information
technology with other stakeholders, including consumers and
commercial funders. The result is reframing of multiple aspects of
translational research, ranging from how translational research is
defined, to the role of multidisciplinary teams, to tools that better
replicate human biology, to the fundamental philosophies that
drive it and, ultimately, to the pace at which it occurs.

EVOLVING DEFINITION OF TRANSLATION
RESEARCH

Appreciating the impact of 3D printing on translational research
starts with defining what “translational research” means. The
term was originally used sporadically during the 1990s in cancer
research to describe research that spanned different types or
different disciplines of research, such as basic and clinical
research, or immunology and molecular genetics. (Rubio et al.,
2010). The turn of the century saw increasing concern from
medical scientists and public health policy makers that scientific
discoveries were failing to generate any tangible human benefit.
(Sung et al.,, 2003) Even though more scientific discoveries were
being achieved and at a faster rate, translation into clinical
practice was little better than it was 100 years prior. (Balas and
Boren 2000). Studies estimated it took 17-24 years for 14% of new
scientific discoveries to enter day-to day clinical practice.
(Westfall et al., 2007; Contopoulos-Ioannidis et al., 2008). Lag
time and lack of practical impact has ramifications not only for
biomedical research, patients and the public but also for
governments and funding bodies who are accountable for
ensuring resources invested into biomedical research will
amount to some measurable improvement in health outcomes.
(Woolf 2008; Trochim et al., 2011; Schwartz and Macomber 2017;
Sanders 2020).

In June 2000 the initial meeting of the Clinical Research
Roundtable of the Institute of Medicine (Sung et al., 2003), a
body founded under the charter of the National Academy of
Sciences in the United States, was convened to address these
concerns. (Fallon 2002). From this arose the concept of
‘translational research’ as the taking of basic scientific findings
and developing new diagnostic tools, drugs, devices and
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FIGURE 1 | Traditionally translational research was described as the
process of taking a basic scientific discovery and working out how that
knowledge may be applied at the bedside. The limited progress from
discovery to creating an impact on clinical practice and the slow pace at
which this occurs has seen an evolution in the way translational research is
both defined and approached. Translational research is now considered as a
multidirection, cyclic process with starting point being any of the translational
phases T1 to T4. Phase T1 represents translation of basic science to
application in humans, T2 from human application to patients, T3 from
patients into accepted clinical practice and T4 from clinical practice to the
population. Each phase can move in either direction and can feedback or feed
forward to influence or direct the other phases.

treatment options for patients. (Woolf 2008). Obstacles to this
progression were defined as “translational blocks” described as
T1, the translation of basic science to human studies, and T2, the
translation of new knowledge into clinical practice and healthcare
decision making. (Sung et al., 2003).

Over time the “I” has changed from representing a
translational block to representing a translational phase.
Currently there is general consensus on the definitions of T1
through to T4 (Figure 1). (Fort et al., 2017) Additionally, TO has
been proposed to represent genomic-wide association studies and
basic science discovery. (Gannon 2014; Fort et al.,, 2017). T5 is
used in some forums to represent international adoption of a
clinical practice. (Fort et al., 2017).

The other major shift has been acceptance that translational
research needs to be multidirectional, recognizing that data and
observations from clinical practice, individual and collective
behaviours are critical in creating real world impacts. (Woolf
2008; Cohrs et al., 2015; van der Laan and Boenink 2015; Jia 2016;
Smith et al., 2017). The European Society for Translational
Medicine (EUSTM) defines translational research as an
interdisciplinary branch of the biomedical field supported by
three main pillars: benchside, bedside and community. (Cohrs
et al,, 2015). Merging this concept with the translational phases,
modern translational biomedical research can be viewed as a
multidirectional integrated process (Figure 1).

FROM PONDERING TO PROBLEM
SOLVING

Biomedical research has been dominated by basic research (Sung
etal., 2003; Woolf 2008), that is, research that results in adding to
general knowledge and understanding of nature and its laws, but
without the practical ends in mind. (Rubio et al., 2010; Patel and
Mehta 2016). It follows the fundamental steps of scientific
method:  observation, hypothesis, experimentation and
generalization, favouring a quantitative and analytical
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FIGURE 2 | Applying engineering design thinking and entrepreneurial thinking in the translational research process creates a systematic approach to finding a
solution to a problem that is worth solving. In biomedical research this starts with identifying an unmet healthcare need or clinical problem. Scoping of the problem and
undertaking a business analysis occurs at the beginning, ideas of how the problem may be solved are explored, re-iterated and then progress to implementation and a
real world solution. (Flow chart component developed by Monash Institute of Medical Engineering, Monash University.)
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approach. (Greenman et al., 2007). Translational research in this
methodology, the “bench to bedside” approach, requires working
out how that knowledge is then applicable to clinical health
scenarios. The implication is of unidirectional flow
underpinned by the reductionist philosophy that biology can
be explained by breaking it down to chemical or molecular
reactions. By simply tying this knowledge together, answers to
all clinical questions can be found. As discussed above, translation
of biomedical research into clinical practice using this approach
has been slow and largely ineffective. (Balas and Boren 2000;
Balas and Boren 2000; Westfall et al., 2007; Contopoulos-
Ioannidis et al., 2008; Trochim et al., 2011).

In contrast, the engineering method (engineering design) is a
systematic approach to finding a solution to a problem. The
starting point is identifying and researching the problem,
followed by ideation of a solution, planning, development of
proof of concept and/or prototyping, testing and re-iterations,
then implementation. (Lasser 2013; Greene et al, 2017). The
engineering design method compared to traditional biomedical
research, deals primarily with something that doesn’t yet exist.
(Patel and Mehta 2016).

The application of 3D technologies to human biology and
medicine in order to improve healthcare and healthcare outcomes
has contributed to the rise of the new field of biomedical
engineering. (Moffat 2017). Use of problem solving
engineering design methodology in biomedical research places
an unmet clinical or healthcare need as the problem to be solved,
driving translational research in a targeted direction. (Figure 2).
For example, assessing the clinical problem of high rates of plate
extrusion, screw loosening and/or poor osseointegration in
mandibular reconstructions in head and neck cancer patients
(Shaw et al., 2004; Goh et al., 2008) and finding poor match in

elastic properties of titanium plates to native bone produces stress
shielding (Gutwald et al., 2017; Soro et al, 2019), enabled
development of an alternative alloy produced through 3D
printing with better mechanical properties and improved
osteogenic potential. (Soro et al., 2019; Brodie et al., 2021).

A SYSTEMS APPROACH

Complex systems exist everywhere in nature, including the
human body. (Van Regenmortel 2004; Mazzocchi 2008;
Mesarovic, 2017). They are dynamic and have the ability to
self-correct through cyclic feedback loops. A systems approach
considers a complex system as a whole and involves
understanding interactions and influences between various
components in a system to solve complex problems. (Patel
and Mehta 2016). At the core are the concepts of emergence
and interrelatedness, that a system is more than the sum of its
parts. (Patel and Mehta 2016; Greene et al., 2017; Kolodkin,
2017).

Ironically, whilst the engineering field adopted systems
thinking generating the fields of cybernetics and system
dynamics (Greene et al, 2017), biomedical research followed
the reductionist path of molecular biology, identifying the gene as
the fundamental unit of biological information and chemistry the
effective mechanistic explanation of biological processes. (Nurse
2008; Green 2017). Though this approach has led to significant
improvement in understanding of human disease, translation to
clinical impact has not been fast or frequent. Increasingly gaps
and paradoxes arising from this assumption (Sonnenschein and
Soto 2008; Bertolaso et al., 2011; Baker 2012; Bizzarri and Cucina
2014; Bertolaso, 2017) has led to acknowledgement that biological
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complexity has been overlooked (Nurse 2008) resulting in the rise
of “systems biology”, a term that describes the quantitative
analysis of the dynamic interactions among
components of a biological system with the aim to understand
the behavior of the system as a whole.

Systems thinking allows biomedical research and engineering
to dovetail into translatable solutions (Chien et al., 2015) and 3D
printing is at the heart of it. Two-dimensional monolayer cells
cultures do not reflect biological complexity. The importance of
3D culture was initially highlighted by Mina Bissell and her team,
demonstrating that both structural and biochemical cues are
required for mammary acinar development. (Schmeichel et al.,
1998). This led to development of “organoids”, miniature organs
derived from tissue-resident stem/progenitor cells or embryonic
stem cells in the presence of organ-specific cues and matrices in
culture dishes. Organoids resemble an organ in both structure
and function. (Rawal et al., 2021). 3D printing is now being used
to reliability reproduce organoids, tumoroids, and even whole
organs that better represent human systems for use in disease and
regenerative research with ultimate potential to produce
transplantable tissues. (Reid et al., 2018; Mansilla et al., 2021;
Rawal et al., 2021).

several

RISE OF THE PROSUMER

Availability of 3D printers to the wider public has seen the rise of
the “prosumer”, a person who is involved in the co-creation and
innovation of the product they use. (Rayna et al, 2015). In
healthcare, prothesis have been the target of prosumers.
e-NABLE, an online global community of volunteers is an
example of prosumers not waiting for companies or
governments to find solutions. The open-source designs
created by e-NABLE volunteers allow their community to use
personal 3D printers to help those born with missing fingers and
hands or who have lost them due to war, natural disaster, illness
or accidents. Over 8,000 recipients have been helped. (eNABLE).

The Covid-19 pandemic has also driven prosumers to the fore
with 3D printing used widely to fill the need for low-cost, rapid
fabrication of medical devices and personal protective equipment
as the world faced a short fall from more established production
lines. Frontline healthcare workers became actively involved in
designing items for personal and peer use. Not only was 3D
printing used to crucially help with this shortfall, it demonstrated,
in real time, how fast translation can be when problem and
outcome focused. (Radfar et al., 2021).

Public awareness of the ability to use 3D printing to
customize prothesis, implants and other devices is
increasing demand for such products. In turn, this drives
innovation and translation. There has been an explosion in
prosumer driven custom-made prosthetics, such as Free 3D
Hands and Art4Leg, allowing patients to be involved in
designing their own limb or casts with an increasing focus
on developing better functionality at lower cost. (Ventola
2014; Nawrat 2018; Paul et al., 2018; Aimar et al., 2019).
Surgeons commonly use 3D models and templates to plan
and improve surgery, resulting in shorter operating times and
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better functional outcomes. (Shinomiya et al., 2018; Witjes
et al., 2018; Aimar et al., 2019; Fan et al., 2020).

ENTREPRENEURIALISM

Entrepreneurialism seeks creation or extraction of value through
creativity and innovation. (Patel and Mehta 2016). The historic
lack of return on biomedical research is a prime driving force
behind the increased need for entrepreneurial thinking in
translational research to continue to attract funding and
investment. (Woolf 2008; Molas-Gallart et al, 2016). 3D
printing has done that partly because the products are
physically tangible and immediate. The healthcare impacts and
hence return on investment is visible. A burgeoning industry
based on 3D printing has evolved. Established medical device
companies, such as Stryker and Medtronic, are investing heavily
in 3D printing, for customized implants, training and simulation,
and to reduce development time via the use of rapid prototyping.
(Medtronic 2017; Sher 2020). Multiple new companies have
arisen producing 3D printers, 3D printing material and digital
files, creating such products as “organs-on-a-chip”. (Jiang et al.,
2017; Paul et al,, 2018; Aimar et al., 2019; Fan et al., 2020; Wu
et al., 2020).

The impact is that the foundations of good business (creating
or delivering something of value that people want or need, at a
price they are willing to pay, in a way that meets their needs and
expectations and that will generate enough profit to make it
worthwhile for the owners to continue operations) (Kaufman
2013), need to be worked into the translational research design.
Increasingly business management strategies are being employed
in translational research to improve efficiency and cost-
effectiveness. (Schweikhart and Dembe 2009).

OBSTACLES AND PITFALLS

3D printing is an exciting technology. It fires the imagination,
bringing with it the biggest risk: exposing scientific research to
public hype. The Gartner Hype Cycle is a graphic representation
of the maturity and adoption of technologies and applications,
and how they are potentially relevant to solving real world
problems. (Gartner 2020). Whilst publicity can be good, hype
can inflate public expectations and erode trust, undermining the
scientific process and profession. (Rinaldi 2012). In healthcare,
public trust is paramount for uptake of new ideas and
technologies. They need to be seen to deliver on their promise.

Complex regulatory requirements are seen as a major barrier.
(Fudge et al, 2016). New requirements for medical devices
introduced in Europe in 2017 and subsequently by other
jurisdictions to improve the safety of medically implanted
devices (European Parliament and Council on medical devices
2017) followed a significant breast implant issue. (Russell 2017).
Whilst appropriate for mass production implants they lack the
nuance required for more customized 3D printed products.
Legislation for 3D printing of devices in many jurisdictions
doesn’t distinguish between difference purposes. A 3D model
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for surgical planning or educating patients can fall into the same
regulation as devices for implant. Use of 3D printing across many
facets of translational research makes it difficult to produce
cohesive regulation. (Christensen and Rybicki 2017). Achieving
balance of safety and social responsibility without generating too
much stifling red tape is challenging. (Christensen and Rybicki
2017; Adamo et al., 2018; Aimar et al.,, 2019).

3D printing highlights the need for increased and early
multidisciplinary  collaboration in translational research.
(Fudge et al,, 2016; Homes 2018). Whilst a major benefit in
ensuring research is directed to a real world need, lack of clear
definition of concepts and different language between engineers,
clinicians and other stakeholders can create confusion, lack of
clarity and direction that can hamper progress. (Woolf 2008;
LeClair et al., 2020). Competing demands on clinicians time with
lack of protected and funded time for research impedes
stakeholder engagement. (LeClair et al., 2020). The application
of engineering principles to human biology and medicine in order
to improve healthcare and healthcare outcomes brings with it the
burden of ethical responsibilities to bioengineers to anticipate the
consequences of their technological designs for medical practice
in a manner similar to a medical practitioner. These include do no
harm, informed consent, confidentiality and dignity. Tissue
engineering, use of biomaterials and implants, and neural
engineering each generate specific numerous ethical concerns
that will need to be addressed. (Moffat 2017).

Commercial partnerships and funding arrangements can
generate conflict of interest and pitfalls, through looking for
faster, more expedient ways to bring devices or technologies to
market, or creating prestige to advance further funding
opportunities without paying attention to the way this is
achieved. (Molas-Gallart et al., 2016). The disastrous artificial
tracheal implant saga highlights this can occur at even the most
respected institutes. (Schneider 2016). Repercussions impact not
only the individuals and institute involved but undermine public
confidence across the medical implant device industry and
potentially the view taken by regulators.

Finally, measuring and evaluating progress is unstandardized.
Personalization makes outcome measures harder to determine
and standardize and risks putting the need of the individual
before the community. Many academic organizations reward
work based on individual output primarily through
publications and grants, rather than team outputs, patents,
trade secrets, and impact on health outcomes. This can
dissuade collaboration and translation.(Fudge et al, 2016;
Smith et al., 2017; Clay et al., 2019).

FUTURE

3D printing has demonstrated that when healthcare needs, such
as prosthetic limbs, are the driver, real world outcomes can be
achieved at a faster pace with less waste and lower costs. As the
cost of 3D printers and materials reduce, these technologies will
become more widely available. Use of 3D printed organoids is
already seeing the cost of pharmaceutical development being
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reduced and has potential to reduce, if not eliminate, use of
animal experimentation. (Fan et al., 2020; Rawal et al., 2021).
Prosumer groups, such as e-NABLE, have demonstrated that it
will not necessarily be the wealthiest countries to benefit.

The temptation may be to either overregulate or forgo proper
safety assessment. Jurisdictions that are agile in adapting their
regulations to ensure a balance of safety whilst not stifling
progress will be the big winners.

Those countries or groups who can connect and engage with
the end-users, build functioning multi-disciplinary teams across a
myriad of disciplines, and maintain focus on meeting the desired
healthcare outcomes will achieve faster translation and better
return on research, government and commercial funding. Finally,
those who are able to grasp how 3D printing technologies can be
used in understanding complex systems will be the ones to tap
into the wealth of knowledge that has yet to produce healthcare
impact.

SUMMARY

In this century, 3D printing has moved from the realm of fiction
to generating impact on health outcomes and healthcare across
the spectrum. 3D printing has been pivotal in the merging of
engineering and biomedical fields. In this way, it has helped
shape how translational research is defined, understood and
pursued.
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