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Digitalisation and volume estimation of bone grafts
using image-less navigation system: A feasibility
study

Franziska Kofler

Abstract—The aim of this study was to estimate the volume of

bone grafts using a imageless navigation system and to create an
overview of the potential volume sizes of autogenous bone graft
obtained from the iliac crest, tibia, fibula, calcaneus, olecranon
and radius.
29 different bone segments were digitised, gathering point cloud
data with a navigation system and volumes were calculated
using the Delaunany-triangulation. Articles were reviewed to
quantify the maximal volume of bone available for from the
different donor sites. The method of digitization of bones using
a image less navigation system offers satisfactory results when
digitising relatively simple shapes and is easy and fast to conduct.
Digitizing concave shapes leads to more imprecise in volume
calculation. The results of the volume calculation may be falsified
by gathering airpoints. The maximal volume size can be obtained
from the posterior iliac crest with 88ml. The second largest
amount of bone graft can be harvested form the tibia with 70 ml.
From the calcaneus a volume of 10 ml can be obtained. The radius
with 3.6 ml and the olecranon with 3.5ml can provide almost the
same maximal volume. The used digitization technique may be
helpful for the estimation of volumes and for choosing the ideal
graft and donor site. For large bone defects the iliac crest is
recommended as the largest volume can be obtained. For smaller
volumes it is recommended to harvest bone from a local donor
site.

Index Terms—allograft, autograft, bone defect, abstract, tem-
plate.

I. INTRODUCTION

HE human skeleton has the extraordinary ability to

regenerate itself after injury and return to its original
form and function. The only organ that is also capable of
self-regeneration is the liver. However, the circumstances for
spontaneous bone healing are not always optimal.Yet even
with the efficacy of modern internal fixation techniques, in-
fection, poor vascularity, malnutrition and substantial bone or
soft tissue loss can impede effective osteosynthesis [1]. Bone
grafting is used as a surgical method to augment bone healing
and to reconstruct or replace bone defects. This bone defects
are often caused by a trauma with complicated fractures or
the treatment of bone tumors. Bone grafts are used to treat
musculoskeletal disorders, to strengthen arthrodeses and to
replace skeletal defects [2]. With over two million surgeries
per year worldwide bone grafting is one of the most frequent
tissue transplantation procedure [3]. The gold standard for this
procedure is the use of autologous bone since all required
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properties in bone regeneration in term of osteoinduction, os-
teoconduction and osteogenesis are combined. Bone allografts
are often used for orthopedic surgeons since they are available
in large quantities and in various forms [4]. The choosing
of the right bone graft is still a big challenge to surgeons.
The preference is mostly given to a cortical, cancellous or a
corticocancellous autograft from donor sites. The availability
of such autografts is limited and involved with potential
complications. The consideration for selecting the right bone
graft include availability, characteristic capabilities, patient
morbidity, potential disease transmission, immunogenicity and
cost variability. The following properties of bone graft are
crucial for the decision of the graft [5]. Ideally the chosen
bone graft should provide:

Structural support: There is quite an important difference
in bone graft regarding the structural strength the graft can
provide. Cancellous grafts give poor structural strength and
can only resist compression to a certain degree. Cortical
grafts are able to withstand mechanical loads and can provide
structural strength. Mechanical properties of the graft varies
according to the donor and the harvested bone quality. If
the bone is already older or osteoporosis the quality of the
graft is reduced regarding structural strength and resorption
propensity of the graft [6].

Osteoconduction: describes the microscopic connective
tissue matrix. The osteocunductive process allows the ingrowth
of host capillaries, perivascular tissue and mesenchymal stem
cells into the implanted scaffold passively. All bone substitutes
and bone grafts provide this property. Without a scaffold the
ingrowth and bone formation would be inhibited [1], [5].

Osteoinduction: ~ describes  the  protein  mediated
proliferation, recruitment and differntiation of cells. Host
mesenchymal stem cells are differentiated into chondroblasts
and osteoblasts.If the bone graft provides osteoinductive
properties it contains one or more bone morphogenetic
properties[1], [5].

Osteogenesis: refers to the synthesis of new bone by
the cells of the graft. Growth factors, cellular elements
and matrix are required for this process. Mesenchymal
stem cells, osteoblasts and osteocytes are involved in the
process. Only fresh autologous grafts are typically involved
in the osteogenesis. For other modalities of bone grafting
cells may be transplanted from other parts in the body [1], [5].
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Several forms of bone grafts can be distinguished, such
as autologous grafts, allografts or synthetic bone grafts [7].
An autologous bone graft is harvested from one anatomical
part and transplanted to another body part within the same
individual [4]. Autografts are commonly used because of their
osteoconductive framework, the osteogenic potential and the
low risk for the transmission of bacterial or viral diseases.
The quantity and quality of autografts is limited and the
associated blood loss and the high morbidity rate of the donor-
site is clearly a disadvantage. However this type of bone
graft is considered as the gold standard in the treatment of
bone defects [4]. The autografts are mostly harvested form
the posterior superior iliac spine, the iliac crest, the distal
femur, the distal or proximal tibia, olecranon or distal radius
[5]. Cortical bone grafts is recommended for the treatment
of structural defects. It provides minimal osteogenetic and os-
teoinductive properties but high osteoconductive potential. The
matrix of the cortical bone graft is dense and therefore optimal
to provide immediate mechanical and structural stability. on
the other hand cancellous bone grafts provide no structural
strength but osteoconductive, osteoinductive and osteogenic
properties. The cancellous autograft can be harvested with
functional osteocytes which host mesenchymal stem cells
(MSC). The MSC:s are able to differentiate into osteoblasts and
makes this graft option highly osteogenetic and the graft is able
to be vascularized within the first days. Therefore autogenous
cancellous bone graft is best suited for the treatment of
nonunions or arthrodesis. Corticocancellous bone grafts is
able to provide mechanical and structural strength as well as
providing osteogentic and osteoinductive capabilities. The iliac
crest is the most frequent harvesting site of corticocancellous
bone. Another possibility to improve the incorporation of
the graft are vascularized grafts. The previous mentioned
autogenous graft forms can be harvested with a vascular
pedicle. Especially when bone defects over 12cm requires a
graft a free vascularized graft is highly recommended [5].

Allografts are grafts which have been extracted from donors
or cadavers.After the extraction the bones are either fresh
frozen, irradiated or deep fried. The advantage of this grafts is
the good availability in those countries where bone banks are
present. A disadvantage is the relatively slow incorporation of
the allograft, a high pseudoarthrosis range and the potential
risk of infections or viral disease transmission. The Gamma
radiation or freezing method is not sufficient to eliminate the
human immunodeficiency virus (HIV) infection from allo-
grafts [8]. Several forms of allografts can be distinguished.
Cancellous allografts are mostly produced in the form of
cuboid chips called “croutons”. They are mainly used in the
filling of osseus defects, such as in retroacetabular osteolysis
for within a total hip arthroplasty. Cancellous allografts have
the disadvantage of providing little mechanical strength, little
healing support due to their preparation, and no growth fac-
tors to support osteoinduction. Cortical allografts are readily
available, can be used in combination with many fracture
repair methods, and provide rigid structural support. Like
cancellous allografts, they are used to fill larger defects. Due
to their stability, weight bearing can be applied early and

before incorporation of the grafts. For this reason, they are
well suited for periprosthetic hip fractures to provide stability
to the femoral shaft [9]. Demineralized bone matrix (DBM) is
readily available and and one of the most commonly used
form of allografts. DBM are used for the filling of bone
defects, grafting of nonunions or as an adjunct to spinal
fusion interventions. Their osteoinductive properties are better
than those of cortical or cancellous allografts and are able
to stimulate healing through the differentiation of MSCs to
osteoblasts[10]. This capability is highly dependent on the
preparation process of DBms. Techniques were alcohol, lactic
acid, acetic acid or nitric acid are involved are likely to have a
negative effect on osteoinductivity. The most of the DBM are
treated with hydrochloric acid or are admixed with cancellous
or cortical bone chips to provide additional osteocoinductive
properties[1].

II. METHODS
A. Digitalization and volume estimation

For the 3D data acquisition, 29 different bones were se-
lected from real and synthetic bones. Some digitized bones
already showed defects. Beside the bones an allograft out
of polyurethane in form of a acetabulum (Sawbone Nr1306,
Sawbone Pacific Research Lab- oratories, Vashon, WA USA)
was digitized. Since the extremities are most frequently af-
fected for bone transplants in the field of orthopedics, the
focus was placed primarily on bone parts of the upper and
lower extremities. Tablel shows the selected bones that were
digitized. For the digitization of the bone structures a Stryker
eNlite Navigation System (Stryker Corporation, Kalamazoo,
Michigan, USA), a Stryker 6007-11 Pointer and a nGenius
tracker was used (Mean trueness values of 0.058mm with
standard deviation 0.033mm [11]). For the calibration of the
camera of the navigation system the two trackers are placed
in the field of view of the camera. The trackers serve as
orientation points in space for the camera in order to guarantee
the most accurate acquisition of coordinates. The software
OrthoCad (OrthoCad, Version2016, Klemm Martin,Germany)
was used to generate and display the point cloud data. Until
now, orthopedic interventions were mostly performed conven-
tionally and manually; it often happens that the preoperative
plans have to be discarded because the intraoperative condi-
tions do not match the plans and thus cannot be performed.
The OrthoCad system is a general platform that makes it
possible to plan intraoperative computer-based surgical steps.
The system is based on interoperative positioning of bone
trackers and the system concept is based on a CAD system.
With this system, primitives, e.g. lines, points or planes can be
digitized intraoperatively on the patient’s bone. These primi-
tives can be assembled into complex objects. The digitization
of generated point clouds makes it possible to scan the bone of
a patient[12]. The OrthCad software interface shows a virtual
room. The Digitizing Menu on the left allows the surgeon to
select different objects for the tip of the pointer. The status bar
in the lower left corner shows the availability of the registered
landmarkers and pointers. If the indicator is red, the tool is
not in the field of view of the camera. In the view menu in



PROCEEDINGS OF THE 1%* MCI MEDICAL TECHNOLOGIES MASTER’S CONFERENCE, INNSBRUCK, SEPTEMBER 2021 3

the lower left corner the viewing angle can be changed. So
the viewing angle of the camera, the surgeon or the pointer
can be selected (Fig. 1). To calculate the volume out of
the point cloud data the Delaunay triangulation algorithm in
MATLAB®(MATLAB, Version R2014a, MathWorks, Natick,
Massachusetts, USA) was used.The initial point cloud data
can be shown in a coordinate system and the surface of the
digitized object can be shown in MATLAB.

TABLE I
3D GENERATED BONES

Bone Part Shape
Femur Caput spherical
Femur Epiphysis distalis cylindrical
Calcaneus Whole bone wedge
Fibula Corpus cylindrical
Humerus Corpus wedge
Tibia Corpus wedge
Tibia Corpus wedge
Tibia Corpus cylindrical
Digitus manus V Phalanx distalis cylindrical
Fibula Malleolus lateralis cylindrical
Allograft Acetabulum not defined
Femur Caput spherical
Digitus pedis I Corpus ossis metatarsi  cylindrical
Digitus manus II Phalanx proximalis cylindrical
Os cuboideum Whole bone ellipsoid
Ulna Olecranon cylindrical
Os illium Ala ossis ilii cylindrical
Os coxae Os ischii cylindrical
Os scaphoideum Whole bone ellipsoid
Patella Whole bone ellipsoid
Radius Caput radii cylindrical
Os sacrum Whole bone not defined
ulna Corpus cylindrical
Tibia Condyli not defined
Tibia Corpus cylindrical
Vertebrae lumbales  Corpus not defined
Femur Collum femoris cylindrical
Femur Condyli not defined
Digitus manus III Os metacarpale cylindrical

Interface of the OrthoCAD application. The Status bar shows the

status of the registered tools. If the status bar shows the color red for a tool
it is not placed in the field of view of the camera and therefore can not be
used. In the scene a digitized femur head, the pointer and the tracker (violet)
is shown.

B. Empirical investigation on potential volume sizes of autol-
ogous bone grafts

In order to gain a complete overview of the current state
of research on the volume sizes of autografts for the iliac
crest, fibula, calcaneus, radius and tibia a systematic literature
search for relevant studies was conducted in the database of

Pubmed (date of literature search: June 2021). The literature
search in the electronic databases was based on a systematic
combination of the keywords: autograft, bone graft harvesting,
volume, corresponding donor site. The search terms were
performed and yielded summed up 730 results in the database
of PubMed. The 730 articles were first screened by title
and the publications which were not addressing the research
question were excluded. In the next step the remained abstract
were screened by abstract and again publications which were
not addressing the research question were excluded. Sixty
publications remained for the full text screening where more
articles were excluded because no relevant information was
found. Finally 27 articles were included in this study.

Results of the database search
n=730
]

Articles screened by title

J_ Articles excluded
| n=375

Articles screened by abstract
n=355

| Articles excluded
n=1223

Full text articles assessed for
eligibilit:
n 9: ISZy
l Articles
! n=105
Articles included
n=127

Fig. 2. Flowchart of the systematic literature research

IIT. RESULTS

A. Digitization and volume estimation

The selected bone segments were digitized and the volume
was calculated in Matlab. Fig. 3 (a) shows the generated
point cloud in MATLAB. The time for the digitization process
for a single bone segment was, depending on the size of
the bone segment, between 1 and 10min. Fig. 3 (a) shows
the generated surface of the femoral condyles. The femoral
condyles have a concave surface. This is difficult for the
algorithm to calculate the volume, because it is only able to
represent convex shapes. The difference can be clearly seen
when comparing fig. 3 (a) and (b). The facies intercondylaris,
which normally lies between the lateral and medial condyle,
is not represented. For this reason, the calculated volume of
bone segments with concave structures may differ by a few
em3. Figure 4 shows a digitized segment of the fibular bone.
During the digitization process air points were gathered. The
algorithm is not capable to filter those points and includes them
for the surface calculation. Therefore the calculated volume
and surface is larger than expected. The calculated volumes
are shown in table II. The smallest bone part with the lowest
volume was the phalanx distalis of the digitus manus V with
1,96 cm?®. The largest digitized bone part is the iliac crest with
696,83 em?.
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[a]

[b]

Fig. 3.

(a) Gathered point cloud data of the femurcondyles (b) Calculated

and visualized surface of the femorcondyles from the point cloud data using

Deauny triangulation

RESULTS OF THE VOLUME MEASUREMENT

TABLE I

Bone Part Shape Volume [cm3]
Humerus Corpus wedge 13,91
Ulna Corpus cylindrical 25,7
Ulna Olecranon cylindrical 28,27
Radius Caput radii cylindrical 7,21
Os cuboideum Whole bone ellipsoid 21,89
Os scaphoideum Whole bone ellipsoid 2,42
Digitus manus II Phalanx proximalis  cylindrical 4,5
Digitus manus III Os metacarpale cylindrical 6,72
Digitus manus V Phalanx distalis cylindrical 1,96
Os illium Ala ossis ilii cylindrical 696,83
Os coxae Os ischii cylindrical 22,99
Os sacrum Whole bone not defined 515,71
Vertebrae lumbales  Corpus not defined 33,62
Femur Caput spherical 108,55
Femur Epiphysis distalis cylindrical 276,70
Femur Caput spherical 76,9
Femur Collum femoris cylindrical 23
Femur Condyli not defined 230,52
Patella Whole bone ellipsoid 31,4
Fibula Corpus cylindrical 12,64
Fibula Malleolus lateralis cylindrical 16,44
Tibia Corpus wedge 23,78
Tibia Corpus wedge 2491
Tibia Corpus cylindrical 31,36
Tibia Condyli not defined 95,87
Tibia Corpus cylindrical 55,23
Calcaneus Whole bone wedge 142,42
Digitus pedis I Metatarsus cylindrical 35
Allograft Acetabulum not defined 31,65
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Fig. 4. (a) Point cloud data of the fibula (b) calculated surface of the fibula

B. Maximal volume sizes

1) Bone graft harvesting form the iliac crest: The most
commonly site for corticocancellous grafts is the posterior
or anterior iliac crest [13]. From the iliac crest unicortical,
bicortical, tricortical or corticancellous segments can be
harvested [14]. The volume which can be harvested is limited
and avarages 30 cm? posteriorily and 13 ¢m? anteriorily.
For the iliac crest there are two possibilities: harvesting
the graft material from the anterior or the posterior iliac
crest. Harvesting cortical bone grafts from the anterior iliac
crest, requires less intraoperative time but also less bone
can be harvested compared to the posterior iliac crest. Burk
et al. [15] conducted a large cadaveric study investigating
the maximum autogenous bone volume obtained form the
anterior iliac crest and the posterior iliac crest. The largest
uncompressed volume harvested from the iliac crest was
48 ml from the main segment of the posterior iliac crest and
13ml from an additional lcm segment. On average 34 ml
of uncompressed autologous bone and 25 ml of compressed
bone could be harvested from the posterior iliac crest. From
the uncompressed bone graft 26% was blood or fat, that
are not needed for bone grafts. The grafts were obtained
over a surface area yielding an average of 28.40cm? from
the posterior iliac crest and 30.52¢m? from the anterior
iliac crest. Singh et al. [16] reported an average volume of
27 em? of cancellous bone graft in a retrospective study of 46
patients with autologous bone graft harvesting of the anterior
iliac crest. With the use of an acetabular reamer technique
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larger volumes up to 90 cm?> can be harvested. If the graft
volume is harvested from a single iliac crest a combination of
anterior and posterior crest harvest can be performed. Despite
the associated increased blood loss, donor-site morbidity,
operating and hospitalization time iliac crest is the most
considered autograft and therefore the gold standard for
autologous bone grafts. Autologous grafts from the iliac crest
have high fusion rates (92%) [17]. From the anterior iliac
crest corticocancellous or cancellous grafts can be harvested.
Obtaining bone form the anterior iliac crest should be used
if the required volume is less than 20-30cm. The obtainable
volume is limited due to safety reasons. At least 3cm of
the anterior superior iliac spine should stay intact to avoid
injuries of the inguinal ligament and the sartorius muscle.
The surgeon should avoid the lateral femoral cutaneous
nerve, which often can have anomalous course [14]. The iliac
tubercle is located 5 cm posteriorly from the anterior superior
iliac spine and provides high amount of cancellous bone to
be obtained [5].
Wolfe and Kawamoto [18] described a technique where
the inner and outer sites of a central graft are separated
and a block of autogenous bone up to 10cmx8cm can be
harvested. From the posterior site of the iliac crest large
volume of bone can be harvested.
Boucree et al. [19] performed bilateral bicortical osteotomy
on 55 cadavers to harvest 110 posterior iliac crest bone grafts.
The average of the osteotomy widths, lengths and depths
were 5.5, 7.4 and 1cm, respectively. The average volume
of the obtained grafts was 10,6 cm®. The maximum bone
graft harvested within this study was 41 cm3. This maximal
volume is the maximum graft size that could be harvested
without causing harm to the bordering vital structures. Studies
reported that a larger harvested graft size increases the rate
of major complications [15]. The author noted also that
anatomical variations are quite common and surgeons have
to be aware of them to void donor-site morbidity [19].
Ahlmann et al. [20] reviewed 108 iliac crest grafting
surgeries from 1991 to 1998 to treat chronic osteomyelitis
and recorded the volume of bone graft harvested from the
iliac crest. The mean graft volume harvested was 54.53 cm3
from the anterior iliac crest and 55.12 ¢cm? from the posterior
site. Within this study the authors recommend to harvest
the graft whenever possible from the posterior iliac crest.
The mean total blood loss and the complication, such as
haematoma, sensory disturbance and pain are significantly
lower when bone grafts are harvested from the posterior iliac
crest. Overall the average volume for anterior and posterior
iliac crest grafts has been identified to be 13 and 30 cm?.

2) Bone graft harvesting form the tibia: The proximal
tibia is a common donor for autogenous bone harvesting and
together with the anterior and the posterior iliac crest one
of the three most common used donor sites for autogenous
cancellous bone grafting. The volume of cancellous bone
which can be harvested form the proximal tibia have been
reported in various articles and clinical reports. An advantage
for using the proximal tibia as a bone donor is the low
complication rate in comparison to the anterior iliac crest

with quite high complication rates. Although the proximal
tibia is not considered when a significant amount of bone
is required because the volume, which can be harvested is
limited. The cortical amount of bone that can be harvested is
low because the tibia is an important weight bearing part of
the knee joint. The consequence of harvesting to much bone
could cause severe complications, such as fractures [27], [21].
Engelstadt et al. [21] reported an average volume of harvested
cancellous bone from the proximal tibia as 11.3ml. The
authors recommend leaving lcm of cancellous bone at the
tibia plateau intact to guarantee the integrity for weight
bearing.

Dalal et al.[27]described the proximal tibia metaphysis as a
useful site for harvesting autogenous cancellous bone graft
with low morbidity and complication rates. In young adults
up to 70 cm? of cancellous graft volume can be obtained and
is a suitable graft choice for foot and ankle surgeries [14],
[27]. The average volume of harvested cancellous bone from
the proximal tibia is approximately 25 cm? [14].

Herford et al. [28] compared the amount of bone graft
available from the lateral site of the tibia to the medial site
of the tibia. Comparing the lateral and the medial approach
there was no significant difference in the volume of the bone
graft found. The mean volume of obtained bone graft for the
lateral site was 25ml and 24.9ml for the medial site of the
proximal tibia. Therefore both approaches are recommended
for bone harvesting of the posterior proximal tibia.
Nikolopulos et al. [26] determined the volume of bone that
can be obtained from the proximal tibia based on computed
tomography imaging on a three dimensional medical imaging
model. The volume of cancellous tibial bone ranged from
16.26 ml to 69.56 ml with a mean volume of 38.60 ml.

Alt et al. [29] obtained compressed volumes ranged from 3.5
to 6.6 ml and a average volume of 5.39 ml of tibial cancellous
bone from nine cadaveric bones. They mentioned, that the
tibia can not offer cortical or corticocancellous bone because
of the potential to cause mechanical destabilisation in the
metaphysis of the proximal tibia. Therefore the proximal
tibia as a bone graft donor is only recommended when
cancellous bone is needed. They reported that the proximal
tibia can offer a sufficient volume of cancellous bone for
many applicationswithout the risk of postoperative fractures.
Catone et al. [30] harvested cancellous tibial bone from 21
patients which underwent a reconstructive procedure for their
maxillofacial. The average of obtained compressed bone form
the proximal tibial metaphysis was 25 ml, within the range
of 10 to 42ml. On the second postoperative day, most of
the patients were already able to bear weight on the donor
leg. Most of the patient needed additive to the tibial graft
beacause the obtained volume of the tibia bone was not
enough to cover large maxillofacial procedures.Therefore for
procedures which requires an amount greater than 40 ml the
bone should be harvested from the iliac crest.

3) Bone graft harvesting form the fibula: The fibula is
used rarely as a site for bone harvesting. Usually they are
used for reconstruction of long bones with defects or for in
spine surgeries. The vascularized fibula can also be used for
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TABLE III
OVERVIEW OF THE AVERAGE OF BONE VOLUME HARVESTED FROM THE AIC AND THE PIC

Study Bone volume AIC Bone volume PIC
Ahlmann et al. 2002 [20] 54.53 ml 55.12ml
Burk Del Valle et al. 2016 [15] 26.29 ml 33.82 ml

Engelstad et al. 2010 [21]

10.4ml (+/- 4.16 ml)

12.0ml(+/- 3.43 ml)

Gerresen et al. 2008 [22] 9.15ml

not assesed

Hall et al. 1991 [23]

12.87ml (+/- 5.23 ml)

30.31ml (+/- 3.42ml)

Kessler et al. 2004 [24]

9cm (range,5-12 cm)

25.5cm (range, 17-29 cm)

Marx et al. 1988 [25] 72 ml

88 ml

Nikolopoulos et al. 200 [26]

17.63 ml (range, 4.98-33.57 ml)

not assessed

reconstruction of limbs, infected nonunions in long bones,
femoral head osteonecrosis, nonunions of femoral neck or for
the treatment of pseudoarthrosis in the tibia [31].Fibular graft
harvesting brings potential complications along , such as neu-
rovascular injury, ankle instability, compartement syndrome,
neurovascular injury and weakness muscles. In the proximal
third peroneal nerves and muscle branches are the primary
risk. Peronel vessels in the middle third are a potential risk
when harvesting bone from the fibula. The distal 10cm of the
fibula should stay intact, as it will cause instability in the ankle.
The ideal harvesting area of the fibula is the middle third. The
distal and the proximal 10 cm should be avoided, because of
the risk to damage nerve and cause ankle instability [31].
Tuncay et al. [32] conducted a retrospective study were 20
patients underwent revision hip arthroplasty with the use of
cortical autograft of the fibula. The author recommends to
use a cortical autograft from the fibula for reconstruction of
femoral defects. The advantage of the fibular autograft com-
pared to a stut allograft is the cost-effective, easy to harvest,
no risk of viral transmission. Although, cortical allografts are
larger, longer and have a thicker cortices than the fibular
autograft. The median defect length of the fibular autograft
group was 7cm (range, 1-10cm) and the median graft length
was 16.5 cm (range, 10-30 cm).

4) Bone graft harvesting form the calcaneus: The cal-
caneus is beside the iliac crest, the tibia or the greater
trochanter of the femur a good option for regional harvesting
of autologous bone graft for foot and ankle surgeries. The
advantage of the calcaneus as donor site for such surgeries
is the low morbidity, minimal incision, easy accessibility and
use of regional block anaesthesia. For this harvesting option
in most of the cases no major complications were reported.
Pathological fractures, haematoma formation or infections are
rare and most of the patients have no pain, no numbness at
the operation site and no nerve injuries. The calcaneus as a
graft can be used to treat arthrodesis or to conduct modified
Lapidus procedure or osteotomies [33], [34], [35].

In a cohort study, conducted by Khademi et al. [34] fifty
patients from March 2015 till March 2018 underwent mid-
foot or forefoot surgeries with use of autogenous bone graft
harvested form the calcaneus. For harvesting the autogenous
bone the lateral wall of the calcaneal body was broken and the
bone material was scooped out with a curette. The maximal
volume of harvested graft form the calcaneal body can be up
to 9 ml. For most oft he foot and ankle surgeries this volume
is sufficient. IN case more volume is needed the combination

with other substitutes, such as hydroxyatite ceramic is possible
to increase the volume. Thus, bone graft from the calcaneus is
an easy and safe procedure for ankle and foot surgeries. The
calcaneus is able to regenerate quickly after the bone harvest
procedure.

Baumbhauer et al. [33] studied 130 patients, that had surgeries,
involving autograft harvesting from the iliac crest, distal tibia,
proximal tibia or the calcaneus. Twenty patients underwent
surgeries with use of calcaneal bone graft. The amount of
harvested graft was 1-3ml for nine patients, 4-6 ml for six
patients and 7-9 ml for 5 patients. The author notes the chance
for significant heel pain for patients with calcaneal graft is one
in five.

Raikin [35] harvested calcaneal graft from 44 patients.
The graft was used for tarsometatarsal arthrodesis, re-
pair of metatarsal nonunion, revision of metatarsophalangeal
arthrodesis, ankle arthrodesis, repair of navicular fractures ,
Lapidus bunionectomy, repair of fibular nonunion and for
bone graft and curettage of bone cysts in the foot or ankle.
For most of the patients 5 to 10 ml bone graft material were
harvested. Only two patients reported persistent numbness and
the satisfaction rate with the calcaneal bone graft procedures
was 100%.

5) Bone graft harvesting form the Olecranon: Harvesting
autogenous bone form the proximal ulna has the advantage to
be able to avoid potential morbidity associated with the need
of a second surgical site or use of general anesthetic. Cortical
and cancellous bone can be harvested trough a proximal
cortical window (PCW) or a dorsal cortical widow (DCW),
where the second one is the traditionally method. It has
been reported, that several fractures occurred after harvesting
olecranon bone graft trough a dorsal cortical window. Also
complications such as bursitis, triceps tendonitis and ulnar
nerve injuries may occur. The amount of bone that can be
harvested from the olecranon is limited but in most of the
hand and wrist procedures sufficient [36].

Anderson et al. [36] compared the strength of the harvested
ulna bone and the volume between the different approaches.
They found a mean volume for packed bone harvested
trough DWC and PCW was 2.1ml (range, 1.4-3.5ml) and
2.2ml (range, 1.7-3.0ml), respectively. The amount to be
harvested trough the different approaches is similar and has
no significant difference. As well for the strength of the ulnar
bone there was no significant difference found.

Bruno et al. [37] carried out a quantitative analysis on the
volume of cancellous bone available from the olecranon, the
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iliac crest and the distal radius. They reported a mean volume
of 2.8 ml(+/- 0.7ml) for packed cancellous graft harvested
from the olecranon. The bone was harvested trough a lcm
hole with the use of straight or curved curettes. They also
mentioned in the report, that the gender has been significant
for the packed bone volume. Approximately 50% more bone
volume was harvested from the male subjects than from
the female. The authors suggest the olecranon as a good
alternative bone graft donor to the distal radius for upper
extremity surgeries, especially in the case when the distal
radius is not available. However, the amount of bone to be
harvested from the olecranon is limited. If larger volumes
are required the iliac crest can provide twice the amount of
cancellous bone and is therefore recommended to pack larger
defects.

Babushkina and Edwards [38] described a technique of
harvesting corticocancellouse bone from the olecranon. They
described the olecranon as a good bone graft source for
corticocancellos bone .The ratio of cancellous to cortical
bone in the olecranon is much larger and therefore a suitable
donor site for small bones with need of structural support
such as metacarpals. The olecranon offers a larger volume of
graft that can be obtained compared to the available amount
of the distal radius The authors treated a defect of 2.5cm
successfully with corticocancellous bone of the olecranon.
Chim et al. [39] recommend using olecranon grafts for the
treatment of scaphoid fractures, reconstruction of small to
medium defects in the metarcarpales or phalanges, especially
when a wedge graft or cortical strut graft is required. From
the olecranon a good corticocancellous bone block can be
harvested. They mention, that the olecranon as graft donor is
not recommended for patients above 50 years, because there
is only little cancellous bone to harvest available. In this
study a block of 5Smmx 10mm was obtained for scaphoid
bone grafting, although it is possible to harvest blocks up
to 20mm x 30 mm, depending on the individual size of the
olecranon.

6) Bone graft harvesting form the radius: The distal radius
is often forgotten as a potential donor site. Thereby, the distal
radius provides a good source of bone graft for hand and
wrist surgeries. The advantage of the distal radius compared
to the iliac crest is, that only one surgical site is needed
This decreases the patient morbidity, costs and increases the
recovery time for patients. The amount of cancellous bone
graft available from the distal radius is less than form the iliac
crest but in most cases sufficient for most hand surgeries and
reconstructions. A cadaveric adult distal radius can offer 2.4 ml
of cancellous bone [40].

Bruno and colleagues quantified the volume of cancellous
bone available in the distal radius on sixteen cadaveric spec-
imens. The harvesting of the bone of the distal radius was
performed trough a window created with a lcm dowel. A
mean volume of packed bone of 2.7 cm3 (+/- 0.9) was obtained
from this window. The created defect was filled with silicone
polymer.

McGrath and Watson [41] reported harvesting bone from distal
radius in 76 patient. In 60 patients, cortical bone grafts up

to 3 x 1cm were harvested. In 19 cases bone was harvested
from the proximal ulna with an average field of 2 cmx 8 mm.
The biggest cortical bone graft harvested from the ulna was
4.5cmx 1 cm large. These grafts were used for bone lengthen-
ing or for tumor, osteotomy arthrodesis or nonunion treatment.
Grafts were also obtained from the phalanges. The volumes
of the estimated grafts were not further described.

Matson et al. [42] evaluated the volume and density of cancel-
lous bone of the distal radius based on computed tomographic
scans of the wrist of 33 patients. The average volume in the
distal regions of the radius measures 0.82 cm? compared to
0.27 cm? in the proximal region of the radius. The greatest
volume was found distal-central with 1.20 cm?3 followed by
distal-ulnar region with 0.81 cm?>. The distal-central bone is
therefore more voluminous than other regions.

Horne et al. [43] demonstrated in a cadaveric biomechanical
study that harvesting too much of cancellous bone may in-
crease the risk of fracture. They recommend to harvest less
than 25% of the available metaphyseal cancellous bone.

IV. DISCUSSION
A. 3D data acquisition and volume estimation

In this work, the possibility of measuring the volume of
various bone segments and bone structures using a navigation
system was tested. The digitization process turned out to
be relatively simple and quick to perform. Depending on
the volume size, an average of 1-5min was required for
digitization. The conventional way of volume determination is
volume calculation using a CT scan [44]. The volume of the
desired area is calculated based on the segmentation data of the
scan. This method has the advantage that it is quite accurate.
However, performing a CT scan requires ionizing radiation,
which is harmful to humans. Therefore, if this method is used
intraoperatively with the help of a C-arm, all personnel in
the operating room and the patient are exposed to radiation.
Additionally, the segmentation of the CT scan requires quite
some time. The variant of volume determination with the help
of a navigation system does not require harmful radiation
and can therefore be considered a safe and gentle alternative
to CT volume determination [45], [46]. For this reason, the
possibility of digitizing and calculating the volume of bone in
the intraoperative area can be of great benefit to the surgeon.
A navigation system is, in any case, indispensable during a
surgical procedure and is therefore always available. With this
process of volume calculation, the surgeon receives volume
information about the desired bone part in the fastest and safest
way.

Putzer et al. [47] described the accuracy of this measurement
procedure in a study in which acetabulum were digitized
using a navigation system for the volume determination and
compared their volumes with CT measurements and theoret-
ically calculated volumes. The volume estimation could be
performed with a 5% error rate within 1-4 min. The author
recommends the procedure for implant selection and for the
selection of structural allografts to fill the acetabulum.

Of course, this could also be beneficial for many other
surgeries using autografts or allografts. Digitization can be per-
formed quickly, depending on the sampling rate, and provides
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immediate results to the surgeon. Thus, this procedure could
be particularly worthwhile if volume determination would be
required within an operation. The procedure could be partic-
ularly helpful when filling bone defects caused by tumors. In
this way, the volume of the bone can be determined before
the tumor is removed. After the tumor has been removed, the
volume can be measured again and the bone defect volume
can be calculated from the negative and the necessary amount
of autograft can be estimated.

Furthermore, this method of volume determination can also
be helpful for 3D printing of implants. For 3D printing of
implants and scaffolds it is important to know the volume,
shape and dimensions. Bones could be digitized in a simple
way, their surface and volume calculated and printed directly
[48].

Difficulties in digitizing the bones were mainly the smooth
guidance of the pointer. The bones used in this work had a
clean and quite smooth surface. It was often difficult to guide
the pointer without slipping on the smooth surface. Extreme
caution is required when guiding the pointer, especially on
edges. Too fast movements led to the pointer slipping and
air points were generated. Guiding the pointer can also prove
difficult when changing structures, such as from porous to
smooth surfaces. On large regular surfaces, the implementation
is quite simple and the pointer can be guided quickly. Another
difficulty was that the pointer must always be within sight of
the navigation system’s camera. However, the program does
not give any warning signal if the pointer leaves the field of
view. Thus, it can often happen that the pointer is covered
by something or loses visual contact to the camera and it is
not noticed. Scanning the bone with the pointer requires high
concentration. Although the status of the pointer changes to
red when it loses line of sight, this is not noticeable to the
user who is concentrating fully on the bone. For this reason,
it would be helpful if the system would alert the user with
an acoustic signal in case the pointer loses visual contact to
the camera. With practice and training, the pointer is easier
to lead and a faster and more error-free scanning is possible.
In a real intraoperative situation, the method of digitization
may also encounter obstacles. The area to be scanned may
be restricted by adjacent bones. If a bone is therefore not free
enough, it could occur the problem that not enough points can
be acquired.

B. Maximal volume of bone grafts

The iliac crest is the graft which can provide the largest
amount of cancellous or corticocancellous bone graft volume.
The largest amount of harvested graft found in literature is
88 ml cancellous bone material obtained from the posterior
iliac crest [25]. Studies described the acetabular reamer
technique where larger volumes up to 90ml can be obtained
[49], [50]. All studies included in this work show that
the largest amount of bone volume can be harvested from
the posterior iliac crest. Harvesting bone graft from the
anterior iliac crest is limited due to the potential risk to harm
ligaments or muscles [20], [17]. Ahlmann et al. [20] reported,
that the volume which can be harvested averages 30 ml from

the posterior iliac crest and 13ml from the anterior iliac
crest. Burk et al. [15] marked an average volume of 34 ml
of uncompressed bone and 25 ml of compressed bone from
the posterior iliac crest. The author found that 26% of the
uncompressed bone is blood or fat and therefore not useful
for bone grafting. Therefore the iliac crest is an excellent
graft for large bone defects, which requires cancellous or
corticocancellous bone graft. For interventions where a
smaller amount of bone graft is required it is recommended to
take bone graft form a local area to avoid a second operation
site.

The second largest amount of bone graft can be obtained
form the tibia. The largest amount harvested form the tibia
found in the literature is 70 ml of cancellous bone [27]. The
average of harvested cancellous bone ranges from 11.3ml
to 38ml. Most of the investigated studies mark an average
of 25ml cancellous bone [27], [14], [30], [28]. However,
harvesting large amounts of cancellous bone from the tibia
carries the risk to cause postoperative fractures or instability
of the bone [29], [30], [14]. Therefore if more than 40 ml
cancellous graft is needed the iliac crest is the better choice
[30]. The tibia is an important weight bearing part of the
knee joint and therefore harvesting cortical bone graft is not
recommended. Harvesting autogenous cancellous bone form
the tibia shows low complication rates. It is best suited for
foot and ankle surgeries as the field of operation can kept to
a local area and for most of the foot and ankle surgeries the
tibia provides enough graft volume [27], [14]. The calcaneus
is a good choice for regional harvesting of autologous bone
graft in foot and ankle surgeries. The calcaneus is able to
regenerate quickly and the harvesting procedure is quite easy
and safe to conduct [33], [34], [35]. The maximal bone graft
volume harvested from the calcaneus is 10 ml of cancellous
bone reported by Raikin [35]. The other authors harvested a
maximum amount of 9 ml form the calcaneus [34], [33].This
might be enough for most of the foot or ankle surgeries,
such as repair of metatarsal nonunion, revision of arthrodesis,
and repair of small fractures of the foot. The studies remark
that harvesting cancellous graft from the calcaneus has
the advantage of minimal incision, low morbidity and the
possibility to use a regional block anaesthesia for the whole
operation process [33], [34], [35]. Based on the results of
the included studies the calcaneus is a good suited donor site
for ankle and foot surgeries with >10ml graft volume needed.

For harvesting autologous graft from the fibula the studies
provide information about the obtained graft length but not
about volume sizes of the graft [31], [32]. From the fibula
only cortical graft can be obtained. Therefore it is a good
choice for reconstructive surgeries of long bones or wherever
structural support is needed [31], [32]. Harvesting cortical
graft from the fibula can cause severe complications such as
ankle instability, nerve or muscle injuries or compartment
syndrome [31]. Therefore, the harvesting process is strict and
only the middle third can be obtained, that limits the graft
size to a range from 10cm to 30cm, with a recommended
length of 10cm [32]. Therefore, the fibular autograft is only
a good choice when a small graft >20cm is needed [32].
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For larger defects, a stut allograft may be the better choice.
Both studies recommend the use of fibular autograft for the
reconstruction of femoral defects [31], [32]. Furthermore
Tuncay et al describes advantages of the fibular autograft
compared to a allograft as cost-effective, easy to harvest and
no viral transmission risk [32].

For upper extremity surgeries the olecranon is a good suited
donor site. The advantage is no need of a second surgical
site or general anaesthetics, which decreases the potential
morbidity. From the olecranon cortical and cancellous bone
can be harvested. The volume described in the study of
Anderson et al. [36] and Bruno et al. [37] deviate only slightly.
Based on the results of these studies the maximal amount
of packed cancellous bone graft to be harvest is 3.5ml. The
study of Bruno et al. [37] demonstrates a correlation between
the gender and the maximal harvested graft volume, where
approximately 50% more graft volume can be obtained from
the male subjects. In none of the other reviewed literature was
found similar evidence. Chim et al.[39] mentions, that from
subjects older than 50 years only little amount of cancellous
bone can be harvested and is therefore not recommended.
The authors harvested blocks up to 20 mm x 30 mm from the
olecranon. All studies indicate that the amount of graft size
is individual and depending from bone quality and individual
size of the olecranon.

Another potential donor site for upper extremity surgeries is
the radius. The advantage, same as for the olecranon is that
only one surgical site is needed and only local anaesthetic
is needed. Therefore using the olecranon or the radius as
donor site for hand and wrist surgeries decreases the patient
morbidity, costs and increases the recovery time for the
patients. However, the maximum volume of harvested bone
from the radius varies in the studies included. Bruno et al.
[37] obtained the greatest volume with 3.6 ml from the distal
radius while Matson et al obtained only 1.20ml from the
distal-central radius. Patel et al. [40] agrees with the Bruno
et al. and marks a maximal volume of cancellous bone of
2.4ml. McGrath and Watson [41] was the only study which
reported the use of the distal radius for cortical bone grafts
with a size up to 3cmx 1 cm. The olecranon provides a larger
amount of cortical bone to be harvest with up to 4.5cmx
lecm or 2ecmx 3 cm depending on the individual. The main
risk of harvesting cancellous bone graft from the olecranon are
postoperative fractures, therefore the volume is limited and is
recommended to be less than 25% of the available cancellous
bone of the olecranon. Horne et al. [43] obtained bone grafts
from specimens with an average of 80 years, therefore the
compressive strength of the specimens may be diminished
and altered the results. As Chim et al. [39] mentioned that
harvesting graft from the olecranon from patients above 50
years the quantity and quality is not the best anymore. These
results indicate, that harvesting bone graft from the olecranon
or distal radius a greater volume can be obtained from younger
patients. As these donor sites do not provide a great amount of
bone to be harvested it is not recommended for large defects.
For patients above 50 years it should be taken into account
that the graft volume might not be as large as expected. No

further evidence was found in the literature that mentions age
as a factor for decreased quantity and quality of bone grafts
from the fibula, tibia, calcaneus, or iliac crest.
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