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Abstract

Objective: The aim of the systematic review was to analyze the current clinical evidence concerning the use of tissue
engineering as a treatment strategy for reconstruction of segmental defects of the mandible and their clinical outcomes
using individual patient data.

Methods: A systematic review of the literature was conducted using PubMed and Cochrane Library on May 21, 2019.
The eligibility criteria included patients in whom segmental mandibular reconstruction was carried out using tissue
engineering as the primary treatment strategy. After screening and checking for eligibility, individual patient data were
extracted to the extent it was available. Data extraction included the type of tissue engineering strategy, demographics,
and indication for treatment, and outcomes included clinical and radiographic outcome measures, vitality of engineered
bone, dental rehabilitation, and patient-reported outcome measures and complications.

Results: Out of a total of 408 articles identified, 44 articles reporting on 285 patients were included, of which 179 patients
fulfilled the inclusion criteria. The different tissue engineering treatment strategies could be broadly classified into
5 groups: “prefabrication,” “cell culture,” “bone morphogenetic protein (BMP) without autografts,” “BMP with
autografts,” and “scaffolds containing autografts.” Most included studies were case reports or case series. A wide variety
of components were used as scaffolds, cells, and biological substances. There was not a single outcome measure that was
both objective and consistently reported, although most studies reported successful outcome.

Discussion: A wide variety of tissue engineering strategies were used for segmental mandibular reconstruction that
could be classified into 5 groups. Due to the low number of treated patients, lack of standardized and consistent reporting
outcomes, lack of comparative studies, and low evidence of reported literature, there is insufficient evidence to rec-
ommend any particular tissue engineering strategy.

Keywords
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Introduction

Mandibular resection is the curative treatment of choice for
many diseases ranging from benign to malignant tumors,
chronic infections, necrotic conditions, and large avulsive
trauma. Mandibular resections can result in functional
impairment of mastication and speech. They can also lead
to aesthetic deformities with a decrease in health-related
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quality of life. The treatment goals for patients requiring
reconstruction of segmental defects of the mandible have
evolved from purely closing the defect to providing better
aesthetic and functional outcomes leading to a better qual-
ity of life. At the same time, efforts are being made to
provide solutions that decrease patient morbidity associ-
ated with treatment.’

Currently, the most commonly used treatment method
for large reconstruction of mandibular segmental defects is
vascularized bone containing free flaps (fibular, scapular,
or deep circumflex iliac artery—based composite flap, etc).
Smaller resection defects are reconstructed using nonvas-
cularized free bone grafts, most commonly from the iliac
crest. Other methods such as transport distraction osteogen-
esis have also been described for the reconstruction of seg-
mental defects.’

Autogenous bone transfer has been the gold standard for
reconstruction of segmental defects.* Autogenous tissues
have the capability to provide all factors critical for bone
defect reconstruction: viable bone cells for osteogenesis,
growth factors, and proteins for osteoinduction and a scaf-
fold for bone regeneration® without the risk of incompat-
ibility. However, the use of autogenous bone often results
in donor site morbidity. Many patients are unable to go
through the long and irksome procedure of free flap trans-
fer. In addition, the anatomical and functional complexity
of the mandible cannot be easily replicated with the exist-
ing autogenous tissue transfer and mere reconstruction of
continuity of the resulting mandibular defects will not solve
functional impairments caused by the resection.

Due to these reasons, mandibular reconstruction is still a
clinical challenge and tissue engineering has been envisaged
as a strategy to overcome the problems of current treatment
methods. Tissue engineering has been defined as “an inter-
disciplinary field that applies principles of engineering and
life sciences toward the development of biological substitutes,
which restore, maintain, or improve tissue function (p.920).”
It is based on the use of 3 principal components: scaffolds,
bioactive substances, and cells.®” Preclinical animal studies
have shown promising results after reconstructing segmental
defects of the mandible; however, there is a clear lack of
evidence in clinical applications.” This systematic review was
undertaken to analyze the current clinical evidence concern-
ing the use of tissue engineering as a treatment strategy for
reconstruction of segmental defects of the mandible. Our pri-
mary objective was to describe the current tissue engineering
strategies that have been used for reconstruction of segmental
defects of the mandible and their clinical outcomes.

Materials and Methods

A systematic review of the literature was conducted accord-
ing to the PRISMA-IPD (Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses for Individual Patient
Data) statement.®'° Electronic searches were conducted in
PubMed and the Cochrane Library on May 21, 2019, to find

Table 1. Search Criteria.

#| tissue scaffold OR stem cell OR bone morphogenetic protein
OR BMP OR “bone marrow” or “growth factor” OR tissue
engineering OR bioreactor OR bioimplant OR culture OR
“in vitro” OR bioengineering OR “cell engineering” OR
“cell culture” OR culture

#2 mandibular reconstruction OR mandibular reconstructive
surgery OR segmental mandibulectomy OR
hemimandibulectomy OR mandibulotomy OR
mandibulectomies OR mandible reconstruction

#3 #| AND #2

#4 sheep OR goat OR pig OR swine OR rabbit OR minipig OR
rat OR mouse OR dog OR murine alveolus OR alveolar
ridge OR atrophy OR socket OR extraction OR ridge
resorption

#5 #3 NOT #4

the evidence related to the use of tissue engineering for
mandibular reconstruction, defined as any combination of
scaffolds, bioactive substances, and/or cells.

Search Strategy

The search strategy is described in Table 1. Additional
articles were identified by hand searching the reference
lists of relevant articles (hand search). The available evi-
dence consisted almost exclusively of case series and case
reports, which, in most cases, presented information on an
individual patient level. The eligibility criteria for this
systematic review were as follows:

Inclusion criteria.

e Original clinical reports and studies with human
subjects
Any age
Reconstruction of segmental defects of the mandible
with tissue engineering as primary treatment
e Description of any outcome measure: radiological,
clinical, functional, or bone vitality
Minimum follow-up of 3 months
Providing IPD on at least 1 parameter of interest
Articles in English language
Published within the last 20 years (1999 onward)

Exclusion criteria.

Noncontinuity defects of the mandible
Continuity defects secondary to fracture malunion or
nonunion

e Gunshot injuries and resection defects without spe-
cification of defect size

e Isolated condylar or temporomandibular joint
reconstruction

e Tissue engineering used as adjunct to vascularized
bone free flaps

e Use of distraction osteogenesis alone.
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Study Selection

Screening and eligibility assessment was performed by the
first author (V.V.K.) who is a maxillofacial reconstructive
surgeon. Individual Patient Data from eligible patients was
extracted from each publication to the extent it was avail-
able. Whenever no IPD was available, the respective author
was contacted per mail, requesting the missing information.
Duplicate patient details were identified by comparing
recruitment dates/treatment time/time frame during which
patients were treated, comparing defect and reconstruction
characteristics of the described patients and similarity in
the author/institution details.

Data Extraction

Data extraction was done by the first author (V.V.K.),
which included study design, direction of study (prospec-
tive/ retrospective), number of patients reported in the arti-
cle, and number of patients eligible according to the
inclusion/exclusion criteria of our review, demographics,
indication for mandibular resection, use of radiotherapy,
defect location, and length of defect. Indications for
mandibular resection were categorized as benign patholo-
gies (odontogenic cysts, tumors, developmental cysts, and
tumors), malignant pathologies (carcinomas, osteosarco-
mas), infective (osteomyelitis), osteoradionecrosis, and
trauma (road traffic accidents, gunshot injuries, ballistic
injuries). The length of defect was collected in centimeters,
whereas the defect location was described according to the
affected structure(s) as high (H) if the condyle was
affected, lateral (L) if the ascending ramus and/or body
were affected, and central (C) if the symphysis was affected
(modified from Jewer et al''). Data related to the
mandibular defect treatment included the type of recon-
struction (primary or secondary), use of maxillomandibular
fixation (MMF), and additional grafts and surgical
treatments.

Data Synthesis

Data were synthesized in a qualitative manner. For a better
overview, outcomes were summarized in separate tables
for each type of tissue engineering strategy, categorized
as follows:

1. Prefabrication: Entails the construction of a tissue-
engineered mandible inside the body of the patient
but that is away from the target site of segmental
mandible reconstruction. It considers the patient as
a “bioreactor.” Typically, a scaffold with or with-
out bioactive substances and autogenous bone with
or without bone substitutes is implanted in a vas-
cularized region of the patient’s own body. This
construct remains embedded until the fabricated
tissue is viable. The construct is then transferred
onto the mandibular defect and anastomosed by

microvascular techniques or following flap
delays.'*"?

2. Cell culture: Mesenchymal stem cells and/or pro-
genitors harvested from the patient’s bone marrow
or adipose tissue are isolated in the laboratory, cul-
tured under preferential conditions over a few pas-
sages, concentrated and transferred into the defect.

3. Bone morphogenetic protein without autografts:
Bone morphogenetic protein (BMP) alone is placed
in an absorbable carrier and into the defect to pro-
mote bone regeneration.

4. Bone morphogenetic protein with autografts: In
addition to BMP, varying amounts and types of
autogenous tissues were used for reconstruction:
bone marrow aspirates, platelet-rich plasma (PRP),
and/or corticocancellous bone grafts.

5. Scaffolds containing autografis: Scaffolds that have
anatomic similarity to the segmental reconstruction
defect, additionally filled with autogenous bone
graft and placed in the defect.

Treatment Data

Treatment data were extracted based on the individual
tissue engineering strategy and included the type of scaf-
fold, bioactive substance (eg, BMP-2, BMP-7), cell type
(mesenchymal, adipose, bone marrow, stem cells, autolo-
gous bone chips, PRP), region/flap of prefabrication, time
taken for prefabrication, origin and type of cells used for
cell culture, time in culture, and additional treatments
(additional use of flaps, use of hyperbaric oxygen, etc).

Outcome Measures

Outcomes were recorded according to the following cate-
gories: (a) clinical and radiological (b) vitality of the engi-
neered bone assessed by scintigraphy or histology, (c)
dental rehabilitation with dental implants or dentures, (d)
patient-reported outcome measures, and (e) complications
and additional surgical procedures. Patient-reported out-
come measures were only extracted if validated question-
naires were used. Reports merely stating “patients were
doing well/patients were happy with the outcome” without
using well-defined questionnaires were not included.

When parameters of interest were not provided as IPD,
the summarized data given in the original article were
reported in this review. Due to the study design and qual-
ity of the articles included in the systematic review, a
meta-analysis of pooled data was not possible. Risk of
bias assessment across studies, quantitative synthesis of
results, summary measures, treatment effect, heterogene-
ity assessment, and publication bias could not be per-
formed. A formal quality assessment was not considered
to be necessary as all included studies were of a similarly
low level of evidence.
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Figure |. Preferred Reporting Items for Systematic Reviews and Meta-Analyses for Individual Patient Data flow diagram.

Statistical Analysis

Individual patient data were aggregated according to treat-
ment received and descriptive statistics were performed
using Microsoft Excel (MS Excel 2016).

Results

The search identified 387 articles in PubMed and 3 articles in
Cochrane (Figure 1). Hand search of relevant articles identi-
fied 21 additional references. Once duplicates were removed,
the abstracts of 408 articles were screened and 335 were
considered ineligible. After reading the full text of 73 articles,

28 were excluded. Out of the remaining 45 articles, one study
did not report on individual patient data of any parameter
(neither baseline data nor outcome measures'®) and the
attempt to procure the respective IPD directly from the author
remained fruitless. Therefore, 44 articles reporting on a total
of 285 patients were included. Of these, 179 patients fulfilled
the eligibility criteria.'>'>'"%

In instances where the same patient data had been
reported in another publication,'*'*?2*®! the article that
reported on longer term follow-up was included,':152%38
except for Sandor et al®® and Wolff et al,*>® because the
articles with shorter follow-up provided more detailed
information. Several reports did not provide IPD on all
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parameters of interest, ' ®2+32:39:36-39-62 Whjle baseline char-
acteristics were mostly given as IPD, the outcomes were
often summarized for the whole study population included
in the study.

Current Tissue Engineering Strategies

Due to the broad definition, a large number of treatment
options qualified as “tissue engineering.” As described
above, these treatment strategies were classified into
5 major treatment groups: prefabrication, cell culture, BMP
without autografts, BMP with autografts, and scaffolds
containing autografts. The number of studies and patients
per treatment group are described in Table 2, whereas
information on study design and treatment details
(“individual treatment characteristics”) along with out-
come parameters is given in Tables 3-7.

Included Study Characteristics

Overall and irrespective of treatment group, most studies
included were case reports or case series (Table 2). Most
reports were retrospective except for 2 prospective case
series***? and 4 studies in which the direction was either not
mentioned or unclear.>!3'>3->¢ The highest number of
patients was in the group “scaffolds containing autografts”
with 115 patients, and the smallest number of patients was in
the group “prefabrication” with 10 patients. The “cell culture”
group consisted of 12 patients, “BMP without autografts”
had 23 patients, and “BMP with autografts” had 19 patients.

Thirteen out of the 44 articles reported on series of patients
with heterogenous defect characteristics, some of them not
fulfilling the eligibility criteria.'®-232:34:39:47-51.56.59.60
For these articles, individual patient data were examined
and data from eligible patients were included in this
review.

Baseline Patient and Defect Characteristics

Table 2 shows baseline characteristics of each treatment
group. In general, patients in the “prefabrication” and the
“scaffolds containing autografts” group had a higher med-
ian age compared to the other treatment modalities.

Treatment indications. The “prefabrication” group had the
highest proportion of patients with malignant pathologies,
followed by “scaffolds containing autografts” group,
whereas the “cell culture,” “BMP with autografts,” and
“BMP without autografts” groups contained mostly
patients with benign tumors. Consequently, 8 of 10 patients
in the “prefabrication” group and 32 of 115 patients in the
“scaffolds containing autografts” group underwent thera-
peutic radiation.

Defect location and size. The most common defect location
was the lateral aspect (body and ramus) of the mandible,
but the distribution varied widely. The median defect size

was similar in all treatment groups; however, IPD was
provided only for 40 of 179 patients.

General Treatment Information

Timing of reconstruction. All patients in the prefabrication
group and most patients in the cell culture group underwent
secondary reconstruction, whereas the remaining patients
underwent primary reconstruction. The use of MMF was
only mentioned in a few reports with a higher proportion
of use in patients treated with “BMP with autografts” and
“scaffolds with autografts” compared with other treatment

20,21,29,32,37,39,51-53
groups.” 7o 50 10

Group-Specific Treatment Characteristics

There was a high degree of variability in the treatment
strategies even within the same treatment group. The indi-
vidual treatment characteristics as well as the outcome
measures according to treatment group are summarized for
each of the studies in Tables 2-6.

In the “prefabrication” group (Table 3), the donor area
of prefabrication was gastrocolic omentum, latissimus
dorsi, radial forearm, pectoralis major, and scapular fascia.
Titanium mesh was the most commonly used scaffold,
packed with bone substitute materials such as deproteinized
bovine bone, beta tricalcium phosphate, hydroxyapatite,
and/or autografts. Almost all cases treated by this method
used BMP (either as BMP-2 or BMP-7). The time for pre-
fabrication varied from 4 weeks to 6 months. All reports
employed scintigraphy to check for viability of the con-
struct before it was transplanted to the defect site; however,
only 2 reports described scintigraphy as a measure to check
viability of the reconstruction after flap transfer.'*->

In the “cell culture” group (Table 4), the most common
type of cells used were mesenchymal stem cells from the
bone marrow of the iliac crest and adipose tissue. The time
of culture varied from 3 days to 4 weeks. The scaffolds
used in this treatment group were biologically active
bovine graft covered with decellularized human amnion/
chorion membrane, fresh frozen cadaver mandible, and
autogenous freeze-dried resected mandible.

In the “BMP without autografts” group (Table 5), the
scaffolds used were diverse, from bovine bone blocks, tita-
nium mesh, and allogenic bone. The most commonly used
BMP was recombinant human bone morphogenetic protein
2 (rhBMP-2). The amount of BMP used varied from 2 to
16 mg and seemed to depend on the size of the defect in
most cases, although many reports did not mention the
criteria for choosing a particular amount.

In the “BMP with autografts” group (Table 6), the scaf-
folds used were bovine bone blocks, titanium mesh, allo-
genic bone, resorbable polylactide mesh, and fresh frozen
cadaver mandible cribs. Recombinant human bone mor-
phogenetic protein 2 was the most commonly used BMP
and the amount used seemed to vary depending upon the



(panunuod)

(9) 1 (Y) (,I& 30 404D
(1 (4) 610T “ereg
(1 (¥) £,n231D pue paopdH
(11 (4) ¢le 30 glo197
(1 (Y) o[e 20 oueyyy-zapueusay
0:aN (11 () ,¢'lereg
0 ‘ewned| (11 (Y4) gole 22 wiyey
£€="101 T :uonsayy| (9 s () 9102 ‘e 32 3|AR
£=D1 | -downy (1)1 () I 32 uosuyof
L=1 ueudifely (N () £10T ‘& 32 3|ARIY
0l=AaN §=D 91 09-5 :nd (09 (€)1 (4) £10T ‘e 30 ®IBIAIO T =N)
(2) 9191 9/€1 (2:6€) s —+H  (001/0 owm uduag -91) G€3%e:(0) 01/6 6l ((d)Es (¥) §'g I8 39 40035 yeaZOINE YIM NG
(1 (d) ,ole 32 wepey3oly
(€Nt (wu) e 39 mvuIay
(1)1 (wu) (e 39 orYD
(91 (Y) ocle 32 paopiaH
0:aN (o1 £ (¥) g,-opues pue apjo|D
0 ‘ewned] 1) € (¥) ,duhkog pue paopiaH
€ =101 0 :uondaju| @¢ (¥) 2102 ‘pHopiaH
=21 0 Howny (11 (d) €10T ‘n21D
6=AaAN ¥l =1 ueu3ifely (9 ¢ () ,¢le 30 rESEQ (=N
(st ¥=> €0 8b-9:nd:(S5:00) (N1 (4) #10T ‘e 32 N201D yeadoine
(9912 UL 5£90L —/+1H (0 el/0 dowm udiuag  op 98e {(0) | 1/T] €T (1)1 (Y) gI® 30 EsOISM] oYUM dINg
¥ AN
=101 0 ‘ewned| (1 (d) o, I8 32 297
0=D21 0 :uond3yu| (e) ¢ (d) ¢cl® 30 HIOM
€=1 0 Jowm (€) € (wu) | (e 39 1wez
6=AN L=D weudiel] |59 :Nd (8 ‘0€) (1)1 () jole 32 red
(6) €/0 6/€ (019918 —/+1H @) 11/0 gowmuduag  ¢gg a8e (0) §// 4 (R4 (d) ,Ie 30 dzpeqwyey] (g = N) 24mynd ||3D
0:aN (1 (4) gl® 32 408ulIO
€="101 0 ‘ewned| (1 () e 30 snoipH
€=01 0 :uona3u| (1 (d) ¢,[e 30 utepp
¥ =aN £€=1 6 owm (99 (Y) ¢, & 30 3paeyuoaT
(szol:sz2) 1=D weudiely 8y-§ :Nd (19 :£5) (N1 (¥) |, Ie 39 JajPnW O (9=N)
() Ul 01/0 g8 —/+TH (0us | owm udluag g :a8e :(Q) |/ X3S ol (1 810T ‘[e 32 3elodjneN uoneslqeja.d
A_DZV AJepuodag NAmO guoneson A_DZV N/A uonedIpu| (xel-ully) SYIuol sisAfeuy CTRIEN ([4] @Andadsouray (N) dnoun uad
ON/SA JArewld {1O) ueipsl  199joq  Adeusyroipey (N4) dn-mojjo4  ur saueneq  Jad (sausned jo /[d] @An2adsouy) S9|D1Y JO JaquInN
HWW ‘UoIIdNJISUOIDY 2952 MNAmO {10 ‘uelpaly) jo JaquinN  JaquinN [eI0]) Jea A papnjau| salpnig tsdnoucy jusunead ]
jo adA) 40 ya3uan 33y *(,aN) 4/W 201 siusned 9|qid3
xag ‘saiydesSowaq Jo JaquinN|

.Sdnouo jusunesa] 01 3ulpaoddy SONSLISIdBIRYD) SUISSEY PUE S|IRI9(] UONEdI|qnd T d]qeL

272



‘4 pue q¢ dnoud yroq o1 3uojaq oym syuaned aqlidsap g[8 39 J00I5,

BulpIw

a3 3uISSOU S109JOP [BI91E]Iq = D] INOYUM JO YIIM = —/+ ‘BUI|PIW SUISSO.D 19J3P [B42UD = ) ‘snwe. pue Apoq 3uipnjpul 9|qipuew jo 10adse [eaaie| = 7 ‘9|ApUOd S9pN[oUl 3BY2 393)9P YSiy = H :Se paulyep uoiedo| 199)9d,

's34 ‘A ‘o|nJenb paiya ‘snuenb asay ‘€D (O PIUSWINIOP 10U ‘N OU ‘N ‘UOIEXI JBINGIPUBLUO|IXBW ‘J|A ‘OBW ‘| ‘OJews) ‘4 ‘uisro.4d dnsusdoydiow suoq ‘diig :suoneiasIqqy

L1 = AdN

91 =101

€1 =01

€9 =1

L0l =dAN 9=D

(§2:96)59s —/+1H

-9 :Nd (§9-€€)
€g @8e X(0) ¥ /£9

@t
®) ¥
K]
(s1) si
(09) 21
(81)s
(29) ¢
1
(17 61
&1 o1
1

() (e 20 emBjOA1Y

(¥) ,le 32 uouEINMeEUEYDOY

(wu) | e 32 uowis

(4) 010T ‘e 30 ouy|
(4) ¢l 32 UaJooly
(4) 110 ‘e 30 onsiely
Q) I8 ® eaeyiSe)
(d) l® 30 emey)|

‘UodNIISUOIDY

H(Ye) guoneso

‘10) uepaly
929§9Q

Jo yadua]

(xeN-ul) sypuoly
(nd) dn-mojjo4
(€D 110D ‘urpaly) jo JaquinN  Jaquinp [e30])
a3y (,aN) 4/W
xag ‘soiydesSowsaq

109)oq  Adessyioipey

3Py

Jad (syuaneq jo

suaned 9|qiSI3
JO JaquinN|

() I® 20 epewEL (1 =N)

(¥) 4'g,Ie 20 40013 1eJ3oine
() ,,se3urdy san3lipoy  Sulureuod ployeds
([y4] @Andadsoney (N) dnoug uad
/[d] @Anoadsouy) S9PIY JO JaquinN
Jea )\ pepnpou| seipnig  ‘sdnou) jusunes.)

(ponunuod) -z s|qe

273



‘sAejop dejj 7 YaIm INO paLLIED SEAM UONRDNIISUODS Y] D

"3UOQ 9ANEU PUB Pa.asUISUS USIMIDG JUSLUSAOW OU SEM I3 SE Uolun 9q 01 pateadde auay AjlediuD q

*3]21pad JO UOISIAIP 10} S}39M 9 [BUORIPPY &

‘Aydea8owon paandwod

uoissiwa uoloyd-s|3uls ‘] H3dS ‘ureroud onsusdoydiow suoq urwWNY JUBUIQWODS ‘dINGY- B)f Jo Aljenb “JoQ tsnaunp snododojdydpis auelsisa.- 1439)4 ‘VSYIW ‘uiroud dnsuadoydiow suoq uewny ‘diigy ‘@inededx
-04pAY ‘yH ‘auoq suiroq paziuioadap ‘LWggq ‘AydesSowor paandwod ] ereydsoyd wnidedri v19q ‘D1 ¢ ‘S|[92 WIS [BLWAUDUSSIW PIALISP—MOIIBW BUOG ‘SDSIAING 93elIdSE MO.IBW BUOQ ‘Y|g SUONBIASIQQY

saeak 7 ApPrewnxoadde ,PaIuswnoop 30U = |
J9)Je 9SBISIP PAJBUIWSSSIP 01 PaqUINIINS ‘ue30.d snouagejjoduou d|qnjosul
pue sisejselaw padojaAsp Judfiey Ajnyssadons YIMm dINgy = g ‘@uoq snojj@oued syauow
uone|aJ mel Jo UoIII3II0D Jo) AWO0I03ISO Ppale.Sanul pue padseld Anusad 15042 Jeljl = D) ‘Aeay aueylaunijod 81 :nNd (1) | 240dau
oous3adwod di| 4oy Suls eIe| BIOSEY JOSUS | Jam sjue|dwi [eaua [ed184ns uo uass Suljesy suog uoade(] = § ‘esey Jendess = y ased . ‘[e 39 JaBulO
auoq
paAowaJ aq 01 pey dejy suoq 9|qEIA pamoys SPoMm syauow
PUE “¢SYIA O3 NP PaJINd20 Uo1Id3yUl INO palJJed Jou A3ojo3s1y by =1 ‘2-dNgY4 = g ‘©20|q S:Nd ‘(1) | ‘3odau
‘e) pood ApuaJedde us3je Yauow dAI4 uoneyjiqeyau [eusq  pue Aydeadnuidg JAlleau> Bujeay pue uoiun suog VH = S ‘9]psnu sijedoldad = y 9sed , [e 39 sollPH
Jaye syuow .uonouny
G| 2S9..E DEIpJED 01 NP paIp JuUsNEy A4ozedn3SBW ([N} paUIeSaJ JudnkRy,,
"|njssa20nsun sem Inqg suop yeJs suoq "85 §9 01 09 Wo.y pasied 1ySiam Apog
snoua3oine deljl Aq pamo||oy 38e3394nD) ‘suopouny Ajiwey uj Jued 5oo | SPIM £ = | ‘T-dINguyH syauow
uondayul 01 3ulpes| yssw wnjueln N0 palJed Jou  AMjIqeIA pamoys  JuswaAoldwi patiodad-iusied o) = W “DSWIWG = D ‘20|9 VH Sl :nd ‘(1) | ‘wodau
JO @4n3deJy ‘U034 SUIMO||O) SyIUoW €| 01 / uonel|iqeya. e AydeaSnuiag ueds |9 uo udas uleay Auog + ysaw || = § ‘ISIOp SNWISSPIE| = 35D | ‘[E 39 DJUIBAA
AJessadau sem auoq paJaauidus pue Buiseald g nsau dnayIsay
dwnjs suoq JejngipueWw USIMIB] IS3UD auoq aAieu uaas uojun Auog
SBI|l WOJ) SUOq SNOJ|9dued 3344 ‘Juaned | u| ul pase|d Jueidwi 24mydeuy ON syauow
|Iey 03 anp uaiyed YaIMm geyaJ [eauap Suieay JuapIYNs  SPIM § = ] ‘SISPUIIAD BUOQ ISBUD 85-8 :N4 ‘() § ‘sawes
(S 40 3In0) | Ul paunidedy a1ejd UOdAU JUIW | paAlada. Juaped | pojesAad ueds |0 :Suleay suog  dBIl = D) + S ‘WJBSIOS [BIpRd = ased  ‘[E 39 IpJeyuoaT
uoneoliqgeja.d jo s
ay3 1e 340jwods|p Jo ured jo syureidwod oN syuow 9 = | ‘auoq syauow 7| :nd ‘(1) 1
uondafad 4o uondsyul jo sudls oN N0 paliJed jJou SNOJ|92UED 35342 DBI|l = D) ‘dD 1Y ‘lea1urpaad yum uodau
suoned|dwod oN uonell|iqeya. [euaQq 1D uo uaas 3uleay dBuog + YsAW || = § ‘ISIOP SNWISSNE| =Y/ BSED | B 19 43||SNWBNOY
J3ysueay suoq ejndess Yam
PS3€9.3 ‘SNONUIIUOD 10U UOIIBWLIO) Suog paseaJoul Juaned jo oD
syuow ¢ 3e 9881 WNUEI JO [BAOW paysiies juained :2WO2IN0 d1IBYISAY
Aq pa3Ea.3 B|NISY [BJO BUIXD JUSLINIDY auoq
JUSWapLIgap [ed13uns padJaauidus ui 4ay3ly :Aususp auog syauow ¢ = | ‘zdNgy4 = g
Aq pa3BaJ3 UOIBWLIO) B|NISY [€JO BUIXT uaas auoq uond.osau ‘VINgG -+ duoq snojj@dued 3sa.d syauow
sawn In0 paliJed jou pazijesauiw  enJed yam | D uo uaas 3ujjeay suog S'|I = D ‘©Po|q ggq + Ysow 81 :Nd (1) | 240dau
T A|[ed184ns pajeau; 9duads|yap [eloeIy| uonel|iqeya. [eus [e31A :ASo|o3sIH 939|dwodul (UoHEWIO) dUOg  [] = § ‘WNIUSWO d|0d043sES = ased ‘e 39 1wjolneN
Juswiead | saumus( Jo/pue Aydes3nupg  sswodnQ diSojolpey pue [ed1UlD) (1) uoneougeeud  (N4) dn-mojjod ‘(epPnIY
[e218.ng |euonippy pue suoiesidwo)  saueidw [eaus@ YIAA  /LD3IdS/AS00asIH Joy swiy ‘(g) s|nvvjowolg (D) Ul s3udlRd JO JEqUINN)
uonelljiqeyay |eausQg ‘JUBWISSISSY s|2D ‘() ployeds ‘(v) uoneduqepeld  sauaned 2|qi813 ‘uissq
Ajiqein Jo eauy ‘uondiudsa Juawead | Apmg ‘Jeap ‘Joyiny

"dnoJo uonesligejsid JO SSWOoNNQ Pue SONSIISIdEIBYD) JUSWIESI | € d|qe ]

274



‘pariodau 10U 2umynd Jo swi] ,
'z uieo.d snausdoydiow suoq uewny UBUIGUOAU ‘T-dINGYd ‘PRIUSWINDOP
30U ‘N ‘S92 WIAls [BWAYdUISIW ‘DG ‘UoneIaUsSal duoq paping ‘Ygo) ‘ereydsoyd wnidedla) €18q ‘g1 g ‘S|[9D WIS [BWAYDUSSIW PIAIISP—MOLIBW SUOG ‘DSIING ‘S|[92 WIS paALIBp-asodipe ‘DG SUOREIARIGAY

SO119YasoE [e1D8) JO JusWSAoIdw

:s2139Yasae ¢, saunpadoud pasn
N[5) [euonippe 3noyaim sauejdw s||9> a8essed puodas = | ‘an|8 ulqy
pue sisauagoalso $91A009150 9|qeIA  ade|d 03 JuBPIYNSUl ING UonEIBUS3D = g ‘S|qIpuBW Pa1d3saJ palIp-9Zal)
uonoe.sip syuejdwi JUBpUNQE YUM 3UO0q auoq jJo aduapiAs diydesSolped snousgoine = § ‘sOS| PaIBNUISYIP syauow ¢ :N4
anaysoudauy € UM sIsayaso.d pajopoway :A30|01SIH  PUE [EDIUI[D JUS|[9IXT,, (UONBWL.IO) duog o1se|qoa1so + DSWIWG =D ‘(1) | ‘Modas ased ‘e 39 997
syuaned ¢/¢ :saumuap Ployeds yum uoneqnoul sAep g
paigy ‘syuaned g/g + 24mynd sAep |7 = | ‘T-dWGY = @ syauow g4-61 N4
syuejdwi [eausp z/  ul syuejdwi 7 :sauedw anN .InJssadons, :uonew.oj suog ‘dDLY ‘Ysaw 1| =S DY = D “(£) € ‘sOIIS 3SED _ “[B 13 PYJOA
1D Aq sAneu

03 paJedwod se auoq pataauidud
Jo Aisuap Jassa :Alsusp auog

syauow § J3ye doisod yauow | ‘UOIJBUIWIEXD pauonusw jou = |
PaAOWSI SEM pUE 18 ‘syusnred 4/ J0j suop d1ydeaSolpe. pue [ediuld Aq ‘anj8 ulqy = g ‘9|qIpuBW JISABPED syauow 9 :n4
Pa|ig} UOIIdNIISUODID | aN auoq 3|qeIA Aydeidnupdg | Sulesy 2uUoq [BULION,, :UORBWIO}BUOYG  USZO) Ysay dIUa30|[e = § ‘DSWING = D ‘() 4 ‘salias ased | ‘[e 33 Liwez
SPIM p = |
‘auou = g ‘yeJd [eanaod snodojoine
saJmusp [en.ed .Ssadoud INO PaMO[|oY = § ‘SISB|qOISO syauow 8y N4
SuoN paxi psatoddns juejdw aN Suijeay 9A139Y9,, :UOPBWLIO) duOg snoZojoINE PaIBIUSIBYIP + DSWING =D ‘(1) | ‘wodeu ases ‘G| o7 ‘@97
193j9p Y3 JSA0D 03 pasn sem deyy
[esaopode.ioys ‘A|[euonippy 'sAep £ = | an :n4
‘uou = g ‘aueIqWaW UOLIOYd/UoluWe ‘(}) ¢ ‘solues ased + Apnis
KeJ-y ul usds , 3dUBUSIUIEW uewny paziJen(|933p + 3euS sulAoq AioreJ0qe| [B3USWIIDAX]
3UoN anN anN SWIN|OA SuOg,, UONEW.IO) duog aAnoe A|[eaidojoiq = § ‘OSWIWNG = D 47 |& 3° dzpeqeyey
JUSWIEAU ] [BUOHIPPY saJnua(g Jojpue Aydeunuidg Jo A3ojo1siH sawodInQ 2130|0IpeY pUE [EDIUID (1) swn aumynd «(g) ajndsjoly 2AndEOIg (n4) dn-mojjo4
pue suonedijdwor) sauejdw) [e3us YUAA UBWISSassy A[IqeIA ‘(S) ployeas ‘(D) a4mynD Joy pasn ‘(3o1uy Ul syuaned jo
uonel|Iqeyay [euaq s||9D jo adA] ‘uondiosaq uswies | Jaquinp) sauaned 91913113

‘udisa@ Apmig ‘Jea A ‘doyiny

'sadmn)) |9 Aq palead] Ssiuaied Joj SBUNSEL SWOIINQ PUE SINISIISIdEIBYD) JUSWNEDI ] p d|qe ]

275



“A1Ane 21uagoa1s0 ou pamoys sausned g JO INO 9 BuUIUIEWI B PUE UONIBLLIO) SUOG MU JO DUBPIAS JI50|0IsIY pey siuaned €] JO INO UdASS,
"9SBD | Ul AJUO UMOYS 3|nsa. 3Nq ‘sased e ul suop sem Aydeadiuids,
‘uis104d snsusdoydiow suoq urWNY JUBUIGUWIORU ‘JINgGY SanededxoupAy ‘yH ereydsoyd wnidfedln e1aq ‘4D 1 g ‘suisroad onsusdoydiow suoq ‘JiNg 93uods usde|jod 8|qeqJosqe ‘SOY [SUONEIASIqQY

SUoN

SuUoN|
suop
s1S9u93093150 UONDER.AISIP
0s suoq pajessuadau

Jo 3ySivy usIynsu|

aunsodxa a3e|d Jouily
ENIN
uaned ¢/
ul yssw wnjueas jo aunsodxgy

QuUoN

ENIN
syuaned
€/] Ul uonRdNISUOIA.
Pa|ie} ‘B|NISly SNOBULIND0IO
‘SnIPAWO)SO

anN auoq a|qelA :A3ojo1sIH

T
uonell|iqeya. d18YIso.d

quonew.o)
auoq mau :£3ojo1sIH

anN anN

anN anN

01/ u suedwi jeauaQ anN
sjuaned g/| ul
syuejdwi [eausp ‘auop

uonell|iqeys. d1IvYIso.d anN
syusned /|

ur pase(d syuejdwi [eausQg anN

pace(d syuejdwi [e3uap 4 aN

Suoq

..21enbapy,, :uonew.oy suog

..21enbape :uonew.oj suog

,JUSIDIYNSUI,, (UOIIBWL.IO) duog
Ajreo1ydeadoipea

puE A|[ed1ul]> U9ds UOolIBWL.IO) Suog
/7L w1 Ajeoiydeadolpe.

pUE A||ed1ul]> U93s UOlIEBWL.IO) Suog

€/ ul A|jeoiyde.dolped
pue Ajjeaiuld 919|dwod, :uonew.o} suog

7T Wi Ajjeaiydeadoiped

pue Ajjeould , 219]dwod,, :uonew.o} suog
uolyeanpul
p-ey :uonedjed ‘A|esiyde.Soipe.

pUE A|[ed1ul]> U3S :UOlIeW.I0) duog

auou = D) ‘g uewny aAneu

= |\ ‘|98 paseqg-sowexojod = g

auou =3 ‘diWg
aulnoq = |4 ‘@uoq d1uadojje

syauow ¢ :n4 ‘(1) | ‘wodau
ased ‘e 30 wepeysoly

syuow gp-¢| N4 “(€1)

PAZI[BIBUILIBP + YsaW || = § T ‘SALI3S IsED _ ‘[B 3D 11121434

auou =9
‘SOV Ul T-dWgY = W

‘DP0|q VH PUB dD1Y = S

auou =5

stpuow | :nd (1)
| 40dau ased e |39 0BYD

stpuow 7| :n4 “(9)

‘SOV Ul TdIWGYH = W BUOU = § | ‘S91I3s 3sed | |e 39 PJOpIIH

auou =D */ dig = W ‘2uoq

pazijesauiwap dluadoje = §

auou =)

‘SOV Ul TdWgY = W duou =g

[uou =D .mU(
ul ZdINgU4 = I ‘@uoq djuasojje

syauow 6 :N4 “(01) £ ‘satss
9sed , “JOpueg pue 3pjo[)
syauow
6-9 'Nd ‘(F1) € ‘sowds
ased Nv.mcxom pue pJojIsH

syauow ¢-8 :N4

pazi[esauIWap + ysaw 1| =S  (7) T ‘soMIs ased  ‘PIOpIH

auou = D ‘v

stpuow ¢ :N4 ‘(1) |

Ul ZdWEY = W ‘Ysaw 1] = § ‘wodau ased ‘7| 0T ‘e 32 NI

auou = 3 ‘SOV
ul Z-dWgU! = W ‘dD.Lg ‘ouoq

syauow ge-7| :Nd ‘(9)

‘uljesy punom Jood anN a|qeiA :Aydeasnuidg syusned g/g ul ,pooS, :uonew.o} suog diuagol[e pazZi[eJoUIp = § € ‘SALIIS IsED | [E 1D BS_(]
uone.anpul
pey :uonedjed A|jeoiydesSoipes  suou = D) ‘SO Ul Z-dIWNGYd = syauow g| :N4 ‘(1) |
1]9Mms 2Aneladolsod susAsg anN anN Pue A|[ed1ul> US9G :UONBWLIO) SUog |4 ‘Duoq dluagoje + ysaw |] = § ‘dodeu 9sed ‘4|0 ‘|8 39 N22ID
syuejdwi 4 yum uonouny jew.iou pauresad,, auou = 5 syauow g| :N4 ‘(1)
SuoN| uonell|iqeyaJ ;s anN :uonduny  ‘A1010EJSINES,, (UONBWLIOY BUOG ‘T-dINGY! = W 9UOq dulAoq = § | ‘Modad ased  ‘|e 19 BsoIsnT]
dn-mojjo4 pariodey uoneyjiqeyay [ausg  Aydeadnuidg/A3o|oisiH sawodINQ dI30[0IpeY pUE |Bd1Ul|D) (D) s1ED ‘(W) 3n29014 “(S) (N4) dn-mojjo4

WnWIXep ‘uswies. |
[euonippy pue suopiedijdwon)

[euonoung o1 uonesy
Ul JUBWISSISSY SWOo2INQO

UBWSSassy AM|IqeIA

ployeds ‘uondlnsaq uswies. |

‘(apnay Ul sauaned Jo
Jaquinp]) siusned 9|qiS113
‘udisaq Apnig ‘des A ‘doyany

“3yeaS0INY INOYIAA dING YNAA PRIES.] SIUBIEJ JO SDINSES| SWODINQ PUE SIIISIISIDBIBYD) JUSWIEDI | *§ d|qe L

276



‘uoneWw.Io) suUoq snoussowoy

PS[eaA. SUONDSS [eNISeS PUE ‘[BIXE ‘[BUOIOD) "WW €£'¢ 3ulaq Yapea.aq pue ‘ww ¢ | Sulaq J93uad ay3 3 3y31ay ay3 ‘Opis [BW.IOU 83 JO 1B pajquiasad Ajrewixoldde s|gipuew ay3 Jo Juswdss paIdnisuodal se paquasaQ,
"3|qIPUBW PSIDNIISUOIDI JO UYIPIM WD | pue Y319y W> 7 O WNWIUIW 339J9P Y3 JO 33Is 9Y3 1B Uolun suoq 3313|dwod se pauye(,

1910.d dnsuadoydiow suoq urwny JuBUIqUIOdA ‘dINgy DanedeAxolpAy ‘WH fouoq aulaoq pazijeJaulwap ‘ggq

‘AydeaSowon paandwod ‘] 5 AydeaSowol paandwod weaq auod ‘| HgD reydsoyd wnidedL ©19q ‘4D 1 ¢ ‘ueroad onsuadoydiow auoq ‘diig ‘dej y3iya jeasiejosmue ‘| Ty 93uods uade|jod Jen|j9de ‘SOHY [SUONEBIASIGAY

sauaned 7/g :uoneidadxs

aA0qe 3ulfjams

{ uondnasuodal jo

aJnjie),, 01 anp yeJ3 suoq
snous3oine yium uonesadoay aN
sauejdw
Buljjams aAnesadoisod auaasg aoe|d 01 su0q JuUadIYNS

sjueidw

9oe|d 01 auoq JuBIYNS

aN tsisayaso.d ajqeroway
auoN aN

SuoN sisayyso.d parioddns jueidw
Awoisosyden

Suneaissadau 3ulfjams

Aiorewwreyul aAnesadoisod aumuap parioddns uejdw)

auoN sJmusp psuioddns uejdw)
syuaned g/
auswaded juedw tsyusned
JIe ul sanayasoud Jo syuejdwi

3UoN 9oe|d 01 auoq UBIdIYNS

(pauueld Sulunoluodau)
UOIIBWLIOJ BUOQ $S92XJ

syuejdw
aoe|d 01 suoq JusdIYNS

(4ejow puodas o1 [easip

SuoN 129j9p auoq) a|qediidde 10N

auoN aN
juaned
| :uoneJoyiad jeioeanul

p/| yresp pue sso| dej4

(1T w)
sisayaso.d 1ioddns /syueidu
aoe|d 031 suoq JusIdIYNS

7/1 (suoseau payadsun) , uonon.iisuoda.
Jo aun|iey ‘susned g/| suoq pajesauadau
aN YaIm 123J9p a3 jo 3uiBpliq :uoneWw.Io) duog

aN 42¥enbape :uonewwo) suog
(jeorydeaBoiped
pue [es1ul]d) A1INURUOD JeNqIpUBW
(1D 4Aq) uonew.o} sauoq poos YIm pue
(uonedjed 4£q) Jredau auoq :uonew.io} sauog
(1D 4q) . uonew.oj suoq poos yim,, pue
(uonedijed 4q) , Jredau auoq,, :uonew.oy sauog

aN

anN

uonew.o} 129D ul usss 3d940p a3
auoq mau :430[03sIH JO UOIIdNIISUOIR. B3ENbBpE,, UOKEW.IO) BUOY

jusw.de|d auejdwi Sulinp suoq 8uiAsLiL

uodn Auenb jewuou, ¢ Ainupnuod

aN 3U0(q JO 2UBPIAS 2180|OIpE.,, :UOIIBULIO) dUOg
 uoneJsuadas suoq Jo
aN sudis 2130[0IpeJ pue [ed)ulpd,, UOBW.IO) BUOg

(sauened /| w

auop) uJaned Jendagen

Jen3au yum auoq
9ANOEa. [ew.ou :A30|03sIH e Uotun suoq 9319|dwod,, :uonew.o) suog

1DgD Jedh-| ul udds se , UOIBUIPIOOD

YoJe pue ‘yIpim ysSiay 3ua||@dxa

aN Yam suoq a1enbspe, :uonew.oj suog
yamou3
Jejnqipuew [ewJou ‘ujuado yanow ewiou
:uonduny ¢] gD uo usas  Sulepowa.
aN pue uonepl|osuU0)),, :UoIBW.I0} BUOg
aN 1D Ul UMoys se , poo3, :uolew.io} auog
(sausned

1/ Ul SUOp) uonew.o)
auoq 3|qelA :£30|01sIH

[ew.ou,, :uonouny ¢, A1sA0da.
1INy, . Ado1dESnes, :uonew.ioy suog

MoJJew suoq

snousgoine = 3 ‘SOV Ul Z-diNgY = g
‘auoq snojjadued djuado|e = §

auoq qu snogojoine = D
‘SOV Ul Z-dWgy! = g YeB qu =

2Jeu3 35940 DBl = D) ‘SO Ul
T-dWaY = g 'POJq VH Pue dD1¢ =S
sdiys sauoq snoSojoine = ) ‘SHY
Ul ZdiNgY+ = 9 ‘dDLY-VH + yssw il =S
a3edidse moddew
auoq = ) ‘aueaquidw uage(j0d
+£dWg =9 'Po|qggq + ysew 1] =S
3je4S [eIpuUOYD01SOd
snoZojoine = 3 ‘SOV Ul TdWaY = 4
‘)Jed3 |eJpuOYd031s0d snodojoane = §
1592 JBl|l WO.) BUOQ SNO|[dUBD = O
‘uaBe|jod | adA&y + /-dIgUd = g
1$9.2 J®l|l WO} SUOq [B21340d = §

djeuidse moudew

auoq = D ‘ZdINgYs = g ‘auoq JaAeped
SNO|[2U.D PUE [BI1I0D PP 9Z33J) = §

aeJidse mouJew auoq = ) ‘T-diNgud

= g ‘auoq sno||25ued0211.103 djuado|[e
+ ysaw apnoe| Ajod s|qeqJosal = §

ewse|d yo-19pP3R|d = D

SOV Ut ¢-dWgy! = g ‘sdiyd auoq
s1uago|je + quId 3|qIPUELU JSABPED = §

auoq snouagoine = o

‘SOV Ul T-dWgUY = g s34
wouJy >o|q duoq snouddoine = g

(17V ‘wuesuoy [eiped) deyy aa.y

anssN 3os = Y ‘auoq snouagoine = 7
‘T-dWgY = g°dDLg +Aen il =g

syauow G :n4

() T ‘sales asEd B 39 J3IIRD
syauow |

:nd ‘(1) | woded ases  ilereg

stpuow | :nd (1) | ‘modas
9sed ., ‘NIdJID pue plopiaH
stpuow £ :n4 “(1)
| ‘1odau ased PALECR C:Er4

syuow |Z:nd ‘(1) | ‘wodau,,
ased ‘e 39 O.ej|y-zapueulay

syuow
81 :N4 ‘1/1 ‘odau ased om,_._a_mm_

syauow 09 :N4

(1) | ‘1odeaased ‘13 wiyey
syauow -1 :nd (9) §

‘S9149S 3SBD ‘9| (0T ‘|B 32 IIARIA
syauow g :nd (1)

| ‘vodas ased> | ‘e 3 uosuyof
syauow 7| :nd (1) |

“40dau ased ‘9| 0T ‘B 38 IR

spuow 1 :nd ‘() |
‘S91I9s 3SBD /| 0T ‘|e 3° eJdI

syIuow ¢4-9 ‘N4
‘(#1) ¥ ‘so1u9s ased w_,_m 39 40035

(s)ausunesu )
[euonippy pue suonedijdwo)

saumua( Jojpue
siugjdw| [e3uag YIIAA
uoneE[IqeyY [BIUD]

JusWISsassy AM|IqeIA duog sawo2InQ 2180|oIpey puE [ed1ul]D

S3UNPad0.4 [BUONIPPY = W
slIIPD = D ‘(@) S|nvsjowoig
‘(S) ployeas ‘uondidsaq uswnea. |

(nd) dn-mojjo4 ‘(apnay
ul SJUaNEd JO Jaquunp)
siuaned 9|qi83 ‘udiseQ

Apmg ‘Jes ) ‘Joyany

“YeaSoiny YUAA dINg Aq Pa1eaU] SIUSIEY JO SDINSEI|] SWODINQO PUE SIIISIISIDEIBYD) JUSWIEDI | *9 d|qe]

277



(panunuoo)

7 = uaass suoned|dwod

ou {| = sanssn Yyos Suiznewnes)
sajed ¢| = uondnaasuodal

JO SSO| ¢| = @dUdIINd3

A3ojoyred o031 enp uonesado

puodas {| = sisonaJaqni Aseuow|nd

01 3Np YIesp {9/| :BSOdNW [edO
JO UMOP>Ea.q ‘9/7 :P[O4EDS JO aunidely

G1/] :@4nrey uejdwi (g | /| sIseaseIsw

01 BNp YIe3Pp G| /| :92UIISIYSP

punom [en.ed G| /g :uondsjul piw
‘G|/] :24njiej 3yeJ3 pue uondsjul Jolely

S1/€ 3unye.3 suoq euonippy

81/ = |eAowsad auoq 1ied o1 3uipes)
uondayul ‘syuaned g| /g :2ansodxa ysapy

juaned | :aunsodxs yss|

auoN

aJnjde.y

YSaW JO sased ¢ ‘uondajul Jo sased ¢
UoIsN|220 Jo 3dueqINISIp YIS
| ‘uoneJopiad [esor.nul | ‘palp sausned
01/+ ‘dey WD 3uemuspun waip

JO € PUE |Sd JO [BAOWS. papaau siuaned §

auoN

ured paysiuiwip
pue aoueseadde

u| paured
JuswaAoadwi urey
:aJ1euuonsanb

010 O1¥03

aN

,07/6 Aordeysies
07/01 poos
:uoNINIISUOIA.

JO JUBWISSISSE SIUBNEY

anN

anN

aN

anN

anN

aN aN
syuaned
S 1/ :sisayasoad
‘syuaned
S1/01 sauejdu aN
sjuapyed
L1/£1 sauedw) aN
aN aN

79/S :parioddns
auedwi yoiym jo

N0 ‘79/8T s2JmuaQq anN
.papiaod
uonel|iqeyad [eaus(,, anN

17/S :sisayasoud
paiioddns-yuejdwi
Yd1ym 4o 1IN0

uonew.Io}
au0q 3|qBIA PAMOYs

‘1T/01 ‘sisayso.d aN
anN ‘ssuaned § | 4 A30j03sIH
€ :pade|d syuedw) an

9/€ 3, pOOS3,, :uonew.io} suog

sauaned G|
/€1 Ul |NJSSAONS, | UOIBWL.IO) duOg

syuaned /1//| |es1ydea3oipe.
pue Ajjed1ul> poos,, :uonew.io} auog

suaned g|
/L] Ul AJO1DBJSIIES (UONEW.IO) duog

sased 79/0| :.4ood,,
{S9SED T9//| = 4, POOS,, 53583 79
/SE = ,.AU3||9DX3,, :UonEULIO) BuOg

Ausiyns, :uonew.o) auog

Auapiyns, (UONEBW.IO) duog

JUB|[90Xd
’ISd JO 31 {[ew.Iou :uondUNy
¢ A10108snes | :uonew.o) suog

. S9Wo2IN0
>130j0IpE. pUE [eDIUI]d POOD),,

sdiy> suoq snojjeoued

snousdoine ‘qyd = D ‘suou =

g ‘AD 0§ 03 paaeIpR.Il S||9D Jowm
WOy PSAOWD. 3|qIPUBW PISIIXd = §

T Ut @19 Ut DI usned 7 ul

syauow 7|

N4 *(9) [ ‘sals
ased _m._m 39 uowig

V44 ‘d¥d Yam siuaned | ‘sausned syuow
S Ul OgH = V ‘Mo.rew suoq 801-6C :Nd
snojj@aued a1ejndnJed snousgoine ‘(S1) §| ‘solas

=17 ‘Buou = | ‘Ysaw 1] = §
uiquioaya
YIIM dYd + 3s9.40 deljl wouy
auoq snojjadued = 7) ‘BuUoU = ||
‘o1e|d QuOq |e21240D snousdoine = §

ased Iu_m 19 oul|

stpuow 7£-71 N4
“07) LI ‘salas
ased ‘e 38 UaJooly
anN ‘N4
‘(81) § ‘sales ased
1 10T ‘e 3@ onsiely

uiquioJya sno3o[oINe YIm
ddd = D @uou = | ‘ysaw 1] = §
deyj 9a.) anssn 3os
Jo sosed g ‘dejy anssn yos psjoipad
JO SOSBD T = Y ‘MOJJBW pUB dU0q syauow 00Z-6 N4
snoj@aued a1ejndn.ed snousdoine (79) ¥¢ ‘soles
=D ‘auou = || ‘Ysaw apnoedlod =g ased , ‘|e 19 ereyidel
syauow 9
‘N4 ‘(1) | 210dau
ased . ‘|e 39 emBy||

auoq snoua3oine
=D duou = || ‘Yysaw 1] =g

auoq
JBI|l WO.j MO.LIBW Su0q 33ejndied

=D 'duou = |y WaYsi] =§

syjuow 79-6 N4
‘(17) 61 ‘saues
ased ‘[ 39 epewe)

17V ‘v4y dejj 93,y syauow g~/ ‘N4

anssn 3os = y ‘auoq snouadoine ‘(F1) 0] ‘soLios
=D duou = ||| ‘dD1g +ISd =S ased w_._m 19 J003g
JSWIWG + d¥d + s{puow 8¢

3yea8 suoq snousdoine = ) ‘suou N4 ‘vodau ased
= W ‘YeaS duado|e + ysaw 1] =g , ‘sduely sandlpoy

JUSWIES. | [BUORIPPY PUE suonedljdwor)

WOYd

uonwljiqeysy
[eaus pue [euonduUNg

Aydea8nuiog/ASojo1siH
UBWISSasSy AM|IqeIA

sawomnQ di3ojolpey pue [ed1ulD

(n4) dn-mojjo4
‘(3Pny ul sauaney
JO JaquinN|/sauaned
3|qi3)13 ‘udisag
Apmg ‘Jes ) ‘Joyiny

$9UNPad0.d [BUONIPPY = Y
sleD = D (W) 2In3jo}y
‘(S) ployeds ‘uondLnsaq JuswIea. |

Ye3oiny Sujuieauo)) spjoyeds, dnodo Juswies. ] Joj SaUNSES]| SWO2INQ PUE SOSLISIdEIRYD JUSWIES. ] *f d]qe |

278



“dn-moj|o} 01 350 Jusned suQ,

"paJinba. uod34 JaYRINy OU ING ‘PIYI-OMI UBLY SS3| SE paulRd,

14 duoq diyde.Bolped Jo pJIyl-OM] Ueyl SJow se pauys(d,
‘wniueln

‘] ‘dejy waealof [elped ‘y4y aueidwi wniuelnn padfioloud pided uejdwi oydads-jusned g4 ‘saunseaw awodino paldodau-juaned ‘O ‘ewseld yoii-19ja3e|d ‘gyd ‘dejy snosueindodw Jolew sijel0123d ‘DI ‘dejs Isiop
snwissiae| ‘g ‘Adeasys ueBAxo duiequadAy ‘OgH ‘Auaue deljl xajywnoui desp ‘yvDQ ‘e3eydsoyd wnidedn 819q ‘D1 ¢ 'S|[92 WS [BWAYIUSSOW PIALISP—MO.LIBW 3U0q ‘DSIWING ‘dejj YSiya [edsaejoaue ‘| Ty :SUORBIARIGQY

T/ wajqoud
ou :3uluado yanow ‘gz suoq
pa1dna3suodad jo adeys poo3

‘7/T Jondiosau ou ‘uoneulio)

(AK4934ns uaye
syauow g 1e sauaned
/1 ut duop) auoq

SUON aN aN 3|qelA :Ayde.dnuids suog auoq poo3, :uonew.oj auog
(b11) yea8
Sulnaans Sunedipul s|[92 ¥y Aio1deysnes, uonepunuoad
syusned pUE S[9559A JO dduasaud by AI01dB)SIIES,
/1 :Sunesas suanusp ¥/ sisayisoad (/1) uonew.oy uopEdIISEW (UOKdUNY
aroadw 03 Auaduns onaysoadaiy anN |eauSp 3|qeAOWRY auoq [ew.ou :A30|o3sIH Yh/p AUS||9IXD,, :JNOIUOD |eIdBY

punoJe deam dejy DINL =
V ‘2uoq Jel|l Wo.j dUoq SNoj|aIULd
= D) ‘auou = || ‘s3INuIW Qg 40} D,
00| e uonnjos auljes di8o|oisAyd
ul p9jioq pue wwi -] 01

INO PaMO||oY B[qIpUBW PRIIBSA = §

syauow gz-8 :N4
() T ‘solas ased
o B39 BMB[OATY|

dYd +MoJJew auoq snojj@oued

a1gjndnJed = o ‘sueiquisw

3UOU = |4 “INO PaMO|oY
9|qIPUBW ISABPED USZOU) Ysad) = §

syuow pi -8y
‘N4 “(b) ¥ ‘sdms
9sed ¢m._m pE]

UOUBINMEURBYDOY

juswneaJ| |[euonIppy pue suonedidwor Aydeadnuiog/ASojoasiH

usWISsassy A[IqeIA

WOYd uonw|IqeyRYy sawoInQ di8ojolpey pue [ed1ulD

[eausg pue [euonduny

$3.NPad0.d [BUONIPPY = ¥
SIPD = D (W) 3IN?3|0W
‘(S) ployeas ‘uondldsaq uswies. |

(nd4) dn-moijo4
‘(3pPnuy ul sausney
JO JaquINN/sIUBNEY
21qi13 ‘udisaQ
Apmig ‘Jea | ‘Joyiny

(penunuod) *z a|qel

279



280

Craniomaxillofacial Trauma & Reconstruction [3(4)

size of the defect, although many reports did not mention
criteria for choosing a particular amount. Autografts were
harvested from the costochondral region as well as from the
iliac crest region and PRP was also used in some reports.
In the “scaffolds containing autografts” group (Table 7),
the scaffolds used included titanium trays, either stock or
patient-specific fabricated by electron beam melting technol-
ogy, titanium meshes, polylactide meshes, autogenous cor-
tical bone plates, and allogenic or autologous mandibles.

Outcomes

Outcome measures for individual patients are provided in
Tables 2 to 6 for the respective treatment groups. There was
not a single outcome measure that was both objective and
consistently reported across all eligible studies.

Clinical and radiographic outcomes were not uniformly
reported in ways that enabled comparison between groups
or between patients within the same group. The most com-
monly reported radiologic outcome measures were “bone
formation” and “bone healing,” but only one study per-
formed a quantitative assessment.** Other radiologic out-
come measures included “sufficient continuity of
reconstructed bone” and amount of bone resorption. Clin-
ical outcome measures included mandibular range of
motion, functional outcomes such as eating, social interac-
tion, ability to attend work, “sufficient wound healing,”
bone resorption, and recurrence of pathology.

Histology and scintigraphy were additionally used to
assess bone viability. Histology was reported for only
15 patients in total'>!81933:35:56.57 and scintigraphy for
19 patients in total.!3!3:30-32:3451.52.55 1 contrast to other
groups, all reports in the prefabrication group used scinti-
graphy to assess the vitality of the construct prior to flap
harvest but not as an outcome measure of the reconstructed
mandible. All reports on histology and/or scintigraphy as
an outcome measure for reconstruction showed vital bone.

Dental rehabilitation with dental implants and/or restora-
tion with prostheses was reported for 2 of 10 patients in the
“prefabrication” group, 4 of 12 in the “cell culture” group,
9 0f23 in the “BMP without autografts” group, 11 of 19 in the
“BMP with autografts” group, and 71 of 115 in the “scaffolds
containing autografts” group. There was only one report of
implant failure in 1 patient.** Dental prosthetic rehabilitation
(either with or without the use of dental implants) was suc-
cessfully done in 1 of 10 patients in the “prefabrication”
group, 5 of 12 patients in the “cell culture” group, 6 of 23
patients in the “BMP without autografts” group, 4 of
19 patients in the “BMP with autografts” group, and 50 of
115 patients in the “scaffold with autografts” group.

Patient-reported outcome measures with standardized
questionnaires were reported in 2 of 44 studies only,**!
with only one of them reporting on individual patient
data.>' Complications were not reported in many studies
and were not documented as objective outcomes in a struc-
tured manner. A higher number of complications, flap

failures, and deaths were reported in patients from the
“prefabrication” group, followed by the “scaffolds contain-
ing autografts” group. A common complication reported in
the groups using BMPs was “increased swelling” during
the first 2 postoperative weeks, with 1 patient requiring
tracheostomy due to the severity of the swelling.**

Discussion

This systematic review provides a comprehensive descrip-
tion and categorization of the use of tissue engineering stra-
tegies for the reconstruction of segmental mandibular
defects and a synthesis of the currently available evidence.
Our findings show that in this field, tissue engineering stra-
tegies are extremely diverse. They ranged from the relatively
simple treatment strategy of hBMP-2 in a collagen carrier to
the extremely complex use of the patient as a bioreactor to
prefabricate a segment of mandible at a distant site that was
then harvested and transplanted into the defect. It also
included the use of autogenous iliac crest cortical bone plates
filled with cancellous bone, mixed with autogenous PRP and
subsequently fixed onto a titanium plate, or the use of bone
grafts with titanium carriers/scaffolds. Of note, this strategy
is similar to autogenous bone grafting alone, which is not
regarded as tissue engineering strategy. However, the data
were included in this systematic review to provide compre-
hensive data. This decision may be debatable and actually
relies on the generally accepted definition of tissue engineer-
ing. At the moment, this definition is rather broad and makes
it difficult to distinguish tissue engineering from other recon-
struction techniques.

Although we were able to fit all treatment strategies into
one of the 5 categories, there was little homogeneity within
these groups. A wide variety of scaffolds, cell types, and
bioactive substances were used. Scaffolds showed the max-
imum diversity: diseased mandibles,**>'*> cadaveric
mandibles,*"3* allogenic bone, heterogenic bone, and poly-
lactide and titanium meshes/plates (either stock or patient-
specific).®> The most commonly documented bioactive
substances were BMPs, whereas the most commonly used
cells were autologous bone chips, bone marrow—derived
mesenchymal stem cells, and PRP (which also contains
bioactive substances).

Heterogeneity was also present concerning the patient
populations in several studies, which reported a single tech-
nique used in patients with different indications. In combi-
nation with the aforementioned scarcity of homogenous
treatment modalities, interpreting the role or the usefulness
of each of the individual treatment characteristics for seg-
mental mandibular reconstruction is difficult.

Likewise, there was heterogeneity in the reported out-
come measures in spite of their importance for evaluating
the effectiveness of a specific treatment strategy. The most
commonly reported outcome measures were related to bone
formation. Nearly all authors reported “successful out-
comes,” irrespective of the treatment strategy, with
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“sufficient bone formation” or “positive radiographic and
clinical outcomes.” However, these outcomes were hardly
ever specified objectively. The lack of objective standar-
dized outcomes precludes the valid comparison of results.
Hence, we suggest caution in interpreting treatment out-
comes based purely on subjective or arbitrary methods as
successful.

At the same time, objective methods to evaluate segmen-
tal mandibular reconstruction are indeed scarce. Histology
and scintigraphy are objective methods to assess respectively
bone neogenesis and viability, but only few articles used this
as an outcome measure. Successful reconstruction was
reported in all instances and not a single publication men-
tioned cases of nonviable or unsuccessful bone regeneration.
Since these results either come from case reports or from
case series in which the outcome was reported for selected
patients, it strongly suggests reporting bias.

The ability of reconstructed mandibles to support a den-
tal prosthesis is an objective measure that shows that the
reconstruction provides a sufficient foundation to support
function. Although 97 out of the 197 eligible patients
received dental implants, prosthodontic rehabilitation was
reported for only 66 patients. There were no reports objec-
tively specifying that reconstructed bone was of insuffi-
cient quality to support dental prostheses, so it is unclear
what happened in the rest of the cases. Very few studies
reported failure of dental implants. In interpreting these
findings, one must keep in mind that dental implant place-
ment is not required for all cases of segmental mandibular
reconstruction. The use of dental implants in segmental
reconstruction is well justified for adult patients but con-
troversial prior to skeletal maturity. Additional scenarios
where dental implants are not needed are patients who have
defects posterior to the second molar, patients with suffi-
cient remaining functional dentition, and patients who do
not desire or cannot afford dental implant rehabilitation.
These limitations should be considered when choosing den-
tal prostheses as an outcome measure.

Patient-reported outcome measures using standardized
questionnaires were reported in only 2 studies.>*' Even
though these studies reported most patients having satisfac-
tory treatment outcomes, the information is too sparse to
generalize it.

In contrast to the rest of the outcomes, almost all studies
reported specifically on the presence or absence of compli-
cations—if none were observed. There was a seemingly
higher rate of complications, flap loss, and mortality in the
“prefabrication” and “scaffolds with autografts” groups.
However, the reason for this is likely related to the under-
lying disease rather than the reconstruction method. The
“prefabrication” and “scaffolds with autografts” groups
contained more patients with advanced recurrent diseases
than the other groups and were often treated with adjuvant
therapeutic radiation. Additionally, the “prefabrication”
group primarily comprised patients who had recurrent
malignant disease, and many of these patients died due to

disease-related factors (not related to reconstruction) in the
follow-up period. This is in stark contrast to most patients
treated with BMP alone, who were young patients with
benign tumors and in whom the resective and reconstruc-
tive therapy could be performed with preservation of the
periosteum in most cases.

Strengths and Limitations

This is the first time an attempt to collate all available
evidence on tissue engineering for reconstruction of seg-
mental mandibular defect has been made. Here, we provide
an overview of the current strategies with a functional cate-
gorization and a summary of the reported outcomes.

However, our study has several limitations. The level of
evidence in the available publications was very low. Most of
the included studies were retrospective case reports and case
series; no comparative studies could be included. Moreover,
several studies consisted of mixed patient populations of
whom only a part was eligible for inclusion into our review.
In many of these reports, the outcomes were not provided as
IPD but as summary information, so it was not possible to
draw any conclusions on our population of interest (segmen-
tal mandible reconstruction),!>15:18:19:22.30-35.39.47-52.55-57.59
Objective or quantifiable outcome criteria were hardly ever
used, !313:18:19.30-35.51.52.55-57 Tpe 1ow level of evidence, the
variability in the patient population and in the treatments
(even within the same treatment group), and the lack of
objective outcome measures did not allow to perform a
quantitative synthesis of results or a comparison among
patients or treatment groups. The combination of selective
reporting and the lack of standardized outcome reporting is
an important methodological weakness seen in all studies
and appears likely to have introduced bias. Finally, prognos-
tic factors such as defect or patient characteristics could not
be identified due to the scarcity of data.

Conclusion

A wide variety of tissue engineering strategies have been
used for the reconstruction of segmental mandibular defects.
After categorizing the most commonly used tissue engineer-
ing strategies into 5 treatment groups, a high variability of
individual treatment strategies was seen. Currently, there is
insufficient evidence to recommend any particular tissue
engineering strategy for segmental mandibular reconstruc-
tion, given the low number of patients treated with any par-
ticular strategy and the low levels of evidence in the
available literature. Future studies should report outcomes
for segmental mandibular reconstruction in a more systema-
tic, consistent, and objective manner.
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