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Abstract

Purpose There are two widely used distal humerus fracture (DHF) fixation methods with either orthogonal or parallel double-
plate osteosynthesis. However, biomechanical studies have shown inconsistent results on which technique is more effective. We
performed a meta-analysis to compare these two fixation methods for adult DHF fixation.

Methods We searched the literature for entries discussing the biomechanical testing of orthogonal and parallel fixation tech-
niques for DHFs. We then performed a meta-analysis of the following biomechanical outcome measures: axial/sagittal/coronal/
torsional stiffness, load to failure, and torque to failure.

Results Seventeen studies comparing both constructs were included. The parallel configuration exhibited greater mechanical
strength with respect to axial stiffness/load to failure, torsional stiffness, and posterior bending load to failure than the orthogonal
constructs. Subgroup analysis revealed that parallel constructs also had higher torsional stiffness in supracondylar fractures.
Conclusions This meta-analysis shows that parallel constructs provide greater axial stiffness, axial strength, and torsional stiff-
ness than orthogonal plate for DHF fixation. A subgroup analysis revealed that parallel constructs had better torsional stiffness in
supracondylar fracture fixation.

Level of evidence 1A

Keywords Biomechanical study - Distal humeral fracture - Fracture fixation - Meta-analysis - Parallel - Orthogonal
Introduction treat [1, 2]. Most DHFs require open reduction and stable
internal fixation to permit early range of motion and avoid
post-operative complications [3]. Implant failure, fracture
non-union/malunion, and decreased range of motion are com-

plications of inadequate fixation [4]. The reported dissatisfac-
tion rate after surgical DHF stabilization may be as high as

Distal humerus fractures (DHFs), accounting for 2% of all
fractures, are one of the most challenging elbow injuries to
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20-25% in different studies [5, 6].

Surgical treatment principle is stable fixation of both me-
dial and lateral columns [7, 8]. Double-plate constructs, in-
cluding orthogonal [2, 8-10], parallel [2, 8, 11], and posterior
two-plate constructs, are the popular methods [12—14]. Triple
plating [15] and single plating [13, 16-18] are also options in
selected fracture type. Other fixation methods include using
tension band wires [19], crisscrossed screws [18, 20], and
nails [21].

Double plating, either in orthogonal or parallel configura-
tion, has superior biomechanical stability than single plating
[22, 23] or triple plating [15]. Orthogonal configurations, sug-
gested by AO group [10, 24], form a girder-like construct that
provide resistance to the force generated in sagittal and coro-
nal planes during elbow range of motion. Parallel configura-
tions, proposed by Dr. O’Driscoll [25, 26], reconstruct the
distal humerus by anchoring both columns to the base of
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humeral shaft with the connection at the arch crown via inter-
digitations of distal screws. In early clinical studies analyzing
C-type DHF fixation [27, 28], both configurations yielded
similar post-operative results; however, a recent clinical
meta-analysis reported that parallel constructs have signifi-
cantly lower complication rate than orthogonal ones [29]. In
biomechanical studies, although both constructs allow for
bicolumnar fixation [30, 31], it is still unclear which configu-
ration offers better fixation strength or stability [1, 2, 7-10, 14,
24, 32-35]. Thus, through systemic review and an up-to-date
search of currently available evidence, this meta-analysis aims
to compare the biomechanical properties of orthogonal and
parallel plate configurations.

Materials and methods
Inclusion and exclusion criteria

Our included studies are required to clearly describe specimen
type, fracture type, fracture fixation, and mechanical testing
protocol and meet the following criteria: (1) biomechanical
studies with cadaveric or synthetic humeri; (2) comparing
DHF fixation using orthogonal and parallel constructs; (3)
intervention with loading test in axial, sagittal, or coronal di-
rection; and (4) providing biomechanical data with calculated
stiffness or failure loads. We excluded trials when they met the
following criteria: (1) using pathologic fracture models; (2)
paediatric fracture fixation models with pin fixation, isolated
lateral or medial epicondylar fracture models; (3) models
using animal cadaver specimens; (4) mechanical testing or
measurement using unusual parameters; (5) using different
plating systems in different constructs—locking plate in one
group and non-locking plate in another. All abstracts were
evaluated by two reviewers (CAS and TWT). When there
were disagreements between the two authors, the third au-
thor (WRS) would join the discussion until the conclusion
is made.

Search strategies and study selection

Relevant studies published before March 2017 were
identified from Embase, PubMed, and Medline. We
used the following Medical Subject Heading terms: hu-
merus, fracture fixation, cadaver, synthetic bone, artifi-
cial bone, biomechanic, or mechanic. The search strate-
gy is listed in the supplement file (Table 1, S). We also
used the “related articles” function in PubMed to widen
our search. All abstracts and citations were reviewed via
a cross-reference check of all included articles. There
was no language restriction.

@ Springer

Data extraction

Outcome data were extracted by two reviewers (CAS and
WCL). Biomechanical outcomes (stiffness, load to failure,
and torque to failure), numbers and type of specimens (cadav-
eric humeri or synthetic humeri), fracture model
(supracondylar or intercondylar fracture), implant selection,
and mechanical testing protocol were extracted. Individual
reports were compared, and disagreements were solved by
communication with a third reviewer (TWT). Authors of in-
cluded studies were contacted for additional information.

Parameter selection

When several stiffness values were estimated in one study, the
calculated axial stiffness that is closest to 50—-150 N, the cal-
culated lateral bending stiffness closest to 60 N, and posterior
bending stiffness closest to 100 N were extracted. These loads
reflect the stiffhess values measured most frequently in other
biomechanical studies. When a study compared one locking
plate construct with another locking or non-locking plate con-
struct, the strength of both locking plate constructs was chosen
and extracted. When a study measured stiffness before and
after cyclic loading, we extracted the stiffness value measured
during pre-cyclic loading as pre-cyclic stiffness is the most
common or the only stiffness value measured in other biome-
chanical studies.

Methodological quality appraisal

Two reviewers (TWT and CWL) assessed the methodologic
quality using the Cochrane risk of bias tool, which included an
evaluation of randomization, allocation concealment,
blinding, incomplete outcomes, selective reporting, and other
sources of bias. Any disagreement was resolved by a third
reviewer (WRS).

Outcomes

The primary outcomes were the stiffness measured in axial,
sagittal stiffness, coronal, and torsional directions. Secondary
outcomes were the load to failure and torque to failure in
different directions.

Statistical analyses

We used Review Manager, version 5.3 (The Cochrane
Collaboration, Oxford, England) for data analysis. The meta-
analysis was performed based on the PRISMA guidelines
[36]. The outcome variables in this study are stiffness and
the failure load/torque/cycles of each construct. The means
and standard deviations are used for individual comparisons.
Standard deviation was calculated via standard error or
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Fig. 1 Flowchart literature search
according to the PRISMA 2009

Studies identified using
Embase (n=264)

Studies identified using
Pubmed (n=245)

Studies identified using
Medline (n=89)

guidelines [

confidence interval. Cochrane Q tests and /> statistics were
used to evaluate statistical heterogeneity and inconsistency,
respectively, between studies. We set the statistical signifi-
cance as p < 0.10 for the Cochrane’s Q test. Statistical hetero-
geneity between studies was evaluated using the /* test, which
quantifies the variability between different studies. We also
performed subgroup analyses to evaluate differences between
stiffness and failure load in supracondylar and intercondylar
fracture models.

Results
Study characteristics

After proper screening and selection (Fig. 1), 17 studies were
eligible for this meta-analysis (Table 1) [1, 2, 7-10, 14, 15, 22,
24,30, 32, 33, 35, 37-39]. These included studies comparing
orthogonal and parallel constructs published from 1900 to
2017 with sample sizes in each group that ranged from six
to 28 specimens. Eleven studies used intercondylar fracture
models [1, 7, 8, 14, 24, 30, 32, 33, 35, 37, 38], and six used
supracondylar fracture models [2, 9, 10, 15, 22, 39]. Eleven
studies performed their experiment with cadaveric humeri [2,
8,9, 14, 15, 22, 24, 32, 35, 37, 39] while six used synthetic
humeri [1, 7, 10, 30, 33, 38]. We summarized methodologic
quality in Table 2, S. Selection bias (randomization method
and allocation concealment) were unclear in two studies [22,
37] and low in others. In all studies, performance bias
(blinding of participants and personnel) and detection bias
(blinding of outcome assessment) were unclear, and attrition

v

[Studies identified after duplications were removed (n=298) ]

Articles not meeting
inclusion criteria (n=20)
-Paediatric models (n=17)
-Animal models (n=2)
-Unicondyle model (n=1)

4

Eligible for title and abstract on
biomechanical DHF fixation (n=55)

Excluded:

-Biomechanical studies on
DHF fixations without
comparing parallel vs.
orthogonal constructs
(n=17)

-Biomechanical studies on

y DHF fixation comparing

parallel vs. orthogonal
Full-text studies assessed for

R using different construct
eligibility (n=35) system (n=1)

\J

| Included studies (n=17) I

bias (incomplete outcome data), reporting bias (selective
reporting), and other bias were low.

Meta-analysis on parallel versus orthogonal construct

Axial stiffness and load to failure in parallel and orthogonal
constructs

The mean and standard deviation of axial stiffness in N/mm
was recorded and compared in 11 studies on parallel and or-
thogonal configurations [1, 2, 7, 9, 14, 22, 30, 32, 33, 37, 38].
The pooled mean difference in axial stiffness was 240.88
(95% CI 148.13 to 333.63). Parallel constructs had a signifi-
cantly higher stiffness than the orthogonal ones (Fig. 2). A
subgroup analysis was performed based on the fracture type.
The pooled mean difference in stiffness in the studies of
intercondylar fracture models was 225.01 (95% CI 124.90 to
325.11), suggesting that stiffness was greater in the parallel
group. The pooled mean difference in supracondylar fixation
models was 403.05 (95% CI 29.41 to 776.67), which also
favors parallel constructs. Axial load to failure was measured
in one study, which failed to find significant difference be-
tween the two constructs [37].

Sagittal stiffness and load to failure in parallel and orthogonal
constructs

Sagittal stiffness between parallel and orthogonal constructs
was measured in 12 studies [1, 2, 8-10, 15, 22, 24, 30, 33, 35,
39]. Posterior bending stiffness was recorded in 11 studies [1,
2, 8-10, 22, 24, 30, 33, 35, 39], and one study was excluded

@ Springer



International Orthopaedics (SICOT) (2019) 43:449-460

452

WUY/N
(€T91) (91%€) T€69T :0 (8572¢) WN §°T L sope[d Sunpo] :0
w61ed VN (I¥'LE) 18°8LT d V/IN vL'9ST «(dd VN N 001 (d)S soyerd Sunyoof :q au0q dLRAEPE)) 0T ol 100
Surpuaq N 09
.HO.EBmOm* Jje _uo,:aw.mua N Ooﬁ
(Te6) (S 191) SSOUIINS Je paInseaw SMII0S FUDd0[-uou
6'S1 (N0 008 :0 (9°0) LT'T (WO SSOUIIIIS ¢ N 09/0¥/0T :(N)D i sojerd Sunpor :0
€6 (6'8Th) (€¥°0) 042 L'86 (DO N 001/08/09/0%/0T SMIOS FUIYO0[-UOU
L0T:(Nd  8L8T1d V/IN 89°C (N (S'¥2) 9°501 (dDd V/N (DS s sajerd Sunpooy :d ou0q OLABPE)) 8T Dl  seieez
N 001 Je
pamseaur SSaUINS .. NO
(ID 0L :O  -0S/00¥/00£/00T/001 soyerd Suppoor-uou :Q
VN V/N V/N VN VN (TDoLEd 7% sape[d Supooj-uou :d 2u0q dLRAEDE)) T ol 12D
(61) L'10T (DO (09) L'79€ :0 N 00€ (DS sope[d Sunyo0] :0
V/N V/N VN VN (98) 9°SI1 {(dd (0€1) 9'8€11 d N 00€ :V soyerd Sunpo] g Lowny dSNOUAS 7] DOl 10joyzudd
(9°86) (S28) WN 6T L
(10°) 91°S :0 £'8S1:(DO v'sy1 (DO N 0TI (DO sojerd Sunpoo-uou :Q
VN VN G1ror1r9:d (L9 900z (Dd (1TL) 0691 (dDd VN N ozZI (DS saje|d Sunjoo[-uou ;g auoq dLRARPE]) 9] ol Seroy
(€D ¢e@DO
(6'0) ¥'C (@d
(60) 0C:(DO (9¢p) €L01 ‘O wN ¢ (@DDL sayerd Surypor :0
V/N V/IN (T 9T:Dd VN VN (T8) 9% d N 001-01 :V soyerd Sunyoof :q QuU0q SLIABPED) T o)l [opoIS
Suipuaq
JOLIISOd
((223)
6'vET:0 9th)
(5°€9) €8¢1 (DO soyejd Suppooj-uou :Q
VN tvP0€d V/N VN (€€p) 671T (dDd V/N JTedpoun :(d)S soyerd Sunpoo-Uou g LoWINY dNATPUAS 9T OS  Iopuewry
WN T L
PeI/WIN N 00T (DD
FOSIS:0 FEDTSY(DO @B I (DO (€ELD €€Iv 0 N 001 (d)S soyerd Surypoy :0
V/N V/N €D 6LEd (6TDP89(Dd (T 8LE (Dd OLO) veLTd wN 7V soyerd Sunyoof :q ou0q OLABPE)) (] Jl  AEMYdS
WN 0] L
#0) 81 :0 Iedpoun ) soyerd Sunyooj-uou :Q
V/N V/N (€or1zd V/N V/IN VN ITegpoun :g soyerd Sun[oo[-Uou g auoq oLLAEPED) O] DS uosqooef
Surpeo|
[BIXV
9t€0)
€798 :0
(9°L0b) (9°1%) €081 :0 soyerd Suppor-uou :Q
VN L'196:d V/N V/N VN (STl d N 00T -V soyerd Sunpoo-uou :q 2u0q dLIdAEPE)) T ol RIEN
WN '] :L
(S'6SD) N 0zZI (DD
¥'125 (DO (wo 11-9°L)
ODse:0 (T'900) (09%) 080T :O AV N 021 (DS sope[d Sunyoor-uou :Q
V/IN V/IN Lnessd 7969 :(Dd VIN (0¥6) 08T€ :d NOST 'V soyerd Sun[o0-Uou :q au0q dLPABPE) 9] DS YosHwayds
(N) amrey  (N) amyrey (90139p/wIN) (/N (/N (/N sIsAJeue-ejowr Ul odKy
0} anbio], 0} peO  SSOUJNS [BUOISIO], SSOUJNS [BUOIOD)  SSOUIHS [eniSes SSOUYINS [eIXY Sunso) ssoupng UONUIAIQIU]  Joquinu uswdads papnjouy  Amfug Apms
SIIPNJS [BOIURYOIWIOIQ PIPN]OUT S} JO SONSLIORIRY) | 3|qel

pringer

Qs



453

International Orthopaedics (SICOT) (2019) 43:449-460

(@s) uesw oy se pajussaid are vre(.

(uors10}) SUTPLO] UOTIE)OI [BUIXD (7) (UOISIO}) SUIPEO] UONBIOI [eUIAU] (7) ‘(Jeuoiod) Surpuoq [e1dje] (7) ‘(jeuoiod)
Surpuaq [erpaw (1) ‘(Jemides) Juipuoq Jousod () ‘(Jenides) Jurpuaq JoLJuUe () [BUOISIO} J ‘[euoiod ) ‘[enides § ‘[eixe y ‘dnoi3 jeuo3oypio ¢ ‘dnoi3 [o[fered g ‘rejApuooeidns Hg ‘rejApuooiour Hy

(S9) +'9LT :0 sayerd Sunpoor :0
VN VN VN VN VN (€'18) 8°6€L :d N 00€ 'V sope[d Sunyoo] :g Lowmny oeyuks 9 a1 Aperep
(€327)
L68¢€ (DO (L'L8%)
Surpuaq (0'9¢) 129 (DO
IOLINSO{ T€6€ (DA (016) SELy (Dd
(590 (S0 +'C (@O (€69) (§'€sD)
¥'TLE ‘0 (L0) Te«@d 0°59¢€ :WO S91S (V)0 N 0§ :(DIN)D
Ls9) 90 €T (MO (1'89) (L'861) (9'1€8) 9°€02T ‘0 N 0S (V) S sayerd Surypoy :0
VN  L6LEd L0 6T:(Dd 9°12¢ :(Nd SsrS ((V)d  (8°€L01) 8'SSHT :d N 0S :V saye[d Sunpof :g owny MAYPUAS 91 ol ey
(€D L6 DO
(10 8¢l (dd
@D+s8:0 (SD 06 (V)0 wN z :(@DL sayerd Surypor :0
(6D so1:d V/IN VN VN (8D TT:(Wd VN N 0S (dD(V)S sajerd Suryoo[ :d auoq OLIABPED) 81 o1 Io[Aef,
N 0S1-0S e
painseaw SSaUJJNS,.
1orLor (o
(991) §°06 (DO N
L1D 0TI (D - 00Z-001/N 0S1-0S sayerd Sumyoo] :0
VN VN VN VN VN (9°LD €51 :(Dd v sape[d Sunpof :d LISUINY ONATPUAS 7] o1 opny
Surpuaq
JOLINSOd
((420] (€801 (DO
€550 (€9)101 «(dDd
(090 (9018 (V)0 (€2D) 61€:0 N 00T (d(V)S saped Sunyo0] :0
VIN 18Ld V/IN VIN P20l (V) (SED) 0¥S :d N 05TV soje[d Suryoo] :q au0q OLOABPED §] DS 188eaee)
(T'119)
6766 (DO
(8'¢80)
69€T1 (dd
(8791
656 (V)0 WN 9T :L
L0o0z:o (£'98¢) (891%) ¥'+0€1 ‘O wN Sy (D(V)S saye[d Sunpoor :0
VN VN (80 +T:d VN 0'8SST «(V)d  (€£98€) 0°8SST *d N 0ST °V soye[d Suryoo] :d au0q JUAAEPE)) (0T oS 20U00Y
(L891) (69°LY)
LO¥Y O 19°0ST (DO
(N) amqrey (N anjrej (90130p/wIN) (N (uruyN) (wry/N) sisA[eue-elowr ur - odKy
03 anbio], 0} PROTT  SSOUJJNS [BUOISIO],  SSOUIFNS [BUOIO)  SSOUPNS [enides SSOUJJNIS [eIXY Sunso) ssoupng uonuUAAIN  Idquunu uouroads papnjouy  Amfuy Apmg

(ponunuod) 1 3[qeL,

pringer

Qs



454

International Orthopaedics (SICOT) (2019) 43:449-460

Parallel
Study or Subgroup Mean SD_Total

Orthogonal
Mean SD_Total Weight

Mean Difference
1V, Random, 95% CI

Mean Difference
IV, Random, 95% CI

1.1.1 Intercondylar model (N/mm)

Atalar 2017 2,455.8 1,073.8 8 2,203.6 831.6 8 0.9%
Cai 2011 370 12 6 370 11 6 14.0%
Kudo 2016 132.7 21.2 6 98.8 144 6 14.0%
Penzkofer 2010 1,138.6 130 6 3627 30 6 11.9%
Schwartz 2006 2724 37 5 4133 1733 5 10.1%
Self 1995 180.33  41.57 6 12717 2247 6 13.8%
Stoffel 2008 1,072.7  436.3 12 4636 81.8 12 6.9%
Varady 2017 739.8 81.3 3 2764 65 3 11.5%
Subtotal (95% CI) 52 52  83.1%

Heterogeneity: Tau? = 15305.36; Chi? = 285.65, df = 7 (P < 0.00001); I> = 98%
Test for overall effect: Z = 4.41 (P <0.0001)

1.1.2 Supracondylar model (N/mm)

Caravaggi 2014 540 135 7 319 123 7 10.8%
Koonce 2012 1,668  386.3 10 1,304.4 416.8 10  4.6%
Schemitsch 1994 3,280 940 8 2,080 460 8 1.5%
Subtotal (95% Cl) 25 25 16.9%

Heterogeneity: Tau? = 71600.84; Chi>=6.77, df =2 (P = 0.03); I>=70%
Test for overall effect: Z=2.11 (P =0.03)

Total (95% CI) 77 77 100.0%
Heterogeneity: Tau? = 15905.61; Chi? = 305.40, df = 10 (P < 0.00001); I> = 97%
Test for overall effect: Z = 5.09 (P < 0.00001)

Test for subgroup differences: Chi? = 0.81, df = 1 (P = 0.37), I? = 0%

Fig. 2 Meta-analysis on construct axial stiffness

because it used a different measuring unit (Nem/°) [22]. Ten
studies were included in a meta-analysis of posterior bending
stiffness measured in N/mm. No difference in sagittal stiffness
was noted between the two constructs (mean difference —6.41,
95% CI —22.71 to 9.88). The excluded study revealed higher
posterior bending stiffness in parallel construct [22].
Subgroup analysis found no difference between the posterior
bending stiffness of either intercondylar or supracondylar frac-
tures (Fig. 3a). Posterior load to failure was recorded in six
studies [1, 2, 8-10, 39], posterior bending median fatigue limit
(MFL) in one study [33], and posterior bending cycles to
failure in one study [24]. The pooled results showed no dif-
ference between the two constructs (Fig. 3b), even after sub-
group analysis. With respect to MFL, Penzkofer et al. found a
greater load to failure in the parallel group. However, Kollias
et al. [24] revealed that there was no significant difference
regarding cycles to failure within two groups.

Anterior bending stiffness was calculated in four studies [1,
2,9, 39]. This meta-analysis did not find a difference between
the two constructs even after subgroup analysis (Fig. 3c).

Torsional stiffness and torque to failure in parallel
and orthogonal constructs

Torsional stiffness in Nm/° or Nm/rad was recorded and com-
pared in eight studies involving parallel and orthogonal con-
structs [9, 15, 22, 24, 30, 32, 35, 39]. One study was excluded
because of the use of different measuring units (N/mm) [35].
Meta-analysis of the seven remaining studies found a higher
torsional stiffness in parallel constructs (Fig. 4a). In the sub-
group analysis, parallel constructs had higher stiffness when
used in supracondylar but not intercondylar fracture models

@ Springer
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(Fig. 4a). The excluded study showed no significant difference
in stiffness between the two constructs [35].

Torque to failure was recorded in two studies [32, 35]. No
significant difference was noted between the two constructs
(Fig. 4a).

Coronal stiffness and load to failure in parallel
and orthogonal constructs

Coronal stiffness was recorded in six studies [1, 8, 15, 22,
24, 30]. One study was excluded because of the use of
different units (relative stiffness) [15]. Four studies evalu-
ated lateral bending (valgus loading) stiffness [1, 22, 24,
30], and two studies measured medial bending (varus bend-
ing) stiftness [1, 8]. Neither medial nor lateral bending stift-
ness showed a difference between the two constructs
(Fig. 5a,b), even after subgroup analysis (Fig. 5a,b). The
only excluded study found a significantly greater coronal
stiffness in orthogonal constructs for supracondylar fracture
fixation [15].

Medial bending load to failure was calculated in one study
[8], which measured a higher load to failure in parallel con-
structs for intercondylar fracture fixation.

Assessment of publication bias

We assessed the publication bias of the included studies.
The funnel plot of studies that measured axial stiffness
and posterior bending stiffness showed a low publication
bias (Fig. 6).
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Mean Difference
IV, Random, 95% CI

Mean Difference

a
Parallel Orthogonal

_Study or Subgroup _ Mean  SD Total Mean SD Total Weight
2.1.1 Intercondylar model (N/mm)
Atalar 2017 473.5 94 8 627.4 4877 8 02%
Got 2012 269.32 34.16 10 278.81 37.41 10 11.0%
Penzkofer 2010 115.6 8.6 6 2017 19 6 15.6%
Schwartz 2006 378 3.2 5 421 4.8 5 18.3%
Zalavras 2011 105.6 245 14 987 24 14 152%
Subtotal (95% CI) 43 43 60.2%

Heterogeneity: Tau? = 1617.79; Chi? = 88.84, df =4 (P < 0.00001); I = 95%
Test for overall effect: Z = 1.22 (P = 0.22)

2.1.2 Supracondylar model (N/mm)

Arnander 2008 2149 433 8 1383 446 8 8.1%
Caravaggi 2014 101 33 7 108 43 7 87%
Kollias 2010 169 721 8 1454 825 8 37%
Koonce 2012 1,051.6 243.7 10 9359 164.8 10 0.8%
Taylor 2016 138 21 9 9.7 13 9 185%
Subtotal (95% CI) 42 42 39.8%
Heterogeneity: Tau? = 847.67; Chi? = 12.85, df =4 (P = 0.01); 1> = 69%

Test for overall effect: Z = 1.39 (P = 0.17)

Total (95% CI) 85 85 100.0%

Heterogeneity: Tau? = 372.02; Chi? = 133.91, df =9 (P < 0.00001); I = 93%
Test for overall effect: Z = 0.77 (P = 0.44)
Test for subgroup differences: Chi? = 3.35, df = 1 (P = 0.07), 1 =70.1%

b

Parallel Orthogonal
5.1.1 Intercondylar model (N)
Atalar 2017 379.7 357 8 3724 265 8 30.1%
Zalavras 2011 1,287.8 428.9 14 800 161.5 14 3.8%
Subtotal (95% CI) 22 22 33.9%

Heterogeneity: Tau? = 107815.24; Chi? = 15.14, df = 1 (P < 0.0001); I = 93%
Test for overall effect: Z = 0.97 (P = 0.33)

5.1.2 Supracondylar model (N)

Arnander 2008 3044 635 8 2349 344 8 253%
Caravaggi 2014 781 260 7 553 142 7 45%
Koonce 2012 1,648.5 4224 10 1,617.6 280.5 10 24%
Taylor 2016 10.5 1.9 9 8.4 1.2 9 33.9%
Subtotal (95% CI) 34 34 66.1%

Heterogeneity: Tau? = 2491.52; Chi? = 11.23, df =3 (P = 0.01); > =73%
Test for overall effect: Z = 1.24 (P = 0.21)

Total (95% Cl) 56 56 100.0%
Heterogeneity: Tau? = 1917.03; Chi? = 27.05, df = 5 (P < 0.0001); I> = 82%

Test for overall effect: Z = 1.88 (P = 0.06)

Test for subgroup differences: Chi? = 0.61, df = 1 (P = 0.44), I> = 0%

c Parallel Orthogonal

r I Mean D Total Mean D Total Weigh
2.2.1 Intercondylar model (N/mm)
Atalar 2017 5455 198.7 8 5165 2535 8  1.1%
Subtotal (95% CI) 8 8 1.1%

Heterogeneity: Not applicable
Test for overall effect: Z = 0.25 (P = 0.80)

2.2.2 Supracondylar model (N/mm)

Caravaggi 2014 102 44 7 81 26 7 253%
Koonce 2012 1,236.9 283.8 10 9949 3111 10 0.8%
Taylor 2016 12.2 1.8 9 9 1.5 9 72.8%
Subtotal (95% ClI) 26 26 98.9%
Heterogeneity: Tau? = 377.52; Chi? = 4.06, df =2 (P = 0.13); I?=51%

Test for overall effect: Z=0.78 (P = 0.43)

Total (95% CI) 34 34 100.0%

Heterogeneity: Tau? = 198.28; Chi? = 4.11, df = 3 (P = 0.25); I? = 27%
Test for overall effect: Z=0.82 (P = 0.41)
Test for subgroup differences: Chi? = 0.02, df = 1 (P = 0.88), I? = 0%
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Fig. 3 Meta-analysis on construct sagittal strength: (a) posterior bending stiffness, (b) posterior bending load to failure, and (¢) anterior bending stiffness
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a

Parallel Orthogonal

4.1.1 Intercondylar model (Nm/deg)

Schwartz 2006 0.66 0.24 5 0.72 0.06 5 26.8%
Stoffel 2008 265 1.13 12 249 1.05 12 10.8%
Subtotal (95% ClI) 17 17  37.6%

Heterogeneity: Tau? = 0.00; Chi# = 0.23, df =1 (P = 0.63); I? = 0%
Test for overall effect: Z = 0.44 (P = 0.66)

4.1.2 Supracondylar model (Nm/deg)

Jacobson 1997 21 03 8 1.8 04 8 23.3%
Kollias 2010 6.14 2.15 8 5.16 3.01 8 1.9%
Koonce 2012 24 08 10 2 07 10 14.9%
Schemitsch 1994 55 17 8 35 1 8 56%
Taylor 2016 3.05 0.7 9 235 0.55 9 16.7%
Subtotal (95% CI) 43 43  62.4%
Heterogeneity: Tau? = 0.08; Chi? = 6.54, df =4 (P = 0.16); I = 39%

Test for overall effect: Z =2.75 (P = 0.006)

Total (95% CI) 60 60 100.0%

Heterogeneity: Tau? = 0.11; Chi? = 15.75, df = 6 (P = 0.02); I> = 62%
Test for overall effect: Z =2.06 (P = 0.04)
Test for subgroup differences: Chi? = 7.04, df = 1 (P = 0.008), I> = 85.8%

b

Parallel Orthogonal

Got 2012 31.92 16.23 10 44.01 16.87 10 37.9%
Stoffel 2008 166 6.34 12 145 585 12 62.1%
Total (95% CI) 22 22 100.0%

Heterogeneity: Tau? = 70.18; Chi? = 3.30, df = 1 (P = 0.07); I>=70%
Test for overall effect: Z = 0.48 (P = 0.63)

Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI

Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI
-12.09 [-26.60, 2.42]

Mean Difference

IV, Random, 95% CI
-0.06 [-0.28, 0.16]
0.16 [-0.71, 1.03]
-0.05 [-0.26, 0.16]
0.30 [-0.05, 0.65] =
0.98 [-1.58, 3.54]
0.40 [-0.26, 1.06] T
2.00 [0.63, 3.37] B —
0.70 [0.12, 1.28] -
0.58 [0.17, 0.99] L 4
0.38 [0.02, 0.74] N
-4 2 0 2 4

Favours [Orthogonal] Favours [Parallel]

Mean Difference
1V, Random, 95% ClI

2.10[-2.78, 6.98]

-3.28 [-16.78, 10.21]

-100 -50 0 50 100
Favours [Orthogonal] Favours [Parallel]

Fig. 4 Meta-analysis on construct torsional strength: (a) torsional stiffness and (b) torque to failure

Discussion

This is the first meta-analysis to evaluate the biomechanical
properties of parallel and orthogonal constructs. Parallel con-
structs have significant higher axial stiffness than the orthog-
onal ones. In a subgroup analysis, parallel constructs have
higher axial stiffness for both supracondylar and intercondylar
fixation. Torsional stiffness is only greater in supracondylar
fractures than in intercondylar fractures. The characteristics
and testing protocols of the included biomechanical studies
are summarized in Table 1. The rationale for both construct
fixation techniques in the literature is summarized in Table 2.

Osteosynthesis with a double plate construct is the most
accepted method for DHF fixation [12]. An orthogonal con-
figuration, originally proposed by the AO group, allows both
sagittal and coronal DHF fixation, forming a girder-like ar-
rangement [10]. Early biomechanical studies recommended
the use of orthogonal double-plate fixation. However, the
complication rate of orthogonal constructs may be as high as
35% and includes implant failure or malunion in osteoporotic
bone or poor patient compliance [32]. Later proposed by Dr.
O’Driscoll, a parallel plate configuration permits the medial
and lateral column distal screws to interdigitate, creating an
arch-like structure [25, 26]. In addition to direct intercondylar
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fracture fixation, parallel constructs permit the maintenance of
a compression force in the supracondylar region, facilitate
anatomical reduction, and strengthen distal humerus recon-
struction [26]. An increasing number of studies have showed
that parallel constructs provide better biomechanical stability
than the orthogonal ones [2, 7, 33, 38]. This biomechanical
advantage to restore distal humerus anatomy also yielded
good clinical outcomes [40]. Thus, in the clinical study, some
authors suggested the use of parallel constructs to treat com-
minuted DHFs [3]. Moreover, a recent clinical meta-analysis
showed that parallel configuration had significantly lower
complication rate than the orthogonal ones in C-type DHFs
[29].

This meta-analysis showed that axial stiffness, in consistent
with many previous studies [7, 32, 33, 38], was greater in
parallel construct, while sagittal stiffness was not [1, 2, 8,
35]. Plate placement at different anatomical positions could
affect greatly on construct stability [33]. In axial loading, the
second moment of inertia is lower in posterolateral plate of
orthogonal construct than in medial or lateral plate, resulting
in lower stiffness values in orthogonal configuration [33].
However, flexion moment arm is larger in sagittal bending,
and it acts differently in axial loading mode, therefore, gener-
ating different results [33, 38]. Unlike flexion or extension,
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a
Parallel Orthogonal

Study or Subgroup Mean SD_Total Mean SD_Total Weight
3.1.1 Intercondylar model (N/mm)
Atalar 2017 393.2 36 8 385.7 448 8 28.4%
Schwartz 2006 68.4 129 5 652 134 5 60.3%
Subtotal (95% Cl) 13 13 88.8%
Heterogeneity: Tau? = 0.00; Chi? = 0.04, df =1 (P = 0.84); I?= 0%
Test for overall effect: Z = 0.50 (P = 0.62)
3.1.2 Supracondylar model (N/mm)
Kollias 2010 189.7 67 8 156.7 99 8 9.1%
Schemitsch 1994 696.4 206.2 8 5124 159.5 8 2.1%

Subtotal (95% CI) 16 16
Heterogeneity: Tau? = 6259.96; Chi? = 2.22, df = 1 (P = 0.14); I = 55%
Test for overall effect: Z = 1.20 (P = 0.23)

Total (95% CI) 29 29 100.0%
Heterogeneity: Tau? = 237.15; Chi? = 4.26, df = 3 (P = 0.24); 1= 30%

Test for overall effect: Z = 0.81 (P = 0.42)

Test for subgroup differences: Chiz = 1.29, df =1 (P = 0.26), I = 22.6%

b Parallel
Study or Subgroup Mean _SD _Total
3.2.1 Intercondylar model (N/mm)

Orthogonal
Mean SD Total Weight

Atalar 2017 321.6 68.1 8 365 59.3 8 24.7%
Zalavras 2011 2.68 0.43 14 117 06 14 75.3%
Subtotal (95% CI) 22 22 100.0%

Heterogeneity: Tau? = 498.80; Chi2 = 1.98, df =1 (P = 0.16); I? = 49%
Test for overall effect: Z =0.50 (P = 0.62)

Total (95% CI) 22 22 100.0%
Heterogeneity: Tau? = 498.80; Chi? = 1.98, df = 1 (P = 0.16); 1> = 49%
Test for overall effect: Z=0.50 (P = 0.62)

Test for subgroup differences: Not applicable
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Fig. 5 Meta-analysis on construct coronal strength: (a) lateral bending stiffness and (b) medial bending stiffness

elbow coronal bending force mainly derives from unintended
load application [38]. The coronal bending stiffness showed
no significant difference in this meta-analysis and other bio-
mechanical studies [1, 22, 24, 30]. Regarding torsional stiff-
ness, parallel construct is significantly higher in this study and
others [22, 39]. The reason could be explained by that parallel
configuration had greater moment arm, thus, sustaining more

o SEMD)

150 T

MD,

)

200 + + +

group:
E Intercondylar model (N/mm) <> Supracondylar model (N/mm) ‘

1
-1000 -500 0 500 1000

resistance to torsional loads [30]. These results suggest that
parallel configuration, especially in axial and torsional load-
ing, may provide greater biomechanical stability to allow early
elbow ROM during rehabilitation.

The type of plates was also different between the included
biomechanical studies. Some used locking plates [7, 30, 32,
35, 38] while others used non-locking plates [10, 14, 15, 22,
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Fig. 6 Funnel plot comparing (a) axial stiffness comparison and (b) posterior bending stiffness comparison of the parallel and orthogonal constructs

@ Springer



458 International Orthopaedics (SICOT) (2019) 43:449-460
Table 2  Literature on adult biomechanical distal humerus fixation in parallel and orthogonal systems
Type of fixation Rationale

Parallel plate fixation (1) Advantages: reconstruct structure of both columns in distal humerus with distal screw interdigitation and anchor both
columns to the shaft of the humerus, forming the arch keystone
(2) Disadvantages: require extensive soft tissue dissection posteriorly and medially; lateral plate skin irritation not uncommon

Orthogonal plate
fixation

(1) Advantages: provide resistance to the force during elbow flexion arc and form a strong “girder-like arrangement”;
easier posterolateral plate placement than lateral plate placement with less muscle and ligament attachment

(2) Disadvantage: less resistance to varus loading and to the compression force between metaphysis and shaft

24, 37]. Few studies compared the biomechanical strength of
locking versus non-locking double plate constructs. Korner
et al. [12] showed no significant differences in axial, sagittal,
and torsional stiffness between locking and non-locking plates
in either a posterior two-plate construct or an orthogonal plate
construct for supracondylar fracture fixation. Koonce et al. [9]
also showed that there was no difference in the axial, sagittal,
and torsional stiffness of orthogonal locking plates compared
with the non-locking plates. It is therefore still unclear whether
locking plates provide better biomechanical properties over
non-locking plates in DHF fixation. A subgroup analysis
was also not performed because of inadequate data collection
in this study.

Clinically, the need for hardware removal after surgical
fixation may be a potential concern. Two randomized con-
trolled studies compared hardware removal rates after surgical
treatment for C-type DHFs. The reported incidence rates were
29.4% (5/17) [28] and 25.0% (8/32) [4] in orthogonal con-
structs and 33.3% (6/18) [28] and 34.2% (13/38) [4] in the
parallel ones. The incidence rates had no significant difference
between groups in both studies (p = 0.803 [28] and p = 0.402
[4]). However, the reasons for hardware removal, which may
be prominence of either olecranon implants or humeral ones,
were not provided separately to make subgroup analysis [4,
28].

Limitations

There are some limitations to this study. First, heterogeneity
exists in the included studies. However, despite the various
biomechanical factors that may lead to heterogeneity, the di-
rection of mechanical loading in each study is similar. We also
performed a subgroup analysis between supracondylar and
intercondylar fixation to further evaluate these factors.

Second, the sample size in the included biomechanical
studies is generally small; however, the differences between
the two groups were statistically significant. This is also the
first and largest study that compares the biomechanical prop-
erties of parallel and orthogonal constructs.

Unlike clinical studies, biomechanical studies may fail to
analyze clinical and soft tissue outcomes. However, a biome-
chanical meta-analysis based on similar biomechanical
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protocols and testing can provide more consistent results with
fewer errors, allowing surgeons to pay more attention to con-
struct stiffness, failure load, and stability.

Conclusion

In conclusion, this meta-analysis shows that parallel con-
structs provide greater axial stiffness, axial strength, and tor-
sional stiffness than the orthogonal plate for DHF fixation. A
subgroup analysis revealed that parallel constructs have better
torsional stiffness in supracondylar fracture fixation.
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