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A B S T R A C T

Background: Intertrochanteric fractures may occur in a bone with a wide medullary canal that may lead to
significant mobility of a intramedullary nail, contrary to an extramedullary device. This study evaluates the
Dynamic Hip Screw and the gamma nail in AO 31.A2.1 fractures in these circumstances.
Methods: Synthetic femora with canals drilled to 18mm were used. Five fixation types were examined: a 2 - hole
and a 4 – hole Dynamic Hip Screw with a 2 - hole plate, a standard gamma nail with dynamic and static distal
locking and a long gamma nail.

The specimens were tested with cyclic axial loading, from 500 N increasing of 50 N increments in each cycle.
Force at failure, overall stiffness, stiffness at the fracture site, location and mode of failure were recorded.
Findings: The short gamma nails dislocated into varus under preload because the nail migrated laterally. The
Dynamic Hip Screw was initially stable, but some specimens rotated around the lag screw. The gamma nail was
rotationally stable. Both implants failed through femur fracture. The long gamma nailed failed by screw cut – out
at forces lower than the ultimate force of the short gamma nail.
Interpretation: This study shows that the gamma nail is unstable in a large medullary canal but offers better
rotational stability of the proximal fragment. A modification of the nail design or the operative technique may be
considered.

1. Introduction

The fixation of intertochanteric femoral fractures has been in-
tensively studied in the past decades. Although biomechanical data
suggests that the intramedullary fixation is superior to the extra-
medullary, modern clinical data show similar results in patients treated
with different types of implants (Barton et al., 2010; Bhandari et al.,
2009; Liu et al., 2010; Saarenpää et al., 2009). There are concerns about
a higher prevalence of fractures of the femur in the gamma nail, but
new designs and correct operative technique seem to have resolved this
issue more recently (Bhandari et al., 2009; Bojan et al., 2010). On the
other hand, the intramedullary devices perform better in grossly un-
stable fractures (Kokoroghiannis et al., 2012; Palm et al., 2016;
Schipper et al., 2004).

Biomechanical studies, even with high quality clinical data avail-
able, are invaluable in assessing newly designed implants (Basso et al.,

2014, 2012; Marmor et al., 2015; Queally et al., 2014), or in explaining
the reasons for fixation failure observed in vivo and providing mod-
ifications in operative techniques that may lower the complication rate
(Kaiser et al., 1997; Kukla et al., 2001; Kuzyk et al., 2012; Lenich et al.,
2011).

Clinical and biomechanical studies compare implants with regard to
revision rate, screw cut – out or fracture of the bone. Less attention is
given to stability with malreduction or to secondary dislocation.
Assessment of dislocation after fixation and its impact on patient's
performance is very difficult to establish on standard radiographs
(Barton et al., 2010; Bojan et al., 2010; Kim et al., 2001).

The aim of this study was to evaluate the stability DHS and the
gamma nail fixation in AO 31.A2.1 fractures with a wide medullary
canal. An intramedullary device inserted in a medullary canal wider
than the diameter of the nail may provide significant mobility of the
nail in the canal and therefore lead to early dislocation of the fixation,
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when compared to extramedullary device, which is securely fixed to the
femoral cortex.

Moreover, the usefulness of an optical extensometer to evaluate
mobility at the fracture site was assessed separately.

2. Methods

2.1. Sample preparation

Synthetic osteoporotic left femora (LD2350.01, cortical low den-
sity/soft cancellous bone, Synbone AG, Neugutstrasse 4, 7208 Malans,
Switzerland) were used (Ozkan et al., 2015). The canals were drilled to
18mm width up to the level of the lesser trochanter (Marmor et al.,
2015; Rog et al., 2017; Sommers et al., 2007). The bones were assigned
to five groups: a standard Dynamic Hip Screw with 2 - hole plate, a DHS
with 4 holes, a standard gamma nail with dynamic and static distal
locking and a long gamma nail. The femora were pre-drilled for fixation
with the original instrument set. Then intertrochanteric fractures (AO
31.A2.1) were created with custom templates. The first cut was at 350

to the long axis of the femur, starting at the apex of the greater tro-
chanter. The second cut that simulated comminution was performed at
the distal fragment at 200 to the first cut, starting at the middle of the
first cut, effectively removing the lesser trochanter region (Weiser et al.,
2015). The samples were then fixed with original implants (Omega3
1300, and Gamma3 1250, Stryker GmBH, 2825 Airview Boulevard,
Kalamazoo, MI 49002 USA). The correct position of the lag screw was
ensured (Baumgaertner et al., 1995; Kuzyk et al., 2012). Its position
was evaluated on AP and axial radiographs by calculating the distance
between the intersection of the long axis of the neck with the femoral
head cortex on both projections (Ceynowa et al., 2019) and the similar
intersection of the long axis of the screw (Lenich et al., 2011).

2.2. Test protocol

The femora were fixed with the custom made clamps into the Zwick-
Roell Z020 testing machine in 80 abduction in the coronal plane and
vertically in the sagittal plane (Marmor et al., 2015), with the distal

fixation in each specimen flush above the femoral condyles. The spe-
cimens were tested with the axial loading.

There is a range of testing protocols used in biomechanical studies
of femoral fractures, utilizing both static (Haynes et al., 1997; Ozkan
et al., 2015; Selvan et al., 2004) and cyclic loading (Aminian et al.,
2007; Kwak et al., 2018). Cyclic loading more closely resembles the
mechanics of the fixed fracture in a walking patient. The number of
cycles varies, but the commonly used 10,000 cycles protocol attempts
to simulate walking of a patient over a 6 week period until healing
occurs (Aminian et al., 2007; Kwak et al., 2018; Weiser et al., 2015).
This assumption, theoretically sound, is biased because the transfer of
loads changes from occurring primary through the implant to be
transferred through the bone as healing progresses over this period
(Schneider et al., 2001). The loading during cycles is also variable, but
the upper load of 1400 N is considered to be the equivalent of the
weight of 70 kg person (Aminian et al., 2007). In many instances, the
10,000 cycles and 1400 N protocol is modified according to the needs of
the study (Aminian et al., 2007; Kwak et al., 2018; Weiser et al., 2015).
Taking into consideration all the limitations in study protocol, the
progressive cyclic loading was chosen as a previously tested, reliable,
and less time consuming than other protocols (Kaiser et al., 1997; Kukla
et al., 2001).

The test protocol included the preload of 100 N and ten conditioning
cycles from 100 N to 500 N (Marmor et al., 2015), with the displace-
ment rate of 10mm/min. The test phase consisted of the cyclic loading
between 100 N and the maximum force that increased at a rate of 50 N
at each cycle (Kaiser et al., 1997; Kukla et al., 2001) until failure or
until force of 1400 N (Aminian et al., 2007). The force at failure was
defined by the drop of the applied force (Haynes et al., 1997) or in-
ability to increase force value with increasing standard travel (Kaiser
et al., 1997; Selvan et al., 2004).

The load and displacement data were taken from the force gauge of
the testing machine and from displacement of its traverse (standard
travel). The stiffness of the construct was calculated from the load/
standard travel curve from the last three conditioning cycles (Rog et al.,
2017). An optical extensometer was used to directly measure the dis-
placement at the fracture site (Fig. 1). Unfortunately, with

Fig. 1. A screenshot of an optical extensometer view with vertical and horizontal axis of data acquisition. Note that one of the horizontal acquisition windows lost
track of its marker.

M. Ceynowa, et al. Clinical Biomechanics 71 (2020) 201–207

202

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


dislocations> 2mm the extensometer lost track of the markers and
only data from conditioning cycles could be considered reliable. Data
from the last three cycles was used to calculate stiffness at the fracture
site.

After testing, the specimens were examined for the location of the
fractures, distal screw migration or bending of the implant. The femoral
heads of all specimens was cut in line with the lag screw to see whether
any cut – out occurred.

The statistical evaluation was performed using Statistica 13.3 soft-
ware. The Shapiro – Wilk test was used to assess normal distribution.
The t-Student test was used for parametric, and the U Mann Whitney
test for non-parametric evaluation.

3. Results and discussion

The results are provided in Table 1.

3.1. Force to fracture

The force to fracture assessed in biomechanical studies is most likely
of little relevance, because the significant differences seen in vitro are
not seen in patients. Therefore the obvious differences in force to
fracture in different implants in this study should be probably dis-
regarded. With modern designs and improvement in operative tech-
nique, both the DHS and the gamma nail should be considered reliable
in treatment of those fractures, and most of the complications related to
the earlier designs of the gamma nail have been overcome (Bhandari
et al., 2009; Schipper et al., 2004).

The results show that the 2 – hole DHS has the lowest force to
fracture. The 4 – hole DHS is approximately 20% stronger than the 2 –
hole DHS (p < 0.05). This result stands in contrast to previous bio-
mechanical studies that showed similar forces to fracture in both im-
plant types (Rog et al., 2017).

There are no differences in the force to failure between both types of
short gamma nail distal locking. The short gamma nail is nearly twice as
strong as the 2 – hole DHS and approximately 30% stronger than the 4 –
hole DHS.

The long gamma nail withstood without a fracture forces 40%
greater than the short gamma nails, almost two times the forces of
fracture of the 4 – hole DHS and nearly three times as much as the 2 –
hole DHS. However, it failed through screw cut-out, what will be de-
scribed in detail in Section 3.3.

All the differences in this section were statistically significant
(p < 0.05).

Table 1
Results of the testing protocol.

Fixation Force at failure
(N)

Stiffness standard
(N/mm)

Stiffness extensometer
(N/mm)

DHS 2 – hole
(n= 11)

452.73
SD=131
R: 251–574

177.03 (n= 3)

R: 137.74–208.62

3818.3 (n= 3)

R: 1546.39–6250
DHS 4 – hole

(n= 10)
578.1
SD=99.16
R: 421–679

229.3 (n=7)
SD=44.22
R: 143.27–268.8

7256.65 (n= 7)
SD=6808.29
R: 1351.35–21,428.6

Gamma dynamic
locking
(n= 9)

823.77
SD=135.45
R: 656–1070

322.25
SD=80.83
R: 234.01–436

34,807.92
SD=44,381.02
R: 7894.74–150,000

Gamma static
locking
(n= 9)

830
SD=156.31
R: 631–1030

312.34
SD=80.52
R: 200–453.2

19,053.72
SD=23,269.14
R: 4838.71–75,000

Gamma long
(n= 7)

1400
SD=0

770.88
SD=53.83
R: 681.82–838

43,452.38
SD=24,039.07
R: 16,666.67–75,000

Fig. 2. Rotational failure of the DHS.
a. Under axial loading, the upper part of fracture is decompressed and the friction therefore lowered. The lower part is unsupported and does not provide friction in
unstable fractures.
b. The femur bends under load in line with physiological bending of the bone, while the proximal fragment does not move, producing rotation in line with the lag
screw.
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3.2. Early dislocation of the short gamma nail and the DHS

Some biomechanical studies attempt to quantify failure as dis-
placement of the fracture (Aminian et al., 2007; Barton et al., 2010;
Bojan et al., 2010; Kaiser et al., 1997). Most clinical studies do not take
into account fracture stability, but only complication rate
(Kokoroghiannis et al., 2012). In unstable comminuted fractures, the
sliding hip screw had a higher reoperation rate compared to the in-
tramedullary nail, and fracture reduction is an independent risk factor
for the operation (Palm et al., 2016; Schipper et al., 2004).

3.2.1. Rotation failure of the DHS
The DHS is prone to significant rotation at the fracture site, that can

be assessed quantitatively only to a limited extent. In this study, the
critical rotation has been set as 5mm of the rotational displacement at
the level of greater trochanter (Aminian et al., 2007). 6/11 2-hole
specimens and 4/10 4-hole specimens demonstrated extensive rotation
of the proximal fragment at the fracture site (Fig. 2a,b).

The comparison of the lag screw's position in the femoral head
showed that the rotated specimens were on average in the same posi-
tion on the AP view (rotated specimens: 2.8mm, SD=3.08, R: 0–7; not
rotated:: 2.3mm, SD=2.05, R: 0–6; gamma nails: 2.05mm, SD=2.22,
R: 2–3), but in the axial view the rotated DHS the screw had a slightly
more eccentric position than the not rotated DHS and the gamma nail
(rotated specimens: 3mm, SD=2.04, R: 0–7; not rotated:: 1.5mm,
SD=1.8, R: 0–5; gamma nail: 2.3mm, SD=1.8, R: 0–3). Moreover, in
the rotated group the screw tended to be placed posterior to the axis,
and in the not rotated, anterior to the axis (Lenich et al., 2011). Those
differences were statistically not significant.

The rotation at the fracture side was considered to be the result of
increased anterior bowing of the distal fragment under axial compres-
sion, in line with the physiological bowing of the bone (Fig. 2b). The
proximal fragment did not rotate in the clamp. After testing none of
them showed any signs of lag screw migration.

In fracture fixation with a lag screw, the rotation is prevented by
friction of the compressed bone fragments. In intertrochanteric frac-
tures, when axial force is applied, the fracture is forced into varus,
where the bone fragments above the line of the screw are decompressed
and friction diminishes. In stable fractures where the bone provides
medial support, the fragments below the screw are compressed what
prevents rotation (Fig. 2a). Without medial support, the rotation is
prevented mostly by friction of the lag screw against its canal (Kwak
et al., 2018). Not all DHS fixations rotated probably because of some
minor differences in the lag screw placement or fracture preparation
made some specimens more resistant to this complication (Lenich et al.,
2011). The analysis of the lag screw position failed to provide any
definitive reasons for this complication.

None of the gamma nails showed any rotation of the fragments.
Since both types of screws (DHS and gamma) fail in similar torque
magnitudes (Lenich et al., 2011), the resistance to rotation should be
attributed to the fact that the proximal end of the nail is located in a
groove in the proximal fragment of the femur, what stabilizes the
proximal fragment in rotation (Fig. 3). The effect of the screw construct,
however, cannot be definitely ruled out in this study (Kwak et al.,
2018).

3.2.2. Movement of the gamma nail in the medullary canal
Both the dynamic and the static locking short gamma nails dis-

located into varus under gravity or during the preload in the testing
machine (Fig. 4a,b). This initial failure could not be recorded by the
testing machine, since they occurred in the pre-loading phase. This
dislocation was due to the large discrepancy in the diameters of the
medullary canal (18mm) and the distal part of the nail (11mm), and
the tip of the nail migrated laterally as far as the lateral cortex
(Fig. 4a,b). To the best of our knowledge, his phenomenon has not been
previously reported (Bhandari et al., 2009; Marmor et al., 2015;

Queally et al., 2014). Only few biomechanical studies used reaming to
18mm canal width (Marmor et al., 2015; Rog et al., 2017; Sommers
et al., 2007), and even fewer evaluate an intramedullary device, where
this problem can be encountered (Marmor et al., 2015).

Afterwards the nails provided good stability of the fragments.
During testing, all the nails failed by fracture, with no differences in
occurrence of this failure mode between dynamic and static locking
constructs.

The initial medial migration of the tip of the gamma nail may be of
utmost importance regarding the fracture of the femur (Bhandari et al.,
2009; Liu et al., 2010; Parker and Handoll, 2008; Queally et al., 2014).
The increased stress at its tip may be a contributing factor to fractures
(Rosenblum et al., 1992). Although the tip stabilized in its lateral po-
sition, the micromotion at the tip may lead to progressive destruction of
the bone and ultimately to fracture (Rosenblum et al., 1992). Moreover
it should be noted that the lateral dislocation of the tip and the resulting
compression of the lateral cortex by the nail may always occur, but it
may not be readily visible in narrower canals.

None of the long gamma nails showed similar mobility in the me-
dullary canal despite their same diameters as the short nails because it
was locked distally in both holes. The distal hole is oblong, like the
single locking hole in the short nails, and the proximal hole is oval and
tight around the screw (Fig. 5) what prevents mobility of the nail end
when axial force is applied. When only the screw from the oval hole was
removed, the nail end could easily move in the medullary canal.
Moreover, when an additional screw was inserted in the oblong hole of
the short nail to tighten the hole, the nail end retained its position in the
medullary canal.

The varus dislocation can also be prevented by a simple modifica-
tion of the operative technique. In a reduced fracture, after the nail is
inserted, the tip can be placed against the lateral cortex by abducting

Fig. 3. The gamma nail under axial loading. The arrows show the groove in the
bone that protects from rotation of the proximal fragment.
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the distal part of the targeting device and forcing the nail into varus in
the medullary canal before placing the guide wire for the lag screw.
After completing the fixation, the nail end remains its position against
the lateral cortex. However, this modification will prevent only varus
dislocation, but the problem of stress rise at the tip of the nail persists.

Alternatively, a modification of the nail construct or use of a nail
with an oval hole would most likely prevent its mobility. Moreover,
maintaining nail tip position centrally in the canal may change force
distribution in the bone – nail construct and help avoid stress riser
formation at the nail end. Proving this, however, will require further
biomechanical studies.

3.3. The cut-out of the lag screw

All the long gamma nails survived the cyclic testing phase up to
1400 N load. No signs of distal screw migration, fracture of the femur,
or bending of the nail were found. The load/displacement curve, after a
period of symmetric cycles with sharp peaks, showed a period of
elongated cycles. This part of the curve was accompanied with visible
varus dislocation at the fracture site. After testing when the femoral
heads were cut, they showed lag screw migration in the head. Most
likely, the migration began with the first elongated peak, and ended
with the last elongated peak, where the lag screw stabilized again flush
to the subchondral part of the specimen as in pending screw cut – out
(Baumgaertner et al., 1995; Bojan et al., 2010; Haynes et al., 1997;
Lenich et al., 2011; Palm et al., 2016). It has been considered that the
beginning of the cut-out on the load – displacement curve is more im-
portant than ultimate migration (Aminian et al., 2007), because once
the screw begins to migrate, it becomes loose and further migration
progresses (Lenich et al., 2011). No such widening was observed in any
of the DHS and short gamma nail fixations in this study (Fig. 6).

The gamma long force at cut-out beginning was F=726,14 N
(SD=107,33, R: 600–870). The force at cut – out end F=1037.29
(SD=135.1, R: 890–1247). The force at cut-out begin was significantly
greater than the force at failure when compared to 2 – hole DHS

Fig. 4. The varus dislocation of the short gamma nail.
a. The fracture is fixed and reduced properly, the windows in the bone show medial position of the nail tip.
b. With minimal axial force applied, the fracture dislocates into varus while the nail tip moves from its medial to lateral position in the medullary canal.

Fig. 5. Distal locking of the long gamma nail. The upper hole is round and tight
around the screw, what protects the nail tip from moving from medial to lateral.
The lower hole is oblong and unstable.
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fixations (approximately 37%) and 4 – hole DHS (approximately 20%),
but smaller when compared to dynamic and static short gamma nail
(approximately 12%). The force at cut – out end was greater than the
force at failure to the gamma nail (approximately 20%). All the dif-
ferences were statistically significant (p < 0.05).

The differences in mode of failure can be attributed to different
stiffness of the fixation types. The overall stiffness increases with the
length of the distal part of the fixation (2 – hole plate v/s 4 – hole plate
v/s short gamma nail v/s long gamma nail). The long gamma nail is
stiffer than other fixation types. The deformation of the whole bone is
lower than with other constructs, and with shorter constructs the distal
part of the bone can bend under axial load. While the bone bends, the
stresses cumulate at the end of the shorter implants, but in stiffer long
gamma nail the fixation of the lag screw in the femoral head is the point
of least resistance.

Varus collapse can also be attributed to screw type, as has been
proven for different intramedullary nails (Kwak et al., 2018), since the
DHS and the gamma nail have different screws. However, the short and
the long gamma nail have the same type of screws, and the cut-out was
seen only in the long gamma nail. The DHS and the short gamma nails
did not show this complication, therefore in this study it is unlikely that
the screw construct was the reason for the differences in its occurrence.

3.4. The usefulness of an extensometer

The stiffness from the standard travel is a measure of both the dis-
location at the fracture site and the bending of the bone before fracture
(Kuzyk et al., 2012). The stiffness calculated from the extensometer is
much greater than the stiffness of the whole fixed fracture model. The
results were extremely variable and the differences were statistically
not significant.

The used extensometer's software provides interesting additional

information to the standard biomechanical measurements. It can show
very small dislocations along a single axis (Fig. 1) very close to the
fracture line. This is suboptimal for multiplanar or rotational disloca-
tions. The acquired stiffness results are influenced by changes even of
0.01mm. Despite all the limitations of the method, it shows that the
stiffness at the fracture site is invariably much greater than the stiffness
measured from the clamps of the testing machine. The type and length
of the implant, as well as the remaining length of the tested bone may
influence traditionally acquired results significantly, but not necessarily
directly influence the stability of the fracture itself. This methodology
requires further software refinement to provide more reliable results.

4. Conclusions

The most important finding of this study is that the intramedullary
devices are prone to early dislocation in patients with a large medullary
canal fixed with a nail relatively smaller in diameter and a locking hole
that is loose around the screw. This can be overcome by the mod-
ification of the operative technique, small improvements in the nail
design, or the use of a long gamma nail with distal locking in the oval
hole. However, the long gamma nail may be more prone to screw cut –
out than the short nail, therefore the risks and benefits of long versus
short gamma nail should be carefully assessed in future clinical studies.

The DHS provides better initial stability than the short gamma nail,
but is prone to rotation on the fracture site, what is not observed with
the gamma nail. In contrast to other biomechanical studies (Rog et al.,
2017) the 4 – hole DHS proved stronger than the 2 – hole DHS.

The use of an extensometer to evaluate fracture site mobility may
provide additional valuable information inaccessible clinically, but the
method requires further refinement.

The results of this study require further investigation in clinical
studies. Most importantly, the possibility of the lateral dislocation of the
nail tip in large medullary canals and its potential influence on treat-
ment should be verified. Moreover, the rotational displacement of the
DHS found in this study calls for a more detailed assessment of sec-
ondary dislocation on follow-up radiographs when evaluating outcome
of intertrochanteric fracture treatment.
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