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Abstract The geometric mismatch analysis of the retro-

grade nail was performed in 108 Asian cadaveric adult

femora. The insertion was done virtually based on a three-

dimensional geometric model derived from computed

tomographic images. The investigation was performed at

eight levels located at 120, 140, 160, 180, 200, 220 and

240 mm above the condylar surface. The evaluation of

each level included: (1) the diameter of the intramedullary

canal, (2) the percentage of area filled by the nail in the

unreamed intramedullary canal, (3) the minimal reamer

diameter that required enlargement of the canal to

accommodate retrograde nail insertion, (4) the minimal

inner cortical reaming thickness that needed to be removed,

(5) the percentage of the cortical bone area that needed to

be removed prior to nail insertion and (6) the deviation of

the nail center from the center of the intramedullary canal.

The result showed significant mismatch of the nail to most

of the study specimens (94 femora, 87%), which the

intramedullary canal needed extensive reaming to accom-

modate the nail insertion. This may lead to a high possi-

bility of clinical complications. Redesign for proper shape

and size of retrograde nail should be considered for the use

in Asian population.
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Introduction

Closed intramedullary nailing using retrograde nail inser-

ted from the intercondylar notch into the intramedullary

canal is now widely accepted as a treatment method for

distal femoral shaft fractures and supracondylar fractures

[7, 8, 12–17, 19, 20]. Many authors have reported com-

plications of using intramedullary nail, which may occur

from the mismatch of the nail to the femur [2, 5, 7, 10, 11].

These include secondary fractures due to bursting of

intramedullary nail to cortical bones, poor anatomical

alignment and bone weakening due to excessive cortical

reaming. Since most available intramedullary nails are

designed based on Caucasian anatomy, when those devices

are used in Asian population, surgical complications may

occur [11].

In previous study of Leung et al. [9], the mismatch

analysis of trochanteric gamma nail to the Chinese femur

was conducted based on two-dimensional radiographic

technique. A similar two-dimensional technique was also

found in the study of Egol et al. [4] who conducted the

mismatch study of gamma nail to the femur from the col-

lection of museums in the United States. Since computed

tomography (CT) technology presents the powerful ability

in constructing the three-dimensional medical model,
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Mahaisavariya et al. [11] and Chevalley et al. [3] used this

advantage by integrating the abilities of computer-aided

design/computer-aided manufacturing (CAD/CAM) to

access the mismatch of various intramedullary nails to the

femur in three dimensions. Both literatures present the

important information about using the advanced technol-

ogy to improve the design of intramedullary nails for the

proximal femur. Because there is no previous study

focused on the mismatch of retrograde nail to femoral canal

in Asian population, the authors therefore conducted this

study to raise awareness of clinical application of such

retrograde nailing method in Asian cadaveric femora.

Methods

The study was conducted three-dimensionally using CT

images combined with reverse engineering and CAD/CAM

techniques. By this way of study, the critical parameters of

geometric mismatch could be accessed. All three-dimen-

sional models of femur and retrograde nail presented in this

study were constructed using reverse engineering tech-

niques via CAD software package (Mimics and Magics,

Materialise N.V., Belgium).

Data acquisition

Specimens of 108 Thai adult cadaveric femora from

Department of Anatomy, Faculty of Medicine, Siriraj

Hospital, Mahidol University, Thailand as representatives

of Asian anatomy, were used in this study. Each specimen

was scanned using CT scanner. In the proximal and the

distal region, the geometric data were recorded at 3-mm

slice thickness and the interpolation was done at 1-mm

slice thickness. For the femoral shaft region, the geometric

data were recorded at 10-mm slice thickness and the

interpolation was done at 5-mm slice thickness. The CT

images obtained from the CT scanner using the afore-

mentioned technique were then used to construct a three-

dimensional model of femur. Different threshold values

were used to extract the geometry of different regions of

the femur. The high threshold value was applied to the

cortical region, whereas the low threshold value was

applied to intramedullary canal. The geometric data of each

femur were then exported as Stereolithography (STL) file

format.

Retrograde nail employed in this study had a 10-mm

diameter and 260-mm length (Zimmer Inc, USA). Three-

dimensional laser scanner was used to capture the geom-

etry of the retrograde nail. Reverse engineering technique

was then used to construct a three-dimensional model of

the retrograde nail. The geometric data were also exported

as STL file format.

Virtual insertion

The three-dimensional retrograde nail model was virtually

inserted to the femur model by means of various functions

of CAD software. The details of virtual insertion can be

summarized as follows:

1. Dividing femoral region. As illustrated in Fig. 1a, each

femur was divided into three regions. The boundary for

dividing femur is 35 and 65% of femoral length [18].

The region above 35% boundary line is the proximal

femur. The region in between 35 and 65% boundary

line is the femoral shaft. The rest below 65% boundary

line is the distal femur.

2. Calculating femoral shaft axis. As illustrated in

Fig. 1b, the femoral shaft axis was obtained from the

intramedullary canal at femoral shaft region of each

femur. This was done by approximating the cross-

sectional of intramedullary canal as a two-dimensional

circle. Centers of each circle were then fit using linear

regression algorithm to obtain femoral shaft axis.

3. Calculating retrograde nail axis. As illustrated in

Fig. 1c, the retrograde nail axis was obtained based on

the outer surface of retrograde nail in straight portion.

This was also done by approximating the surface of

retrograde nail as a two-dimensional circle. Centers of

each circle were then fit using linear regression

algorithm to obtain retrograde nail axis.

4. Aligning retrograde nail axis to femoral shaft axis. As

illustrated in Fig. 1d, the retrograde nail axis was

aligned to the femoral shaft axis using ‘‘Best-fit

alignment’’ functions in CAD software. It is a function

used to align objects by referencing each of the object’s

axes. After the two axes were superimposed to each

other, the retrograde nail was allowed to rotate and

translate only along the femoral shaft axis. The retro-

grade nail was rotated until the distal screw of

retrograde nail was parallel to the anteroposterior

direction. The translation along the femoral axis was

done repeatedly until the distal end of the retrograde nail

was located just below the cortical condylar surface.

Geometric mismatch evaluation

The important parameters of geometric mismatch were

evaluated as shown in Fig. 2. These included the diameter of

the intramedullary canal, the percentage of area filled by the

nail in the unreamed intramedullary canal, the minimal

reamer diameter that required enlargement of the canal to

accommodate retrograde nail insertion, the minimal inner

cortical reaming thickness that needed to be removed, the

percentage of the cortical bone area that needed to be

removed prior to nail insertion and the deviation of the nail
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center from the center of the intramedullary canal [11]. From

Fig. 3, eight levels located at 120, 140, 160, 180, 200, 220

and 240 mm above the condylar surface were investigated.

The details of assessment can be summarized as follows:

1. Fitting circle. At each consideration level, the two-

dimensional circular approximation algorithm was

used to approximate the diameter of intramedullary

canal and retrograde nail. The assessment of unreamed

diameter of intramedullary canal could be measured at

this step.

2. Calculating geometric mismatch parameters. The

other geometric mismatch parameters were calculated

using the following equations [11].

2.1 The percentage of area filled by the nail in the

unreamed intramedullary canal

%area filled in the canal ¼% areafilled by nail=areacanal

� �
:

2.2 The minimal reamer diameter that required

enlargement of the canal to accommodate

retrograde nail insertion.

Fig. 1 The insertion of

retrograde nail into the femur
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minimal reaming diameter

¼ 2� radiuscanal þ distanceout of centricity

� �
:

2.3 The minimal inner cortical reaming thickness that

needed to be removed

minimal inner cortical reaming thickness

¼ minimal reaming diameter� canal diameterð Þ=2:

2.4 The percentage of the cortical bone area that needed

to be removed prior to nail insertion

%bone removal¼% areaminimal reaming� areacanal

� ��

areacanal:

2.5 The deviation of the nail center from the center of the

intramedullary canal

The deviation of the nail center from center of the canal

¼positioncanalcenter� positionnailcenter:

Results

According to this study, the result could be classified into

two groups according to the characteristic of geometric

mismatch. For Group A, the specimens presented signifi-

cant mismatch, where some portion of the retrograde nail

protruded from the outer cortical boundary, as illustrated in

Fig. 4. For Group B, the specimens had no critical mis-

match, where the retrograde nail could contain within the

outer cortical boundary of femur. From the virtual inser-

tion, it reveals that 94 femora (87%) were in Group A and

only 14 femora were in Group B. Since the critical aspect

occurred in Group A, the average values of geometric

mismatch parameters of 94 Asian’s cadaveric femora at

each level were then evaluated, as shown in Table 1.

Discussion

The progress of various engineering technologies such as

CT scanner and reverse engineering enables the construc-

tion of three-dimensional medical models. This allows

examining the complex geometric structure, which may be

difficult to carry out based on conventional two-dimensional

radiographic technique. Moreover, it makes possible to

access the internal geometry of bone, especially intramed-

ullary canal without destruction of specimens. Based on CT

technologies, there are two reports, which have evaluated

the mismatch of the nail to the proximal femur [3, 11]. To

our knowledge, the geometric mismatch analysis of the

retrograde nail to the femur has never been reported.

Fig. 2 The parameters used for geometric mismatch calculation
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This study presented the assessment of geometric mis-

match parameters of the retrograde nail and the femur

based on three-dimensional models. From the analysis, it

showed the critical aspect of using the retrograde nail in the

Asian femur. Most of the specimens exhibited significant

mismatch, which the radius of curvature of the retrograde

nail could not compensate to the radius of curvature of the

intramedullary canal.

Although this study was focused on the retrograde nail

system, the appropriate virtual position of the nail should

be considered first at the mid-shaft of femur instead of the

distal femur. This is because the dimension of the bone in

mid-shaft region is small and there is limited space for nail

accommodation. It is also a fact that the nail should be

placed with a sufficiently long distance within this femoral

shaft region for the stability of nail fixation. After the

mismatch at the shaft region was analyzed, the mismatch

analysis of the distal part can be verified. The significant

mismatch can be identified from the appearance of pene-

tration of the nail out of the boundary of the anterior cortex

of the femur in the sagittal plane.

Normally, the shaft portion of retrograde nail is quite

straight, whereas the author’s previous study showed sig-

nificant degrees of curvature in the Asian femur [1]. It has

been found that the Asian femur presents a greater degree

of curvature than the curvature of the Caucasian popula-

tion. Therefore, in order to avoid penetration of the nail or

impingement of the nail to the anterior cortex based on

Caucasian design, the appropriate length of the retrograde

nail has to be considered. The recommendation is that the

nail length should be sufficient to cover the supracondylar

fracture. As a result, the nail accommodation can be done

without constrain of mid-shaft anatomy as well as the

unnecessary reaming beyond fracture site can be avoided.

However, it should be noted that the use of retrograde nail

for mid-shaft fracture may require over-reaming to

accommodate the straight nail portion in curve femur. The

risk due to excessive over-reaming, which subsequently

reduces bone strength [6] should be considered.

Even though, the femoral anatomy at fracture site can be

adjusted to compensate the nail accommodation, the fem-

oral curvature may not be the same as the original femoral

curvature. Therefore, to achieve the proper femoral cur-

vature and to minimize any complications from using the

existing retrograde nail, redesign is recommended. In order

to achieve the proper nail design, the parameters such

morphometric data of the intramedullary canal, femoral

radius of curvature and geometric mismatch data should be

taken into account. For Asian population, the proper

diameter of the retrograde nail is about 10 mm. However,

the major modification for the current retrograde nail seems

to be its radius of curvature, which should be reduced to

approximately 900 mm [1]. In addition, the new design

should be further investigated biomechanical performance

evaluation.

Various advanced technologies relating to virtual

prototyping such as medical image processing, reverse

engineering and CAD/CAM enabled us to examine the

parameter of geometric mismatch virtually in three

Fig. 3 Eight locations (d120–d260) of geometric mismatch study

Fig. 4 Significant mismatch
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dimensions. Before the availability of these technologies,

the geometric mismatch evaluation based on two-dimen-

sional technique or manual measurement may present

inaccurate data due to the lack of ability in assessment in

some view of the configurations and human error in mea-

surement. The geometric mismatch assessment by means

of three-dimensional technique as presented in this study

can be further applied to evaluate the mismatch of various

fracture fixations. By this way of investigation, it would be

beneficial for a surgeon to acknowledge the possible risk in

using existing design of intramedullary fracture fixation in

a specific group of population. In addition, the redesign of

devices according to the parameters of geometric mismatch

would be useful to reduce any possible implant-related

complications.

Conclusion

In conclusion, the study presented an advanced technique of

using CT data in assessing the internal geometry of femur

without destroying. With the aid of useful engineering

technologies such as medical image processing, reverse

engineering and CAD/CAM, it greatly empowers us to

construct three-dimensional CAD models of femur and

implant. Furthermore, the striking feature of using these

advanced technologies is the examination of geometry in

the three-dimensional configurations, where the conven-

tional two-dimensional radiographic technique cannot

access. By this technique, several significant points of the

geometric mismatch of retrograde nail in the Asian femur

were obtained. It is obviously seen from the results that the

existing design of retrograde nail has shown a significant

mismatch to the Asian femur. The redesign of the retrograde

nail for the Asian population is highly recommended.
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