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Abstract

Introduction Postoperative complications after hip frac-

tures in osteoporotic bone such as implant cutout can be

reduced by the use of specially designed implants or

additional cement augmentation. It is not yet clear at which

degree of osteoporosis, patients will profit from implant

augmentation or specially designed implants for geriatric

patients. As the surgeon ideally should obtain information

on local bone quality at the site of implant anchorage

already preoperatively, the aim of the study was to develop

an easily applicable radiographic method to estimate bone

quality in those patients.

Materials and methods 75 patients with unilateral hip

fracture were included. Preoperatively, a CT scan with a cali-

bration device was conducted. Postoperatively, DXA scans

were performed. The proposed method measures local can-

cellous bone mineral density in the contralateral and uninjured

femoral head. As a control, 15 young and healthy non-osteo-

porotic subjects were included. Inter- and intraobserver relia-

bility was investigated for a subgroup of 20 patients.

Results Study group patients had a mean BMD measured

by CT scans of 194.2 mg/cm3 (SD 40.4). There was a

statistically significant correlation with data from DXA

scans (r = 0.706, p\ 0.001). The control group was sig-

nificantly younger and showed a significantly higher BMD

when compared to the study group (p\ 0.001). Reliability

evaluation showed no statistically significant difference in

inter- and intraobserver measurements. Interclass correla-

tion proved to be very high.

Conclusion The proposed method is an easily applicable,

reliable and useful tool to estimate bone quality preoper-

atively using the contralateral hip as a reference. Obtained

data may facilitate the decision-making towards the use of

further therapeutic measures to improve implant anchorage

in osteoporotic bone such as bone cement augmentation.

Thus, our method allows for a more individualized surgical

treatment of hip fracture patients adapted to the estimated

cancellous bone quality of the patient.

Keywords Hip fracture � Osteoporosis � Preoperative
BMD measurement � Implant failure � Implant

augmentation

Introduction

Fractures of the proximal femur are the most severe conse-

quences of osteoporosis. Generally, the incidence of hip

fractures has been increasing recently and due to aging of the

population, the number will still grow in the future [16].

Although the quality of fracture treatment is consistently ris-

ing, implant-related complications after surgical fracture fix-

ation are reported to be high. Failures such as cutout, lateral

protrusionorvarus collapse aremost commonly reported to be

caused by poor bone quality as well as malplacement of the

implantmaterial [1, 6, 15, 25, 26]. To diminish complications,

new implants have been developed and additive options such

as cement augmentation of the implant tip have been proposed

[10, 15, 19, 20].However, it is not yet reported, which patients

exactly would profit from these additional measures. To
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facilitate the decision making process for the surgeon, the

individual bone mineral density should be known prior to

surgery. The gold standard to obtain this information still is

dual X-ray absorptiometry (DXA). This, however, is rarely

performable preoperatively due to reasonability to the frac-

tured patient, as the latter has to be thoroughly positioned on

the investigation table which is not feasible due to pain.

Moreover, DXA scans are only available on appointment in

specialized centers and cannot be performed immediately in

the preoperative setting [4]. Furthermore, the technique

measures areal BMD of combined cortical as well as cancel-

lous bone. As implant anchorage is only in the cancellous

portion of the femoral head, DXA values cannot provide the

necessary information. Additionally, no osteoporotic BMD

values could be detected inDXAscans inmore than half of the

patientswith hip fractures [29].Experimental procedures such

as quantitative ultrasound [7, 28] are not yet implemented in

the clinical routine and well-known X-ray indices for bone

quality prediction such as the Singh Index (SI) are prone to

failure [8, 12]. In biomechanical tests, CT data were reported

to have a good informative value concerning load to failure,

Young’smodulus or compressive resistance [3, 18]. Recently,

a clinical study preoperatively evaluated local bone quality at

the humeral headusing conventionalCT scans of patientswith

proximal humerus fractures. The authors described a good

correlationwithDXAmeasurements [13].Also investigations

comparing qCT and DXA in an elderly population showed a

high correlation for obtained qCT values concerning areal

bone mineral density (aBMD) [11, 21].

Hence, the aim of our studywas to investigate whether CT

scans performed with an additional calibration device could

be a tool to preoperatively estimate local bone quality also in

patients with proximal femur fractures. Thus, the surgeon

would have a further tool in preoperative planning to facil-

itate the decision towards a certain treatment option.

Methods

To investigate the proposed method for bone mineral density

evaluation, 75 patients aged 65 years or older (‘‘study group’’,

54 female, 21male) were included in the study within 2 years.

All patients sustained an acute unilateral proximal femur

fracture after a low-energy trauma. Only patients without a

history of contralateral proximal femur fracturewere included.

As a control we used CT scans of 15 non-osteoporotic subjects

aged 50 years or younger without hip pathology (‘‘control

group’’, 7 male, 8 female). The control group underwent CT

scans to rule out hip fractures in trauma patients from our

department. All scans of the control group were diagnosed as

uneventful by a radiologist. Prior to inclusion, all patients gave

informed consent to participation in the study. The study plan

was approved by the local ethics committee board.

Preoperatively, patients and control subjects were sub-

jected to a CT scan of both hips with a 64-slice GE

Lightspeed VCT (GE Healthcare, Milwaukee, WI, USA)

using a standardized protocol (120 kV, mA Auto, noise

index 50, 0.625 mm slice thickness, standard bone kernel).

For calibration, a density phantom (EFP, QRM GmbH,

Möhrendorf, Germany) was placed on the patients’ sym-

physis to allow for the conversion of Hounsfield Units

(HU) to bone mineral density (BMD) during data analysis.

The phantom itself consists of three different density zones

as well as a water equivalent allows for correction of

obtained BMD values for fatty tissue in the measured

region [13]. Postoperatively within 10 days of the surgical

procedure, the patients’ BMD was additionally investigated

by means of dual X-ray absorptiometry (DXA) for the total

hip at the uninjured side. CT data of all patients were then

evaluated with the proposed method by one observer

(S.E.). To investigate for inter- and intraobserver reliabil-

ity, 20 arbitrary chosen patient data sets were evaluated

two times with an interval of at least 4 weeks by 3 different

observers (S.E., T.R., M.Z.). Control group data were

measured by one observer (S.E.).

Measurements were conducted on the uninjured hip in

multiplanar CT reconstructions with the JVision software

package (JVision, Version 3.3.16, Agfa, Belgium) as fol-

lows. It was reported that measurements on the contralat-

eral femoral head show very high correlations in all

femoral regions for DXA measurements [31, 32].

In every CT scan, first, the different regions of the cal-

ibration device (50, 100 and 200 mg/cm3 hydroxylapatite)

and the water equivalent region were measured to obtain a

calibration equation. Therefore, three measurements of HU

were conducted and the mean HU value calculated in each

density region. With all regions measured, the linear cali-

bration equation could be automatically calculated and a

water equivalent value could be obtained to correct for

bone marrow fat as previously described ([14]; Fig. 1).

Afterwards, the three-dimensional axes were aligned with

the femoral neck in a standardized fashion (Fig. 2). Then,

in a plane perpendicular to the femoral neck axis, the

height of the femoral head was measured from the cartilage

bone border to the apex of the femoral head and divided by

three. In every third, a region of interest was placed as a

best fit circle inside the cortical bone (Fig. 2) and its

diameter diminished by 10 % to exclude the possibility of

cortical overlap. HU values were obtained and corrected

for fatty bone marrow using the water equivalent value

(Fig. 3). Measurements of all three-thirds were then con-

verted to BMD in mg/cm3 with the calibration equation and

mean values were calculated for the femoral head.

In the study group, BMD measurements were conducted

at the uninjured femoral head. In the control group, mea-

surements were taken in both hips.
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Statistical analysis was performed with the PASW 18.0

software package (SPSS, Chicago, IL, USA). Data are

reported as mean and standard deviation. Correlations of

investigated data were calculated using the Pearson coef-

ficient. Data comparison was accomplished by using an

unpaired t test. Normal distribution of the data was con-

firmed with a Kolmogorov–Smirnov test. The level for

statistical significance was set at p\ 0.05. To analyze for

inter- and intraobserver reliability, interclass correlation

coefficients (ICC) and the corresponding 95 % confidence

intervals were used.

Results

Mean age in the study group was 77.5 years (SD 10.5). 35

patients showed a fracture of the left proximal femur and

40 injured their right hip. DXA measurements of the

contralateral total hip region revealed a mean T score of

-2.1 (SD 0.9) and a two-dimensional BMDdx of 0.7 g/cm2

(SD 0.1). Calculated BMD of the contralateral hip was

derived from the analysis of HU in preoperative CT scans.

It showed a mean BMDct of 194.2 mg/cm3 (SD 40.4).

There was a statistically significant correlation between

BMDct from CT scans and obtained T scores from DXA

measurements (r = 0.706, p\ 0.001, Pearson). Further-

more, a significant correlation of age and BMDct as well as

T score was confirmed (p\ 0.002, Pearson). T scores of

female patients (-2.23; SD 0.91) were significantly lower

than the T scores of investigated male patients (-1.75; SD

9.13, p = 0.045, t test). The same was true for BMDct, but

without statistical significance (female 198.8 mg/cm3; SD

33.9, male 205.3 mg/cm3, SD 53.2, p = 0.137, t test).

Control group subjects had a mean age of 37.4 years

(SD 8.4). Measured mean BMDct of both femoral heads

was 282.7 mg/cm3 (SD 36.7). There was a statistically

Fig. 1 Regions of interest placed in the phantom to obtain a

calibration equation. The real hydroxylapatite value is stated in the

phantom. The value for water would be 0. Hounsfield units were

measured in three specified spots in each section. Then values were

calculated and used to obtain a calibration equation together with the

original values

Fig. 2 Standardized placement of the femoral neck axes in the multiplanar reconstruction of the proximal femur with measurements of the

femoral head height and placement of the intracortical best fit circle
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significant difference between age (p\ 0.001, t test), and

BMDct (p\ 0.001, t test) when data of the control group

were compared to the study group. Comparison of the left

and right femoral heads in the control group revealed a

statistically significant correlation (p = 0.776, p\ 0.001).

To investigate inter- and intraobserver reliabilities, ICC

and confidence intervals were calculated for a subgroup of

20 study group patients. Mean BMDct of each observer

was calculated for both measurement occasions (Table 1).

There was neither a statistically significant difference

between the three observers nor between the measurements

of each single observer (p[ 0.05). Inter- and intraobserver

reliability proved to be very high (Table 2). All ICC values

were[0.99 in all investigated cases (Table 2). For further

illustration of inter- and intraobserver reliability Bland–

Altman diagrams shows the distribution of measurement

differences (Fig. 4).

All investigated subjects were then subdivided into two

groups: those with a normal DXA T score and those with

an osteopenic or osteoporotic bone status (Fig. 5). Mean

BMDct and mean age was calculated for the three above-

described groups (Table 3).

Discussion

We investigated the feasibility of a new method to deter-

mine local bone quality at the contralateral and uninjured

femoral head from preoperative CT scans in patients with a

proximal femur fracture. Obtained data were compared to

DXA scans. Especially bone quality in the femoral head is

thought to be crucial for implant anchorage as this is the

region where the threads of the screw or the blade wings

are placed. Preoperatively, the information on local bone

quality is important for the surgeon, as appropriate implant

material can be chosen in advance. We assume that the

unfractured hip is a good estimate for the fractured side

concerning bone quality, as there was a significant corre-

lation for measurements in the left and right femoral head.

Also other authors described a high correlation between

BMD of both proximal femurs. Thus, it is suspected that

the BMD of the contralateral femoral head can be used to

estimate the BMD of the contralateral hip. However, hip

osteoarthritis or immobilization may lead to outlining

results in few cases [31, 32]. The proposed method proved

to be easy to accomplish and very comparable for different

measurements in the same patient as well as between dif-

ferent observers. Comparison with DXA, the diagnostic

gold standard for osteoporosis also showed very good

correlations with the proposed method.

However, there were differences between BMD deter-

mined by CT scans and the ones obtained from DXA

measurements. This is thought to be due to the fact that

DXA is an areal, two-dimensional method where cortical

and cancellous bone are superimposed on the final image.

Implant anchorage at the femoral head, however, is mainly

dependent on cancellous bone quality [2]. Therefore, the

Fig. 3 The diameter of the three regions of interest in the femoral

head was diminished by 10 % and the HU corrected for fat in the

histogram with the water equivalent value from the phantom

Table 1 Mean BMD and SD in mg/cm3 calculated from CT data for

all measurement events with each single observer

Observer Occasion BMD

Mean SD

1 1 183.3 56.1

2 183.2 55.2

2 1 182.4 56.8

2 182.1 56.6

3 1 184.1 58.3

2 185.6 59.6

All 1 183.3 56.1

2 183.7 56.2

Table 2 For the assessment of observer reliability, intraclass corre-

lations and confidence intervals for each observer were calculated

Observer ICC ICC 95 % CI

Intraobserver 1 0.999 0.997–0.999

2 0.999 0.996–0.999

3 0.992 0.980–0.997

All 0.995 0.991–0.998

Interobserver 1 vs. 2 0.998 0.994–0.999

1 vs. 3 0.994 0.986–0.998

2 vs. 3 0.995 0.987–0.998
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proposed method might give more accurate information on

the local bone situation than the mere evaluation of a

T score by DXA scans, as cortical and trabecular com-

partments contribute differentially to bone strength and

resistance to fracture [17]. It was also shown that areal

BMD (aBMD) as investigated by DXA is highly influenced

by bone size. Thus, larger bones display higher aBMD

values, although vBMD (volumetric BMD as obtained by

CT scans) proves to be identical [17, 27]. Using vBMD the

confounding factor of the femoral head size could be

reduced. CT scans furthermore provide a more accurate

assessment of the fracture situation. BMD measurements in

the uninjured femoral head can be a valuable estimate for

cancellous bone quality at the particular localization of

implant anchorage. We consider preoperative CT scans a

feasible investigation technique as only little manipulation

is necessary to place the patient on the examination table.

Furthermore, we assume that the amount of radiation is

negligible with the majority of our patients being older than

70 years. Thus, the risk–benefit profile for elderly patients

is assumed to be very good. In a biomechanical investi-

gation, measurements of bone quality with CT scans could

predict failure load variances even more accurately than

DXA measurements [3]. An advantage of CT

Fig. 4 Bland–Altman diagrams show the distribution of measured values to display inter- and intraobserver reliability (left and right,

respectively)
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measurements is that its enables one to evaluate trabecular

compartments in selected volumes of interest [9].

The limitation of the study is the fact that measurements

could only be conducted at the contralateral and uninjured

hip. Measurements at the fractured hip were not feasible, as

axis alignment was too difficult due to the fracture. Thus,

the real bone quality at the fracture site cannot be specified.

However, we assume that values between left and right are

comparable and thus a conclusion can be drawn for the

injured hip.

The information obtained by preoperative CT scans

could facilitate preoperative planning for additional thera-

peutic measures, such as the use of implants specially

designed for osteoporotic bone [30], implant cement aug-

mentation or primary prosthetic surgery. Bone cement

augmentation of the PFNa has proven to be a valuable

option for enhanced implant anchorage in biomechanical

studies as well as in clinical trials [5, 10, 23, 24]. However,

the indication for implant augmentation is not yet clear.

Biomechanically, bone cement augmentation of femoral

heads with a high BMD is hardly to achieve and there is no

benefit in mechanical stability of the implant [5].

Clinically, several methods have been proposed to preop-

eratively investigate bone quality. Although promising good

results, sonographical methods such as speed of sound or

broadband ultrasonic attenuation measurement are still in an

experimental stage and not feasible to obtain local values for

the proximal femur [7]. Furthermore, ultrasound techniques

are highly dependent on the examiners experience. BMD

measurements with CT-osteodensitometry, however, showed

to be very reproduciblewith little variation between observers

[22]. Direct mechanical measurement of the break away tor-

que of cancellous bone at the femoral head would be an

intraoperative option to determine local bone quality. This

tool, however, cannot help in the preoperative decision con-

cerning the surgical method. Furthermore, it is only available

for the dynamic hip screw (DHS) [28]. The gold standard for

BMDmeasurement still is dual energy X-ray absorptiometry.

Preoperatively, conduction of thismethod is fairly imaginable

due to the patients’ expected pain and the impossibility of

exact positioning on the investigation table. Furthermore,

DXA is only available in specialized hospitals and slots are

usually rare. On the contrary, CT scans are widely available

and three-dimensional reconstructions allow for informative

image quality not dependent on patient positioning.

To use the proposed method, a cutoff value for BMD

would be necessary. The investigated population, however,

was too small to set a clear value under which additional

measures such as bone cement augmentation should be

performed. Figure 5 clearly shows that almost all investi-

gated osteoporotic patients had aBMDct lower than 200 mg/

cm3 at the femoral head and mean BMDct was even lower as

shown in Fig. 5. None of the control group patients had a

BMDct that low. For the determination of definite cutoff

values, however, a larger population has to be investigated.

Conclusion

In this study, we propose an easy method for fast and easy

preoperative estimation of bone mineral density at the

contralateral femoral head in patients with hip fractures.

CT measurements can be performed right before surgery

without any difficulties and give an estimation on the local

cancellous bone quality in the femoral head. The method is

reproducible and shows a good correlation with the gold

standard (DXA). Furthermore, it could be easily imple-

mented in computerized software. Our method is meant to

be an additional tool to facilitate the decision towards

further therapeutic options such as the use of (more

expensive) implants especially designed for osteoporotic

bone, cement augmentation or initial prosthetic surgery in

patients with hip fractures. Hence, implant-related com-

plications could be diminished and surgical care of each

individual patient could be adapted to the local bone

quality for osteoporotic hip fracture patients.
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Fig. 5 Data of all investigated subjects were plotted with BMDct

against age. Subjects are marked in color according to their bone

quality, determined by T score for the study group and assumed as

normal for the control group

Table 3 BMDct and age according to bone quality of the investi-

gated patients

Normal Osteopenic Osteoporotic

BMD (mg/cm3) 270.2 207.1 158.1

Age (years) 47 76 88
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