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Abstract

Objectives Poor bone quality increases the susceptibility

to fractures of the proximal humerus. It is unclear whether

local trabecular and cortical measures influence the

severity of fracture patterns. The goal of this study was to

assess parameters of trabecular and cortical bone properties

and to compare these parameters with the severity of

fractures and biomechanical testing.

Methods Twenty patients with displaced proximal hum-

eral fractures planned for osteosynthesis were included.

Fractures were classified as either 2-part fractures or

complex fractures. Bone after core drilling was harvested

during surgery from the humeral head in each patient.

Twenty bone cores obtained from nonpaired cadaver

humeral heads served as nonfractured controls. Micro-CT

(lCT) was performed and bone volume/total volume (BV/

TV), connectivity density (CD), trabecular number (Tb.N),

trabecular thickness (Tb.Th), trabecular spacing (Tb.Sp),

and bone mineral density (BMD) were assessed. The cor-

tical index (CI) was determined from AP plain films.

Biomechanical testing was done after lCT scanning by

axially loading until failure, and ultimate strength and E

modulus were recorded.

Results BV/TV, BMD and CD showed moderate to

strong correlations with biomechanical testing

(r = 0.45–0.76, all p \ 0.05). No significant differences

were detected between the 2-part and complex fracture

groups and controls regarding lCT and biomechanical

parameters. CI was not significantly different between the

2-part and complex fracture groups.

Conclusions In our study population local trabecular

bone structure and cortical index could not predict the

severity of proximal humeral fractures in the elderly.

Complex fractures do not necessarily imply lower bone

quality compared to simple fractures.

Keywords Proximal humeral fracture � Trabecular bone

micro-architecture � Micro-computed tomography

Introduction

Fractures of the proximal humerus are considered osteo-

porotic fractures. Especially geriatric women are affected

by fractures of the proximal humerus [1], which is attrib-

uted to the high prevalence of low-bone quality and

the elevated risk of falling in this age group [2]. The

mechanical stability of bone is mainly influenced by the

local amount and composition of cortical and trabecular

bone. It has been suggested that patients with osteoporotic

proximal humeral fractures have more complex fractures,

but this conclusion was based only on descriptive data and

not on quantitative measurements [3].

Different standard techniques such as dual-energy X-ray

absorptiometry (DXA) or quantitative computed tomogra-

phy (QCT) exist to assess bone mineral density (BMD) as a
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measure for the quantity of bone. A 10% loss of bone mass

doubles the risk of a vertebral fracture or leads to a 2.5

times higher risk of a hip fracture [4]. Even though BMD is

a widely accepted parameter for assessing bone stability,

other factors not captured by densitometry contribute to

bone quality as well. The structure and micro-architecture

of bone contribute significantly to its mechanical compe-

tence [5]. It has been proposed that a low amount of tra-

becular bone leads to reduced stability. Assessment of

structural properties can improve the prediction of bone

strength and fracture risk [6–9] and may also help to

explain different fracture patterns. However, investigating

the influence of local bone parameters on the complexity of

fractures is challenging, because in vivo assessment is

technically limited by the available techniques. In vivo

multi-detector computed tomography techniques can assess

parameters derived from bone architecture, but standard-

ized methods are still not available for clinical use [5, 10].

Micro-CT (lCT) has become an in vitro standard technique

for the measurement of structural parameters, but it

requires bone biopsy, which is difficult to justify and per-

form in vivo. This may contribute to the fact that the

influence of bone structure on the complexity of fracture

patterns in the proximal humerus has not been investigated

yet.

The goal of this in vivo study was to use lCT and

radiographs to assess local trabecular structure and cortical

thickness in patients with proximal humeral fractures to

then compare these parameters with the severity of frac-

tures and with nonfractured controls.

Materials and methods

Patients and specimen

Twenty patients planned for intramedullary nailing or

humeral head replacement for displaced proximal humeral

fracture were included in this study (5 males, 15 females).

The mean age was 73 years (range 52–96 years). The study

was approved by the institutional ethics committee (affili-

ation 1).

Prior to the surgery, standard axial and AP radiographs

were taken. The type of fracture was then classified as

‘‘2-part’’ or ‘‘complex’’ by the senior author. According to

the type of fracture, seven patients were assigned to the

2-part group (mean age of 70 years, range 52–91 years; 6

women, 1 man); 13 patients presented with complex frac-

tures of the humeral head (mean age of 75 years, range

52–96 years; 9 women, 4 men). Six/seven patients in the

2-part group and 7/13 in the complex group were treated by

intramedullary nailing. In 1/7 patients in the 2-part group

and 6/13 in the complex group, humeral head replacement

was performed. The average time between trauma and

surgery was 3.9 days in the 2-part group and 3.4 days in

the complex group.

A direct low-height fall on the shoulder was the most

frequent trauma in both groups (2-part: 6/7, complex:

7/13). In the complex group, though, 4 patients presented

after a stair fall, while 1 patient fell on her extended arm,

and in one case trauma mechanism was not identifiable.

None of the patients was involved in a high-speed trauma

(i.e. car accident).

Twenty body donors were included in the study as

controls (11 females, 9 males). The mean age was 82 years

(range 56–94 years). All individuals had given written

consent to donate their bodies to the Institute of Anatomy

after death, in accordance with local legal requirements.

Patients and donors with radiographic or macroscopic

signs of previous ipsilateral fractures of the humerus or an

osseous tumor were excluded.

Assessment of bone properties

In patients planned for intramedullary nailing, bony drilling

cores of 8 mm diameter (Fig. 1b) were obtained while

trepanning the entrance for the nail (Targon PH,

10/220 mm, Aesculap, Tuttlingen, Germany) [11]. Simi-

larly, drilling cores were harvested from humeral heads

removed from patients undergoing endoprosthetic head

replacement. These bone specimens accrue under normal

circumstances during these operations. By this, no addi-

tional damage done by taking the samples. Analogously, 20

drilling cores were harvested from nonpaired cadaver

Fig. 1 Bone drilling cores. a Region of interest (blue) for Micro-CT

scanning. b Bone drilling core with cartilaginous cap at top
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humeral heads. Care was taken that all cores were obtained

in the same location at the apex of the humeral head (the

usual nail entry point). Subsequently, the samples were

fixed in ethanol 70% for at least 3 weeks.

Parameters of bone structure were measured using a

lCT imaging system (lCT40, Scanco Medical, Bassers-

dorf, Switzerland) that was equipped with a 5 lm focal

spot X-ray tube as a source. The X-ray tube was operated at

70 kV and 114 lA, and integration time was set to 200 ms.

Two-dimensional CT images were reconstructed in

1,024 9 1,024 pixel matrices from 500 projections using a

standard convolution-backprojection procedure. Images

were stored in 3D arrays with an isotropic voxel size of

20 lm. The long axis of the biopsies from the proximal

humerus was orientated orthogonal to the axis of the X-ray

beam. Depending on the original length of the biopsy and

starting at the most distal end of the subchondral bone, 250

to 400 micro-tomographic slices were acquired, corre-

sponding to a total length of 5–8 mm. During the scanning

procedure biopsies were immersed in ethanol 70%.

Bone density evaluation and morphometric analysis

were carried out for a cylindrical region of interest (ROI)

with a thickness of 4 mm and a diameter of 8 mm using

image processing software provided by the scanner man-

ufacturer (IPL, Scanco Medical, Bassersdorf, Switzerland).

The ROI was set 1 mm below the most distal cartilage

border to exclude the proximal subchondral bone (Fig. 1a).

A Gaussian filter with a sigma of 0.7 and a support of one

voxel was first used to suppress noise. To obtain binarized

images the same segmentation threshold for all samples

was selected at 24% of the maximal gray scale value,

which corresponded to the peak for bone tissue in the

histogram of the gray value distribution (Figs. 2, 3). For the

resulting volumes containing exclusively cancellous bone,

the following parameters were assessed: bone volume/total

volume (BV/TV), connectivity density (CD), trabecular

number (Tb.N), trabecular thickness (Tb.Th), trabecular

spacing (Tb.Sp), and bone mineral density (BMD)

In addition to these structural parameters of trabecular

bone, the cortical index (CI) was measured from AP

radiographs in the 2-part and complex fracture groups

using a technique described previously [12].

Biomechanical testing

After lCT scanning, biomechanical testing was performed

with a material testing machine (5500, Instron, Bucks,

UK). According to the ROI analyzed by lCT, a cylinder of

4 mm length was cut 1 mm below the most distal cartilage

border. The diameter was left at 8 mm. The samples were

loaded axially to failure (i.e. loss of resistance), and ulti-

mate load (UL; maximum load before failure) and elas-

ticity modulus (EM; stress divided by strain in the elastic

region) were recorded. For all calculations, testing software

provided by the machine’s manufacturer was used (Blue-

hill 2, Instron, Bucks, UK).

Statistical analysis

Descriptive data are expressed as mean ± standard devia-

tion. A one-way ANOVA with a Bonferroni post hoc was

used to detect differences between the three groups. As the

mean age differed between the three groups, an ANCOVA

was used to exclude age as confounding factor. Correla-

tions were calculated using Pearson’s correlation coeffi-

cient r. For correlations with age, the two fracture groups

were pooled. Correlation was considered weak for

jrj\ 0.5, moderate for jrj\ 0.7, strong for jrj\ 0.9, and

very strong for jrj[ 0.9 [13]. All differences were con-

sidered significant for values of p \ 0.05. Statistical ana-

lysis of all data was performed with SPSS 14.0 (Chicago,

IL, USA).

Fig. 2 Segmentation. 2-D

reconstructions of ‘‘Name

unknown, female, 81y’’ (BV/TV

0.14) before a and after

b segmentation. For this

sample’s, gray level histogram

and 3-D reconstructions are

shown in Figs. 3, 4
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Results

lCT imaging—trabecular structure

The lCT imaging analysis showed no significant differ-

ences between the three groups for any of the calculated

parameters (one-way ANOVA: BV/TV: p = 0.83; CD:

p = 0.78; Tb.N: p = 0.59; Tb.Th: p = 0.44; Tb.Sp:

p = 0.29; BMD: p = 0.75) (Table 1). There was a mod-

erate correlation between age and BV/TV (r = 0.65,

p = 0.002) and age and BMD (r = 0.65, p = 0.002) in the

control group, but this was not seen in either of the fracture

groups. Except for Tb.N versus Tb.Th (r = 0.02) and CD

versus Tb.Th (r = 0.19), there was a moderate to very

strong correlation between the single lCT parameters

(r range ± [0.52–0.98]).

Fig. 3 Examples of five gray

level histograms with the

threshold chosen for all

samples. Note the threshold of

240 separating clearly bone and

background noise. The

histograms of these five samples

are representative for all

examinations. For 3D

reconstructions of ‘‘H. W.’’,

‘‘M. N.’’ and ‘‘N. U., female,

81y’’ see Fig. 4

Table 1 Micro-CT imaging analysis (means ± standard deviation)

N BV/TV (%) CD (1/mm3) Tb.N (1/mm) Tb.Th (mm) Tb.Sp (mm) BMD (mgHA/cm3)

2-part 7 12.2 ± 3.6 5.6 ± 1.7 1.2 ± 0.1 0.13 ± 0.01 0.84 ± 0.10 143.8 ± 57.1

Complex 13 13.4 ± 5.3 5.9 ± 3.1 1.2 ± 0.2 0.14 ± 0.03 0.89 ± 0.14 143.5 ± 71.7

Control 20 12.5 ± 4.2 5.3 ± 2.4 1.2 ± 0.2 0.13 ± 0.02 0.81 ± 0.14 128.8 ± 55.7

Fig. 4 Examples of 3D reconstructions of the scanned ROI. a H. W.,

female, 58 years, simple fall on the shoulder, ‘‘2part’’: BV/TV 0.09,

CI 0.16. b M. N., female, 56 years, stair fall, ‘‘complex’’: BV/TV

0.20, CI 0.30. c N. U., female, 81 years, no trauma, ‘‘control’’: BV/

TV 0.14. Note the lower bone quality of the ‘‘2part’’-sample when

compared to the ‘‘complex’’-sample
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Cortical index

The 2-part group had a mean CI of 0.29 ± 0.09, and the

complex group had an average CI of 0.28 ± 0.08. There

was no significant difference between the two groups

(p = 0.85). Except for one patient, all measured indices

were below 0.40.

Biomechanical testing

Comparable to the lCT evaluation, no significant differ-

ences between the groups 2-part, complex, and controls

were detected for the biomechanical parameters UL and

EM (one-way ANOVA; UL: p = 0.32; EM: p = 0.16)

(Table 2). However, there was a moderate to strong cor-

relation between the biomechanical parameters and some

of the lCT parameters: UL showed a strong correlation to

BV/TV (r = 0.76, p \ 0.001) and a moderate correlation

to BMD (r = 0.69, p \ 0.001) and CD (r = 0.52,

p \ 0.001); correlations between UL and Tb.N, Tb.Th, and

Tb.Sp were only weak (r = 0.40, 0.37, -0.39; all

p \ 0.05). The EM correlated moderately with BV/TV

(r = 0.52, p = 0.001) and BMD (r = 0.45, p = 0.004).

While there was no correlation between age and any of

the biomechanical parameters in either the 2-part or the

complex fracture group, age showed a moderate correlation

with ultimate load (r = 0.63, p = 0.003) and E modulus

(r = 0.50, p = 0.023) in the control group.

When excluding age as covariate by ANCOVA, again

no significant differences were observed between the

groups for any of the parameters mentioned above.

Discussion

The present study is the first study investigating the tra-

becular bone structure of bone samples obtained in vivo

from patients with proximal humeral fractures. Contrary to

the authors’ hypothesis, no significant difference was

detected between 2-part and complex fractures and non-

fractured controls, neither for the lCT nor for the biome-

chanical parameters. More complex fractures do not seem

to imply a lower quality of cancellous bone or inferior load

capacities. Thus, these results indicate that the severity of a

proximal humeral fracture depends on other factors than

the local trabecular structure or cortical index.

Fracture types were classified by one observer in

accordance with standard clinical practice. The readings

were done by the senior author of this study, who has

15 years of experience in trauma and orthopedic surgery.

We chose to differentiate only between complex and 2-part

fractures, avoiding the constraints of classifications such as

AO or Neer [14].

Bone samples were extracted during surgery in a stan-

dardized manner. However, obtaining bone samples in

living patients cannot be as accurate as in body donors due

to intraoperative constraints. This may lead to some vari-

ation in the site of bone biopsy and its structural properties

[15, 16]. For ethical reasons, it was not possible to obtain

multiple bone cores from different sites, as this may have

impaired the stability of the implants following resection of

the bone core. It is known that the sampling site used in our

study approximately represents the average BMD and

indentation stiffness of the whole trabecular proximal

humerus [15]. However, it has to be considered that there

are different changes in different sites of the humerus with

age [17].

All bone samples were fixed in ethanol 70% for at least

3 weeks to equalize possible alterations by storage dura-

tion. In contrast to formaldehyde, storage in ethanol does

not change the stiffness of trabecular bone [18]. Longer

storage may have influenced the radio-opacity of the inter-

trabecular fat, even though it can be assumed that the

chosen threshold still separated bone from background

noise sufficiently (Fig. 4).

Bone mineral density measured using standard bone

densitometers is limited in predicting the fracture risk and

bone quality. One-third of bone strength remains unex-

plained when only density is considered [19]. Parameters

of bone structure provide valuable additional information

for assessing bone quality [5, 20]. We used an isotropic

voxel size of 20 lm. Even though comparable resolutions

have been used before [10, 21, 22], smaller voxel sizes

would allow a better interpretation of especially the mor-

phometric parameters (Tb.N, Tb.Th, CD).

It has been shown that trabecular bone parameters

obtained by lCT can predict biomechanical strength [23].

Trabecular number and also trabecular thickness seem to

contribute significantly to bone strength. A loss of bone

with aging primarily affects the overall number of trabec-

ulae and the connectivity [24].

This implies a limitation of our study as the three groups

differed in mean age and it is known that BV/TV changes

with age [15]. Yet, even when age was excluded as influ-

encing factor, no significant differences were seen between

the groups. Actually, older patients with complex fractures

had rather dense and biomechanical stiff bone.

Our results on trabecular bone structure of the proximal

humerus are comparable to the data reported in different in

Table 2 Biomechanical testing (means ± standard deviation)

N Ultimate load [N] E modulus

2-part 7 121 ± 65 8.3 ± 9.6

Complex 13 173 ± 101 20.2 ± 16.0

Control 20 184 ± 99 20.2 ± 14.8
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vitro and in vivo studies of other body regions [25–29].

Subchondral bone harvested in hip joints with osteoarthritis

showed more than about twice the BV/TV and Tb.N of our

bone cores [26, 28]. However, these data refer to the tra-

becular bone of the femoral head, where much higher

forces and stresses are present. Nonweight-bearing bone

like the iliac crest, in contrast, seems to have quite similar

BV/TV, Tb.N and Tb.Th when compared to the proximal

humerus [27].

In accordance with previously published data patients

with more complex humeral fractures were older [3]. How-

ever, comparison of the data obtained in patients with simple

and complex fractures with those from the nonfractured

controls indicates that trabecular bone structure can explain

neither the occurrence nor the severity of a proximal humeral

fracture (Fig. 4). Patients who sustain proximal humeral

fractures have higher levels of physical fitness than those

with proximal femoral fractures [3] but are less fit than

patients presenting with distal radial fractures [30]. This

indicates that trauma mechanism and neuromuscular coor-

dination appear to strongly influence the sites at which

fractures occur [31]. In our study, the mechanisms and

intensities of the trauma which led to the fractures were

considerably different between the 2-part and complex

group. Almost all patients in the 2-part group had only a

simple fall, whereas half of the patients in the complex group

were involved in falls from a certain height, which in some

cases also led to concomitant fractures. Thus, our data sug-

gest that the trauma mechanism may have more influence on

fracture severity than the local bone structure. The forces

acting during several fracture mechanisms are to be further

investigated in terms of direction and intensity. In addition, it

is known and consistent with our results that proximal

humeral fractures are associated with a CI below 0.4 [12].

The cortical bone strength may be of influence on fracture

morphology and it should also be kept in mind that neither

cortical nor cancellous bone is a separate structure. More

complex models may be necessary to interpret the influence

of bone morphology on stability [32].

In conclusion, in our study population local trabecular

bone structure and cortical index could not predict the

severity of proximal humeral fractures in the elderly.

Our results suggest that other factors than local bone

properties seem to have a great impact on the development

of more complex fractures. Further studies with larger

numbers of patients and bone samples from different sites

within the humeral head are required to confirm our data.
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