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CLINICAL ARTICLE

Micro-Computed Tomography Analysis of Femoral
Head Necrosis After Long-Term Internal Fixation
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Yang Liu, MM"? @, Haoran Liang, MM"?", Xin zhou, MM"?, Wenjie Song, MM "2, Huifeng Shao, EngD>*",
Yong He, EngD*?, Yanfei Yang, MM"?, Li Guo, MD"?, Pengcui Li, MD"?, Xiaochun Wei, MD"* ©®, Wangping Duan, MD"*

'Department of Orthopaedics, Second Hospital of Shanxi Medical University and *Shanxi Key Laboratory of Bone and Soft Tissue Injury
Repair, Taiyuan and *School of Mechanical Engineering, Hangzhou Dianzi University and *State Key Laboratory of Fluid Power and
Mechatronic Systems and *Key Laboratory of 3D Printing Process and Equipment of Zhejiang Province, School of Mechanical Engineering,
Zhejiang University, Hangzhou, China

Objective: To analyze necrotic femoral head after long-term internal fixation for femoral neck fractures using micro-
computed tomography (CT) for bone histomorphometry.

Methods: The experimental group included six patients (two men and four women; mean age 62.00 + 9.36 years)
who underwent hip arthroplasty at 47.67 + 14.22 months after internal fixation. Surgery was performed because of
femoral head necrosis after femoral neck fracture between October 2018 and October 2020. The control group
included three patients (two men and one woman; mean age 69.33 + 4.62 years) who underwent hip arthroplasty for
femoral neck fracture. In the experimental group, micro-CT quantitative analysis of the whole femur, sclerotic region
around screws, screw paths, sclerotic region and screw paths, and relatively normal region was performed. The bone
volume fraction (BV/TV), number of bone trabeculae (Th.N), connection density (Conn.D), thickness of bone trabeculae
(Th.Th), separation of bone trabeculae (Th.SP), structural model index (SMI), and bone mineral density (BMD) of each
part were quantitatively analyzed.

Results: The BV/TV (0.3180 + 0.0617), Conn.D (6.9261 + 2.4715/mm?3), Th.Th (0.3262 + 0.0136 pm), and BMD
(298.9241 + 54.2029 g/cm3) of the sclerotic region around the screws were significantly higher in the experimental
group than the BV/TV (0.1248 4+ 0.0390), Conn.D (2.5708 + 0.5187/mm?3), Tb.Th (0.1713 + 0.0333 pm), and BMD
(66.5181 + 43.0380 g/cm®) in the control group (P<0.05). The BV/TV (0.2222 4+ 0.0684), Th.Th
(0.2775 + 0.0326 pm), and BMD (195.0153 + 71.8509 g/cm3) in the collapsed region were significantly higher in
the experimental group than in the control group (P < 0.05). In the experimental group, the volume ratio of the scle-
rotic region around screws and screw paths to the entire femoral head was 0.4964 + 0.0950.

Conclusion: After internal fixation for femoral neck fracture, a large number of sclerotic plate-like trabeculae were
observed around the long-term retained implant. The screw paths and surrounding sclerotic comprise approximately
50% of the femoral head volume.
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Introduction increasing incidence of hip fractures among younger individ-
‘ N Jith the rapid development of modern industry, con- | uals caused by high-energy injuries." Femoral neck fractures
struction, and transportation, there is a trend of | account for approximately 3.58% of total body fractures.”
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Artificial hip replacement can be used as a treatment option
for femoral neck fractures in older patients aged >65 years.
However, young and middle-aged patients with femoral neck
fractures are mainly treated with closed reduction and inter-
nal fixation with cannulated screws.” The importance of early
surgery and accurate anatomical reduction should be
highlighted in young and middle-aged patients with femoral
neck fractures to minimize local blood supply disruption and
early restoration of the blood circulation of the femoral
head.** With the development of imaging and internal fixa-
tion techniques, the fracture healing rate after internal fixa-
tion of femoral neck fractures with cannulated screws has
reached over 90%."® However, some studies have indicated
that the rate of femoral head necrosis after internal fixation
for femoral neck fracture in middle age remains as high as
40%-80%,”® and femoral head collapse has been reported in
70-80% of cases within 1-3 years of necrosis.” The manage-
ment of femoral neck fracture in middle age remains
controversial.

Mechanical analysis indicated that after internal fixa-
tion for femoral neck fracture with cannulated screws, the
mechanical loads are concentrated on the internal fixation
material, which alters the bone mass and microstructure of
the femoral head.'”"'* After long-term retention of the inter-
nal fixation implant following surgery for femoral neck frac-
ture, computed tomography revealed apparent sclerosis
around the screw paths of the femoral head (Fig. 1). Addi-
tionally, there was no obvious regeneration tissue filling in
the screw path in the femoral head for approximately 1 year
after the removal of long-term retained internal fixation.
This further reduces the osteogenic vascularization and
mechanical properties of the entire femoral head, accelerat-
ing necrosis of the femoral head. In the later stage, despite
the removal of internal fixation after long-term retention,
effective filling and the recovery of blood supply could not
occur owing to a lack of osteogenic vascularization around
the screw path. This may be the mechanism underlying the
acceleration of the femoral head necrosis due to the extended
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retention of the internal fixation. An analysis of the effects of
internal fixation after femoral neck fracture, particularly the
influence of the long-term retention of implants on the his-
tological structure of the femoral head, can help to further
clarify the mechanisms underlying femoral head necrosis
after femoral neck fracture surgery and the optimal removal
timing of the internal fixation postoperatively in the clinical
setting."’

The aim of this study was to analyze femoral head
necrosis after internal fixation for femoral neck fractures in
middle age using micro-CT bone morphometric analysis. In
addition, considering that the femoral head remains necrotic
despite a well-healed femoral neck fracture, we discussed the
relationship between long-term internal fixation and femoral
head necrosis. We hypothesized that the long-term retention
of internal fixation after femoral neck fracture leads to tissue
sclerosis around the screw paths and osteogenic vasculariza-
tion obstacles.

Methods

Acquisition and Storage of Samples

Six patients (two men and four women), with an average age
of 62.00 £ 9.36 years, who underwent hip replacement sur-
gery at the Second Hospital of Shanxi Medical University for
femoral head necrosis after femoral neck fracture surgery
between October 2018 and October 2020, were selected. The
mean time from internal fixation for femoral neck fracture
to hip replacement for femoral head necrosis was
47.67 = 14.22 months. Three patients (two men and one
woman) with a mean age of 69.33 £ 4.62 years, who under-
went hip replacement for femoral neck fracture during the
same period, were selected as healthy controls.

Inclusion and Exclusion Criteria

Femoral neck fracture: patients with simple Garden II, III
and IV femoral neck fractures or those aged >60 years were
included, and patients with congenital hip dysplasia, femoral

Fig. 1 Imaging analysis of a typical case of postoperative femoral neck fracture in a middle-aged patients. The patient was a 54-year-old man with a
right femoral neck fracture caused by a fall in 2008. (A) Anteroposterior radiograph of the hip joint after internal fixation with cannulated screws.
(B) The patient developed pain in the affected hip in 2014, which gradually worsened and limited movement in 2017, and femoral head necrosis of

the hip joint was detected on review of the radiograph. (C, D) A computed tomography scan of the hip joint during hospitalization on December
22, 2017 indicated the formation of a mass of sclerotic bone around the screw paths (shown by red arrows) secondary to a large number of
surrounding necrotic cavities (shown by red circles) and collapse of the femoral head. (E) Total hip arthroplasty was performed for treatment.
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head deformities, bone tumors, and a history of internal fixa-
tion of the femoral head were excluded. Femoral head necro-
sis after femoral neck fracture surgery: middle-aged patients
(age < 65 years) with a history of internal fixation for femo-
ral neck fracture'* whose fractures had healed were included,
excluding patients with pathological fractures, those taking
hormones during internal fixation, or patients with a history
of re-trauma. After obtaining the patient’s informed consent
and approval from the Ethics Committee of the Second Hos-
pital of Shanxi Medical University, all femoral head speci-
mens were preserved at the time of joint replacement
surgery, and general data including the patient’s name, age,
sex, hospitalization number, medical history, and relevant
imaging data such as radiographs, CT, and magnetic reso-
nance imaging, were retained at the same time. A typical
case is shown in Fig. 1.

To ensure the integrity of the femoral head specimen
and avoid intraoperative damage to the femoral head tissue,
a head extractor (artificial hip surgical auxiliary tool) was
applied. After the removal of the intraoperative femoral
head, the specimen was immediately placed in a specimen
bag and marked with basic information, including the
patient’s name, age, and date of surgery. The specimen was
then placed in an ice box and transferred to the laboratory
for storage in a refrigerator at —80°C.

Experimental Methods

Micro-CT Analysis

All specimens were measured using the microstage in a plas-
tic tube of the Micro-CT system (pCT-80, Scanco Medic,
Bassersdorf, Switzerland) with the following scanning parame-
ters: source current of 113 pA and source voltage of 70 kV.
Continuous scanning was performed from the anterior to pos-
terior side along the coronal plane of the femoral neck and
femoral head in the direction of cannulated screw placement,
and successive micro-CT two-dimensional (2D) images were
acquired with a flat image resolution of 1024 x 1024, pixel
size of 20 pm X 20 pm, and layer spacing of 20 pm (Fig. 2A).
Compared with the histomorphology of the femoral head
specimen after normal femoral neck fracture, the femoral head
specimen after internal fixation treatment for femoral neck
fracture was divided into three regions: sclerotic region, col-
lapsed region, and relatively normal region (Fig. 2B). To
investigate the effect of implants on the surrounding femur,
the entire femoral head specimen and region of interest
were selected separately (sclerotic region around the screws,
collapsed region, and relatively normal region). In addition,
2D tomographic images showing the region of interest on
the N-layer were selected and reconstructed. These were
used to obtain bone trabecular parameters and 2D and 3D
images of the entire femoral head with each region of inter-
est (Fig. 3).
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Metrological Analysis of 3D Parameters

The selected 2D images were analyzed and reconstructed
using Scanco software (SCANCO Medical AG, Wangen-
Briittisellen, Switzerland). Bone histometric parameters
included"®: (i) the bone volume fraction (BV/TV) (%), which
reflects the value of bone volume and serves as a significant
index for evaluating the alteration of bone mass; (ii) the tra-
becular number (Tb.N) (1/mm), which is the number of
intersections between bone tissue and non-bone tissue within
a given length. This index can reflect the morphological
structure of bone trabeculae and the ratio of bone area to
bone mass, explaining the change in bone mass. For a certain
width of bone trabeculae, the greater the number of trabecu-
lae, the greater the bone mass; (iii) the connectivity density
(Conn.D.) (n/mm?>), which is the degree of interconnection
between bone trabecular structures, indicating the quantity
of connection in the trabecular meshwork per cubic millime-
ter; (iv) The trabecular thickness (Tb.Th) (pm), which is the
average thickness of bone trabeculae; (v) The trabecular sep-
aration (Tb.Sp) (um), which is the average width of the med-
ullary cavity between bone trabeculae, reflecting the
morphology and structure of bone trabeculae. The greater
the separation, the greater the distance between the bone tra-
beculae and risk of developing osteoporosis; (vi) The struc-
ture model index (SMI) defines the degree of plate-like and
rod-like bone trabeculae. An SMI approaching 0 is indicative
of more plate-like bone trabeculae, whereas an SMI
approaching 3 is indicative of more rod-like bone trabeculae.
The alterations in bone mass and microstructure are mainly
caused by changes in the plate-like bone trabeculae, and
(vii) The bone mineral density (BMD) (g/cm3) is an index
reflecting alterations in bone mass and bone strength.

Calculation of Spatial Percentages and Methods

In micro-CT analysis results, BV refers to the trabecular
(or cortical) portion of the bone, and TV refers to the trabec-
ular (or cortical) portion of the bone and cavity portion
(without the osseous part). To define the total volume of
screw paths and sclerosis around paths, all regions in each
layer were divided, superimposed, and 3D-reconstructed
to obtain the ratio of the TV part (screw paths and sclero-
sis region, collapsed region and relatively normal region)
to the TV total (total femoral head volume). Subse-
quently, the results were used to determine the percentage
of the three regions of interest to the total volume of the
femoral head.

Statistical Analyses

All data are expressed as means + standard deviations. SPSS
(version 19.0, IBM Corp., Armonk, NY, USA) statistical soft-
ware was used to analyze the data with a one-way analysis of
variance. The level of significance was set at P < 0.05.
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Fig. 2 Micro-computed tomography analysis of a femoral head necrosis specimen 5 years after internal fixation for femoral neck fracture. (A) Five
typical slices. Scanning along the direction of the implant placement for femoral neck fracture with a 20-um layer; approximately 1500 scans per
femoral head were taken. (B) Schematic diagram the delineating the region of interest in each layer. The central slice of the middle screw path is
used as an example, and is divided into the sclerosis region (SR; red), screw path (SP), relatively normal region (RNR; yellow) and necrotic collapsed

region (NCR; blue).

SR

NCR

Fig. 3 Computed tomographic images showing the region of interest in the N-layer that were selected and reconstructed to obtain bone trabecular
parameters. (A) Two-dimensional and (B) three-dimensional images of the whole femoral head with each region of interest: sclerotic region (SR, red),
relatively normal region (RNR, yellow), and necrotic collapsed region (NCR, blue).

Results

Results of 3D Analysis of Bone Trabeculae in Various
Regions of the Femoral Head

Bone Volume Fraction (BV/TV)

Compared with those in the control group, the BV/TV (0.1248
=+ 0.0390), total femoral head BV/TV (0.2448 =+ 0.0586), scle-
rotic region around the screws BV/TV (0.3180 =+ 0.0617), rela-
tively normal region BV/TV (0.2162 £ 0.0642), and collapsed

region BV/TV (02222 &+ 0.0684) in the experimental group
were significantly higher (F = 5.374, P < 0.05). In the experi-
mental group, the BV/TV was significantly higher in the scle-
rotic region around the screws than in the relatively normal and
collapsed regions (P < 0.05; as shown in Fig. 4A).

Trabecular Number (Tb.N)
The Tb.N was significantly higher in the sclerotic region
around the screws (1.3533 £ 0.2760)/mm in the
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Fig. 4 Micro-computed tomography results. Comparison of the (A) bone volume fraction (BV/TV), (B) connection density (Conn.D), (C) number of bone
trabeculae (Tb.N), (D) thickness of bone trabeculae (Tb.Th), (E) separation of bone trabeculae (Th.SP), (F) structural model index (SMI), (G) bone
mineral density (BMD), and (H) TVpart/TVwhole for each region of interest between the control and experimental groups. The experimental group

specimen included the following regions: whole femur (WF), sclerotic region (SR), relatively normal region (RNR), necrotic collapsed region (NCR),

sclerotic region, and screw path (SRASP). * indicates a statistically significant difference compared with the control group (P < 0.05). # indicates a

statistically significant difference compared with the sclerotic region around the screw paths in the experimental group (P < 0.05).

experimental group than in that in the control group
(0.7314 £ 0.0990)/mm. In the experimental group, the Tb.N
was significantly higher (F = 2.852, P < 0.05) in the sclerotic
region around the screws than in the overall femoral head
(0.8914 £ 0.3343)/mm  and relatively normal region
(0.9333 £ 0.2011)/mm (Fig. 4B).

Connectivity Density (Conn.D.)

The Conn.D in the control group (2.5708 + 0.5187)/mm’
was significantly higher (P < 0.05) than the Conn.D in the
entire femoral head (5.4131 & 1.773)/mm>, sclerotic region
around the screws (6.9261 + 2.4715)/mm°, and collapsed
region (5.4741 + 2.3024)/mm” in the experimental group. In
the experimental group, the Conn.D was significantly higher
in the sclerotic region around the screws than in the rela-
tively normal region (F = 2.801, P < 0.05) (Fig. 4C).

Trabecular Thickness (Tb.Th)

In the experimental group, the Tb.Th was significantly higher
in the following regions: entire femoral head (0.2952
£ 0.0322 pm), sclerotic region around the screws (0.3262
=+ 0.0136 pm), relatively normal region (0.2817 =+ 0.0410 pm),
and collapsed region (0.2775 % 0.0326 pm), than in the control
group (0.1713 £ 0.0333 pm). In the experimental group, the
Tb.Th was significantly higher in the sclerotic region around

the screws than that in the relatively normal and collapsed
regions (F = 12.380, P < 0.05) (Figure 4D).

Trabecular Separation (Tb.Sp)

The Tb.Sp was slightly lower in the sclerotic region around the
screws (0.9194 + 0.1980 pm) than in the entire femoral head
(12206 =+ 0.5823 um), relatively normal region (1.2605
=+ 0.4333 pm), and collapsed region (1.3612 £ 0.5965 pm) in
the experimental and control groups (1.2121 £ 0.2025 pm),
although the difference was not statistically significant
(F = 0.764, P = 0.112) (Fig. 4E).

Structure Model Index (SMI)

The SMI was significantly lower in the sclerotic region
(0.4766 + 0.2200) and collapsed region (0.5749 + 0.5085) in
the experimental group than in the control group
(1.2115 £ 0.3872) (F = 2.016, P < 0.05). There was no statis-
tically significant difference in the SMI between the entire
femoral head (0.9649 + 0.4770) and relatively normal region
(0.9606 + 0.4292) in the experimental group compared with
that in the control group (Fig. 4F). The results showed that,
compared with the bone trabeculae in the control group, the
bone tissue in the sclerotic region around the screws and col-
lapsed region in the experimental group was dominated by
plate-like bone trabeculae.
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Bone Mineral Density (BMD)

The BMD was significantly higher (F = 6.347, P < 0.05) in
the entire femoral head (203.4379 + 59.2638 g/cm3), sclerotic
region around the screws (298.9241 + 54.2029 g/cm’), rela-
tively normal region (1825022 =+ 86.0429 g/cm’), and collapsed
region (195.0153 & 71.8509 g/cm’) in the experimental group
than in the control group (66.5181 =+ 43.0380 g/cm’). In the
experimental group, the BMD was significantly higher in the
sclerotic region around the screws than in the entire femoral
head and relatively normal and collapsed regions (P < 0.05)
(Fig. 4G).

Spatial Percentages of Different Regions of Femoral

Head Necrosis after Surgery for Femoral Neck Fracture

The results of the 3D reconstruction analysis showed that
the volume ratio of the screw paths and sclerosis around the
paths to the entire femoral head was 0.4964 £ 0.0950, the
volume ratio of the relatively normal region to the entire
femoral head was 0.4599 4 0.1416, and the volume ratio of
the collapsed region to the entire femoral head was
0.1026 £ 0.0379 (Fig. 4H).

Discussion

Micro-CT Analysis of Various Regions of the Femoral

Head Trabeculae

Healing of femoral neck fractures is a dynamic process of
continuous remodeling of bone trabeculae, regulated via the
mechanical load. The mechanical load in the early stage pro-
motes the growth of bone trabeculae, which gradually tends
to be balanced and maintains a certain mechanical perfor-
mance.'' However, when the mechanical load exceeds the
bearing capacity, bone trabecular deformation and fracture
will occur.'® Femoral neck fractures change the anteversion
of the femoral neck and disrupt the balance between struc-
ture and function,'” which results in remodeling of the tra-
becular microstructure owing to the concentration of stress
within the femoral head. If the remodeled structure cannot
be used in the new compressive stress and other biomechani-
cal environments, the bone trabeculae will degenerate,
absorb, and collapse.'® Furthermore, the surrounding vessels
will become malformed and obstructed, leading to the devel-
opment of femoral head necrosis. Micro-CT uses an X-ray
source to emit X-rays that penetrate the sample from differ-
ent angles using attenuation characteristics of its absorption
to the image on the X-ray detector. Finally, the micro-CT
reconstruction algorithm is used to reconstruct the 3D sam-
ple image. In contrast to medical CT, micro-CT can reach
micron-level spatial resolution.”” Wang et al.*® used tech-
niques involving the dissection-sensitive regions of the femo-
ral head to analyze the spatial structure of the necrotic
femoral head. In this study, non-invasive scans of different
spatial and tomographic ranges of the necrotic femoral head
samples after surgery for femoral neck fracture were per-
formed using micro-CT. Holistic and local regions were
combined, and the regions of interest underwent 2D division

Micro-CT AnaLysis oF FEMORAL HEAD NECROSIS

and 3D reconstruction for quantitative analysis of the bone
tissue metrology and spatial ratio in each region of the
femoral head.

Mechanisms of Sclerotic Trabeculae Leading to Femoral
Head Necrosis

An increasing number of scholars emphasize that biome-
chanical factors play a significant role in the process of
necrosis, while insufficient blood supply is found not to
explain the mechanism of necrosis. The necrosis could also
be observed in areas with an adequate blood supply. In fact,
the stress concentration region of the femoral head in daily
life is the region of femoral head necrosis and collapse.*' Evi-
dence indicates that compressive, tensile, and shear stresses
to which the femoral neck is subjected are mainly concen-
trated around the implants after surgery.'"'*> Wang et al.'’
concluded that increase in stress loading leads to alterations
in bone mass and microstructure, resulting in increased
BV/TV, Tb.N, and Tb.Th of the bone tissue, without any sig-
nificant influence on the microstructure of the rod-like bone
trabeculae. In this study, micro-CT bone histomorphometry
was performed for the detection of femoral head necrosis
after surgery for femoral neck fracture. This demonstrated
reduced SMI in the sclerotic region around the screws, which
indicated that the bone trabecular structure around the
implants was mostly plate-like, and the region had a signifi-
cant increase in the BV/TV, Tb.Th, Conn.D, Tb.N, and
BMD. These findings suggested that following long-term
retention of implants, a large amount of sclerotic plate-like
bone is formed around the implant after femoral neck frac-
ture in middle age, and bone mass and BMD increase signifi-
cantly. This adaptive sclerotic structure is probably formed
to absorb the stress concentration around the screw paths,
and the plate-like bone possesses an advantage for loading
stress. Stress induction leads to the formation of a bone
absorption region and is the initial factor for femoral head
collapse and necrosis. Reduced tissue strength of the bone
absorption region and restricted load transfer will lead to
concentrated stress around the screw paths, further promot-
ing stress-induced bone absorption and constantly expanding
the formation of the sclerotic bone.””

Effect of Stress on the Femoral Head

The normal femoral head mainly comprises spongy bone
trabeculae with some elasticity.”> The macro-Young’s modu-
lus and vyield stress of bone tissue are significantly related to
the bone volume fraction, which is correlated with the quan-
tification of bone mass."”” Our study showed that the BV/TV
varied from region to region after internal fixation surgery
for femoral neck fractures. In addition, the elasticity of each
component against stress effects varied when the femoral
head is subjected to external stresses, with the screw paths
and sclerotic bone around the paths accounting for approxi-
mately 50% of the entire femoral head volume. Our study
also showed that the BV/TV, Tb.Th, SMI, and BMD varied
in the entire necrotic femoral head when compared with
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those in the control group. This may be related to alterations
in the trabecular structure and elastic function of the
necrotic femoral head owing to the formation of plate-like
sclerotic bone around the screw paths. It has been shown
that bone trabeculae can be redistributed after surgery for
femoral neck fracture to adapt to altered external stresses,
and bone trabeculae are reconstructed in the same direction
of alignment as the stress transfer. Normally, the stressed
cortical and cancellous bone tissues transmit stress to the
trochanter, where the greatest femoral trabecular stress is
concentrated.”

Based on our results, it appears that most of the tra-
beculae around the internal fixation transformed into plates
and the trabecular structure was disrupted, leading to necro-
sis, reconstruction of the cancellous bone around the screw,
and eventually to the formation of sclerotic bone. Addition-
ally, excessive deformation, which leads to microfractures
and trabecular stiffness** can be accompanied by multiple
repetitions of the ultimate stress loading on the femoral
head. Retention of the implant results in the long-term con-
centration of stress on the femoral head, which may be an
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underlying mechanism by which the femoral head can
become necrotic despite a well-healed femoral neck fracture.

Conclusion

The long-term preservation of implants is accompanied by
the formation of a mass of sclerotic bone with a dense struc-
ture around the implants after internal fixation for femoral
neck fracture. In addition, the screw paths and sclerotic bone
account for approximately 50% of the entire femoral head.
Implants and sclerotic bone may further undermine the
mechanical and elastic structure of the femoral head. Our
hypothesis that the long-term retention of internal fixation
after femoral neck fracture leads to tissue sclerosis around
the screw paths and osteogenic vascularization obstacles was
verified.

Limitations

In this study, only the overall structure of specimens approx-
imately 3-6 years after femoral neck fracture was analyzed,
and an analysis of the cancellous bone structure at different
time points will also be required in the future.
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