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ABSTRACT

Objective: The aim of this study was to compare the histological results of Accordion Maneuver (AM) with Compression
Technique Alone (CA) in the treatment of atrophic fracture nonunion in a rabbit model.

Methods: The study was performed on 91 male New Zealand rabbits aged six months, weighing 3.1 to 3.6 kg. The standardized
models of atrophic nonunion with a 3-mm fracture were created in the tibias of rats. For the histomorphological study, 22 rabbits
were randomly selected and sacrificed. The remaining 69 rabbits were divided into two groups based on the treatment technique:
Group AM (n = 36) and Group CA (n = 33). The group AM was further randomly divided into four subgroups based on the
amplitude and interval parameters: subgroup A1B1 (0 day, 4 mm; n = 9), subgroup A1B2 (0 day, 8 mm; n = 7), subgroup A2B1 (6
days, 4 mm; n = 10), and subgroup A2B2 (6 days, 8 mm; n = 10). A monolateral external fixator was employed in each group.
Animals were sacrificed 6 weeks after the treatment, and bony healing was assessed both radiologically and histologically. The
efficiency of bony healing was assessed using the bone content index, bone mineral density, and bone volume fraction indexes.

Results: In X-ray and micro-computed tomography assessments, periosteal reaction was detected at the fracture site in all
specimens. In group CA, sclerosis was observed at the ends of the fragments. Bony absorption, nonunion, and a little amount of
island-like high density were also observed at the nonunion site. Among AM subgroups, sparse callus-like bone formation in
A1B1 subgroup and a high density of callus connecting most parts of the gap and large amount of periosteal callus formation in
A1B1 subgroup were observed. In A2B2 subgroup, the cortex was initially connected. No gap was observed, and the medullary
cavity was recanalized. In histological analyses, the intermission of 0 day at rate of 8 mm was of the highest level of bony
regeneration, and the intermission of 6 days at the rate of 4 mm was of the lowest level of bony regeneration (P < 0.05).

Conclusion: Based on the radiological and histological results obtained from the present study, AM seems to be more effective
than CA in treating atrophic nonunion. AM can shorten the period of treatment. The interval of 0 day and an amplitude of 8 mm
may be more proper for AM.

Introduction

Fracture nonunion is a multifactorial phenomenon
that poses a challenging problem for orthopedic
surgeons.1 Aseptic atrophic nonunion due to failure
of the fracture repair process occurs in up to 10% of
fractures and 84% of all nonunions.2 This complica-
tion results in significant morbidity to patients, and
the treatments often require complex reconstructive
procedures.3 The Accordion Maneuver (AM, ie, alter-
nate cycling of distraction and compression) and
Compression Alone (CA, ie, compression but no dis-
traction) using the Ilizarov technique are two options
for accelerating bone regeneration.4

The US Food and Drug Administration defines frac-
ture nonunion as a fracture that is at least 9 months
old in which there have been no signs of healing for 3
months.5 There are different types of fracture non-
union, including septic nonunion, pseudoarthrosis,
hypertrophic nonunion, atrophic nonunion, and oli-
gotrophic nonunion.6 Atrophic nonunion is diagnosed

when there is no callus around the fracture gap or
signs of bony consolidation within the fracture gap.7

Many treatments have been reported in the literature,
including improving fixation, removing the end layer
of bone to provide raw ends for healing, and using bone
grafts.8-10 The drawback is that secondary surgery is
required, and the outcomes are not predictable. Bone
stimulation with electromagnetic or ultrasound waves
is also reported, but the outcomes are usually poor.

In the treatment of hypertrophic fracture nonunion,
AM has been confirmed to be a strong “bloodless tool”
in Ilizarov technology. It helps to bring about healing
of nonunion.11 In the treatment of atrophic nonunion,
however, the use of AM is generally debated, and the
parameters of the manipulation are not uniform.12

The purpose of this animal study was to demonstrate
the value of AM for fracture nonunion. We compared
AM with CA for the treatment of atrophic nonunion.
We also assessed the optimal rate of the AM.
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Materials and Methods

The institutional review boards of the participating hospital approved
this study (201,510,324).

Animals
This study comprised 100 6-month-old male New Zealand rabbits
(3.1–3.6 kg) (purchased from Beijing Golden Shepherd Laboratory
Animal Technology Co., Ltd.). Three rabbits were randomly selected
and sacrificed for comparison of normal animals. Each animal was
fed in a single cage and in a clean environment. The animals were
given free drinking water and were kept under natural light. Room
temperature was controlled at approximately 20 °C, and humidity
was set between 50% and 60%. This experiment was carried out
under supervision of the Experimental Animal Center of North
China University of Science and Technology, and animal welfare
was guaranteed. The experimental certificate number was
201510324. All animals were fed adaptively for 2 weeks after pur-
chase. The experimental process followed the principle of painless
and minimally invasive procedures. A total of 91 animals completed
the study, while six animals were excluded from the analysis because
of death from diarrhea.

Animal allocation and tests
To establish animal models, the periosteum at the middle portion of
the tibia was excised circumferentially, and a transverse bone cut was
made. Endosteum at the fracture site was destructed. A mini-external
fixator was used to maintain a 3-mm space between the two frag-
ments for 10 weeks. Successful establishment of the animal model
was confirmed using X-ray and CT scans. Based on the evidence that
no callus crossed the fracture site, all 91 nonunion models were
established successfully.

For the histomorphological study, 22 of 91 animals were randomly
selected (by XZ) and sacrificed. The tibia was dissected for sectioning
and staining. The remaining 69 animals were randomly divided into
the AM group (n = 36) and the CA group (n = 33). Then, the AM group
was further randomly divided into four subgroups. The amplitude
parameters were 4 and 8 mm, and the interval parameters were 0
days and 6 days. The four subgroups were named as A1B1 (0 day,
4 mm; n = 9), A1B2 (0 day, 8 mm; n = 7), A2B1 (6 days, 4 mm; n = 10),
and A2B2 subgroups (6 days, 8 mm; n = 10). The accordion technique
was performed at a rate of 0.34 mm/time twice a day. The animals
were sacrificed 6 weeks after the treatments. Bone healing was eval-
uated using X-ray and histological HE staining. The AM and CA
techniques were quantitatively analyzed using micro-CT. The effi-
ciency of bone healing was assessed using the bone content index
(showing bone mineral content and density), bone mineral density
index (showing the density or thickness of the bone), and bone
volume fraction index (showing mechanical properties such as
strength and stiffness).

Nonunion model and AM
An animal model of tibial fracture nonunion was made according to
Brownlow et al.’s13 method. Preoperatively, the animals were
weighed. The rabbit was anesthetized and fixed on the operating
table. One hind limb was randomly selected for skin preparation.
The limb and lower abdomen were disinfected twice with 0.5% iodo-
phor. A longitudinal incision was made over the tibiofibular syndes-
mosis. The incision was expanded proximally 1 cm along the medial
tibial margin and 1 cm in length distally. Using a 1.2-mm drill bit, four
drill holes were created on the distal and proximal fragments to
ensure that the 1.6 mm threaded pins were inserted perpendicular to

the tibia. The stainless steel pins were secured with a precustomized
monolateral external fixator and connecting bars. The connecting bars
were kept 0.5 cm to 1.0 cm above the skin. The incision was closed in
layers. Tibial osteotomy was performed 4 weeks after surgery because
it allowed the rabbits to adapt to the fixator. A 2 cm longitudinal
incision was made between the middle two pins. Tibial osteotomy
was performed at the distal end of the tibiofibular syndesmosis. The
bars of external fixator were loosened. The diameter of the tibia at the
osteotomy site was measured. At the osteotomy site, the interosteum
in the medullary cavity was curetted at both ends. The depth of
curettage and width of the periosteum incised were measured. The
fracture was reduced, and the bars were secured again, keeping
a 3 mm distance between the tibial ends and alignment of the tibia.
The incision was closed in layers. After surgery, pin and wound care
was performed with 0.5% iodophor every other day (Figures 1 and 2).

AM vs CA
Ten weeks after tibial osteotomy, models of fracture nonunion were
established if no bony callus was evident on X-ray and CT images
(Figure 3). Six weeks after AM and CA, the rabbit was sacrificed, the
tibia was removed, and the overlying fascia, muscle, and tendon were
carefully removed with the periosteum and callus preserved. The
specimens were then wrapped in gauze soaked in normal saline
solution and stored at −40 °C.

X-ray and Micro-CT scan
In both groups, X-ray was performed every 2 weeks after the non-
union model had been established. At the 10th week, three senior

Figure 1. Surgical procedures for establishing a nonunionmodel. Screws are inserted.
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radiologists assessed fracture nonunion on CT images. X-ray was
taken again 6 weeks after tibial lengthening.

The frozen tibia was thawed naturally, and the external fixator was
removed. The effective length of a specimen included approximately
1 cm of distal and proximal fragments from the osteotomy site. The
specimen was marked and placed in a cup, and the void space was
filled with foam to prevent the specimen frommoving within the cup
during the CT scan. The tibia was scannedwithmicro-CT (GEHealth-
care Locus SP Micro-CT, USA). Using tomographic reconstruction
algorithms, three-dimensional images of the tibia were generated.
After scanning, each image was delineated manually by a radiation
oncologist, and the rotational center was adjusted. The CT threshold
of bone tissue was 1200. The Region of Interest (ROI) was defined as
the cylindrical area with the osteotomy position as the center. The
size of ROI was 2 mm (Z) × 11.3 mm (X) × 10.3 mm (Y). Three-
dimensional reconstruction of the ROI region was carried out. Quan-
titative analysis of bone in the ROI was carried out by usingMicro-CT
analysis software Micro View Advanced Bone Analysis (GE Health
Care). All data were exported in the forms of Excel and Analysis
Report. Between-group comparisons were made with regard to two-
dimensional images on the coronal plane, three-dimensional recon-
struction, and bone quality assessment via evaluation of histomor-
phometric analysis. The analysis included analysis of the bone
mineral density index (mg/cm3·d), bone content index (mg/d), and
bone volume fraction index in ROI (=bone volume/total volume; %/d)
using MicroView V2.1 Software ABA software. Those parameters
were divided by the days between the start of lengthening and
the day when the rabbit was sacrificed. Atrophic nonunion was

defined as no sign of cortical bridging on the radiological plane, and
no calcification presented at the fracture site (Figures 4−7).

Histologic study
After the rabbit was sacrificed, the tibia specimen was harvested. The
surrounding fascia, muscle, and tendon were carefully removed from
the specimen with preservation of the periosteum and callus. After
being washed three times with normal saline, the specimen was sealed
and fixed in 50% neutral formalin solution for 24 h and then stored at
room temperature. The specimenwas decalcifiedwith 5%nitric acid for
36 to 40h until the cortex bone could be penetrated easilywith a needle.
The specimens were longitudinally sectioned into 3-mm full-thickness
slices. The sliceswerewashed in flowingwater for 36 h. The sliceswere
dehydrated overnight using Thermo Scientific EXCELSIOR. The slices
were paraffin-embedded using Leica Histocore Arcadia H and paraffin
freezer Leica Histocore Arcadia C and then frozen in a refrigerator for
20 min. The slice was longitudinal and serially sectioned using LEICA
RM 2235. Each slice was sectioned into two to three sections with
a thickness of 4 μm. The sections were baked at 70 °C for 15 min and
then placed on a section rack. The sections were stained with hematox-
ylin and eosin using Thermo Scientific EXCELSIOR. Then, the section
was dried naturally. Finally, the section was sealed with neutral gum.
The remaining specimens were sealed with paraffin. Histologically, the
fracture site was observed under a microscope (Figure 8).

Figure 2. Closure of the incision.

Figure 3. Establishment of bone nonunion model. Anterior view of 3D CT
reconstruction.
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Statistical analysis
The collected data were analyzed with Statistical Package for the
Social Sciences Version 21.0 (IBM SPSS Corp., Armonk, NY, USA).
The independent samples were analyzed with t-tests and one-way
analysis of variance to determine whether there were significant
differences between the groups. Differences were considered statis-
tically significant at P < 0.05.

Results

After surgery, all animals were weight-bearing during the treatments.
One rabbit suffered a fracture at the distal pin site. Three rabbits
suffered from loosening of external fixation due to pin tract infection.
There was no apparent difference between the specimens of the AM
and CA groups under gross observation.

Outcomes on X-ray and Miro-CT Images
On X-ray and CT images, partial or complete bone sclerosis or
absorption without callus passing though the fracture site was de-
fined as nonunion, and the medullary cavity was closed at the
sclerotic ends. During AM, we observed that the gap in the tibia
increased and decreased in X-ray. In the cases with an 8 mm ampli-
tude, a larger rate of AM was noted than in the cases with an
amplitude of 4 mm. In all specimens, we found periosteal reaction
at the fracture site on X-ray and Miro-CT images. In the CA group,
sclerosis was found at the ends of the fragments. Bone absorption,
nonunion, and a small amount of island-like high density were also
observed at the nonunion site. In the A1B1 subgroup, we observed

sparse callus-like bone formation that did not connect the gap be-
tween the cortical bones of the fragments. In the A1B2 subgroup,
there was a high density of calli connecting most of the gap and
a large amount of periosteal callus formation. In the A2B2 subgroup,
the cortex was initially connected. No gap was observed, and the
medullary cavity was recanalized.

Histologic findings
In a nonunion model, histological observation showed that the frac-
ture gap was filled with fibrocartilage, but only a small amount of
bone matrix and calcium deposits was observed. No regeneration of
the trabecular bone structure was observed. In the CA group, histolo-
gical findings showed that the gap was filled with fibrous tissue, as
well as the formation of cartilage islands and interconnected and
woven bone. In the A1B1 subgroup, the woven bone was discontin-
uous and disorganized. In the A1B2 subgroup, continuous woven
bone bridged the gap. In the A2B1 subgroup, the central nonunion
area was connected with woven bone and lamellar bone. In the A2B2
subgroup, the gap was bridged with compact cortical bone. New
reformed periosteum was seen in all the models.

Statistical analysis
Statistical analysis showed that among those indicators, A1B2 had the
highest level, and A2B1 had the lowest level. High levels of bone
content and bone mineral density were associated with a large

Figure 4. Establishment of bone nonunion model. Histomorphological image at the
fracture site (HE×100).

Figure 5. X rays at tibia fracture sites after compression alone.

380

Wang et al. / Acta Orthop Traumatol Turc 2021; 55(5): 377–384



amount of periosteal bone formation. Analysis of the bone content
index 2 × 2 (Table 1 and Figure 9), the interval factor of variance,
showed statistical significance (P < 0.05); when using the amplitude
factor as the variance, there was statistical significance (P < 0.05), and
when using both the interval and amplitude as a combined factor,
there was no statistical significance (P = 0.069), ie, in terms of the
bone content index, there was no interaction between the interval
and amplitude factors. The interval and amplitude were independent
factors that would not affect each other. The two straight lines in
Figure 10 were almost parallel, which confirmed this conclusion
again. According to the trend of the bone content index, the AM
mode with a large amplitude and small interval significantly im-
proved bone healing. Analysis of the magnitude, intermission, and
interaction of the bone content index, bone mineral density index,
and bone volume fraction index showed similar results; that is, the
AM mode with large amplitude and small intermission could better
improve healing of nonunion (Table 2 and Figure 10).

Discussion

Our study found that distraction creates columnar fibrovascular tissues
arising from crushed scar tissue on the fracture surface, and repeated
distraction stimulates the production of osteoblasts and helps collagen
bundles. At a distraction rate of 0.34 mm twice a day, an interval of 0
days and an amplitude of 8 mm are most appropriate for bone healing.

Therefore, the AM promotes both the production and maturation of
osteoblasts, by which a higher bone union rate may be achieved.

Brinker et al.14 treated five patients for aseptic femoral nonunion
following failed exchange nailing using CA. Slow compression was
performed at 0.25 to 0.50 mm per day on the nonunion site using an
Ilizarov external fixator. All nonunions healed at an average of 133
days. Menon et al.15 treated nine patients (two femoral, three tibial,
and four humeral nonunions) after failure to achieve union with
intramedullary nailing. They used a circular fixator to compress the
nonunion site for 6 months, and bone union was achieved in all
patients. In an animal study of 41 sheep, Claes et al.16 found that
temporary cyclic distraction and compression can enhance bone
healing by producing a 20% increased bone volume. In an animal
study, Kim et al.17 found that fast and dense bone regeneration
occurred by compression applied on day 7 after distraction (day 18
postoperatively) for 4 days during the early consolidation period.
Currently, the mechanism of extensive periosteal bone formation is
not totally clear, even when the periosteum has been excised. Ochar-
eon et al.18 suggested that the periosteummigrates to cover new bone
as it grows longitudinally. This migration involves the cellular layer
as well as the outer fibrous layer. Foolen et al.19 suggested that when
the periosteum is incised and released, bone morphogenetic proteins
are produced, which stimulates a proliferative reaction that causes
periosteal bone formation.

Figure 6. A1B1 (A1 = 0 day; A2 =6 days; B1 = distraction rate at 4 mm; B2 =
distraction rate at 8 mm).

Figure 7. A2B1.
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The protocols for the AM are still debated. Baruah et al.9 suggested
that compression was started first with each cycle of compression for
7 days at a rate of 0.25 mm in 12 h, followed by distraction for 7 days
and rest for 3–5 days. Golyakhovsky et al.20 suggested compression
for 10 days, followed by distraction of up to 10 to 20 mm, at a rate of
0.25 mm twice a day, followed by rest for 7 to 10 days, and then slow
compression again for up to 7 to 10 mm. After a rest period of 5 to 7
days, distraction was performed for the second time. Kulkarni21 sug-
gested the protocol for AM in hypertrophic nonunion as distraction
0.5 mm/day for 20 days, followed by rest for the next 20 days and
finally compression. Inan et al.12 treated 11 femoral nonunions with
AM. Compression of 1 mm/day was applied until bony contact was
seen radiographically, followed by a distraction period of 1 mm/day

(the length of distraction periods was equal to the compression per-
iod). Afterward, a second compression of 1 mm/day was performed
until bony contact was seen radiographically. There was a latent
period of 7 days between the compression and distraction periods.
Second compression bone contact was continued at a rate of
0.25 mm/week until complete union was seen radiographically.
Union was achieved with the AM after an average of 53 days.
Meyer et al.22 found that the magnitude but frequency of mechanical
loading controls the differentiation of bone cells and the subsequent
formation of bone tissue. Aronson et al.23 performed distraction os-
teogenesis in 32 adult dogs. They found that new bone consolidation
was best with metaphyseal (22 days/cm) and diaphyseal lengthening
(26 days/cm). During the bone healing process, tension between
fragments less than 2% can promote fracture healing, tension be-
tween 2% and 10% can promote cartilage osteogenesis, tension
greater than 10% can promote the formation of fibrous tissue, and
tension greater than 100% can cause nonunion. Considering the
influence of different traction amplitudes on tissue tension, this
study defined the parameters of AM amplitude as 4 mm and 8 mm
based on the external fixator. Our results showed that 8 mm is more
beneficial for bone healing than 4 mm. The increased rate of AM is
conducive to reducing tissue tension in the elongation zone and
promoting osteogenic transformation. Therefore, in the treatment of
nonunion with the AM, continuous distraction−compression can im-
prove bone transformation and nonunion healing; by avoiding the
intermission period, the method reduces the duration of
treatment.24,25

In humans, the average length of the tibia is 430 mm, and the usual
amplitude is 10 mm in clinical practice. Therefore, the formula is as
follows: bone length (430 mm)/amplitude (10 mm) = 4.3%. In this study,
the average length of the rabbit tibia measured was 102 mm. Based on
the same percentage of bone length/amplitude (ie, 4.3%), we calculated
that the amplitude for rabbitswas 4mm.We used this amplitude (4mm)
and double this amplitude (8 mm) for the AM study. In a study on dogs,
Aronson et al.26 found thatmineralizationwas completely achievedat an
interval of 0 days, but slower mineralizationwas observed at an interval
of 7 days. Based on a clinical study, Krishnan et al.27 suggested an
interval of 5 to 7 days. These studies are the basis we selected intervals
of 0 and 6 days. We used a monolateral fixator for rabbits because
designing and using a circular fixator for small animals are difficult.

In general, 100 animals comprise a large enough group to provide
accurate mean values and a small margin of errors, but we also
weighed the acceptable cost of the experiment. Limitations of the
study included the following: 1) Only one time point was selected for
assessing bone healing, and no study was based on the molecular
mechanism. More amplitude parameters can further optimize the
amplitude parameters and clarify the relationship between compres-
sion and body weight to provide personalized guidance for clinical
application. 2)We used amonolateral frame in this study because it is
difficult to design a circular frame for rabbits. However, the me-
chanics are different between the two frames. Monolateral frames
aremore rigid than circular frames. The former prevents axial motion
at the osteotomy site but causes stress shielding and delays in
healing.28 The lower frame rigidity seen at lesser loads allows more
axial motion and is presumed to be useful for stimulation of callus
formation. Monolateral frames lead to uniform compression that
enhances bone healing and prevents malunion. 3) In this study,
New Zealand rabbits were used as the experimental subjects. Pin
bending and light cortical malalignment were observed in some
animals, which may affect the accuracy of the results. We did not
include a study on serum and urinary biomarkers. Although the

Figure 8. A2B2.

Table 1. Micro-CT Results of AM and CA Groups

Items Group Mean
Standard
Deviation

Standard
Error

Bone content index (mg/cm3·d) AM 1.094 0.087 0.021

CA 0.852 0.051 0.026

Bone mineral density index (mg/d) AM 8.490 0.663 0.156

CA 5.730 0.727 0.363

Bone volume fraction index (%/d) AM 0.005 0.000 0.000

CA 0.004 0.000 0.000
AM, Accordion Maneuver; CA, Compression Alone.
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biomarkers provide more accurate and real-time information about
bone cell activity, obtaining those samples stimulates more animal
activities that increase the risk of fixation failure. Owing to differ-
ences among species, whether their conclusions are also suitable for
clinical practice remains to be further confirmed.

Compared with CA, AM is more effective for treating atrophic non-
union and shortens the period of treatment. An interval of 0 days and
an amplitude of 8 mm may be more appropriate for the AM.
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