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Abstract

OBJECTIVES: We sought to compare the effects of conventional wire cerclage with that of the band and plate fixation of the sternum.

METHODS: A parallel randomized open-label trial with 1:1 allocation ratio compared healing after adult cardiac surgery using ‘figure-of-8’
stainless steel wire cerclage or a band and plate system (plates). The primary end point was maximal sternal edge displacement during ac-
tive coughing of >_2 mm in >_2 of 4 sites measured with ultrasound by 2 assessors blinded to the other at 6 weeks postoperatively.
Secondary end points at 12 weeks included ultrasound assessment, computed tomography (CT) scan and multidimensional assessment of
quality of recovery using the Postoperative Quality of Recovery Scale.

RESULTS: Of 50 patients, 26 received plates and 24 wires. Two patients died and 1 withdrew consent leaving 25 plates and 22 wires for pri-
mary end point analysis. Operations included 37 coronary, 5 valve and 8 combined coronary and valve procedures. At 6 weeks, less sternal
movement was observed in patients with plates than those with wires, 4% (1/25) vs 32% (7/22), P = 0.018. Agreement between observers
was high, kappa = 0.850. At 12 weeks, less ultrasound motion was seen in patients with plates, 0% (0/23) than those with wires, 25% (5/20),
P = 0.014. Recovery from pain was higher for patients with plates 92% (22/24) than those with wires 67% (14/21), P = 0.004. CT bone edge
separation was less for plates 38% (9/24) than wires 71% (15/21), P = 0.036. CT mild bone synthesis or greater was similar between patients
with plates 21% (5/24) and wires 14% (3/21), P = 0.71.

CONCLUSIONS: Patients receiving the band and plate system had significantly less sternal edge motion than those receiving wires, 6 and
12 weeks after cardiac surgery and experienced less pain.

Clinical trial registration: clinicaltrials.gov NCT03282578.
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ABBREVIATIONS

CABG Coronary artery bypass graft
CT Computed tomography
GLMM Generalized linear mixed model
PostopQRS Postoperative Quality of Recovery Scale
SD Standard deviation

INTRODUCTION

The conventional fixation of the sternum bone after cardiac sur-
gery involves use of stainless steel wires encircling the sternum in
a variety of methods (cerclage). Wire fixation of fractures in other
forms of surgery has largely been replaced by rigid plating sys-
tems. Sternal fixation presents a particular challenge as the chest
cannot be immobilized, since patients are required to breath,
cough and mobilize—all of which produce multiplanar and dis-
tracting forces on the sternum [1].

Wire or band cerclage will have a similar effect of exerting a
compressive force which counteracts the distracting forces oc-
curring during coughing and other activities of daily living.
Activities that create the largest distraction force on the sternum
are coughing and sneezing, which exceed arm raising or pushing,
such as arising from a chair [2, 3]. Therefore, we measured dy-
namic sternal edge motion during a cough as this was the activity
that allowed for the greatest sternal distraction as well as being
part of standard care, easily initiated and reproduced by the pa-
tient on demand.

Traditionally, computed tomography (CT) has been used to as-
sess sternal healing, yet all assessments occur at rest rather than
under conditions of sternal distraction forces as would occur in
normal postoperative recovery [4–6]. The sternum is easily identi-
fied with ultrasound, due to all of the ultrasound signal being
reflected off the superficial surface of the bone. Additionally, be-
ing a superficial structure allows for use of a higher frequency ul-
trasound probe, resulting in higher resolution imaging.

Consequently, accurate detection of the sternal edges occurs and
measurement of displacement during activities that result in
movement is valid [7–9]. By acquiring video ultrasound images in
DICOM format throughout the stress activity, measurements can
be made from rest to maximal displacement using de-identified
stored images with multiple observers blinded to each other.

Optimal fracture healing requires optimal cortical bone align-
ment, apposition and immobilization [10]. Some degree of sub-
luxation of a sternal cortical edge over that of the other side may
occur with continued movement which could lead to a reduction
in sternal width over time. We hypothesized that since wires or
bands are inelastic, this may result in reduced forces of compres-
sion and would be similar for both methods. The addition of a
plate to a compressive band is a novel design element and could
theoretically reduce the potential for bone edge subluxation.

Prior research by our group established that motion of the
sternal edges was common in patients who were healing appar-
ently normally [11, 12]. Specifically, motion of the bone edges of
<2 mm was common at 6 weeks postoperatively, contrary to first
principles expectations that there would be no residual motion
between bone edges at this time [11, 12]. Based on these data,
we surmised that inadequate healing of the sternum was present
if there was >_2 mm of sternal edge motion at half or more of the
4 sites assessed. The sites selected corresponded to the manu-
brium and 3 parts of the body of the sternum.

The study was designed to be a pilot study and the aim was to
investigate the effect of a band and plate system compared to
conventional wire cerclage on sternal motion, bony healing and
quality of recovery after adult cardiac surgery.

MATERIALS AND METHODS

This investigator-initiated randomized parallel controlled trial, with
1:1 allocation ratio was approved by the Melbourne Health
Human Research Ethics Committee (HREC2017.165). The trial was
registered prior to recruitment and no changes were made to the
protocol following commencement of recruitment,
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clinicaltrials.gov NCT03282578. Adult cardiac surgery patients
were from Royal Melbourne and Melbourne Private hospitals,
Melbourne, Australia. Allocation occurred after weaning from car-
diopulmonary bypass and following intraoperative confirmation
by the surgeon that randomization was still clinically appropriate.

Study population

Patients who were scheduled for elective primary cardiac surgery
over 18 years of age, with no evidence of infection at the time of
surgery and who had sufficient English proficiency to complete
the Postoperative Quality of Recovery Scale (PostopQRS) [13] were
included in the study. Patients were excluded if they had previous
sternotomy or clinical sternal deformities. The band and plate de-
vice used was SternaLock360VR (Zimmer Biomet, Jacksonville, FL,
USA) (see Video 1). The control arm was using single strand stain-
less steel wire cerclage using a ‘figure-of-8’ configuration.

Primary outcome

The primary outcome was maximal bone edge displacement dur-
ing coughing which was >_2 mm at >_2 of the 4 sites assessed at
6 weeks postoperatively.

Ultrasound assessment of bone healing. The sternum was
examined with a linear array ultrasound probe 6–12� MHz
(SonoSite X-Porte, Fujifilm, USA). Video recordings were used to
capture the movement of sternal edges at rest and coughing, and

stored in DICOM format, de-indentified and on a central PACS
system, Synapse Cardiovascular, Fujifilm, USA. See Video 2 for
examples of sternal edge movement detected with ultrasound.
An analysis was performed by 2 observers blinded to each other,
and a third observer in the case of discrepancy. It was not possi-
ble to adequately blind observers as there is a characteristic ultra-
sonic pattern arising from the devices which is recognizable by
the observer.

The bone edge is easily distinguishable on ultrasound and dis-
tance measured in the anterior-posterior, lateral as well as edge-
to-edge displacement from rest to the point of maximum dis-
placement found by advancing the loop, frame by frame. Video
imaging was saved in a de-identified form in DICOM to a central
PACS. Each assessment was measured 3 times by each observer
and the measurements averaged; for images to record sternal sep-
aration at rest and the resultant motion during an active cough by
the patient. The maximum distance in any vector was used for the
analysis. Since bone edges may overlap (subluxation), the positive
vector for motion was considered with the right sternal edge used
as the reference point for measurements (Fig. 1). All measurements
were recorded as a continuous variable.

Four sites at 2, 6, 10 and 15 cm inferior to the sternal notch
were used for measurements for all time periods and all imaged
manubrium, and upper, middle and lower body of the sternum.
Measurements were conducted on postoperative days 1, 2, 3–7
(not reported); then on postoperative weeks 6 and 12 (primary
and secondary end points).

Secondary outcomes

Ultrasound assessment at 12 weeks. The maximal bone edge
displacement during coughing, which was >_2 mm at >_2 or the 4
sites.

Quality of recovery using Postoperative Quality of
Recovery Scale. The PostopQRS is a multidimensional survey-
based tool, which includes a domain designed to measure cogni-
tive recovery over time during the postoperative period [13]. The
5 domains include cognitive, physiological, emotive, nociceptive
and activities of daily living. The instrument is administered pre-
operatively to establish individual baseline measurements for
each patient with recovery reflecting return to baseline or better.
The PostopQRS was conducted face-to-face whilst in hospital

Video 1: Implantation technique of Sternalock360VR .

Video 2: Ultrasound imaging of sternal movement with cough, wire cerclage
6 weeks postoperatively and with cough, band and plate 6 weeks
postoperatively.
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and then via telephone after hospital discharge. The time points
for this assessment were: presurgery, 1, 3 and 6 days, 2, 4, 6 and
12 weeks after surgery.

Computed tomography scans. CT scans were performed at
12 weeks and analysis by 2 independent senior radiologist
observers were performed according to the scoring system by
Stacy et al. [6]. In brief, a score of 3 indicates mild bone synthesis
and a score of 4 indicates a moderate bone synthesis. Of note,
Stacy assessed the sternum in 5 sites (whereas we assessed 4 sites
with ultrasound). However, their fifth site was at the lower ex-
tremity of the sternum and therefore our 4 sites correspond ac-
curately to the superior 4 sites of Stacy. End points were
measured if >_2 of the 5 sites were affected in order to remain
consistent with the ultrasound assessment. CT scans were per-
formed at rest and therefore any displacement was not reflective
of dynamic motion such as with coughing. Also, CT does not dis-
tinguish between bone formation and the tensile rigidity or
strength of the new bone. Like the ultrasound assessment, al-
though patients were de-indentified, it is simple for the observers
to distinguish the device used from the scan.

Implementation. The allocation sequence was generated using
a web-based system [14], with 1:1 allocation using double sealed
envelopes with block allocation (4, 6, 8). Research staff obtained
informed written consent from the participants and performed
baseline testing using the PostopQRS. Allocation was performed
after separation from cardiopulmonary bypass and when the sur-
geon was prepared to randomize to either technique. The trial
was not blinded to treating staff or participants. The observers
performing ultrasound measurements were blinded to each
other.

Sample size estimation. From previous pilot data, fewer than
10% of patients who had received the SternaLock360 had sternal
motion >_2 mm, whereas 50% of patients who received conven-
tional wiring had sternal motion >_2 mm. To detect a difference in
movement of 50% (wires) to 10% (SternaLock), a minimum of 25
participants in each group was determined based on a Fisher’s
exact test with an alpha 0.05, power 80% and a two-tailed design.

Statistical analysis

Categorical data were assessed with the Fisher’s exact test and an
independent Student’s t-test was used to analyse all continuous

data. A generalized linear mixed model (GLMM) with a logit link
function was used to analyse recovery (PostopQRS). Categorical
variables included time and allocated treatment, time by treat-
ment interaction were included as fixed effects and the random
intercept for patients were included for within-patient correla-
tion. Statistical significance was set at P-value <0.05. Sternal mo-
tion was dichotomized as either <2 or >_2 mm at each of the sites
assessed at postoperative weeks 6 and 12. An agreement analysis
was performed between 2 observers of the ultrasound measure-
ment using Cohen’s kappa to determine inter-rater reliability, but
this was not done for the CT scan analysis. GENSTAT V18 (VSNi
International, Hemel Hempstead, UK) was used to perform the
GLMM test, and SPSS V21 (IBM Corp., Armonk, NY, USA) was
used for other analyses.

RESULTS

Enrolment and baseline characteristics with clinical
outcomes

From 5 October 2017 until 1 August 2018, 68 patients were
screened. Of those, 18 were excluded and 50 participants were
enrolled, with 26 patients randomized to receive SternaLock360
and 24 received conventional stainless steel wires (Fig. 2). Prior to
the 6-week assessment, there was 1 withdrawal of consent and 2
further participants had died leaving 22 patients in the wire and
25 patients in the SternaLock360 group. At 12 weeks, 1 patient in
each group had refused assessment resulting in 24 patients in the
Sternalock360 group and 21 patients in the wire groupfor CT
and PostopQRS assessments. One additional patient in each
group was lost to ultrasound assessment.

The baseline characteristics were well-balanced between groups
(Table 1). The EuroSCORE II was similar between the SternaLock360,
2.1% [standard deviation (SD): 2.5%] and wire groups, 1.8% (SD:
2.6%), P = 0.68. The mean time to implant SternaLock360 was longer
16.2 (SD: 6.7) vs 12.6 (SD: 5.8) min, P = 0.045 (Table 2). The majority
of patients underwent isolated coronary bypass surgery. No patient
suffered a deep sternal wound infection.

One patient undergoing AVR and coronary artery bypass graft
(CABG), required sternal reopening shortly after sternal plate im-
plantation (prior to transfer to the intensive care unit) due to un-
expected and severe haemodynamic instability and the chest was
left open for 3 days, after which conventional wire cerclage was
used. There was no difficulty in emergency division of the sternal
plate and band (both of which required division). No assessment

Figure 1: Ultrasound assessment of sternal edge separation. The distance recorded was the greatest change in any vector.
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Table 1: Preoperative factors and risk predictions

Variables SternaLock360 (n = 26), n (SD/%) Wires (n = 24), n (SD/%) P-value

Age (years) 64.2 (14.7) 64.8 (13.9) 0.87
Male gender 21 (81) 17 (71) 0.51
BMI (kg.m-2) 28.7 (4.7) 27.6 (4.3) 0.40
Obesity 0.72

Normal 7 (27) 7 (29)
Overweight 11 (42) 12 (50)
Obese (BMI > 30) 8 (31) 5 (21)

History of preoperative risk factors
Diabetesa 11 (42) 6 (25) 0.24
Osteoporosis 1 (4) 1 (4) 1.00
Hypertension 18 (69) 15 (63) 0.77

Chronic obstructive pulmonary disease 6 (23) 3 (13) 0.47
Smoking status 0.86

Never 12 (46) 11 (46)
Ex-smoker 12 (46) 12 (50)
Current smoker 2 (8) 1 (4)

Risk prediction: EuroSCORE II score (% risk, SD) 2.1 (2.5) 1.8 (2.6) 0.68
Risk prediction: STS scores (% risk, SD)

Risk of mortality 3.3 (3.7) 2.4 (2.2) 0.32
Morbidity or mortality 47 (22.6) 47.6 (17.7) 0.91
Deep sternal wound infection 0.17 (0.09) 0.18 (0.12) 0.72
Long length of stay 10.9 (10.2) 8.9 (6.0) 0.40
Permanent stroke 2.0 (1.5) 1.5 (1.2) 0.20
Prolonged ventilation 10.7 (9.9) 8.4 (5.4) 0.32
Renal failure 0.95 (0.48) 1.2 (1.6) 0.84
Reoperation 3.7 (1.3) 3.5 (1.9) 0.83
Short length of stay 30.7 (19.3) 36.6 (19.9) 0.39

aOne patient only, in the wires group, had insulin-dependent diabetes.
BMI: body mass index; SD: standard deviation; STS: Society of Thoracic Surgeons, patient reported preoperative diagnosis.

Figure 2: Participant flow chart. PostopQRS: Postoperative Quality of Recovery Scale.
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of the sternum was possible as the patient remained intubated
for 2 further weeks, with 2 reoperations for tamponade and 1 for
exploratory laparotomy; and died before extubation of multi-or-
gan failure. A second patient undergoing mitral valve repair and
CABG receiving conventional wire cerclage, developed sudden
ventricular fibrillation in the operating theatre when being trans-
ferred to the intensive care bed. Ten minutes of CPR was admin-
istered and responded to DC reversion; with transoesophageal
echocardiography excluding a pericardial effusion and the pa-
tient then promptly recovered their haemodynamic state. The
patient suffered a severe neurological event and after 2 days
treatment was withdrawn and the patient palliated, and no post-
operative ultrasound assessment was possible. A third patient
randomized to wire cerclage and undergoing CABG, developed
early chylothorax and underwent resternotomy 2 days postoper-
ative with replacement of the wire cerclage and resolution of
chyle leakage. A bilateral internal mammary artery was used in 1
patient (Wires).

Primary end point (6 weeks postoperatively). Sternal edge
movement >_2 mm at >_2 of 4 sites assessed with coughing was
significantly less for patients with SternaLock360 than those with
wires, 4% (1/25) vs 32% (7/22), P = 0.018.

Secondary end points (12 weeks postoperatively). Sternal
edge movement of >_2 mm at >_2 of 4 sites assessed with coughing
was less for patients with SternaLock360, 0% (0/24) than those
with wires, 25% (5/20), P = 0.014. Overall PostopQRS recovery to
preoperative baseline was similar between the SternaLock360,
54% (13/24) and wire groups 33% (7/21), P = 0.14 (Fig. 3).
However, in the nociception domain, pain recovery to baseline
was better for patients with the SternaLock360, 92% (22/24) than
those with wires 67% (14/21), P < 0.001; and across all postopera-
tive time points, P = 0.004 (GLMM) (Fig. 4). CT bone edge separa-
tion (at rest) was less in patients with the SternaLock360, 38% (9/
24) than those with wires 71% (15/21), P = 0.036. CT mild bone
synthesis or greater (Stacy classification 3+) was similar between
the SternaLock360, 21% (5/24) and wire groups 14% (3/21),
P = 0.71. There was no harmful outcome attributable to either
intervention.

DISCUSSION

The key finding was that sternal bone edge motion was less for
patients with a SternaLock360 compared to those with a wire cerc-
lage at 6 and 12 weeks. Further, this was associated with improved
recovery from pain (i.e. reduced pain). The use of ultrasound to im-
age the sternum allowed for dynamic assessment of motion which
would not have been captured using chest X-ray or CT scan.

The SternaLock360 is the first version of this device to incorpo-
rate a band that encircles the sternum; whereas prior versions in-
corporated plates only. Two randomized studies were conducted
with CT scan assessment of bone synthesis [6] as the primary end
point, found an improvement with plates [4, 5]. The addition of
the band cerclage in this study changes the device sufficiently to
prevent direct comparison with these 2 prior randomized studies.

We selected the 4 sites for assessment to image the manubrium
and upper, middle and lower body of the sternum. Use of the 4
specified distances referenced from the constant bony landmark
of the sternal notch was to ensure consistency and reproducibility.
Even though body size varied amongst patients these sites

Table 2: Intraoperative and postoperative variables

Variables SternaLock
360 (n = 26),
n (SD/%)

Wires
(n = 24),
n (SD/%)

P-value

CABG 18 (69) 19 (79) 0.76
Valve surgery 2 (8) 3 (13) 0.66
Both valve and CABG 6 (23) 2 (8) 0.25
High thoracic epidural 10 (39) 10 (42) 1.00
Perioperative outcomes

Bypass time (min) 117.6 (58.0) 111.5 (41.8) 0.67
Sternal closure time (min) 16.2 (6.7) 12.6 (5.8) 0.045
Anaesthetic duration (min) 337.1 (100.4) 326.3 (81.4) 0.68
ICU LOS (days) 2.5 (4.5) 1.8 (1.0) 0.40
Ward LOS (days) 7.4 (3.3) 7 (4.5) 0.70
Total hospital LOS (days) 9.1 (3.1) 9 (4.5) 0.88
Reoperation 1 (4) 1 (4) 1.00
Deep sternal wound infection 0 0 1.00

CABG: coronary artery bypass graft; ICU: intensive care unit; LOS: length of
stay; SD: standard deviation.

Figure 3: Postoperative Quality of Recovery Scale recovery in all domains.

Figure 4: Postoperative Quality of Recovery Scale recovery in the pain subdo-
main. Proportion of patients who had returned to their preoperative baseline
score of pain as measured on a visual analogue scale with (1) no pain, (2) mild
pain, (3) moderate pain, (4) moderate to severe pain and (5) severe pain.
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consistently imaged the intended part of the sternum. However,
we maintained the 5 sites used to assess the sternum for CT analy-
sis, for consistency with prior reports [4–6]. Importantly, the supe-
rior 4 sites under this classification correspond accurately to the 4
sites we used on ultrasound assessment.

The ideal orthopaedic strategy of complete immobilization of
the sternal edges was not achieved by either method at 6 weeks.
This finding may also be of some surprise to surgeons, as micro-
motion of the sternal bone may exist and be detectable by ultra-
sound whilst at the same time, appear completely stable to
clinical examination alone. Hence the SternaLock360 may be
viewed as an important step towards the ideal of complete ster-
nal immobilization at all sites and at all times.

The secondary findings of better pain recovery (reduced pain)
with the SternaLock360 could be link to better fracture stabiliza-
tion. This finding was present throughout the entire study includ-
ing the early postoperative period, indicating that better bone
edge stabilization is important in the perception of postoperative
sternotomy pain (Fig. 4).

The CT findings were performed at rest only, with no stress
manoeuvre undertaken. Therefore, we gave greater weight to the
ultrasound assessment findings which measured displacement
under stress conditions. The findings of greater bone edge sepa-
ration for wires would be consistent with reduced immobilization
or stabilization compared to the SternaLock360. Absence of dif-
ferences in the degree of bone synthesis (Stacy 3+ categories)
was expected, since new bone would be expected to form at a
similar rate in both groups, irrespective of the degree of stability
of the fixation technique. This is an important consideration with
CT analysis—new bone formation does not necessarily equate to
stability—specifically each hemi-sternum may develop bone cal-
lus, yet not have formed a stable bone union between the 2
sides. This raises concern about the value of CT scan as an inde-
pendent assessment of early bone union of the sternum. The ad-
dition of a dynamic imaging modality could be of more value to
evaluate stability.

Most bone fractures or surgical division of bone are treated
with a combination of plate fixation and avoidance or minimiza-
tion of stress forces acting at the fracture site. For example, a plate
used in an ankle fracture is also managed with an external cast
and with use of crutches to avoid weight bearing altogether.
Cardiac surgery patients are routinely encouraged to cough,
breathe deeply and mobilize, all of which exert force on the ster-
nal edges [1, 9, 11]. An observation of frequent subluxation of 1
cortical edge over the other side could represent a change from
the intraoperative edge-to-edge cortical apposition. Subluxation
occurring after wire or band fixation (e.g. during postoperative
coughing) could result in a slight reduction in the width of the
whole sternum and since wires or bands are inelastic, this could
result in a reduced compressive force being applied to the ster-
num and some loss of stability. A hypothesis arising from this
study is that the plates act to reduce cortical bone edge subluxa-
tion, thereby better preserving the compressive force of the cir-
cumferential band and hence better stabilization.

Limitations

The sample size was estimated for the primary outcome and may
be too small for some of the secondary outcomes risking Type 2
error. For example, the overall PostopQRS recovery was not sig-
nificantly different despite a 39% relative difference favouring the

band and plate system but this could reflect an inadequate sam-
ple size for this measurement. The characteristic pattern on ultra-
sound or CT scanning makes the diagnosis of wires or plates
obvious, and this could introduce bias due to an inability to blind
observers as to the technique of closure. The results of the pri-
mary outcome in this study should be generalizable to adult car-
diac surgery, but further research is required to confirm
differences in secondary outcomes and to identify limitations of
the device over time. Two patients died (4%), which was higher
than was usual for this surgical unit for elective cardiac surgery
cases. However, in neither case was the method of sternal closure
considered to have contributed to outcome. The results of our
‘figure-of-8’ wire cerclage may not be entirely transferable to the
results of all alternative wire cerclage methods such as single wire
fixation, cables or of alternative fixation technologies.

CONCLUSIONS

A band and plate system achieved reduced sternal edge motion
at 6 and 12 weeks postoperatively, less edge separation and im-
proved pain recovery.
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