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Abstract: Sterile silicone ring tourniquets (SSRTs) reduce intraoperative bleeding and provide a wide
surgical view. Moreover, they reduce the risk of contamination and are cheaper than conventional
pneumatic tourniquets. Our study describes the perioperative outcomes of sterile silicone ring
tourniquet placement in pediatric patients undergoing orthopedic surgery. We prospectively recruited
27 pediatric patients aged < 18 years who underwent 30 orthopedic surgeries between March and
September 2021. Following complete surgical draping, all operations were initiated by placing
SSRTs. We investigated the demographic and clinical characteristics of these patients, details of the
tourniquet used, and intra- and postoperative outcomes of tourniquet placement. Owing to the
narrowness of tourniquet bands and tourniquet placement at the proximal ends of the extremities,
wide surgical fields were achieved, without limiting joint range of motion. Bleeding control was
effective. Tourniquets were applied and removed rapidly and safely, regardless of limb circumference.
None of the patients experienced postoperative pain, paresthesia, skin problems at the application
site, surgical site infections, ischemic problems, or deep vein thrombosis. SSRTs effectively reduced
intraoperative blood loss and facilitated wide operative fields in pediatric patients with various limb
sizes. These tourniquets allow quick, safe, and effective orthopedic surgery for pediatric patients.

Keywords: sterile silicone ring tourniquet; pediatric orthopedics; extremity surgery; bleeding control

1. Introduction

Tourniquet use in orthopedic surgery enables bloodless operations, and facilitates
the identification of important anatomical structures while also decreasing the anesthetic
and operation time. However, the tourniquet itself is related to various complications
such as skin and nerve injury, rhabdomyolysis, deep vein thrombosis, or compartment
syndrome. Accordingly, many types of tourniquet systems have been invented and used
by surgeon’s preferences.

Conventional pneumatic tourniquets have been shown to control blood flow and
reperfusion during surgical procedures effectively; moreover, their reusability also makes
them economical [1]. Despite these advantages, there is a demand for other types of
tourniquets in pediatric patients undergoing orthopedic surgery. Pneumatic tourniquet
cuffs are relatively wide enough to block blood flow. As children have relatively short
limbs, the wide cuffs of pneumatic tourniquets cover greater areas in children than in
adults. This can be a major obstacle, especially in proximal limb surgery, because it might
block the sight of the surgeon’s field of view [2]. Additionally, the short limbs of infants
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and toddlers have a conical shape at the thigh, which often results in unintentional cuff
sliding events and causes loss of arterial blood occlusion. Moreover, because limb size and
circumference vary according to age, it is difficult to determine the adequate cuff size and
amount of pressure to apply in pediatric patients. In addition, the skin and soft tissues
are more delicate in children than in adults, increasing the probability of skin injury or
chemical burns in the areas where the tourniquet was applied [3]. Furthermore, there is
an issue of contamination of the tourniquet cuff; it can be a potential source of microbial
colonization and may increase the surgical infection rate.

Owing to these drawbacks, Esmarch bandage tourniquets have been regarded as
alternatives to conventional pneumatic tourniquets. They are also reusable, easy to sterilize,
and allow blood exsanguination regardless of the limb circumference of the patients.
However, Esmarch bandages still have wide cuffs, making it difficult to control the amount
of pressure at the application site which can cause soft tissue damage [4].

Therefore, sterile silicone ring tourniquets have been suggested as good alternatives to
pneumatic tourniquets. These tourniquets have only 2 cm wide cuffs, provide even pressure
at compression sites, and can be applied in aseptic conditions [5]. Additionally, because it
can be located at a more proximal site, we can achieve a wider surgical field without the
risk of contamination. Although sterile silicone ring tourniquets have been frequently used
and their outcomes have been reported in adult patients, only a few retrospective studies
have evaluated their effects in pediatric patients [2,6].

This study aimed to investigate the effectiveness of sterile silicone ring tourniquets
in pediatric patients undergoing orthopedic limb surgery. Both intraoperative and post-
operative outcomes of sterile silicone ring tourniquet application and complications in
pediatric patients undergoing orthopedic limb surgery were prospectively evaluated. We
hypothesized that silicone ring tourniquets can work successfully in pediatric patients
without perioperative complications.

2. Materials and Methods
2.1. Patient Selection

This study was approved by the Severance Hospital institutional review board (IRB No.
1-2020-0076). Patients who visited our pediatric orthopedic clinic between March 1st and
September 30th, 2021 were prospectively recruited. Informed consent was obtained from all
enrolled patients and their parents. Patients were included if they were (1) aged < 18 years
and (2) scheduled to undergo upper or lower extremity in pediatric orthopedic surgery.
Patients were excluded if the (1) expected tourniquet time was more than 2 h, (2) had poor
skin condition where tourniquet would be applied, (3) were undergoing hip or shoulder
joint surgery, (4) had unstable limb fractures, or (5) had musculoskeletal infections. Finally,
a total of 27 patients (14 male, 13 female with 30 limbs) were included in the analysis.

2.2. Application of Sterile Silicone Ring Tourniquet in Limb Surgery

All surgeries in this study were performed by a single senior pediatric orthopedic
surgeon (YHK). Sterile silicone ring tourniquets (Rapband®; Rapmedicare, Gyeonggi-do,
Republic of Korea) (Figure 1) are designed for specific limb circumferences to provide
preset pressure; unlike conventional pneumatic tourniquets, which allow the operator to
control the applied pressure. They applied to provide different pressures with 4 sizes; small,
medium, large, and extra-large sterile silicone ring tourniquets respectively providing
pressures of 200 + 20, 230 + 40, 310 + 40, and 320 & 20 mmHg. The sizes were categorized
by patient limb circumference, the small model was fit for 14 to 21 cm, the medium was
22 to 39 cm, the large was 40 to 54 cm, and the extra-large was more than 54 cm. Each
tourniquet comprised a sterile silicone ring wrapped in a stockinet and two pulled straps.
After complete aseptic draping, the most appropriately sized sterile silicone ring tourniquet
was selected after measuring the limb circumference of the occlusion site with sterile tape
measure. After an approximate ring tourniquet was selected, it was applied to the limb.
The tourniquet was placed on the distal part of the limb and the two straps were pulled to
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the proximal part of the limb. The sterile silicone ring was unrolled to its final location at
the proximal site with exsanguination of the remaining blood. The final width of the cuff
after application was 2 to 3 cm. After the main surgical procedures were completed, the
tourniquet was removed using a blade or pair of scissors.

(a) SR R

Silicone ring tourniquet:

<1i \
1inch j

Pneumatic tourniquet:
< 3-4inch

Wider Narrower
(b) operative field operative field

Figure 1. (a) Sterile silicone ring tourniquet and conventional pneumatic tourniquet, and (b) detailed
illustration of applied states.

2.3. Investigated Variables and Statistical Analysis

We recorded patient demographic characteristics and tourniquet information, includ-
ing age, sex, diagnosis, surgical procedure, laterality, tourniquet application area, limb
circumference, tourniquet size, and application time. Tourniquet outcomes were grouped
as intraoperative and postoperative outcomes. The intraoperative outcomes included
tourniquet application and removal times, changes in elbow or knee joint range of motion
(ROM) before and after tourniquet application, adequate operative field visualization, and
bleeding control evaluated by the number of gauze pads used. Postoperative outcomes
included skin condition at the application site, surgical site infection, ischemic compli-
cations (compartment syndrome and distal neurovascular compromise), and deep vein
thrombosis. For the patients aged > 5 years, pain and paresthesia at the tourniquet site were
evaluated 24 h after surgery. The pain was evaluated by a numerical rating scale (NRS),
a pain screening tool which rates the pain from 0 (no pain) to 10 (worst pain). Statistical
analyses were performed using Microsoft Excel 2010 (Microsoft, Redmond, WA, USA).

3. Results

The demographic characteristics of the patients and tourniquet information are pre-
sented in Table 1. The mean patient age was 9.8 & 5.3 years (range: 1 to 17 years) and the
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mean limb circumference at the application site was 35.9 = 16.1 cm (range: 15 to 65 cm).
Following the manufacturer’s guide, all four sizes of tourniquets were used for operation
in this study. All included operations were completed within 2 h of tourniquet application,
with a mean operation time of 36.5 = 29.7 min (range: 5 to 110 min). The types of operations
performed were various; fracture reductions, soft tissue surgeries, deformity correction,
and implant removal.

Table 1. Demographic and clinical characteristics of the patients and information of applied silicone
ring tourniquets in this study.

Patient Case Age . . Operation . Application  Circumference ! Time .
No. no. (year) Sex Diagnosis Procedure Laterality Area (cm) (min) Size
Congenital trigger Al pulley
1 1 3 F thumb release R Upper arm 17 11 S
Congenital trigger Al pulley
2 2 4 M thumb release R Upper arm 20 10 S
3 3 10 F Pilomatrichoma Mass excision L Upper arm 27 19
4 4 10 F Ganglion cyst Mass excision R Thigh 45 47 L
Lower leg deformity
5 5 17 F due to neonatal Plate change R Thigh 50 73 L
sepsis
Lower leg deformity
6 due to neonatal Plate change L Thigh 48 51 L
sepsis
6 7 1 F Taloca}c_aneal Coaht_lon R Thigh 49 59 L
coalition resection
7 8 15 F Jones fracture ORIF by screw R Thigh 58 31 XL
Both forearm CRIF with
8 9 7 M fracture flexible elastic L Upper arm 23 21 M
nail
Distal femur Implant
9 10 14 M hemiepiphysiodesis P 1 L Thigh 44 9 L
status remova
10 11 9 M Femlur s‘haft_ fracture Implant L Thigh 37 48 M
fixation status removal
1 12 14 E Accesso;y navicular  Accessory bone R Thigh 47 12 L
one resection
1 13 17 F Distal tibia fracture Implant L Thigh 50 2 L
fixation status removal
13 14 11 M Trevor’s disease Mass excision R Upper arm 23 29 M
14 15 16 F dth toe i‘;ls‘zem‘md Mass excision R Thigh 60 26 X
Congenital trigger Al pulley
15 16 4 M thumb release R Upper arm 18 8 S
Congenital trigger Al pulley
17 thumb release L Upper arm 19 7 S
16 18 3 M Congenital trigger Al pulley L Upper arm 18 7 S
thumb release
17 19 1 M Congenital trigger Al pulley L Upper arm 15 10 s
thumb release
Congenital trigger Al pulley
18 20 5 M thumb release L Upper arm 23 12 M
Lateral condylar Implant
19 21 5 M fracture fixation mp aynl L Upper arm 24 90 M
status remova
20 o 16 M Dist_al fe‘mur fracture Implant L Thigh 65 110 XL
fixation status removal
Distal femur
hemiepiphysiodesis
21 23 12 M status due to Implant R Thigh 16 0 L
idiopathic genu
valgum
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Table 1. Cont.

Patient Case Age . . Operation . Application  Circumference ! Time .
No. no. (year) Sex Diagnosis Procedure Laterality Area (cm) (min) Size
Distal femur
hemiepiphysiodesis
2 status due to Implant L Thigh 45 35 L
1 3 removal
idiopathic genu
valgum
2 25 1 M Hand preaxial Extra digit R Upper arm 15 80 s
polydactyly excision
.. . CMT with
23 2 12 F R'f:r‘zgf‘é Alcahs‘tucs Achilles L Thigh 43 85 L
plasty tightness
o4 o7 4 F Congenital trigger Al pulley R Thigh 17 5 s
thumb release
. N . Deformity
25 28 12 M Fifth finger proximal o ion by R Thigh 23 80 M
phalanx malunion -
pmning
Lateral malleolar Implant
26 29 17 F fracture fixation pa L Thigh 47 35 L
removal
status
27 30 14 F Achilles tightness A“Ih‘ues Tendon R Thigh 60 12 XL
engthening

no, number; cm, centimeter; min, minute; M, male; F, female; R, right; L, left; S, small; M, medium; L, large;
XL, extra-large; ORIFE, open reduction and internal fixation; CRIF, close reduction and internal fixation; CMT,
Charcot-Marie-Tooth disease. ! Circumference at the tourniquet application area.

The perioperative tourniquet outcomes are presented in Table 2. All tourniquets were
applied and removed within 15 s in the operative field. Knee or elbow joint ROM was
the same before and after the tourniquet application. Therefore, there were no postural
limitations during surgery (Figure 2).

Table 2. Intraoperative and postoperative outcomes of sterile silicone ring tourniquets.

Tourniquet Outcome Parameters

Results

Intraoperative Outcome

Tourniquet application time (s)
Tourniquet removal time (s)

Joint ROM between pre- and post-tourniquet application !

Operative field visualization

Bleeding control (by gauze counting)

Mean: 7.5 & 2.8 (range: 4 to 15)

Mean: 5.4 & 1.4 (range: 4 to 10)

All cases showed the same joint ROM after the

tourniquet application

All cases had a sufficient operative field for surgery even after
applying a tourniquet

Gauze not used to control bleeding in 27 cases

Two cases used one piece of gauze—ORIF by screw for Jones
fracture, mass excision for Trevor’s disease

One case used two pieces of gauze—Plate change for deformity due
to neonatal sepsis

Postoperative outcome

Skin problem at the tourniquet application site
Surgical site infection

Ischemic complications

Deep vein thrombosis
Pain at tourniquet application site 2

Abnormal sensory change at tourniquet application site 2

None of these cases experienced skin problems, including bullae,
necrosis, hematoma, contusion, or burn

None of these cases experienced surgical site infection after
follow-up periods

None of these cases showed ischemic complications, including
compartment syndrome or neuromuscular compromise

None of these cases showed deep vein thrombosis

All 18 patients aged >5 years reported an NRS score of 0

None of the 18 patients aged >5 years experienced abnormal
sensory changes

sec, second; ROM, range of motion; ORIF, open reduction, and internal fixation; NRS, numerical rating scale. 1 The
elbow joint was evaluated for upper extremity surgeries, and the knee joint was evaluated for lower extremity
surgeries. 2 Evaluated 24 h after surgery in patients aged >5 years.
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Figure 2. Knee joint range of motion (ROM) between sterile silicone ring and pneumatic tourniquets.
Comparison of knee joint range of motion (ROM) between sterile silicone ring tourniquet in the right
lower leg (a) and pneumatic compression tourniquet (b) in the left leg for a 12-year-old male patient
with both side hemiepiphysiodesis. After the sterile silicone ring tourniquet application, the right
knee joint still had full flexion with a wide operative field; however, the left knee joint showed limited
flexion due to the inflated pneumatic cuff and narrow operative field.

The thin width of the sterile ring tourniquet made it possible to easily expose lesions
in the proximal limb, as it provided a sufficient surgical field (Figure 3). For the aspect of
bleeding control, the need for intraoperative gauze usage was only observed in 3 surgeries,
and the other 27 surgeries did not need gauze to stop bleeding.

Figure 3. Size of surgical fields between sterile silicone ring and pneumatic tourniquets. Comparison
of surgical fields for (a) a sterile silicone ring tourniquet and (b) a conventional pneumatic tourniquet.
Sterile silicone ring tourniquet cuff is much narrower than conventional pneumatic tourniquet cuff
(2 to 3 cm vs. 8 to 16 cm, which allows for better surgical site exposure for proximal thigh lesions.
Surgical field after application of a sterile silicone ring tourniquet in (c) a 10-year-old girl with
pilomatricoma excision at the upper right arm and (d) a 16-year-old boy with open reduction and
internal fixation of a femur shaft fracture. Both patients required maximal exposure of the proximal
limb, making it mandatory to use sterile silicone ring tourniquets rather than pneumatic tourniquets.

The postoperative evaluation showed there was no soft tissue damage, such as skin
necrosis, abrasion, and bullae in all patients (Figure 4). There was no surgical site infection
during follow-up periods. None of the patients experienced major problems such as
compartment syndrome, deep vein thrombosis, or distal neurovascular compromise due to
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ischemic damage to the tourniquet. All patients aged >5 years reported there was no pain
(NRS score 0) and neurological deficits around the tourniquet ring site 24 h after surgery.

Figure 4. The reversible compression effect of the sterile silicone ring on the skin. (a) Compressed skin
mark (red arrow) immediately after sterile silicone ring tourniquet removal. However, there was no
bullae, blister, or hematoma. Blue arrow shows the marks on the skin after U-drape (b) Compressed
skin lesion by silicone ring returned to a normal status 8 h after silicone ring tourniquet removal.

4. Discussion

The sterile silicone ring tourniquet is a single-use device that enables the exposure
of a larger proximal area compared to conventional pneumatic compression tourniquets.
We conducted a prospective study on the perioperative outcome of a sterile silicone ring
tourniquet for limb surgery with a circumference of 15 cm to 65 cm for patients aged
1 to 17 years. It was easily applicable and removable in the operation field. The volume of
the sterile silicone ring tourniquet was small and did not restrict joint movement during
surgery. The postoperative evaluation showed no evidence of surgical site infections, skin
problems, ischemic changes, or any abnormal symptoms when the tourniquet application
was completed within 2 h. This study found that sterile silicone ring tourniquets were also
effective and safe in pediatric patients with varying limb sizes and circumferences.

4.1. Sterile Silicone Ring Tourniquets for Pediatric Patients

Limb circumference increases as children grow until they reach skeletal maturity [7,8].
Therefore, it is essential to select appropriate tourniquet cuffs and pressure based on the
circumference of individual limbs in pediatric patients undergoing orthopedic surgery.
Because pneumatic tourniquet cuffs must be sterilized for intraoperative use, the cuff size
must be determined at least several hours before surgery. In contrast, cuff sizes for silicone
ring tourniquets can be determined based on limb circumference by tape measuring after
surgical draping. Even for various limb circumferences, it is possible to use it immediately
because there are sterilized single-use cuffs prepared. In addition, the nature of pediatric
fractures, such as supracondylar and lateral condylar fractures, can lead to intraoperative
changes from pre-planned surgical methods, including conversion from closed reduction to
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open reduction [9,10]. This conversion is difficult in the absence of a sterilized pneumatic
tourniquet. In contrast, silicone ring tourniquets can always be applied, even during
unplanned alterations of the surgical methods; moreover, both application and removal can
be completed within 15 s. In pediatric trauma surgery where a possibility of surgical method
conversion may be required, the silicone ring tourniquet presents several advantages over
conventional pneumatic tourniquet.

4.2. Intraoperative Outcomes of Sterile Silicone Ring Tourniquet-Surgical Fields

Sufficient operative fields were secured in all 30 limbs analyzed in this study. Especially
in the proximal site of upper arm or thigh operations, a silicone ring tourniquet enables the
operator a wide view (Figure 2). The traditional pneumatic cuff was too wide to be used in
upper arm or thigh operation, however, the proximal limb length exposed by ring-type
tourniquets is longer than that exposed by conventional pneumatic tourniquets [11,12].
This is because pneumatic cuffs are 8 to 14 cm wide when added to surgical drapes, making
it difficult to expose the proximal surgical site in young children with short limb lengths.
In contrast, silicone ring tourniquets provide better limb exposure because the final cuff
width is approximately 2 cm. This has been a great advantage in operations that require
maximal exposure of the upper thigh or arm, such as soft tissue tumor removal or proximal
limb fixation surgery [13]. In addition, the application of silicone ring tourniquets did not
decrease joint ROM. In obese patients, the thickness of inflated pneumatic cuffs makes
it difficult to obtain full ROM during surgery (Figure 3b). In contrast, because they are
narrower, silicone ring tourniquets do not alter joint ROM even after application. These
tourniquets are not restricted by changes in posture, thus allowing for an easier surgical
approach. Moreover, bleeding control with silicone ring tourniquets was similar to that
of conventional tourniquets in adults undergoing orthopedic surgery [14]. In this study,
most operations were bloodless and gauze was generally not required. Only three cases
required gauze for bleeding control, two cases one piece of gauze, and one case two pieces
of gauze. Therefore, this type of tourniquet also effectively minimizes blood loss in pediatric
orthopedic surgery. In addition, the application and removal time of sterile silicone ring
tourniquet is 7.5 s and 5.4 s, respectively. It is a fast and easy way because one just needs
to apply the tourniquet by rolling it from the distal to the proximal part and remove it to
cut the tourniquet with a scalpel. In contrast, conventional tourniquet application is much
more complex. The application involves tightening the cuff for a snug fit by pulling the
straps and fasteners around the limb in opposite directions.

4.3. Postoperative Outcomes of Sterile Silicone Ring Tourniquet

None of the patients in the present study experienced skin problems such as bullae,
necrosis, hematoma, contusion, or burn wounds at the tourniquet application site. Because
children have softer and more fragile soft tissue than adults, tourniquets may be harmful
postoperatively [2]. There are several reports of burns, abrasions, or hematomas at the
application site with the pneumatic tourniquet, however, proper application of skin pro-
tection can protect the soft tissue from damage [3,15]. In this study, none of the patients
experienced skin or soft tissue problems even 24 h postoperatively. Especially, there were
4 patients who were <3 years old who had more delicate soft tissues than older children.
Therefore, even in toddlers, the silicone ring tourniquet would not cause soft tissue damage
if used within proper operation time.

In addition, none of the patients experienced surgical site infection. Although the
reuse of pneumatic tourniquets is economical, they can be a source of infection even after
ethylene oxide sterilization [16]. Such equipment has the potential to colonize bacteria,
increasing the possibility of transmitting pathogens to patients through the operating room.
These surgical site infections increase the medical burden and consume medical resources,
but also have harmful effects on the patients by repetitive blood tests, antibiotic usage,
increasing length of hospitalization, and the possibility of reoperation [17]. There is one
study reported that bacterial contamination in two-thirds of orthopedic surgical tourniquets
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with normal flora, such as coagulase-negative Staphylococcus spp., Staphylococcus aureus,
suggesting that bacteria may be transferred between operated patients [18]. In contrast,
silicone ring tourniquets are both sterile and disposable, thereby reducing the risk of
surgical site infections [18].

Tourniquet use has also been associated with ischemic complications and deep vein
thrombosis. High pressure and prolonged obstruction of arterial blood flow induce ischemic
changes in the limbs. Moreover, ischemic tissue perfusion after blood circulation resumes
can lead to secondary injury, including compartment syndrome and distal neurovascular
problems, with the remaining blood possibly causing deep vein thrombosis [4,19]. Ischemic
soft tissue damage did not differ between silicone rings and pneumatic tourniquets; there-
fore, customary tourniquet time within 2 h is safe for both types of tourniquets [20]. In
addition, silicone ring tourniquets effectively minimize residual blood in the extremities by
compressing the limb while unrolling it from the distal end to the proximal site. This proce-
dure provides effective exsanguination and may significantly reduce deep vein thrombosis.
Tourniquet pain originated from both compression effects of anatomical structures and
ischemic changes; however, which etiologies have a main role is debatable. None of the
patients in the present study experienced pain or sensory problems at the tourniquet site
within 24 h postoperatively. According to previous studies, the incidence of pain and pares-
thesia among patients who underwent silicone ring tourniquet application was comparable
to or lower than the incidence of these complications among patients who underwent pneu-
matic tourniquet application; its incidence is 1/50,000 and 1/5000, respectively [12,21,22].
Lee et al. recently reported in adult studies that 13.3% of patients felt higher pain in the
pneumatic tourniquet, 76.7% of patients felt the same, and 10% of patients experienced
higher pain in the silicon ring tourniquet-applied lower extremity [23]. However, pain as-
sociated with the use of tourniquets was first studied in 1952 and a number of mechanisms
have been proposed as the cause. The exact etiology is unclear, but it is thought to be due to
a cutaneous neural mechanism. The incidence of tourniquet pain was directly related to the
duration of tourniquet use and was higher in cases with regional anesthesia [24]. The most
important point was neurological compromise occurred in the silicone ring tourniquet with
over 120 min of application time, over the recommended time. You should adhere to the
principle of tourniquet use, including the time of application. There was one study that
compared the pain score of pneumatic compression and silicone ring tourniquet in adult
patients who underwent local anesthesia, the results of pain score and paresthesia were
significantly lower in the silicone ring tourniquet group [23]. Moreover, considering that
continuously publishing results show that the narrow silicone ring tourniquet causes less
nerve damage, neurological problems are also safe for children who use the silicone ring
tourniquet [24].

The present study has several limitations. First, it was a prospective clinical trial
and not a comparative study. The target patient population was heterogeneous, with
patients undergoing different parts of limbs with kinds of surgery. However, the strength
of this study is its diversity of patients group of various ages and limb sizes, because it
implies that silicone ring tourniquet has versatility in the pediatric orthopedic field. Even
though these characteristics are in pediatric studies, further study should be considered for
comparison with current widely used pneumatic tourniquets or Esmarch bandages. Second,
this study reported the short-term results of sterile silicone ring tourniquet application.
However, most complications associated with tourniquet application appear within a
short period of time, suggesting that a short follow-up period may provide significant
results; nevertheless, long-term follow-up results are warranted. Finally, the study had
a limited sample size, with only 30 cases among 27 patients included. Because silicone
ring tourniquets were developed for use in adults, only a few studies have evaluated these
tourniquets in pediatric patients. Therefore, future comparative trials with a larger number
of patients are warranted.
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5. Conclusions

Sterile silicone ring tourniquets have easy and fast applications compared to preset
pressure models. As opposed to concerns about pressure-focused narrow tourniquets,
this study showed no pain, nerve symptoms, or skin problems in vulnerable pediatric
patients. In addition, unlike conventional pneumatic tourniquets or Esmarch bandages,
SSRTs apply uniform pressure to the limb during the application, reducing the risk of deep
vein thrombosis. These tourniquets provide a sufficient surgical field in pediatric patients
undergoing orthopedic surgery on their extremities because they are located at a more
proximal site on the extremities with narrow cuff width. Moreover, their application within
2 h can ensure successful bleeding control without soft tissue complications, neurovascular
compression, or surgical site infection.
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Abstract: We conducted an updated meta-analysis to evaluate the 30-day mortality of hip fractures
during the COVID-19 pandemic and assess mortality rates by country. We systematically searched
Medline, EMBASE, and the Cochrane Library up to November 2022 for studies on the 30-day
mortality of hip fractures during the pandemic. Two reviewers used the Newcastle-Ottawa tool
to independently assess the methodological quality of the included studies. We conducted a meta-
analysis and systematic review including 40 eligible studies with 17,753 patients with hip fractures,
including 2280 patients with COVID-19 (12.8%). The overall 30-day mortality rate for hip fractures
during the pandemic was 12.6% from published studies. The 30-day mortality of patients with
hip fractures who had COVID-19 was significantly higher than those without COVID-19 (OR, 7.10;
95% CI, 5.51-9.15; I> = 57%). The hip fracture mortality rate increased during the pandemic and
varied by country, with the highest rates found in Europe, particularly the United Kingdom (UK) and
Spain. COVID-19 may have contributed to the increased 30-day mortality rate in hip fracture patients.
The mortality rate of hip fracture in patients without COVID-19 did not change during the pandemic.

Keywords: hip fracture; COVID-19; pandemic; mortality

1. Introduction

The COVID-19 pandemic has significantly impacted the healthcare system and redi-
rected many of its resources [1]. There was a shortage of information about the disease,
and many healthcare systems faced collapse in the early stages of the pandemic [2-4]. This
caused a gap in care for non-COVID-19 diseases, including delays in diagnosis and treat-
ment due to additional screening processes in hospitals and emergency care systems [5].
The pandemic also impacted emergency medical services for diseases such as acute my-
ocardial infarction, stroke, out-of-hospital cardiac arrest, and sepsis [3,4,6-9]. During the
pandemic, the epidemiological characteristics of known diseases have also changed. In
fact, for out-of-hospital cardiac arrest, there was an increase in arrests occurring at home
and a decrease in the frequency of shockable rhythms. These changes were associated
with an increase in out-of-hospital cardiac arrest cases and longer transport times to hospi-
tals following COVID infection [8,9]. Furthermore, various surgical diseases have either
contributed to the increase in the frequency of surgical decisions during the pandemic
or led to a rise in complications due to delays in surgery. For example, patients with
appendicitis faced delays in surgery and increased complications [10]. Social distancing
and self-isolation measures during the pandemic further exacerbated these issues.

Hip fractures, a growing public health concern among the elderly, have high mortality
rates [11]. Hip fracture management indicates the quality of care for elderly patients
and how trauma services are functioning [12]. Despite the decreased number of trauma
patients due to reduced activity during the pandemic, the number of hip fractures in
elderly individuals was unchanged [13]. The social distancing, self-isolation, and limited
public medical services during the pandemic made caring for the elderly more difficult.
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COVID-19 screening processes may delay surgery for patients with hip fractures [14].
The pandemic also increases the risk of death for those with hip fractures, with previous
meta-analyses reporting higher mortality rates for patients with both hip fractures and
COVID-19 compared to those with hip fractures alone [15,16].

These meta-analyses evaluated the effect of COVID-19 infection on the outcomes
for patients with hip fractures and showed significant results. Even after that, numerous
studies investigated the effect of COVID-19 on the outcomes of hip fracture. At this point,
we needed to analyze the changed results compared to the results of previous studies.
Therefore, we conducted an updated meta-analysis on the 30-day mortality of hip fractures
for individuals with and without COVID-19 and also analyzed the 30-day mortality of hip
fractures during the pandemic based on published cases.

2. Materials and Methods
2.1. Reporting Guidelines and Protocol Registration

This study complied with the Preferred Reporting Items for Systematic Reviews and
Meta-analyses and the Meta-analysis of Observational Studies in Epidemiology Guidelines
for Reporting Information from Observational Studies [17,18]. We prospectively registered
with the PROSPERO registry (CRD42022385443).

2.2. Eligibility Criteria

We applied the Population, Intervention, Comparison, and Outcome (PICO) clinical
question. We performed a literature search and selected eligible studies. The study out-
comes were then evaluated in a meta-analysis. The PICO questions were as follows: popu-
lation (P) = all adult patients with hip fractures visiting the emergency room regardless con-
duction of operation; exposure (I) = COVID-19 infection; comparator (C) = non-infection;
outcome (O) = 30-day mortality.

2.3. Search Strategy

Two reviewers systematically searched several electronic databases (Medline via OVID
interface, Embase, and Cochrane Library) for studies on the outcomes of adult hip fracture
patients with COVID-19 infection compared to those with no infection. The search terms
were “Coronavirus” or “COVID-19” or “SARS-CoV” or “2019-nCoV” or “Severe Acute
Respiratory Syndrome”, and “Hip Fractures” or “Femoral Fractures” or “femoral shaft” or
“femur shaft” or “periprosthetic” or “femur neck” or “trochanteric” or “intracapsular”. We
summarize the detailed search strategy for each database in Supplementary Table S1.

2.4. Study Selection

Two reviewers independently screened the title, abstract, and type of each identified
article, excluding irrelevant studies. First, we eliminated duplicate studies in which the
titles, authors, and publication years were the same. We then excluded all reviews, case
reports, case series, editorials, comments, or meta-analyses; animal studies; research with
irrelevant study populations; and those with inappropriate controls. A third reviewer
intervened if the two reviewers disagreed about a study, and differences were discussed
until a consensus was achieved. Finally, we included studies that evaluated the outcomes
of patients with hip fractures during the COVID-19 pandemic and compared them to those
reported before the pandemic and studies on adult populations over 18 years of age. We
also excluded studies that (1) included patients aged less than 18 years, (2) provided no
comparisons or outcomes, and (3) were non-original articles. In addition, we included
fracture patients with or without surgery. We subsequently reviewed the full text of
potentially relevant articles that met the inclusion criteria.2.5. Data Extraction

The two reviewers independently extracted the following information from the in-
cluded studies: (1) publication details (author and year), (2) study type and settings, (3) pa-
tient population (region, number of participating center(s), number of patients, and patient
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demographics and comorbidities), (4) the rate of operation, (5) the length of hospital stay,
and (6) 30-day mortality. Discrepancies between reviewers were resolved by consensus.

2.5. Quality Assessment in Individual Studies

We assessed the risk of bias in each study with the Newcastle-Ottawa Quality As-
sessment for Cohort Studies tool [19]. Each study was assigned stars for three domains:
(1) selection (maximum of four stars), (2) comparability (maximum of two stars), and
(3) outcome (maximum of three stars). The selection domain includes “Representativeness
of the exposed cohort”, “Selection of the non-exposed cohort”, “ Ascertainment of expo-
sure”, and “Demonstration that outcome of interest was not present at start of study” to
evaluate the accuracy of the experimental group definition, the representativeness of the
patient group, and the appropriateness of the control group. The comparability domain
includes “Comparability of cohorts on the basis of the design or analysis controlled for
confounders”. The outcome domain includes “Assessment of outcome”, “Was follow-up
long enough for outcomes to occur”, and “Adequacy of follow-up of cohorts”, to evaluate
the outcome evaluation method, evaluation timing, and accuracy. Then, the overall score
was obtained by adding up the number of stars acquired across the three domains.

Two reviewers independently assessed the included six studies. Any unresolved
disagreements between reviewers were resolved by a discussion with the third author.

2.6. Statistical Analysis

This meta-analysis investigated the outcomes of patients with hip fractures during
the COVID-19 pandemic compared to before the pandemic. We calculated the pooled
odds ratio (OR) with a 95% confidence interval (CI) using a random-effects model for
mortality, presented as a forest plot. To minimize the influence of other variables as much
as possible, the unadjusted OR value was used. When raw data were presented in the
paper, the unadjusted odds ratio was calculated using the presented values. We estimated
the inter-study inconsistency using the I? test of the Higgins statistic to assess heterogeneity.
Statistical heterogeneity was considered low if the I? value was less than 25%, moderate
if it was between 25 and 50%, high if it was between 50 and 75%, and very high if it was
more than 75%. After obtaining the OR of outcome, the pooled effect size was estimated
using the inverse variance weighted method.

We conducted planned subgroup analyses on extracted subgroup variables for the
sample size, study facility, and study period. We performed a meta-analysis using sta-
tistical analysis software R (version 4.0.0, The R Foundation for Statistical Computing,
Vienna, Austria) and packages “meta” (version 4.11-0) and “metaphor” (version 2.1-0).
A p-value <0.05 was considered statistically significant. We assessed for publication bias
using a funnel plot.

3. Results

In total, we identified 820 studies, with 611 studies remaining after we removed
duplicates. We excluded 40 studies for irrelevance after assessing their titles and abstracts
and retrieved the full texts of the 95 remaining relevant studies. We then excluded studies
that had an irrelevant population (n = 39), irrelevant control (n = 3), irrelevant outcome
(n =11), or duplicated data (n = 2). Finally, we conducted a meta-analysis and systematic
review, including 40 eligible studies with 17,753 patients with hip fractures, among which
were 2280 patients with COVID-19 (12.8%) [11,20-58]. Except for Vialonga et al. (2020), all
studies had a research period in 2020 [54]. Hall et al. (2022) reported the highest number of
COVID-19 infections with 651 [36], followed by Rashid et al. (2022) with 517 infections [50].
Among the studies that reported the frequency of surgery, Barker et al. (2021) had the
lowest rate of surgical treatment, with only 60% performed [21]. In all reported studies, the
frequency of female patients was higher than that of male patients. Notably, in Jiménez-
Telleria et al. (2020), the frequency of male patients was as low as 21% [37]. Table 1

14



J. Pers. Med. 2023, 13, 669

shows the baseline characteristics of included studies, and Figure 1 presents the study
selection flowchart.
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Figure 1. Flow diagram for the identification of relevant studies.

Table 1. Baseline characteristics of the included studies.

. o Rate of
Population Age Sex, Male,% Operation Length of Stay
Study Region Period
COVID-19 COVID-19
. o - + - + - + -
Ali 2022 [20] UK Marzcgz‘g““e 18 160 86 83 39 28 89 98 - -
1 March-31
Arafa 2020 [11] UK May 2020 19 78 86 +8 83+8 47 27 89 929 6+1 5+2
24 March-22
Barker 2021 [21] UK April 2020 5 61 - - - - 60 100 - -
April-
Bayrak 2021 [22] Turkey November 24 63 80 £15 79+ 12 38 35 100 100 11 (9-16) 9 (7-11)
2020
28 March-25
Beaven 2021 [23] UK May 2020 40 152 - - - - - - - -
Biarnes-Sune . 11 March-24
2021 [24] Spain April 2020 18 45 877 857 33 29 83 98 18£9 11+5
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Table 1. Cont.

Rate of

Population Sex, Male,% Operation Length of Stay
Study Region Period COVID-19 COVID-19
+ = - + - + - + -
Chan 2022 [25] UK {Al‘gfﬁ%‘%o 87 659 86 83 38 28 - - - -
Chui 2020 [26] UK 3;;&‘{;‘5;59 6 41 - - - - 100 100 - -
Clement2020[27] UK 1 A";fﬂ‘o‘;o9 68 1501 B : B B 91 100 - N
Clough 2020 [28] UK ZﬁuMngrzcé‘z‘(}F’ 7 77 85+£8 78411 57 36 100 100 17 £ 11 1446
Cuthbert 2021 [29] UK 1 iizryuzaé%ﬂ 51 146 79411  77+13 51 37 98 99 23(19-31) 9 (7-13)
Dallari 2021 [30] Italy 8 Marz%‘z‘é May 53 424 83+1 81+1 9 22 100 100 1542 11
De 2021 [31] UK 1%?;‘5;)5 9 20 81 83 38 27 94 99 - B
Egol 2020 [32] Us 1 ge;’r‘i‘l‘%%ﬁ 31 107 82+10 83+10 52 32 85 100 1045 543
Fa;})‘élfllgg‘ila UK Mar%goApr“ 20 55 83 84 35 27 95 9% - -
Fell 2021 [34] UK 231\/[":;?32’32 1 44 90+8 8648 55 27 B - 747 546
Hall 2020 [35] UK 1 AI‘;;{CZI‘O‘;OS 27 290 84+11 80+11 52 32 93 9% - -
Hall 2022 [36] 1;1022 1%;‘%;31 651 6439 84+9  82+11 37 29 60 62 17 +13 10+8
ﬁmg‘a%f;}}eria Spain 1“;;’"5;‘:;;5 10 67 85+7 8548 10 21 90 97 11(7-11)  6(5-8)
K;g%i[ags“]is UK 1?\;6?{;3557 27 176 N N - - 00 100 - -
Kayani 2020 [39] UK 1 lie;’;‘fazf)%m 82 340 72410 7347 38 40 100 100 1445 743
LeBrun 2020 [40] Us 2&’;{?{5‘3;55 9 50 87+8 8548 33 24 78 100 8(4-13)  6(3-10)
Levitt 2022 [41] Us Dlei é\fna;g‘;g;o 185 3118 8348 8248 40 32 100 100 25+ 6 2545
Lim 2021 [42] UK 11\'/‘[’;?%;)5 7 89 88+£4 8549 14 28 100 95 0+£17 1247
Macey 2020 [43] UK 2&21;‘{;‘3;55 10 66 - - - - - R R B
Malile'ZT]a]I’f:]S“m UK 23,\}:5‘;5‘2’(}1 28 214 87+8  83+8 32 30 9% 99 16 + 10 1248
%z‘;‘ﬁgls UK 1 AI‘;;{CZ'&%O 11 2 84410 78410 38 30 73 89 - -
Moy RfEme oo
Vivgf;&%z[m Spain 1:;\/152%12-(]4 2 59 - - - - - - - -
Narang 2021 [48] UK 1[%1\;13{;}52300 86 596 86 83 38 29 100 100 - -
Oputa 2021 [49] UK f\g‘;‘f‘éggg 16 16 84+7 8249 5 2 85 9% - -
Rashid 2022 [50] UK Dﬁx&i‘g;{) 517 620 84 81+£10 35 31 99 97 24 13418
Segarra2020[51]  Spain | ie;’;‘l‘%%ﬁ 2 66 88 82 50 32 100 944 743 -
Sobti 2020 [52] UK lma‘yr%;gl 6 88 83 - - - - - - -
Thakrar2020[53] UK ]Zg"i‘ggg&?’ 12 6 - - - - - - - -
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Table 1. Cont.

Rate of

. o,
Population Age Sex, Male,% Operation Length of Stay
Stud Region i
Y & Feriod COVID-19  COVID-19
+ = + - + - +
March
Vialonga 2020 [54] us 2020-March 15 134 74 +£21 78 £ 16 27 27 - - 10.1 £6.2 7+4
2021
. 17 February-17
Walters 2022 [55] UK May 2020 10 36
. 1 March-30
Wignall 2021 [56] UK May 2020 34 242 85+8 81+12 41 37 - - 18+9 15+ 11
. 11 March-30
Wright 2021 [57] UK April 2020 10 58 8111 - - - 90 98.3 17+ 6 104+9
. 15 March-30 81 81 12.5 6.5
Zamora 2021 [58] Chile August 2020 24 138 (75-88) (77-89) 17 14 87 100 7-23) (@-11)

3.1. Quality Assessment

We used the Newcastle-Ottawa Scale to evaluate article quality. All studies had
four points in the selection domain and one point in outcome assessment, and 15 studies
had an additional two points due to adjusting the confounding factors (Supplementary
Table S2).

3.2. Overall and Regional Mortality of Patients with Hip Fractures during the
COVID-19 Pandemic

The pooled 30-day mortality was 12.6% (95% CI 10.6-14.9%, I> = 90%) during the
COVID-19 pandemic for the 40 included studies involving 17,753 hip fractures (Figure 2).
In the United Kingdom, the 30-day mortality of hip fractures during the pandemic was
14.3%; in Spain, it was 14.9%; in Italy, it was 9.6%; and in the United States (US), it
was 6.2%.

3.3. Comparison of Pooled Mortality for Hip Fractures between Those with and without COVID-19

We conducted a meta-analysis of patients with hip fractures between those with and
without COVID-19 from the 40 included studies. Those with COVID-19 had significantly
increased mortality compared to patients who did not have COVID-19 (OR, 7.10; 95% CI,
5.51-9.15; I? = 57%; Figure 3).

3.4. Subgroup Analysis

We performed a subgroup analysis according to sample size (100 or more, or fewer
than 100), study facility (single center or multi-center), and study period (the beginning of
the pandemic or other periods). In all of the subgroup analyses, the 30-day mortality rates
were significantly increased in those with hip fractures who had COVID-19 compared to
those without COVID-19. Studies with fewer than 100 patients and in a single center were
low-heterogeneity (12% and 19%) (Table 2).

3.5. Publication Bias

The funnel plot demonstrated symmetry, and we did not find publication bias in the
included studies (Supplementary Figure S1).
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Weight Weight

Study Events Total Proportion 95%-Cl (common) (random)
Ali (2022) 26 178 :rk 0.146 [0.101; 0.206] 1.6% 2.8%
Arafa (2020) 14 97  H— 0.144 [0.087; 0.229] 0.8% 2.5%
Barker (2021) 8 34— 0.235 [0.122; 0.405] 0.4% 2.1%
Beaven (2021) 17 22 = 0.773 [0.556; 0.902] 0.3% 1.8%
Chan (2022) 70 746 0.094 [0.075; 0.117] 4.5% 3.1%
Chui (2020) 5 47 —— 0.106 [0.045; 0.231] 0.3% 1.9%
Clement (2020) 67 354 i 0.189 [0.152; 0.233] 3.9% 3.0%
Clough (2020) 18 84 i—— 0.214 [0.139; 0.315] 1.0% 2.6%
Cuthbert (2021) 29 197 i 0.147 [0.104; 0.204] 1.8% 2.8%
De (2021) 7 29 0.241 [0.120; 0.427] 0.4% 2.0%
Fadulelmola (2021) 14 75— 0.187 [0.114; 0.291] 0.8% 2.5%
Fell (2021) 10 55 T 0.182 [0.101; 0.306] 0.6% 2.3%
Hall (2020) 33 317 4 0.104 [0.075; 0.143] 2.1% 2.9%
Karayiannis (2020) 7 208 +~ | 0.034 [0.017;0.071] 0.5% 2.2%
Kayani (2020) 60 422 i+ 0.142 [0.112; 0.179] 3.7% 3.0%
Lim (2021) 8 96—+ 0.083 [0.042; 0.158] 0.5% 2.2%
Macey (2020) 11 76 T 0.145 [0.082; 0.243] 0.7% 2.4%
Malik-Tabassum (2021) 37 242 hram 0.153 [0.113; 0.204] 2.2% 2.9%
Mamrelis (2020) 8 37— 0.216 [0.112; 0.376] 0.4% 21%
Narang (2021) 66 682 0.097 [0.077;0.121] 4.2% 3.0%
Oputa (2021) 38 265 0.143 [0.106; 0.191] 2.3% 2.9%
Rashid (2022) 158 1137 = 0.139 [0.120; 0.160] 9.6% 3.1%
Sobti (2020) 9 94— 0.096 [0.051;0.174] 0.6% 2.3%
Thakrar (2020) 5 18 0.278 [0.121; 0.519] 0.3% 1.7%
Walters (2022) 4 46 —i— 0.087 [0.033;0.210] 0.3% 1.7%
Wignall (2021) 27 276 0.098 [0.068; 0.139] 1.7% 2.8%
Wright (2021) 8 68 —H— 0.118 [0.060; 0.218] 0.5% 2.2%
5897 | 0.134 [0.126; 0.144] 45.9% -

i 0.143 [0.123; 0.166] - 67.0%

Bayrak (2021) 7 87 —r— 0.080 [0.039; 0.159] 0.5% 2.1%
Biarnes-Sune (2021) 9 63 0.143 [0.076; 0.252] 0.5% 2.3%
Jimenez-Telleria (2020) 12 7 t— 0.156 [0.091; 0.255] 0.7% 2.4%
Munoz Vives (2020) 11 62 T 0.177 [0.101; 0.293] 0.6% 2.4%
Segarra (2020) 8 68 —— 0.118 [0.060; 0.218] 0.5% 2.2%
270 = 0.149 [0.112; 0.197] 2.4% -

- 0.149 [0.112; 0.197] - 9.3%

Dallari (2021) 32 477 *E 0.067 [0.048; 0.093] 21% 2.9%
Maniscalco (2020) 17 121 H— 0.140 [0.089; 0.214] 1.0% 2.6%
598 0.086 [0.066; 0.112] 3.2% -

- 0.096 [0.045; 0.192] - 5.5%

Egol (2020) 17 138 4 0.123 [0.078; 0.189] 1.1% 2.6%
LeBrun (2020) 7 59 —+— 0.119 [0.058; 0.229] 0.4% 2.1%
Levitt (2022) 39 3303- | 0.012 [0.009; 0.016] 2.7% 3.0%
Vialonga (2020) 12 149 — 0.081 [0.046; 0.136] 0.8% 2.5%
3649 ¢+ | 0.033 [0.026; 0.041] 5.0% -

———— 0.062 [0.015; 0.216] - 10.2%

Hall (2022) 652 7090 ! 0.092 [0.085; 0.099] 42.0% 3.2%
Zamora (2021) 17 162 -E*— 0.105 [0.066; 0.162] 1.1% 2.7%
Common effect model 17753 ¢ 0.106 [0.101; 0.111] 100.0% -
Random effects model < 0.126 [0.106; 0.149] -- 100.0%

02 04 06 08
Heterogeneity: /% = 90%, 1 = 0.3113, p <0.01 _Summary proportions
Test for subgroup differences (common effect): Xz =181.04, df =6 (p < 0.01)
Test for subgroup differences (random effects): 75 = 33.20, df = 6 (p < 0.01)
Figure 2. Forest plot for 30-day mortality of patients with hip fractures during the COVID-19

pandemic according to the study region [11,20-58].
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Experimental Control
Study Events Total Events Total 0Odds Ratio OR 95%-Cl Weight
Ali (2022) 5 18 21 160 255 [082; 7.87] 27%
Arafa (2020) 7 19 74 78 — = 5.92 [1.76; 19.90] 2.5%
Barker (2021) 4 5 4 29 ———— 25,00 [2.20;284.81] 0.5%
Bayrak (2021) 5 24 2 63 —————— 803 [144; 4477] 16%
Beaven (2021) 9 14 8 8 e——T— H 0.10 [0.00; 2.12] 0.6%
Biarnes-Sune (2021) 6 18 3 45 . 7.00 [1.52; 32.24] 1.9%
Chan (2022) 31 87 39 659 —_ 8.80 [5.10; 15.18] 4.6%
Chui (2020) 4 8 1 39 ——> 38.00 [3.37;427.95] 0.9%
Clement (2020) 17 47 50 307 — 291 [1.49; 568] 4.2%
Clough (2020) 5 7 13 77 ———%—— 1231 [2.15; 70.46] 1.6%
Cuthbert (2021) 15 51 14 146 — 3.93 [1.74;, 8.89] 3.7%
Dallari (2021) 12 583 20 424 —a— 591 [2.70; 12.96] 3.8%
De (2021) 5 9 2 20 ———> 11.25 [1.58; 80.30] 1.3%
Egol (2020) 11 31 6 107 —s%—— 926 [307; 27.93] 28%
Fadulelmola (2021) 10 20 4 55 ——=—— 12.75 [3.33; 48.85] 2.2%
Fell (2021) 6 11 4 44 —+— 12.00 [2.50; 57.68] 1.8%
Hall (2020) 9 27 24 290 —a— 554 [2.25; 13.67] 3.4%
Hall (2022) 178 651 474 6439 474 [3.89; 576] 57%
Jimenez-Telleria (2020) 4 10 8 67 —s— 492 [1.14; 21.27] 2.0%
Karayiannis (2020) 4 21 3 182 ——#——> 14.04 [2.90; 67.98] 1.8%
Kayani (2020) 25 82 35 340 —— 3.82 [2.13; 6.87] 4.5%
LeBrun (2020) 5 9 2 50 ——*—> 30.00 [4.35; 206.93] 1.3%
Levitt (2022) 27 185 12 3118 — 4423 [22.00; 88.94] 4.1%
Lim (2021) 1 7 7 89 1.95 [0.21; 18.58] 1.0%
Macey (2020) 2 10 9 66 158 [0.29; 8.68] 1.6%
Malik-Tabassum (2021) 15 28 22 214 — 10.07 [4.24; 23.89] 3.5%
Mamrelis (2020) ] 1" 2 26 ———+——> 14,40 [222; 93.24] 14%
Maniscalco (2020) 14 32 3 89 —#—> 22.30 [5.80; 85.70] 2.2%
Munoz Vives (2020) 7 23 4 39 3.83 [0.98; 14.97] 2.2%
Narang (2021) 30 86 36 596 —— 8.33 [4.77; 14.54] 4.6%
Oputa (2021) 16 46 22 219 —— 478 [2.26; 10.11] 3.9%
Rashid (2022) 116 517 42 620 == 398 [274; 579] 52%
Segarra (2020) 1 2 7 66 843 [047;15021] 07%
Sobti (2020) 3 6 6 88 ———+—— 13.67 [2.25; 82.86] 1.5%
Thakrar (2020) 4 12 1 6 2.50 [0.21; 29.25] 0.9%
Vialonga (2020) 4 15 8 134 _ 573 [1.49; 22.07] 22%
Walters (2022) 2 10 2 36 425 [0.52; 3491] 1.2%
Wignall (2021) 13 34 14 242 —i— 10.08 [4.19; 24.24] 3.5%
Wright (2021) 5 10 3 58 ——*%—> 18.33 [3.35; 100.26] 1.6%
Zamora (2021) 11 24 6 138 —+—> 18.62 [5.92; 58.58] 2.7%
Random effects model 2280 15473 <>‘ ’ 7.10 [5.51; 9.15] 100.0%

Heterogeneity: 1 = 57%, 1> = 0.2836, p < 0.01 T T T
0.05 051 2 10 50

Figure 3. Forest plot for meta-analysis of patients with hip fractures with and without COVID-19 [11,20-58].

Table 2. Subgroup analysis for the 30-day mortality of hip fractures in patients with and without COVID-19.

The 30-Day Mortality

Characteristics
N OR (95% CI) p-Value for Heterogeneity 2, %
All 40 7.10 (5.51-9.15) <0.01 57
Population
>100 19 6.99 (5.03-9.71) <0.01 73
<100 21 7.50 (5.09-11.03) 0.30 12
Facility
Single center 18 6.16 (4.08-9.30) 0.22 19
Multi-center 22 7.54 (5.50-10.34) <0.01 70
Period
Beginning of the pandemic 33 6.34 (5.13-7.84) 0.04 32
Other periods 7 9.04 (3.96-20.68) <0.01 86
Region
United Kingdom 27 5.92 (4.63-7.58) 0.02 38
Spain 4 5.18 (2.32-11.56) 0.93 0
Italy 2 10.21 (2.84-36.73) 0.10 64
United States 4 16.87 (6.03-47.07) 0.02 70
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4. Discussion

As the COVID-19 pandemic unfolds, it is crucial to monitor the impact on healthcare
systems and patient outcomes. The present study shows that the 30-day mortality rate
for patients with hip fractures is significantly higher in those with COVID-19 infection.
The 30-day mortality rate for patients with hip fractures during the COVID-19 pandemic
was 12.6% in a meta-analysis, which is similar to previous studies (Clement et al., 2020;
13%) [15]. Factors such as hospital arrival delays, unequal allocation of medical resources,
and limited surgical interventions to minimize the spread of infection must be accounted
for to effectively manage patients with hip fractures during the pandemic [59,60]. Effective
infection control measures, prioritizing high-risk patients, and proper communication and
coordination between healthcare providers help ensure optimal outcomes for these patients
during the pandemic [59,61,62].

The COVID-19 pandemic has had a profound impact on the mortality rates and health-
care systems of many countries. Previous meta-analyses mainly analyzed data from the UK,
but this study aimed to evaluate mortalities by country [15,16]. The mortality rate in the
UK was 14.3%, with Spain and Italy at 14.9% and 9.6%, respectively. In the US, four studies
showed a mortality rate of 6.2%. The mortality rates of those infected with COVID-19 in
the UK, Spain, Italy, and the US were 30.5%, 34.0%, 30.6%, and 20.8%, respectively, and the
ORs were all significantly high (5.92, 5.18, 10.21, and 16.87, respectively). It is clear that
COVID-19 infection increases the 30-day mortality of hip fractures.

In Europe, shortages of hospital beds, medical supplies, and staff early in the COVID-19
pandemic affected the mortality rate of patients with hip fractures. The 30-day mortality
rates of patients with hip fractures were 1.4-10% in the 15 included studies of Gian-
noulis et al. (2016) [63], demonstrating that this 30-day mortality increased considerably
during the pandemic. The UK'’s initial strategy focused on herd immunity, but lockdowns
were implemented as the situation worsened [64]. In Italy, strict lockdowns and other
measures to halt the spread of the virus were necessary due to medical supply shortages
and high numbers of patients [65,66]. In the US, the first COVID-19 wave was intense,
leading to a widely criticized shortage of personal protective equipment and an over-
whelmed healthcare system [67]. Conversely, South Korea, China, and Japan had lower
mortality rates due to prompt pandemic management and a more robust healthcare sys-
tem and infrastructure [68]. Pandemic responses and management varied widely across
countries, depending on their healthcare system, economic stability, and government poli-
cies [64,67,68]. The most valuable lesson from Asia is the ability to prevent pandemics
through improved hygiene and isolation of infectious individuals, as opposed to relying on
severe economic shutdowns [69]. Several Asian countries have shown superlative results in
suppressing the virus and keeping death rates per million incredibly low [69]. They learned
from their experiences of the coronavirus that causes Severe Acute Respiratory Syndrome
and favored rapid lockdowns or intensive mass testing and contact tracing without the
need for a full-scale lockdown [70]. These different circumstances were reflected by the
increase in the 30-day mortality rate of hip fractures.

However, the 30-day mortality of hip fractures in patients who did not have COVID-19
during the pandemic has not changed significantly. In this study, the mortality rate of
patients without COVID-19 during the pandemic was similar to that of previous hip fracture
deaths (Total: 6.13%, UK: 8.4%, Spain: 10.1%, Italy: 4.5%, and the US: 0.8%). After the first
COVID-19 wave, the decrease in activity and the total number of patients indicated the
possibility of increasing the emergency capacity for non-COVID-19 patients and providing
efficient treatment. In addition, previous studies indicated that COVID-19 was a new
mortality risk factor [27,35], and the high risk of COVID-19 infection during the pandemic
increased the infection risk in patients with hip fractures. The direct effect of hip fracture
on 30-day mortality is likely low.

This analysis revealed a prolonged research period, including the early stages of
the pandemic, and included many patients. Several studies collected data from multiple
institutions and countries through a registry, and Levitt et al. (2022) studied hip fracture
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mortality using nationwide data in the United States [41]. However, most of the included
studies only encompassed data from the early stages of the pandemic. The pandemic is
ongoing, so this analysis may not reflect the current medical system or account for the
existing mortality rate of hip fractures due to COVID-19. Rashid et al. (2022) investigated
the 30-day mortality of patients with hip fractures diagnosed with COVID-19 in the first and
second waves and statistically confirmed a decrease in mortality in the second wave [50].
Although seven studies were conducted after the first wave, they included patients from
the first wave. Future studies should examine the changes in mortality based on the
pandemic period.

There are several limitations to this analysis. First, the study institutions” medical
resources were inadequately assessed. The medical resources available at each institution
during the pandemic could not be determined, which could impact their response to
patients with hip fractures. There was no information on whether patient accommodations
were restricted or if examinations and treatments were limited. Second, it is difficult to
generalize outcomes due to the limited study regions. This study is limited to Europe, with
most data coming from the UK. Few studies were conducted in Asia, making it difficult
to generalize these results. Third, most studies focused on the early pandemic stages, and
only seven studies were conducted in the later pandemic stages. One case was classified
by period, but the entire pandemic period should be analyzed at specific time points
to account for the development of vaccines, therapeutic agents, and viral variants [63].
Finally, there were insufficient data on fracture types and comorbidities from the included
studies. In some studies, the fracture type or underlying condition was reported, but lack
of information prevented the collection of all relevant evidence. Future research requires a
review based on a comprehensive investigation of this issue.

5. Conclusions

Patients with hip fractures who have COVID-19 have a significantly higher 30-day
mortality rate than those without COVID-19. COVID-19 infection may have contributed to
the increase in 30-day mortality for patients with hip fractures. The overall 30-day mortality
rate for patients with hip fractures during the COVID-19 pandemic was 12.6%. Mortality
rates varied by country, with Europe, including the UK and Spain, having the highest
mortality rates.

Factors such as hospital arrival delays, unequal allocation of medical resources, and
limited surgical interventions to minimize the spread of infection must be considered
to effectively manage patients with hip fractures during the pandemic. Implementing
effective infection control measures, prioritizing high-risk patients, and ensuring proper
communication and coordination between healthcare providers can help achieve optimal
outcomes for these patients. Future studies should systematically analyze these factors and
track changes in mortality rates over time while investigating different pandemic periods.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jpm13040669/s1, Figure S1: Funnel plot for assessment of publi-
cation bias; Table S1: Search strategy (Search on 27 November 2022). Table S2: Quality assessments of
individual studies.
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Abstract: The aim of this retrospective study was to evaluate the medium-term clinical and functional
outcomes of patients with closed, displaced, and unstable, simple or complex, intra- and extra-
articular distal radius fractures (DRFs) treated with a bridging external fixator (BEF) and optional
K-wires (KWs). AO classification was used to differentiate the injuries radiographically. Clinical-
functional outcomes were evaluated using the Patient-Rated Wrist and Hand Evaluation Score
(PRWHE Score) and the Quick Disabilities of the Arm Shoulder and Hand Score (QuickDASH). A
total of 269 dorsally displaced fractures of 202 female (75%) and 67 male subjects (25%) were included,
with a mean follow-up of 58.0 months. Seventy-five patients (28%) were treated by additional KWs.
No differences were found comparing the two groups of patients (BEF vs. BEF + KWs) regarding
age, sex, and fracture side (dominant vs. non-dominant). PRWHE and QuickDASH scores were
lower in the BEF + KWs group compared to the BEF group (p < 0.0001 and p = 0.0007, respectively).
Thus, patients treated with KWs had a better clinical outcome. Beta multivariate regression analysis
confirmed that patients of the BEF + KWs group exhibited a better PRWHE score but not a better
QuickDASH score. Patients treated by the BEF + KWs with the fracture on the dominant site were
characterised by better clinical outcomes. Older patients had a better PRWHE score independently
from the treatment. Our findings suggest that the use of BEF for DRFs with optional KWs can be
indicated in both young and elderly patients of any gender, independent of limb side and fracture
pattern. As the best functional results were achieved in the elderly when KWs were added, the
combination of BEF and KWs seems to be mainly indicated for the treatment of DRE, also complex, in
the elderly population.

Keywords: distal radius fracture; wrist injury; bridging external fixator; external fixator; K-wires;
QuickDASH; PRWHE score

1. Introduction

Distal radius fractures (DRFs) are one of the most common acute events in traumatol-
ogy, accounting for 17% of all fractures and 1.5-2.5% of access to emergency departments [1].
These fractures are the first in frequency in the general population, followed by fractures
of the finger phalanges (11.2%), the metacarpal bones (10.5%), and the proximal femur
(8.9%) [2-6]. According to recent studies [7-9], 98.3% of distal forearm fractures have been
reported as radius fractures, which may be associated with ulna fractures, and approxi-
mately 55% of DRFs are associated with ulnar styloid fractures.
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Regarding the trauma mechanism, most fractures are caused by a fall on the hand
with the wrist in extension. The pattern and severity of the DREF, as well as the concomitant
injuries of the associated disco-ligament structures, depend on the position of the wrist at
the moment of impact and the severity of bone fragility. Certainly, the amplitude of this
angle influences the location of the fracture [1,10]. For these reasons, the DRFs present a
peak in incidence among men under 30 and a peak in women over 60 with osteoporosis [10].
Fractures in young adult patients are usually caused by high-energy trauma, while low-
energy dynamics are the most common in geriatric patients [5,11,12]. DRFs are rarely
associated to ipsilateral elbow dislocation and instability [13,14].

Depending on the fracture pattern and the AO classification, the therapeutic indication
differs [15]. Conservative treatment is preferred mostly for simple undisplaced extra-
articular fractures, especially in older low-demand patients and patients who do not
require a quick return to work [15-17]. Surgical treatment is necessary in cases of displaced
or unstable extra-articular DRFs, simple or complex intra-articular fractures, or in the case
of secondary loss of reduction of the fracture [18]. For these, different operative options
are available: osteosynthesis with volar or dorsal plates and screws, external wrist fixation,
percutaneous fixation with Kirschner wires (KWs), or combinations of the previous two
methods. The choice of surgical treatment and the superiority of one method over the
others are still debated in the community of orthopaedic surgeons [17,19-21].

Since 2008, external fixation (EF) has become a popular technique in treating unstable
DRFs with satisfactory functional results. In this method, some KWs (1.8-2.0 mm) can be
added and driven into distal fracture fragments at different angles for improving DRF re-
duction [22]. Several advantages have been described by using an EF: anatomical reduction
of the fracture under fluoroscopic view; increase in reduction by ligamentotaxis, together
with the ability to preserve the reduction until the break is healed; simple application of
the hardware; minimum operative X-ray exposure; and the reduction of surgical operation
time [23]. This type of fixation can be divided into bridging EF and non-bridging EF. In
current orthopaedic practice, there are three main types of EF available for adults: F-wrist,
Hoffman II Compact, and Pennig Dynamic Wrist Fixator [24].

Comminuted fracture patterns are often difficult to reduce and maintain the reduction
over time. Hence, additional KWs are needed as a reduction tool, providing additional
stability to the fracture site. To date, only a few studies have focused on the role of optional
KWs in EF [12,21], specifically in relation to the bridging fixation technique, and their
proper indications is still a source of controversy among orthopaedic surgeons.

The aim of the present study was to investigate and evaluate the medium-term clinical
and functional outcomes of patients with closed, displaced, unstable, simple or complex,
intra-articular and extra-articular DRFs treated with a bridging external fixator (BEF) and
optional percutaneous KWs.

2. Materials and Methods
2.1. Patients

This study was designed as a retrospective, single-centre, comparative, clinical, and
functional study, including a consecutive series of Caucasian patients affected by DRFs
and treated at our level-I healthcare trauma centre from January 2014 to December 2019
using BEF (Citieffe ST.A.R.90 F4 wrist was the EF available at our institution) with or
without additional KWs. At the pre-operative period, all DRFs analysed were classified
radiographically according to the AO classification [25].

2.2. Ethics

All subjects participating in this medium-term follow-up study received a thorough
explanation of the risks and benefits of inclusion and gave their written informed consent
to participate in the study. The approval of the Local Ethics Committee of Padova was
obtained (266n/AQO/22). The currently reported retrospective cohort study was performed
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in accordance with the ethical standards of the 1964 Declaration of Helsinki as revised in
2013 and conducted ethically according to the most recent international standards [26].

2.3. Inclusion and Exclusion Criteria

The inclusion criteria were: (1) closed, displaced (fragments not in anatomical align-
ment with dorsal angulation >15-20 degrees and radial shortening >3 mm [27]) and unsta-
ble (comminuted or articular fractures and loss of position following manual reduction [28])
DRFs, extension fractures (Colles’s) and articular extension ones treated with BEF and
optional KWs; (2) age over 18 at the time of surgery; (3) operation carried out within 72 h
after the traumatic event; (4) isolated complete extra-articular or articular fracture of the
distal radius; (5) patients who had complete medical records; and (6) patients with a history
of physiokinesitherapy for rehabilitation after the removal of BEF.

The exclusion criteria were: (1) open, stable, undisplaced or incomplete DRFs, flexion
fractures (Smith) and articular flexion ones; (2) patients who had undergone re-operation
or those who had undergone internal osteosynthesis by EF; (3) patients with significant
comorbidities (i.e., diabetes, rheumatological, oncological, neurological, or cognitive types,
and systemic infection); (4) polytraumatic patients; and (5) patients with previous DRF
who were not willing to cooperate with the treatment.

2.4. Surgical Percutaneous Techniques

All operations were performed under brachial plexus regional anaesthesia at our
institution by the same trauma team of two surgeons with the patient in supine position on
the operating table and maintaining the affected forearm pronated (Figure 1).

Figure 1. The complete kit of the Bridging External Fixator (BEF) for the wrist by Citieffe.

First, a dorsal incision and blunt dissection were performed at the base of the second
metacarpal bone. Two threaded 3 mm bicortical metacarpal pins were introduced into
the metacarpal bone at an angle of inclination between 30° and 45° with respect to the
horizontal plane (Figure 2).

Second, a longitudinal dorsal incision at the radial border between the middle third
and the distal third of the forearm (about 10 cm proximal to the wrist) was performed.
After divarication of the subcutis protecting the cutaneous sensory branch of the radial
nerve, the bone plane was reached to implant the two bicortical radial pins, respecting the
same inclination of 30-45° as the horizontal plane of the forearm. Positioning the BEF body
by fixing it to the pin, the fracture reduction was obtained by external manoeuvres under
fluoroscopic control, maintaining the wrist in flexion position to stabilise the fracture. Under
fluoroscopic control, a percutaneous KW (1.6 mm) was inserted in addition to BEF, from
the radial styloid or the dorsum of the radius across the fracture fragments at the surgeon’s
discretion. The KWs applied were left protruding about 1 cm from the skin and bent so as
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not to penetrate the soft tissues during the following weeks. After fixation, fluoroscopy was
used to check the restoration of volar tilt, radial inclination, ulnar variance, radial height,
palmar tilt, articular joint congruency, and external fixator placement (Figure 3).

(d) (9)

Figure 2. Intra-operative images showing: (a) dorsal skin incision at the base of the second metacarpal
bone; (b—d) insertion of the first distal bicortical pin; (e) insertion of the second distal cortical pin using
the proper tool to maintain the right distance between the pins; antero-posterior (AP) fluoroscopic
control of (f) the first and (g) the second distal pin on the second metacarpal bone.

Figure 3. Intra-operative images showing: (a) insertion of the pins in the radial diaphysis between the
middle third and the distal third of the forearm; (b) all pins positioned correctly; (c) final application
of BEF; (d) antero-posterior (AP) and (e) latero-lateral (LL) fluoroscopic views of the proximal pins;
(f) insertion of the KW at the radial styloid level. Post-operative radiographic images: (g) AP and (h)
LL views showing proper reduction and stabilisation of the DRF (AO: 23-C2).

At the end of the surgery, bandages were placed around the pin of the BEF. The external
fixator devices and the optional KWs were removed four to five weeks from surgery as an
outpatient procedure after radiographic control. The exact timing varied depending on
the pin site stability and radiographic evidence of bone fusion or temporary callus bone
bridging formation [12,29].
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2.5. Post-Operative Protocol of Both Procedures

All patients followed the same post-operative protocol and were followed in the
same standardised manner by the senior authors. Active and passive finger mobility was
immediately granted. Antero-posterior and lateral X-rays of wrist were taken before the
patients were discharged. We recommended an anti-oedemigen therapy (Leucoselect,
Lymphaselect, and bromelain: 1 cp/day) for 30 days, starting from the day of the surgery;
an analgesic therapy for two weeks with etoricoxib (90 mg, 1 cp/day) in the morning;
and if pain persisted, paracetamol/phosphate codeine (1 g, max x3/day) was prescribed.
The dressing of the surgical sutures took place seven and fourteen days after surgery, and
the removal of sutures on the fourteenth post-operative day. During each scheduled visit,
medication at the pin and KW sites was performed until metalwork removal. Post-operative
and one- to four-week radiographic checks were performed with subsequent outpatient
removal of the body and external wrist fixator pins, including KWs when presented. The
remaining wounds at the sites of the pins and KWs were allowed to heal spontaneously.

The physiokinesitherapy process started with the removal of the fixator for an average
duration of about three weeks. Active and passive mobilisation was started immediately;
resistance activity was granted starting one week after the removal of the fixator. The daily
and work activities were gradually resumed, reaching the absence of limitations twelve
weeks after the surgery [12] (Figures 4 and 5).

Figure 4. A 69-year-old female patient treated with BEF for an AO 23-B3 DRF. Antero-posterior
(AP) and latero-lateral (LL) radiographic images at (a,b) pre-operative period; (c,d) immediate post-
operative period; (e f) at 2-month follow-up. Clinical-functional images showing: (g) extension,
(h) flexion, (i) pronation, and (1) supination of the operated wrist at last follow-up.
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Figure 5. A 58-year-old female patient treated with BEF and an additional KW for an AO 23-C2
DREF. Antero-posterior (AP) and (b) latero-lateral (LL) radiographic images at (a,b) pre-operative

(h)

(1)

period; (c,d) immediate post-operative period; (e,f) at 2-month follow-up. Clinical-functional images
showing: (g) extension, (h) flexion, (i) pronation, and (I) supination of the operated wrist at last
follow-up.

2.6. Patient Assessment

Patient characteristics (gender and age at trauma), fracture classification, and dominant
side were collected at the baseline. At last follow-up, participants were invited to fill out
two different questionnaires for the evaluation of wrist function: the Patient-Rated Wrist
Hand Evaluation (PRWHE) and the Quick Disability of the Arm, Shoulder, and Hand
(QuickDASH) [30,31]. Both questionnaires are scored from 0 to 100, with higher scores
indicating greater disability.

Post-operative complications were recorded and divided between minor and major.
Minor complications included wound complications, pain, swelling, and weakness. Major
complications included deep infection, chronic infection, non-union, malunion, median
nerve-related complaints, and complex regional pain syndrome (CRPS).

According to the surgical treatment, the patients were divided into two groups:

(1) BEF group;
(2) BEF + KWs group.

2.7. Statistical Analysis

Normality of data distribution was verified by conducting the Shapiro-Wilk test.
Continuous variables were expressed as mean and standard deviation, while for categorical
variables, absolute frequencies and percentage were reported when appropriate. Univariate
(Student’s f-test for unpaired, independent samples, chi-squared test) and multivariate
analyses were conducted to assess eventual differences between the two surgical techniques.
To understand the effect of the treatment, possible confounders (i.e., age, hand dominance,
and sex) were taken into account. It was also noted that the treatment assignment could
be influenced by pre-surgery status, which may affect the clinical outcome. Thus, to
eliminate the non-randomness of the assignment and to be able to identify the direct effect
of treatment on the clinical outcome and that of the covariates, the propensity score (pp)
was used. This score measures the treatment dependence on pre-surgery status; hence,
conditional on the propensity, the treatment is independent of the pre-surgery status.

The pp was estimated using logistic regression with bias correction [32] and used in
the second stage model that also included the treatment and the confounder variables.
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For properly modelling the outcome scores, a beta regression model was used that
was found to be more suitable in terms of distributional assumptions based on the data.
Bias correction techniques implemented in the R package betareg and brglm?2 [33] ensured
more accurate estimates of standard errors compared to standard maximum likelihoods.

For all analyses, values with p values less than or equal to 0.05 were considered
statistically significant. All statistical analyses were performed using R [34].

3. Results
3.1. Patient Data

During a six-year period of enrolment in our institute, 426 patients were treated
for dorsally displaced and unstable DRFs with BEF of the wrist. A total of 81 patients
were excluded according to the inclusion/exclusion criteria, and a final cohort of 345
patients met the inclusion criteria of this study. Of those, 269 patients were included and
completed the follow-up, while 76 patients were excluded (died, were not found, or refused
to participate to the study). Therefore, a final cohort of 269 patients was enrolled (Figure 6).
All patients were evaluated after an average follow-up of 58 months after surgery (range:
24-87 months).

426 patients

81 excluded patients

345 selected
patients

(did not met the
inclusion criteria)

76 excluded patients

269 included

patients (refusal, deceased)

Figure 6. Flowchart of patient selection.

The mean age of the 269 study participants was 65.54 years at the time of surgery
(range: 18-94 years); 202 patients were female (75%) and 67 were male (25%). Fractures
of the dominant side occurred in 106 patients (39.4%), while the remaining fractures were
on the non-dominant side (163 patients, 60.6%). The mean PHRWE was 12.18 £ 15.75 and
mean QuickDASH was 13.13 & 15.86 of the overall cohort at the follow-up. Fractures were
classified using the AO classification system (Table 1).

Considering the overall cohort, no differences between PRWHE and AO classification
(p = 0.40) or gender (p = 0.35) were observed. Likewise, no differences between QuickDASH
and AO classification (p = 0.43) or gender (p = 0.21) were found. A weak negative correlation
was found between clinical scores and age (PRWHE: r = —0.21; p < 0.001 and QuickDASH:
r=—0.22; p <0.001). Of the 266 cases, 75 (28%) were treated by associating KWs to the
BEF. No differences were found comparing the two groups of patients (BEF vs. BEF +
KWs) regarding age, sex, and fracture side (dominant vs. non-dominant). PRWHE and
QuickDASH scores were lower in BEF + KWs group compared to BEF, indicating that
patients with KWs have a better clinical outcome (p < 0.0001 and p = 0.0007, respectively)
(Table 2).
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Table 1. Overall cohort characteristics.

Variable Patients (n = 269)
Age 65.55 + 15.27
Sex
Female 202 (75.1%)
Male 67 (24.9%)
PRWHE 12.18 £ 15.75
QuickDASH 13.13 £ 15.86
Side
Dominant 106 (39.4%)
Non-dominant 163 (60.6%)
AOQ classification (23)
A2 48 (17.8%)
A3 39 (14.5%)
Bl 2 (0.7%)
B3 1(0.4%)
C1 50 (18.6%)
C2 82 (30.5%)
C3 47 (17.5%)

Table 2. Comparison between BEF and BEF + KWs groups.

BEF BEF + KWs

Variable (194 Patients) (75 Patients) p-Value
Age 65.83 + 15.24 64.81 + 15.44 0.59
Sex
Female 148 (76.3%) 54 (72%) 0.57
Male 46 (23.7%) 21 (28%)
PRWHE 14.59 + 17.04 5.88 +9.20 <0.001
QuickDASH 15.30 + 17.10 7.50 £+ 10.16 <0.001
Side
Dominant 79 (40.7%) 27 (36%) 0.57
Non-dominant 115 (59.3%) 48 (64%)
AOQ classification (23)
A2 41 (21.1%) 7 (9.3%)
A3 30 (15.5%) 9 (12.0%)
Bl 0 (0%) 2 (2.7%)
B3 1(0.5%) 0 (0%) 0.007
C1 40 (20.6%) 10 (13.3%)
2 53 (27.3%) 29 (38.7%)
3 29 (14.9%) 18 (24.0%)

3.2. Complications

Minor complications were recorded in 70 patients (26%). Discomfort due to the
presence of the BEF was reported by 23 patients. Twenty patients had superficial pin
infections, which were successfully treated with oral antibiotics. Complex regional pain
syndrome (CRPS) occurred in six patients. Radial nerve injury was found in four patients.
Radial shortening was recorded in five patients. Tendon irritation occurred in 12 patients.

3.3. Multivariate Analysis

With the beta multivariate regression analysis, it was confirmed that patients of the
BEF + KWs groups exhibited a better PRWHE score; however, no influence was reported
with QuickDASH. Patients of the BEF + KWs with the fracture on the dominant site were
characterised by a better clinical outcome (both PRWHE and QuickDASH). Older patients
had a better PRWHE score independently from the treatment. No influence was observed
regarding fracture type and fracture type associated with treatment type (Tables 3 and 4).
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Table 3. Beta multivariate regression analysis of the impact of the different variables on PRWHE

score.
Variable Estimate Standard Error Z Value p-Value
Intercept —-0.377 0.436 —0.866 0.386
PP —0.976 1.739 —0.561 0.575
BEF + KWs —0.385 0.165 —2.334 0.020
Dominant side 0.275 0.133 2.065 0.039
Age —0.018 0.004 —4.004 <0.001
23-A3 —0.310 0.254 —1.224 0.220
23-B —0.173 0.955 —0.181 0.856
23-C1 —0.002 0.214 —0.010 0.992
23-C2 0.006 0.386 0.017 0.986
23-C3 0.182 0.439 0.416 0.677
BEF + KWs and ~0.410 0.266 ~1545 0.122
dominant side
Phi coefficients
Intercept 0.186 0439 0.425 0.671
Age 0.014 0.006 2.551 0.011
pp 2.168 0.888 2.441 0.015

Table 4. Beta multivariate regression analysis of the impact of the different variables on QuickDASH

score.
Variable Estimate Standard Error Z Value p-Value
Intercept —0.378 0.433 —0.874 0.382
pp 0.211 1.735 0.122 0.903
BEF + KWs —0.249 0.165 —1.516 0.129
Dominant side 0.354 0.133 2.664 0.008
Age —0.020 0.004 —4.544 <0.001
23-A3 —0.362 0.251 —1.447 0.148
23-B —0.616 0.960 —0.641 0.521
23-C1 —0.156 0.211 —0.740 0.459
23-C2 —0.263 0.385 —0.682 0.495
23-C3 —0.120 0.438 —0.273 0.785
BEF + KWs and —0.468 0.264 ~1.775 0.076
dominant side
Phi coefficients
Intercept —0.012 0.430 —0.029 0.977
Age 1.546 0.876 1.764 0.078
pp 0.020 0.006 3.586 <0.001

In order to interpret the effect sizes estimated by the model, some examples of pre-
dicted scores could be compared that differ for a change of variable associated to a sig-
nificant coefficient in the model. Taking as a reference group the one with median char-
acteristics for quantitative variables (propensity score equal to 0.27, age 68), fracture of
type A2, no KWs, and non-dominant side, the estimated scores were 13.29 for PRWHE and
15.31 for QuickDASH. For the group with the same characteristics but dominant side, the
scores became 16.79 and 20.48, respectively. Changing the treatment group from BEF to
BEF + K-wires, the scores within the reference group dropped from 13.29 to 9.44 (PRWHE)
and from 15.31 to 12.34 (QuickDASH) for the non-dominant side, and from 16.79 to 8.34
(PRWHE) and from 20.48 to 11.16 (QuickDASH) for the dominant side.

Regarding age, there is a progressive decrease of the scores as the age of patients
increases, keeping all of the other characteristics fixed. The predicted range is between
10.98 for 20-year-old individuals and 26.80 for 80-year-old individuals (PRWHE) and from
12.34 for 20-years-olds to 32.52 for 80-year-olds (QuickDASH).
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4. Discussion

DRFs are common orthopaedic injuries, occurring within 3 cm of the distal part of
the radius, with a bimodal age distribution (a peak in incidence among men under 30
and a peak in women over 60 with osteoporosis). The two main trauma mechanisms are
high-energy trauma and low-energy falls, respectively [5,7].

Management of DRFs includes closed reduction and casting, closed reduction and
percutaneous fixation, and open reduction internal fixation with volar or dorsal plating [35].
Immobilisation with wrist casts is the conservative solution reserved for simple displaced
or minimally displaced extra-articular fractures, especially if the patient does not require
a quick return to work [16,36,37]. About 35% of total DRFs require surgery. Unstable
extra-articular and intra-articular fractures of the distal epiphysis of the radius usually
require surgical treatment [36,38]. For these injuries, however, there is still no agreement
on what the optimal treatment is in relation to age, gender, dominant limb, and fracture
pattern.

In our study, we compared the scores of two questionnaires for the evaluation of
functional outcomes in patients with DRFs treated with a BEF and optional KWs divided
into categories on the basis of age, type of treatment, pattern fracture, gender, and limb
dominance. Only closed, displaced, and unstable extension fractures (Colles’s) and articular
extension fractures were included, because flexion fractures (Smith) and articular flexion
fractures were treated by plate osteosynthesis according to our institutional wrist trauma
protocol. The most important finding of our analysis was that no differences between
PRWHE and AO classification (p = 0.40) or gender (p = 0.35) were observed in our overall
cohort at the mean follow-up of 58 months. Likewise, no differences between QuickDASH
and AQ classification (p = 0.43) or gender (p = 0.21) were found.

Although the comparison of EF versus volar plates and screws (VLP) in unstable DRF
was not the objective of this study, a meta-analysis comparing both techniques concluded
that cases treated with a VLP could obtain better functional outcomes [39]. In contrast, a
recent meta-analysis and systematic review showed that patients treated with VLP had a
lower DASH score and VAS score, and no significant differences in radiographic outcomes
were observed even if VLP had a lower complication rate than that of EF [29]. Another
study reported that VLP fixation resulted in faster recovery of function compared to EF, but
no functional advantage was demonstrated at two years’ short follow-up [40]. Furthermore,
patients undergoing DRF surgery with open reduction and internal fixation (ORIF) have a
higher risk of wound infection and tendonitis [41].

Hence, the results from the literature suggest that surgery yields statistically but not
clinically better functional outcomes at one-year follow-up [42]. Treatment with VLP might
benefit patients who have the need to gain the previous level of activity in a short period of
time. However, it deserves mention that the current literature does not provide an actual
cut-off for age, fracture malalignment, or other specific factors.

Regarding the population age, some authors have underlined a variety of differences
in demographic factors, considering the EF more commonly indicated in younger, male
patients who are more likely to have higher energy trauma and more significant distal
radius comminution [43]. On the contrary, in our cohort, a weak negative correlation was
found between clinical scores and age (PRWHE: r = —0.21; p < 0.001 and QuickDASH:
r = —0.22; p < 0.001). Specifically, the difference in terms of functional results between
EF in the elderly and in the younger patients was not statistically significant, although
young people require a greater degree of functionality than the elderly and a better possible
reduction in fracture, which is not always anatomically obtainable by BEF. Furthermore,
the general evaluation of the results between AO 23A and AO 23C fracture pattern did
not show statistical significance among young and elderly patients. These findings can be
justified by the fact that the functional-clinical outcomes can be perceived subjectively in
different ways for the different injury patterns by the two populations.

Certainly, BEF is not always able to guarantee the alignment of the fracture fragments
and the stability of the reduction, especially in cases of articular or metaphyseal involvement
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or severe periarticular injury [44]. For these reasons, in some cases, we preferred associated
percutaneous KWs, which were useful to reduce and stabilise the fractures during surgery,
and they contributed to achieving good functional outcomes at medium-term follow-up,
which are shown in the BEF + KWs group. Rectenwald et al. [45] also demonstrated how
the association of EF and KWs not only allows improvement of stability but also maintains
the reduction obtained with simple EF until bone callus formation.

To date, only a few studies have focused on the role of additional KWs in EF [12].
Among the 269 cases included in our study, 75 (28%) were treated by associating percu-
taneous synthesis with KWs to the BEF. No differences were found comparing the two
groups of patients (BEF vs. BEF + KWs) regarding age, sex, and fracture side (dominant
vs. non-dominant), and all patients of both groups were able to resume normal daily life
activities after the operation. However, PRWHE and QuickDASH scores were lower in the
BEF + KWs groups compared to EF (p < 0.0001 and p = 0.0007, respectively), indicating
that patients with KWs had a better clinical outcome. Patients of the BEF group with a
fracture on the dominant site had a worse clinical outcome (higher scores) than those with
the fracture on the non-dominant side. The opposite occurred in the BEF + KWs group:
patients with the fracture on the dominant side had better clinical outcomes. In other
words, the predicted scores for patients with the dominant side injured are better (lower)
for the patients treated with BEF + KWs than with the BEF alone. In the group with the
non-dominant side injured, the clinical outcome is still better for those treated with BEF
+ KWs with respect to those treated with BEF only, even if the difference is less evident.
It should be noted that the scores obtained are very good. Importantly, beta multivariate
regression analysis confirmed that the BEF + KWs group exhibited a better PRWHE score;
however, no influence was reported with QuickDASH. However, patients of the BEF +
KWs with the fracture on the dominant site were characterised by a better clinical outcome
(both PRWHE and QuickDASH). Older patients had better PRWHE scores independently
of the treatment, probably because of low demand. No influence was observed regarding
fracture type and fracture type associated with treatment type. Our clinical functional
results are in line with those of another scientific report: Fu et al. [46] demonstrated how
the combination of BEF and KWs leads to better clinical-functional results than simple BEE.

In the literature, there is agreement in the definition of what is the least clinically
relevant difference between mean functional scores: according to the meta-analyses of
Li-hai et al. (2015) [47] and Walenkamp et al. [48] and the study of Gummesson et al. [49],
the minimal score difference describing a clinically significant difference after two upper
limb surgical treatments is a mean difference of 10 points. In our study, we recorded
significant differences between means greater than 10 points (or approximately 10 points),
in agreement with the literature.

Wrist EF has many advantages in the treatment of DRFs. First, it scarcely affects the
blood supply around the fracture ends, which is conducive to recanalisation of bone vessels
and creates a good fracture-healing environment. Second, non-cross-joint fixation allows
normal movement of the wrist, diminishes stiffness, stimulates cartilage repair, decreases
osteopenia of the distal fragment and reduces fear among patients [41].

In our groups, fractures of the dominant side occurred in 106 patients (39.4%), while
the remaining fractures were on the non-dominant side (163 patients, 60.6%). The analysis
of the data relative to the dominant limb is interesting as it did not show major functional
deficits in daily activities with respect to the non-dominant limb between the two procedure
groups. Hence, good results were recorded for the dominant limb independent of the
procedure used. Our results relating to the proper use of BEF, with optional KWs, in DRFs
in relation to patient age, gender, dominant limb, and injury pattern do not find comparable
precedents in the literature.

Given the known epidemiological difference in the prevalence of DRFs, no significant
differences were found in the outcomes of patients of different genders, which is simple
evidence that gender-specific factor-related activities are not involved in the subjectivity
of filling out the outcome questionnaires. These results agree with the results of other
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scientific reports presented in literature: the study by Lee et al. [50] did not identify
statistical significance for the gender variable in terms of post-operative functional results;
Synn et al. [17] found no influence of patient gender.

In the literature, EF use for the treatment of DRF is associated with a 24% to 62%
complication rate, most of which includes superficial pin site infection, malunion, and loss
of radiocarpal and digital motion [51-56]. Specifically, Weber and Szabo reported a 62%
complication rate associated with EF, most commonly loose pins, pin tract infection, and
malreduction [55].

Normally, pin tract infections range between 0 and 27% [55,57-59]. However, Ander-
son et al. reported 37.5% pin tract infection; all infections were resolved with antibiotics [52].
Raskin and Melone reported no pin tract infections in their study [60]. They attribute this to
their method of pin site care. Carpal tunnel syndrome (4.3% non-operative, 1.9% surgery)
has been reported more commonly in non-operatively treated patients and in those treated
by VLP [42]. In our study, the minor complications registered (superficial pin infection,
discomfort from external hardware, and tendon irritation) were all resolved in a short time,
and none affected the clinical functional outcomes at last follow-up. For these reasons, as
trauma surgeons, we think these must be considered part of the surgical procedure and the
post-operative period rather than sequalae of the treatment method. On the contrary, the
few major complications reported—carpal tunnel syndrome, CRPS, radial nerve injury, and
radial shortening—impacted medium-term results. We did not find malunion or nonunion,
contrary to what is reported in the study of Anderson at al. [52], where their incidence was
surprisingly high (12.5%).

Over-distraction can cause increased pressure in the carpal tunnel, according to Gel-
berman et al. [61]. To avoid this, Hertel and Ballmer suggest first obtaining preliminary
reduction with over-distraction and then stabilising the fracture with crossed KWs, fol-
lowed by reduction of distraction to neutral length and position [62]. The incidence of
superficial radial nerve irritation could be largely dependent on the surgeon’s technique of
pin placement. Using an open technique, the superficial branch of the radial nerve can be
protected.

Discomfort from external hardware, finger stiffness, loss of reduction, and complex
regional pain syndrome are other complications [54,55,63-67]. Patients who receive an
external fixator have reported more discomfort and reduced health-related quality of life
when compared with internal fixation [53].

Some potential limitations may have influenced the results of our study: (i) its ret-
rospective nature and the different sizes among BEF and BEF + KWs (192 vs. 72); (i) the
wide range of follow-up, from a minimum of 24 months after surgery to a maximum of
87 months; (iii) the lack of objective evaluation of range of motion in the follow-up of our
patients, as well as the lack of radiographic evaluations in the study. This could have af-
fected our clinical-functional outcomes at medium-term follow-up, as they were based only
on the subjectivity of the patients, without a radiographic correlation. Another weakness is
the lack of a control group treated by ORIF, which would be useful to compare the results
of our technique. Finally, it is necessary to underline that the AO fracture classification
used for our analysis was based on standard radiographs, as computed tomography was
performed only in the cases of intraarticular injuries with multiple fragments, according to
our institutional protocol.

Nevertheless, to the best of our knowledge, this is the first single-centre study report-
ing functional clinical outcomes of DRFs at medium-term follow-up and including beta
multivariate regression analysis on a large patient cohort compared to previous published
studies on the same topic [12,46,68-70]. Further, all patients enrolled were operated on
by the same trauma surgeons and followed according to a standardised institutional post-
operative protocol, reducing confounding bias. Importantly, the functional limitations of
treated wrists were evaluated using two validated questionnaires whose reliability, validity,
and specificity have been confirmed by several studies [71]: the PRWHE Score, a specific
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tool only for DRFs assessment, and the QuickDASH, a widespread method for upper limb
evaluation.

Future randomised controlled clinical trials comparing the BEF procedure with op-
tional KWs to other operative methods are necessary to better define optimal indications
for the treatment of unstable DRFs in both young and elderly patients and provide further
useful information in relation to fracture pattern.

5. Conclusions

The medium-term functional-clinical outcomes of this retrospective study and their
beta multivariate analysis suggest that the use of BEF with optional KWs for the treatment
of unstable DRFs can be indicated in both young and elderly patients of any gender,
independent of limb side and fracture pattern. Nevertheless, as the best functional results
were achieved in the elderly when KWs were added to stabilise and maintain the fracture
reduction, in particular of the dominant side, the combination of BEF and KWs seems to be
mainly indicated for the treatment of DREF, also complex, in the elderly population.

Author Contributions: Conceptualization, C.B. and P.R.; methodology, C.B., M.C., and E.B. (Elisa Bel-
luzzi); validation, C.B., M.C., E.B. (Elisa Belluzzi), and A.B.; formal analysis, E.B. (Elena Bortolato)
and E.B. (Elisa Belluzzi); investigation, M.C. and A.R.; resources, C.B., A.B., and P.R; data curation,
C.B. and E.B. (Elisa Belluzzi); writing—original draft preparation, C.B., M.C., and E.B. (Elisa Belluzzi);
writing—review and editing, C.B., M.C., E.B. (Elena Bortolato), and E.B. (Elisa Belluzzi); visualization,
E.B. (Elisa Belluzzi) and A.R.; supervision, PR.; project administration, C.B. and E.B. (Elisa Belluzzi).
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of University-Hospital of Padova (protocol code
266n/A0/22 and 30 June 2022).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: The dataset supporting the conclusions of this review is available upon
request to the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Nellans, K.W.; Kowalski, E.; Chung, K.C. The epidemiology of distal radius fractures. Hand Clin. 2012, 28, 113-125. [CrossRef]
[PubMed]

2. Singer, B.R.; McLauchlan, G.J.; Robinson, C.M.; Christie, ]. Epidemiology of fractures in 15,000 adults: The influence of age and
gender. |. Bone Joint Surg. Br. 1998, 80, 243-248. [CrossRef] [PubMed]

3. Schuit, S.C.; van der Klift, M.; Weel, A.E.; de Laet, C.E.; Burger, H.; Seeman, E.; Hofman, A ; Uitterlinden, A.G.; van Leeuwen, ].P;
Pols, H.A. Fracture incidence and association with bone mineral density in elderly men and women: The Rotterdam Study. Bone
2004, 34, 195-202. [CrossRef]

4. Court-Brown, C.M.; Caesar, B. Epidemiology of adult fractures: A review. Injury 2006, 37, 691-697. [CrossRef] [PubMed]

5. Meena, S.; Sharma, P.; Sambharia, A.K.; Dawar, A. Fractures of Distal Radius: An Overview. J. Fam. Med. Prim. Care 2014, 3,
325-332. [CrossRef] [PubMed]

6.  Biz, C; Tagliapietra, ].; Zonta, F; Belluzzi, E.; Bragazzi, N.L.; Ruggieri, P. Predictors of early failure of the cannulated screw system
in patients, 65 years and older, with non-displaced femoral neck fractures. Aging Clin. Exp. Res. 2020, 32, 505-513. [CrossRef]
[PubMed]

7. Kramer, S,; Meyer, H.; O’Loughlin, PF,; Vaske, B.; Krettek, C.; Gaulke, R. The incidence of ulnocarpal complaints after distal radial
fracture in relation to the fracture of the ulnar styloid. J. Hand Surg. (Eur. Vol. ) 2012, 38, 710-717. [CrossRef]

8.  May, M.M,; Lawton, ].N.; Blazar, PE. Ulnar styloid fractures associated with distal radius fractures: Incidence and implications
for distal radioulnar joint instability. J. Hand Surg. 2002, 27, 965-971. [CrossRef] [PubMed]

9. lacobellis, C.; Biz, C. Plating in diaphyseal fractures of the forearm. Acta Biomed. 2014, 84, 202-211.

10. MacIntyre, N.J.; Dewan, N. Epidemiology of distal radius fractures and factors predicting risk and prognosis. J. Hand Ther. 2016,

29, 136-145. [CrossRef]

38



J. Pers. Med. 2022, 12, 1532

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

Levin, L.S.; Rozell, ].C.; Pulos, N. Distal Radius Fractures in the Elderly. JAAOS J. Am. Acad. Orthop. Surg. 2017, 25, 179-187.
[CrossRef] [PubMed]

Cheng, P; Wu, E; Chen, H ; Jiang, C.; Wang, T.; Han, P; Chai, Y. Early hybrid nonbridging external fixation of unstable distal
radius fractures in patients aged >50 years. J. Inf. Med. Res. 2020, 48, 0300060519879562. [CrossRef] [PubMed]

Bécker, H.C,; Thiele, K.; Wu, C.H.; Moroder, P; Stockle, U.; Braun, K.E. Distal Radius Fracture with Ipsilateral Elbow Dislocation:
A Rare but Challenging Injury. J. Pers. Med. 2022, 12, 1097. [CrossRef] [PubMed]

Biz, C.; Crimi, A.; Belluzzi, E.; Maschio, N.; Baracco, R.; Volpin, A.; Ruggieri, P. Conservative Versus Surgical Management of
Elbow Medial Ulnar Collateral Ligament Injury: A Systematic Review. Orthop. Surg. 2019, 11, 974-984. [CrossRef]

Buckley, R.E. AO Principles of Fracture Management; Thieme Medical Publishers: New York, NY, USA, 2018. [CrossRef]

Young, B.T.; Rayan, G.M. Outcome following nonoperative treatment of displaced distal radius fractures in low-demand patients
older than 60 years. J. Hand Surg. 2000, 25, 19-28. [CrossRef]

Synn, A.J.; Makhni, E.C.; Makhni, M.C.; Rozental, T.D.; Day, C.S. Distal Radius Fractures in Older Patients: Is Anatomic Reduction
Necessary? Clin. Orthop. Relat. Res. 2009, 467, 1612-1620. [CrossRef]

Obert, L.; Rey, P.B.; Uhring, J.; Gasse, N.; Rochet, S.; Lepage, D.; Serre, A.; Garbuio, P. Fixation of distal radius fractures in adults:
A review. Orthop. Traumatol. Surg. Res. 2013, 99, 216-234. [CrossRef]

Handoll, H.H.G.; Madhok, R. From evidence to best practice in the management of fractures of the distal radius in adults:
Working towards a research agenda. BMC Musculoskelet. Disord. 2003, 4, 27. [CrossRef]

Padegimas, E.M.; Ilyas, A.M. Distal radius fractures: Emergency department evaluation and management. Orthop. Clin. N. Am.
2015, 46, 259-270. [CrossRef]

Mellstrand Navarro, C.; Ahrengart, L.; Térnqvist, H.; Ponzer, S. Volar Locking Plate or External Fixation with Optional Addition
of K-Wires for Dorsally Displaced Distal Radius Fractures: A Randomized Controlled Study. J. Orthop. Trauma 2016, 30, 217-224.
[CrossRef]

Liu, Y,; Bai, Y.M. Efficacy of non-bridging external fixation in treating distal radius fractures. Orthop. Surg. 2020, 12, 776-783.
[CrossRef] [PubMed]

Sharma, A.; Pathak, S.; Sandhu, H.; Bagtharia, P.; Kumar, N.; Bajwa, R.S.; Pruthi, V.; Chawla, J.S. Prospective randomized study
comparing the external fixator and volar locking plate in intraarticular distal radius fractures: Which is better? Cureus 2020, 12,
€6849. [CrossRef]

Li, J.; Rai, S.; Tang, X,; Ze, R.; Liu, R.; Hong, P. Fixation of delayed distal radial fracture involving metaphyseal diaphyseal junction
in adolescents: A comparative study of crossed Kirschner-wiring and non-bridging external fixator. BMIC Musculoskelet. Disord.
2020, 21, 365. [CrossRef] [PubMed]

Marsh, J.L.; Slongo, T.F.; Agel, J.; Broderick, ].S.; Creevey, W.; DeCoster, T.A.; Prokuski, L.; Sirkin, M.S.; Ziran, B.; Henley, B.;
et al. Fracture and dislocation classification compendium—2007: Orthopaedic Trauma Association classification, database and
outcomes committee. J. Orthop. Trauma 2007, 21, S1-5133. [CrossRef] [PubMed]

Padulo, J.; Oliva, E; Frizziero, A.; Maffulli, N. Basic principles and recommendations in clinical and field science research. Muscles
Ligaments Tendons ]. 2013, 3, 250-252.

Leixnering, M.; Rosenauer, R.; Pezzei, C.; Jurkowitsch, J.; Beer, T.; Keuchel, T.; Simon, D.; Hausner, T.; Quadlbauer, S. Indications,
surgical approach, reduction, and stabilization techniques of distal radius fractures. Arch. Orthop. Trauma Surg. 2020, 140, 611-621.
[CrossRef]

Walenkamp, M.M.; Vos, L.M.; Strackee, S.D.; Goslings, ].C.; Schep, N.W. The Unstable Distal Radius Fracture-How Do We Define
It? A Systematic Review. . Wrist Surg. 2015, 4, 307-316. [CrossRef]

Gou, Q.; Xiong, X.; Cao, D.; He, Y.; Li, X. Volar locking plate versus external fixation for unstable distal radius fractures: A
systematic review and meta-analysis based on randomized controlled trials. BMC Musculoskelet. Disord. 2021, 22, 433. [CrossRef]
Fairplay, T.; Atzei, A.; Corradi, M.; Luchetti, R.; Cozzolino, R.; Schoenhuber, R. Cross-cultural adaptation and validation of the
Italian version of the patient-rated wrist/hand evaluation questionnaire. J. Hand Surg. (Eur. Vol.) 2012, 37, 863-870. [CrossRef]
Beaton, D.E.; Wright, ].G.; Katz, ].N. Development of the QuickDASH: Comparison of three item-reduction approaches. J. Bone Jt.
Surgery. Am. Vol. 2005, 87, 1038-1046. [CrossRef]

Firth, D. Bias reduction of maximum likelihood estimates. Biometrika 1993, 80, 27-38. [CrossRef]

Kosmidis, I. brglm?2: Bias Reduction in Generalized Linear Models. Available online: https:/ /CRAN.R-project.org/package=
brglm?2 (accessed on 28 June 2022).

R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2014.

Chhabra, A.B.; Yildirim, B. Adult Distal Radius Fracture Management. JAAOS J. Am. Acad. Orthop. Surg. 2021, 29, e1105-e1116.
[CrossRef]

Riiedi, T.P; Murphy, W.M.; Colton, C.L.; Fackelman, G.E.; Harder, Y. AO Principles of Fracture Management; Thieme: Stuttgart,
Germany, 2000.

Patterson, M. Apley’s Concise System of Orthopaedics and Fractures 3rd edn). Ann. R. Coll. Surg. Engl. 2006, 88, 425-426.
[CrossRef]

Chen, N.C,; Jupiter, ].B. Management of distal radial fractures. J. Bone Jt. Surgery. Am. Vol. 2007, 89, 2051-2062. [CrossRef]

39



J. Pers. Med. 2022, 12, 1532

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

Walenkamp, M.M.; Bentohami, A.; Beerekamp, M.S.; Peters, R.W.; van der Heiden, R.; Goslings, J.C.; Schep, N.W. Functional
outcome in patients with unstable distal radius fractures, volar locking plate versus external fixation: A meta-analysis. Strateg.
Trauma Limb Reconstr. 2013, 8, 67-75. [CrossRef]

Hammer, O.L.; Clementsen, S.; Hast, J.; éaltyté Benth, J.; Madsen, J.E.; Randsborg, P.H. Volar Locking Plates Versus Augmented
External Fixation of Intra-Articular Distal Radial Fractures: Functional Results from a Randomized Controlled Trial. J. Bone Jt.
Surgery. Am. Vol. 2019, 101, 311-321. [CrossRef]

Xie, M.; Cao, Y.; Cai, X.; Shao, Z.; Nie, K.; Xiong, L. The Effect of a PEEK Material-Based External Fixator in the Treatment of
Distal Radius Fractures with Non-Transarticular External Fixation. Orthop. Surg. 2021, 13, 90-97. [CrossRef]

Luokkala, T.; Laitinen, M.K.; Hevonkorpi, T.P; Raittio, L.; Mattila, V.M.; Launonen, A.P. Distal radius fractures in the elderly
population. EFORT Open Rev. 2020, 5, 361-370. [CrossRef]

Vakhshori, V.; Rounds, A.D.; Heckmann, N.; Azad, A.; Intravia, ].M.; Rosario, S.; Stevanovic, M.; Ghiassi, A. The Declining Use of
Wrist-Spanning External Fixators. Hand (N Y) 2020, 15, 255-263. [CrossRef]

Tang, ].B. Distal Radius Fracture: Diagnosis, Treatment, and Controversies. Clin. Plast. Surg. 2014, 41, 481-499. [CrossRef]
Rectenwald, J.P; Bentley, K.A.; Murray, PM.; Saha, S. Strain as a Function of Time in Extrinsic Wrist Ligaments Tensioned Through
External Fixation. Hand (N Y) 2018, 13, 60-64. [CrossRef]

Fu, Y.C.; Chien, S.H.; Huang, PJ.; Chen, SK. Tien, Y.C.; Lin, G.T.; Wang, G.J. Use of an external fixation combined with the
buttress-maintain pinning method in treating comminuted distal radius fractures in osteoporotic patients. J. Trauma 2006, 60,
330-333. [CrossRef]

Zhang, L.; Wang, Y.; Mao, Z.; Zhang, L.; Li, H.; Yan, H.; Liu, X.; Tang, P. Volar locking plate versus external fixation for the
treatment of unstable distal radial fractures: A meta-analysis of randomized controlled trials. ]. Surg. Res. 2015, 193, 324-333.
[CrossRef]

Walenkamp, M.M.J.; Mulders, M.A.M.; Goslings, ].C.; Westert, G.P.; Schep, N.W.L. Analysis of variation in the surgical treatment
of patients with distal radial fractures in the Netherlands. J. Hand Surg. Eur. Vol. 2017, 42, 39-44. [CrossRef]

Gummesson, C.; Atroshi, I.; Ekdahl, C. The disabilities of the arm, shoulder and hand (DASH) outcome questionnaire: Lon-
gitudinal construct validity and measuring self-rated health change after surgery. BMC Musculoskelet. Disord. 2003, 4, 11.
[CrossRef]

Lee, S.J.; Park, ].W.; Kang, B.J.; Lee, J.I. Clinical and radiologic factors affecting functional outcomes after volar locking plate
fixation of dorsal angulated distal radius fractures. . Orthop. Sci. Off. ]. Jpn. Orthop. Assoc. 2016, 21, 619-624. [CrossRef]

Capo, ].T.; Rossy, W.; Henry, P.; Maurer, R.J.; Naidu, S.; Chen, L. External fixation of distal radius fractures: Effect of distraction
and duration. J. Hand Surg. 2009, 34, 1605-1611. [CrossRef]

Anderson, J.T.; Lucas, G.L.; Buhr, B.R. Complications of treating distal radius fractures with external fixation: A community
experience. lowa Orthop. |. 2004, 24, 53-59.

Ma, C,; Deng, Q.; Pu, H.; Cheng, X.; Kan, Y.; Yang, J.; Yusufu, A.; Cao, L. External fixation is more suitable for intra-articular
fractures of the distal radius in elderly patients. Bone Res. 2016, 4, 16017. [CrossRef]

Sanders, R.A.; Keppel, EL.; Waldrop, J.I. External fixation of distal radial fractures: Results and complications. J. Hand Surg. 1991,
16, 385-391. [CrossRef]

Weber, S.C.; Szabo, R.M. Severely comminuted distal radial fracture as an unsolved problem: Complications associated with
external fixation and pins and plaster techniques. |. Hand Surg. 1986, 11, 157-165. [CrossRef]

Xie, X.; Xie, X.; Qin, H.; Shen, L.; Zhang, C. Comparison of internal and external fixation of distal radius fractures. Acta Orthop.
2013, 84, 286-291. [CrossRef]

Edwards, G.S., Jr. Intra-articular fractures of the distal part of the radius treated with the small AO external fixator. ]. Bone Jt.
Surgery. Am. Vol. 1991, 73, 1241-1250. [CrossRef]

Dienst, M.; Wozasek, G.E.; Seligson, D. Dynamic external fixation for distal radius fractures. Clin. Orthop. Relat. Res. 1997, 338,
160-171. [CrossRef]

Horesh, Z.; Volpin, G.; Hoerer, D.; Stein, H. The surgical treatment of severe comminuted intraarticular fractures of the distal
radius with the small AO external fixation device. A prospective three-and-one-half-year follow-up study. Clin. Orthop. Relat. Res.
1991, 263, 147-153. [CrossRef]

Raskin, K.B.; Melone, C.P, Jr. Unstable articular fractures of the distal radius. Comparative techniques of ligamentotaxis. Orthop.
Clin. N. Am. 1993, 24, 275-286. [CrossRef]

Gelberman, R.H.; Szabo, R.M.; Mortensen, W.W. Carpal tunnel pressures and wrist position in patients with colles” fractures. J.
Trauma 1984, 24, 747-749. [CrossRef]

Hertel, R; Ballmer, F. Complications of external fixation of the wrist. Injury 1994, 25 (Suppl. S4), S-d39-43. [CrossRef]

Burke, E.E; Singer, R.M. Treatment of comminuted distal radius with the use of an internal distraction plate. Tech. Hand Up.
Extrem. Surg. 1998, 2, 248-252. [CrossRef]

Dicpinigaitis, P.; Wolinsky, P.; Hiebert, R.; Egol, K.; Koval, K.; Tejwani, N. Can external fixation maintain reduction after distal
radius fractures? . Trauma 2004, 57, 845-850. [CrossRef] [PubMed]

Jorge-Mora, A.A.; Cecilia-Lopez, D.; Rodriguez-Vega, V.; Suarez-Arias, L.; Andrés-Esteban, E.; Porras-Moreno, M.; Resines-Erasun,
C. Comparison between external fixators and fixed-angle volar-locking plates in the treatment of distal radius fractures. |. Hand
Microsurg. 2012, 4, 50-54. [CrossRef] [PubMed]

40



J. Pers. Med. 2022, 12, 1532

66.

67.

68.

69.

70.

71.

Richard, M.].; Wartinbee, D.A.; Riboh, J.; Miller, M.; Leversedge, FJ.; Ruch, D.S. Analysis of the complications of palmar plating
versus external fixation for fractures of the distal radius. J. Hand Surg. 2011, 36, 1614-1620. [CrossRef] [PubMed]

Williksen, J.H.; Frihagen, F.; Hellund, J.C.; Kvernmo, H.D.; Husby, T. Volar locking plates versus external fixation and adjuvant
pin fixation in unstable distal radius fractures: A randomized, controlled study. . Hand Surg. 2013, 38, 1469-1476. [CrossRef]
Maccagnano, G.; Noia, G.; Vicenti, G.; Coviello, M.; Pesce, V.; Moretti, B. A Prospective Observational Clinical and Radiological
Study of a Modular Bridging External Fixator for Unstable Distal Radius Fractures. Malays Orthop. J. 2021, 15, 108-114. [CrossRef]
Mishra, R K.; Sharma, B.P.; Kumar, A.; Sherawat, R. A comparative study of variable angle volar plate and bridging external
fixator with K-wire augmentation in comminuted distal radius fractures. Chin. J. Traumatol. 2021, 24, 301-305. [CrossRef]

Aita, M.A.; Rodrigues, EL.; Alves, K.; de Oliveira, R.K.; Ruggiero, G.M.; Rodrigues, L. M.R. Bridging versus Nonbridging
Dynamic External Fixation of Unstable Distal Radius Fractures in the Elderly with Polytrauma: A Randomized Study. ]. Wrist
Surg. 2019, 8, 408—-415. [CrossRef]

Ring, D.; Jupiter, J.B. Treatment of osteoporotic distal radius fractures. Osteoporos. Int. 2005, 16, S80-S84. [CrossRef]

41



Journal of
Personalized
Medicine

Article

The Impact of Hip Dysplasia on CAM Impingement

Carsten Y. W. Heimer 1, Chia H. Wu 2, Carsten Perka !, Sebastian Hardt !, Friedemann Géhler 3,
Tobias Winkler /45t and Henrik C. Bicker -+

Citation: Heimer, C.Y.W.,; Wu, C.H,;
Perka, C.; Hardt, S.; Gohler, F;
Winkler, T.; Backer, H.C. The Impact
of Hip Dysplasia on CAM
Impingement. J. Pers. Med. 2022, 12,
1129. https://doi.org/10.3390/
jpm12071129

Academic Editor: Jih-Yang Ko

Received: 25 May 2022
Accepted: 7 July 2022
Published: 12 July 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
40/).

Centrum fiir Muskuloskeletale Chirurgie, Charité—Universititsmedizin Berlin, Augustenburger Platz 1,
13353 Berlin, Germany; carsten.heimer@charite.de (C.Y.W.H.); carsten.perka@charite.de (C.P.);
sebastian.hardt@charite.de (S.H.); tobias.winkler@charite.de (T.W.)

Department of Orthopaedics & Sports Medicine, Baylor College of Medicine Medical Centre,

Houston, TX 77030, USA; wu.h.chia@gmail.com

Department of Radiology, Charité Berlin, University Hospital, Chariteplatz 1, 10117 Berlin, Germany;
friedemann.goehler@charite.de

Julius Wolff Institute, Berlin Institute of Health at Charité—Universititsmedizin Berlin, Augustenburger Platz
1, 13353 Berlin, Germany

Berlin Institute of Health Center for Regenerative Therapies, Berlin Institute of Health at
Charité—Universitidtsmedizin Berlin, Augustenburger Platz 1, 13353 Berlin, Germany

Correspondence: henrik.baecker@charite.de

1t The authors contributed equally to this study.

Abstract: Predisposing factors for CAM-type femoroacetabular impingement (FAI) include acetabu-
lar protrusion and retroversion; however, nothing is known regarding development in dysplastic
hips. The purpose of this study was to determine the correlation between CAM-type FAI and de-
velopmental dysplastic hips diagnosed using X-ray and rotational computed tomography. In this
retrospective study, 52 symptomatic hips were included, with a mean age of 28.8 + 7.6 years. The
inclusion criteria consisted of consecutive patients who suffered from symptomatic dysplastic or
borderline dysplastic hips and underwent a clinical examination, conventional radiographs and
rotational computed tomography. Demographics, standard measurements and the rotational align-
ments were recorded and analyzed between the CAM and nonCAM groups. Among the 52 patients,
19 presented with CAM impingement, whereas, in 33 patients, no signs of CAM impingement were
noticed. For demographics, no significant differences between the two groups were identified. On
conventional radiography, the acetabular hip index as well as the CE angle for the development of
CAM impingement were significantly different compared to the nonCAM group with a CE angle
of 21.0° £ 5.4° vs. 23.7° £ 5.8° (p = 0.050) and an acetabular hip index of 25.6 & 5.7 vs. 21.9 £ 7.3
(p = 0.031), respectively. Furthermore, a crossing over sign was observed to be more common in
the nonCAM group, which is contradictory to the current literature. For rotational alignment, no
significant differences were observed. In dysplastic hips, the CAM-type FAI correlated to a lower
CE angle and a higher acetabular hip index. In contrast to the current literature, no significant
correlations to the torsional alignment or to crossing over signs were observed.

Keywords: radiography; CAM; femoroacetabular; impingement; FAI; PAO; dysplasia; borderline

1. Introduction

The femoroacetabular impingement (FAI) pathology is not only correlated with hip pain
but also predisposing for early onset osteoarthritis [1]. It results from an aspherical head—
femoral neck junction (CAM type, Figure 1), which is often referred to as pistol grip or post-slip
deformity, which typically causes shear stress at the labrum, and cartilage is typically in the
anterosuperior region of the acetabulum (pincer type) [2]. These stresses are thought to separate
labrum and cartilage, leading to articular degeneration and osteoarthritis [3,4]. Typical causes
include acetabular protrusion or acetabular retroversion with anterior overcoverage of the
femoral head [1,5]. Thus, especially acetabular retroversion correlated with the development
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of extra-articular subspace impingement, however, the location of impingement may differ. In
addition to underlying biomechanical pathologies of the hip, the range of motion is thought to
be important for the development of FAI also causing an increased shear stress on the labrum
and, subsequently, the cartilage [1].

In contrast to CAM-type impingement, the pincer type is not related to an asphericity
of the femoral head. Typically, the cause is a deep socket, which limits the hip’s range of
motions related to an overcovering acetabular rim. Thus, the femoral neck abuts against
the labrum, which is compressed. The forces are transmitted to the acetabular cartilage
causing ossification [4].

The opposite of a larger femoral head coverage, such as protrusio acetabula, is de-
velopmental dysplasia of the hip (DDH). Typically, it is screened in infants to initiate
treatment as early as possible and to allow for a good development of the acetabulum
to avoid early onset of secondary hip osteoarthritis [6]. In adults, for diagnosis of DDH,
a conventional radiography is performed, showing a low center edge angle, acetabular
hip index and acetabular hip angle (AIA). Currently, little is known about the correlating
rotational alignment [7] or the presence of CAM FAI in such cases. As a result, surgeons
indicate periacetabular osteotomy in DDH without considering or approaching CAM FAls.
Even worse, if the acetabulum is repositioned, a larger femoral coverage can be achieved,
which may worsen the development of CAM FAI and, therefore, secondary osteoarthritis.

Because of the dearth in the literature, this study aimed to investigate the radiographic
correlation and underlying cause between CAM-type FAI and dysplastic respectively bor-
derline dysplastic hips including the standard measurements of the hip and the rotational
alignment of the lower extremity.

2. Materials and Methods

A retrospective chart review was performed between 2017 and 2019 after obtaining
ethical approval (EA4/201/19). In the period of interest, all consecutive patients aged of 18
years or older presenting with dysplastic (type 2) and/or borderline dysplastic hips (type
1), both types defined by the CE angle, the sharp angle, the acetabular index angle or the
presence of a crossing over sign, who underwent a rotational CT scan and two conventional
radiographies were included. Further, demographics including age, gender, body weight,
body height, body mass index (BMI) and comorbidities were noted. The exclusion criteria
consisted of patients without pathological radiographical values, incomplete medical or
radiographic charts, no accessible CT images and patients younger than 18 years of age.

The X-rays were performed anteroposteriorly for the pelvis as well as in an axial view and
faux profile of the affected hip. In addition to the presence of a CAM femoroacetabular impinge-
ment, defined as an extra bone formation at the anterolateral head-neck junction leading to a
non-spherical morphology of the femoral head, we analyzed standard measurements including
center edge angle (CE), acetabular index angle (Al angle), sharp angle, hip lateralization index,
acetabular hip index (AHI) and centrum-collum-diaphyseal angle (CCD) from an anteroposterior
view as well as the alpha—vertical line parallel to either the outer and inner cortex of the ilium
and the acetabular rim—and beta angles—vertical line parallel to either the outer or inner cortex
of the ilium and the lowest and lateral most point of the bright spot of the lower limb of the os
ilium—from an axial view. Furthermore, we recorded the presence of pincer-type impingement.

For rotational CT, nonenhanced CTs of the lower limb were obtained either on a 320-
row or an 80-row CT scanner (Canon Aquilion ONE Vision Edition and Canon Aquilion
PRIME, respectively, both Canon Medical Systems, Tochigi, Japan). Thus, a scanogram and
a helical acquisition of the lower limb were obtained, and the scan was performed with
120 KVp tube voltage. An automated tube current modulation was set to the low-dose
mode (standard deviation of 25). For image processing, iterative reconstruction (adaptive
iterative dose reduction (AIDR) 3D standard) and a bone kernel (filter convolution (FC)
08-H) was used with CT images of 0.5 to 1.0 mm in thick slices.

Measurements were performed on the axial views of the lower limb scan and included
the acetabular rotation, defined as the angle between the level of the tangent along the
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posterior and the anterior acetabular edge and a tangent along the right and left sciatic
spina. Additionally, femoral torsion, tibial torsion and tibiofemoral torsion were calculated
based on the measurements of the femoral neck (angle between a line through femoral neck
and femoral head center and image base line), femoral condyle (angle between tangent
along the posterior condyle border and image base line), tibial plateau (angle between a
tangent along the posterior edge of the tibial plateau and image base line) and upper ankle
rotation (angle between a line through the talus and the lateral malleolus and the image
base line). Finally, the tibiofemoral rotation was calculated as the difference between the
rotation of the femoral condyles and the rotation of the tibial plateau. All measurements
were performed by a musculoskeletal trained radiologist.

The severity of DDH was classified into dysplastic and borderline dysplastic hips as
published by Tannast et al. [8-11]. Therefore, a borderline dysplastic hip was defined as a
CE angle between 20° and 24.9°, a sharp angle between 39 and 42° or combined acetabular
retroversion (presence of a crossing over sign) with normal values. A dysplastic hip was
defined as a CE angle less than 20°, an Al angle greater than 10°, a sharp angle greater
than 42° or an AHI greater than 25° [8,9]. The physiological values for acetabular as well as
femoral torsions were defined to be between 10° and 25° [12,13]. Two examples are shown
in Figures 1 and 2.

A functional clinical examination was performed when the patients first presented in
clinics. Thus, the range of motion, including flexion/extension, internal/external rotation
and abduction/adduction, were assessed.

For statistical analysis, we used the IBM SPSS Statistics 26 Core System (IBM, Armonk,
NY, USA). An ANOVA t-test and a mixed model were applied, because they encounter the
dependent variable of the person. Additionally, a linear regression analysis was performed
to identify cross-correlation significances. Normally distributed continuous variables are
presented with the mean and standard deviation of the mean (SD). The level of significances
was set to a (*) p-value < 0.05.

Figure 1. Preoperative findings and measurements performed. Left side: CE angle—between the
Perkin line and the line between the center of the femoral head to the lateral edge of the acetabulum
—18.8°; Al angle—between the Hilgenreiner’s line and a parallel line to the acetabular roof—12.3°;
sharp angle—between the horizontal teardrop line and a line connecting the teardrop to the lateral
acetabulum—43.9°; hip lateralization index—quotient between the horizontal distance of the lateral
femoral head that is uncovered by the acetabulum divided by a horizontal width of the femoral
head—0.54; anterior hip index—quotient of the femoral head that is covered by the acetabular roof
and the width of the femoral head—73.9; CCD angle—between the axis of the femoral diaphysis and
the axis of the femoral neck—137.4° and positive crossing over sign. Adopted from [14,15].
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Figure 2. Preoperative measurements in a right-sided borderline dysplastic hip: CE angle—23.4°;
ATA—4.9°; sharp angle—40.0°; hip lateralization—0.51; anterior hip index—82.8; CCD angle—121.0°.
Adopted from [14,15].

3. Results

A total of 52 symptomatic hips of patients at a mean age of 28.8 + 7.6 years were included.
In nineteen of the patients, pathoanatomical parameters of a CAM impingement were observed,
whereas in 33 patients, no CAM impingement was noticed. Female patients were predominant,
representing 88.5% of cases (n = 46/52). The average height, body weight and body mass index
(BMI) were 169.7 & 8.4 cm, 68.1 + 12.2 kg and 23.8 + 4.3 kg/m?. No significant differences
between the two groups were identified as illustrated in Table 1.

Table 1. Demographics of the individuals presenting with symptomatic hip pain.

Total Coefficient p-Value CAM nonCAM p-Value

Numbers 52 19 (36.5%) 33 (63.5%)
Female (%) 46 (88.5) —0.139 0.520 16 (84.2) 30 (90.9) 0.238
Left hip (%) 25 (48.1) —0.078 0.573 8 (42.1) 17 (51.5) 0.261
Age (years) 288+7.6 0.014 0.134 309+ 6.6 27.6+79 0.067
Height (cm) 169.7 = 8.4 0.013 0.822 171.6 £9.1 168.6 7.9 0.125
Bodyweight (kg) 68.1+12.2 —0.008 0.920 66.1+9.7 69.4 +13.5 0.189
BMI (kg/m?) 238 £43 —0.003 0.990 224 +26 245+ 5.0 0.059

Borderline DDH 13 (25.0%) 0.179 0.253 3 (15.8%) 10 (30.3%)

DDH 39 (75.0%) 0.179 0.253 16 (84.2%) 23 (69.7%)

In the functional clinical examination, no significant differences between the groups
were observed for internal/external rotation, flexion/extension and abduction/adduction.
All findings are presented in Table 2.

Table 2. Hip range of motion in the CAM and nonCAM groups.

Coefficient p-Value Total CAM nonCAM p-Value
Flexion (°) —0.011 0.120 130 +£13.1 132.6 +12.8 1285 +13.4 0.139
Extension (°) —0.026 0.111 21+41 26+45 1.8+39 0.249
External rotation (°) 0.009 0.202 528 £11.5 545+ 114 51.8 +11.6 0.214
Internal rotation (°) 0.006 0.280 414 +143 413 +£14.8 4144142 0.495
Abduction (°) 0.010 0.139 51.8 £15.2 51.8 £159 51.8+15.1 0.498
Adduction (°) —0.007 0.467 26.9 £10.0 29.0 £11.5 25.84+9.0 0.136
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For conventional radiography, significant differences between the CAM and nonCAM
group were found for the CE angle as well as the acetabular hip index at 21.0 £ 5.4 vs.
23.7 £ 5.8 (p = 0.050) and 25.6 &+ 5.7 vs. 21.9 + 7.3 (p = 0.031), respectively. Further, a
crossing over sign was identified to be more common in the nonCAM group (p = 0.091). In
all cases, no pincer impingement was observed (Table 3).

Table 3. Findings on the anteroposterior pelvis radiographs and axial views of the affected hips.

Total Coefficient p-Value CAM nonCAM p-Value
CE angle (°) 227+58 0.002 0.968 21.0+54 23.7+58 0.050
Al angle (°) 112+ 5.2 0.006 0.781 12.6 £ 6.3 103 £4.3 0.065
Sharp angle (°) 425437 —0.005 0.894 433435 421438 0.148
Hip lateralization index 0.56 £ 0.06 0.617 0.590 0.57 £ 0.06 0.56 £ 0.06 0.214
AHI 232+7.0 0.017 0.524 25.6 £5.7 219 £73 0.031
CCD (%) 133.0 £ 5.7 <0.005 0.994 1333 + 6.4 132.8 £ 5.4 0.378
Crossing over sign 17 (32.7) —0.194 0.184 4(21.1) 13 (39.4) 0.091
Kellgren-Lawrence score 0.4+05 0.015 0.909 04+05 04+05 0.488
Alpha angle (°) 100.0 +10.9 —0.001 0.922 101.5 £ 10.0 98.8 +11.6 0.235
Beta angle (°) 57.0+75 0.015 0.288 58.8 +£7.8 55.7 7.2 0.111

For the rotational alignment, no significant differences were observed between groups;
however, positive tendencies were found for the tibial plateau torsion with —4.9 + 9.4
(CAM) vs. —9.0° £ 10.7° (nonCAM) (p = 0.084). All findings for the torsional alignments
are presented in Table 4.

Table 4. Rotational computed tomography findings.

Total Coefficient p-Value CAM nonCAM p-Value
Acetabular torsion (°) 189 £5.7 —0.005 0.712 18.6 £ 6.5 19.1+5.3 0.373
Femoral neck torsion (°) 15.4 +£10.7 0.012 0.516 15.7 £ 8.3 152 +£12.0 0.432
Femoral condyle torsion (°) —132+9.8 —0.048 0.277 —124 +£10.7 —13.7+94 0.328
Femoral torsion (°) 27.7 £12.6 —0.014 0.469 26.5 +12.6 284 +12.7 0.305
Tibial plateau torsion (°) —-75+104 0.042 0.305 —49+94 -9.0 £10.7 0.084
Femorotibial torsion (°) 6.3+5.0 —0.025 0.589 7.6+ 6.5 55437 0.066
Ankle torsion (°) 28.9 +10.5 0.008 0.202 302 +£11.2 279 £10.1 0.236
Tibial torsion (°) 37.0+78 —0.008 0.336 36.6 £9.6 373+ 65 0.377
Leg torsion (°) —135+£14.0 —0.002 0.674 —145+143 —12.8 £14.0 0.337

4. Discussion

Our results show that the pathology of CAM impingement in dysplastic and borderline
dysplastic hips correlated significantly with the CE angle as well as the acetabular hip
index. Positive tendencies were found for age and a lower BMI. On the other side, the
rotational alignment of the lower extremity, especially of the femur and the acetabulum,
did not affect the presence of CAM impingement in our cohort.

Although all patients who were included in this study presented with hip pain related
to hip dysplasia, a combined FAI may exacerbate the symptoms. For definite radiographic
diagnosis of FAI and DDH, a standardized X-ray, including an anteroposterior X-ray of the
pelvis, an axial view and faux profile of the affected hip, is essential [16-19]. For diagnosis of
intraarticular lesions, such as potential labral tears or chondral lesions, additional diagnostic
tools, including rotational CT and MRI, are essential [20].

The current literature suggests that CAM impingement is found especially in young
patients and typically associated with a countercoup lesion at the posterior inferior ac-
etabular margin [21]. Biomechanically, larger total and anterior femoral head coverage in
protrusio acetabula as well as acetabular retroversion or an extra-articular anterior supine
hip impingement are described to be predisposing factors. Other correlating pathologies
described in the literature include reduced femoral torsion [22] as well as an anterior iliac
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inferior spine [22,23]. For torsional alignment, a femoral retroversion (<5°) and increased
femoral torsion (>35°) has been described to be associated with CAM impingement [24].
Another high prevalence described includes a combined femoral and tibial torsional ab-
normality with a mean femoral antetorsion of 23° and tibial antetorsion of 29° [25,26]. All
these findings are thought to cause a mismatch between femoral head and acetabulum,
leading to cartilage damage and, subsequently, to excessive growth of bone, the so-called
os-acetabuli stress reaction, which can be identified as an asymmetry of the femoral head-
neck junction [20]. For range of motion, limitations could be observed especially in hip
flexion and internal rotation in the patients suffering from protrusio acetabula [1], whereas
decreased femoral torsion showed less flexion and internal rotation in 90° flexion [22].

Wells J. et al. [27] investigated the proximal femoral characteristics and observed an
incidence of cam deformity in 42%, which is comparable to the 36.5% in our cohort. Thus,
the authors defined CAM-type FAI as an alpha angle greater than or equal to 55°; however,
only 76% of patients tested positive for anterior impingement compared to 83% of patients
with an alpha angle less than or equal to 55°. In the CAM-type FAI group, a reduced
head-neck offset at the 1:30 point in 82% was noted, and a significant difference between
mild and moderate-to-severe DDH was observed for femoral head-neck offset, respectively,
with a femoral head—neck offset ratio of 12:00 (p = 0.04 and p = 0.01, respectively). For the
femoral version in DDH, no significant correlation to the CAM-type FAI was observed [26].
In comparison to our trial, this study focused on the femoral characteristics and not the
acetabular ones, except for the CE angle. Furthermore, no other torsional measurements
were performed including acetabular torsion.

In our cohort, the acetabular hip index as well as CE were associated significantly with
the development of CAM impingement. Thus, a low CE angle of 21.0° £ 5.4° (CAM) vs.
23.7° £ 5.8° (nonCAM) was significantly predisposing for impingement pathomorphology
with a p-value of 0.05. For the acetabular hip index, a higher index of 25.6 & 5.7 (CAM)
compared to 21.9 + 7.3 in the nonCAM group were observed (p = 0.031). This may be related
to increased range of motion, especially of the abduction, causing chondral lesion at the
head—neck junction. Another possible explanation could be the incomplete development
of the hip in DDH, where the capsule is located more medial at the head—neck junction
than in nonCAM hips. Subsequently, the acetabular hip index was higher avoiding any
potential hip dislocation. Interestingly, a crossing over sign was identified to be more
common in the nonCAM group, which is contradictory to the current literature. In DDH, a
combination of retroversion may prevent too much range of motion and, therefore, prevent
the development of CAM impingement. For femoral torsion, no significant differences were
observed, although this was, overall, a bit higher than normal at 27.7° & 12.6°. Likewise,
with the torsional alignment, no correlation to the range of motion could be identified
between the two groups.

For treatment, current guidelines for FAI suggest a symptomatic approach including
acetabular trimming with hip arthroscopy, anterior inferior iliac spinal decompression and
periacetabular osteotomies. The latter ones were discussed for reorientation, especially
in retroverted hips with questionable outcome in the development of osteoarthritis [1],
raising the question regarding which intrinsic factors may be involved in the develop-
ment. These could either include genetic or epigenetic causes, such as collagen alpha-1(I)
chain gene (COL1A1) and vitamin D receptor (VDR) [28,29], or an incomplete/inadequate
chondrogenesis in DDH.

There were several limitations to this study. This study was of a retrospective design
and only included 52 consecutive hips that were diagnosed with dysplastic and/or border-
line dysplastic hips undergoing a rotational CT scan. Furthermore, to identify significant
differences (p < 0.05) in the measurements between the CAM and nonCAM groups on the
radiographs, small variations related to the positioning of the patient and the technique
used to perform the X-rays could be observed. No long-term follow up was performed,
which makes it difficult to discuss the development of osteoarthritis. Additionally, it was
difficult to differentiate between the clinical symptoms resulting from the DDH abnormality
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or the FAIL. Additionally, although no differences between DDH and borderline DDH were
found, the subgroups were potentially underpowered. To minimize this error, all measure-
ments of the plain radiography were performed by an orthopedic-surgeon trained observer
and all measurements of the computed tomography by a specialized musculoskeletal
trained radiologist. A consensus reading was not performed since the interobserver and
intraobserver reliability were described as 0.911 and 0.955 for EOS, respectively, 0.934 and
0.934 for CT scan to measure the rotational alignment [30].

5. Conclusions

In dysplastic and borderline dysplastic hips, the AHI as well as the CE angle were
significantly associated with the development of CAM impingement in our cohort. The
crossing over sign was identified to be more common in the nonCAM group, which is
contradictory to the current literature. These findings may suggest that in addition to the
biomechanical abnormalities, intrinsic factors, including genetic and epigenetic causes, or
incomplete chondrogenesis have an important role in the development of the FAIL
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Abstract: Distal radius fractures are common and account for approximately 14% to 18% of all adult
extremity injuries. On rare occasions, ipsilateral elbow dislocation can be observed additionally.
However, this can be missed without careful examination, especially in patients experiencing altered
mental status. The aim of this study was to analyze the mechanism, level of injury, demographics, and
associated injuries in distal radius fracture with ipsilateral elbow dislocation. Between 2012 and 2019,
we searched our trauma database for distal radius fracture with ipsilateral elbow dislocation. All
patients older than 18 years old were included. Data on demographics, mechanism of injury, level of
energy, and subsequent treatment were collected. A total of seven patients were identified. The mean
age in this cohort was 68.7 &= 13.3 years old, and the left side was involved in 71.4% of the patients.
Females were affected in 85.7% (n = 6/7) of cases, all of whom suffered from low-energy mono-
trauma at a mean age of 71.5 & 12.3 years old. One male patient suffered from high-energy trauma
(52 years old). Mainly, posterior elbow dislocations were observed (66.7%; n = 4/6). Distal radius
fracture patterns, in accordance with the AO classification, included two C2-, two C3-, one C1-, and
one Bl-type fractures. In the patient suffering from high-energy trauma, the closed distal radius
fracture was classified as type C3. Associated injures included open elbow dislocation, ulnar artery
rupture, and damage to the flexor digitorum superficialis. Although distal radius fracture with
ipsilateral elbow dislocation is thought to be from high-energy trauma, this study shows that most
patients were elderly females suffering from low-energy mechanisms. It is important for clinicians to
maintain a high level of suspicion for any concomitant injury in this population.

Keywords: distal radius; elbow dislocation; treatment; epidemiology

1. Introduction

Isolated distal radius fractures are one of the most common injuries and account for
between 14% and 18% of all adult extremity injuries [1,2]. Risk factors include osteoporosis,
White race, and female sex. Osteoporosis has been diagnosed in 64% of patients following
screening [3]. Furthermore, most patients suffer from a fall in the winter months related
to slippery walking conditions [4]. For treatment, a large variety of techniques have
been described.

When looking for elbow instability, this is the second most common dislocated major
joint after the shoulder [5,6]. It commonly occurs in young male patients with an odds
ratio of 1.7-1.8:1 [7]. Most patients are under the age of 30 years [8,9], with peak incidence
occurring between 5 and 25 years of age [5]. However, this pattern is different in the elderly
population where more women are affected [10]. The dislocation is classified according to
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the direction of the ulna dislocation, of which posterior dislocation is the most common,
seen in up to 79% of cases [11,12].

In patients who fall on outstretched arm, the loads are typically directed through
either the distal radius alone or the elbow. Therefore, combined injuries are rare, and few
case reports have been described [13,14]. For distal radius fractures, the wrist is typically in
dorsiflexion, where the position of the wrist at the moment of impact determines the fracture
pattern and concomitant injuries, if any. Pronation, supination, and abduction determine
the direction of the force transmission [15]. Similarly, elbow dislocations typically occur
from falling onto the extended arm [11] [16]. For posterior elbow dislocation, which is the
most common dislocation type (>80% of cases), the injury mechanism is typically described
as a combination of axial compression and valgus stress with the forearm supinated and
elbow flexed [17-19]. For anterior elbow dislocation, the mechanism of injury is an anterior
directed force on the proximal ulna with the elbow flexed in most cases [20].

The aim of this study was to investigate the epidemiology, demographics, diagnostic
modalities, and subsequent treatment options for distal radius fractures with ipsilateral
elbow dislocation at a major level 1 trauma center.

2. Materials and Methods

For this retrospective trial, we searched our trauma database between 2012 and 2019
for patients suffering from distal radius fracture with ipsilateral elbow dislocation. Patients
older than 18 years of age presenting with a distal radius fracture and ipsilateral elbow
dislocation in our emergency department were included. All patients suffering from any
elbow fracture were excluded. Clinical records and radiographies were analyzed by a
fellowship-trained orthopedic trauma surgeon. Data on age, gender, mechanism of injury,
diagnostic modalities, neurologic deficits, fracture pattern of the distal radius, and any
subsequent treatments rendered were recorded. Patients were classified according to the
mechanism of injury including low (e.g., ground level fall) and high (e.g., motorcycle crash
or fall from height). Furthermore, conventional radiographs and computed tomography
images were analyzed for fracture patterns. Therefore, the AO/OTA classification was
used to classify distal radius fractures. Elbow dislocations were classified according to the
direction of dislocation. Information on any other concomitant injuries and comorbidities
was noted.

For statistical analysis, Microsoft Excel (Microsoft Corporation, Redmond, WA, USA)
and SPSS version 22 (IBM, Armonk, NY, USA) were used. For normally distributed values,
the mean and standard error of the mean were calculated.

3. Results

In total, nine patients were found when searching our database between 2012 and 2020.
There were two patients who suffered from elbow fractures and, as such, were excluded,
leaving seven patients for final inclusion. The mean age was 68.7 & 13.3 years old, ranging
from 52 to 89 years old. Females consisted of 85.7% of cases (1 = 6/7), and the left side was
affected in 71.4% (n = 5/7) of cases (Table 1).

Table 1. Demographics of the patients suffering from distal radius fractures and ipsilateral
elbow dislocation.

Numbers (%)

Number of patients (1) 7 (100)
Gender (female) 6 (85.7)

Age (years) 65.3 +15.4
Level of energy (low energy) 6 (85.7)
Side (left) 5(62.5)
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Most patients in this study presented with low-energy trauma in 85.7% of cases
(n = 6/7). In one patient, a high-energy mechanism was described, suffering from a
fall from approximately 4 m in height (13 feet). Patients presenting with a low-energy
mechanism suffered from monotrauma, whereas the one patient who sustained a high-
energy mechanism sustained multiple injuries.

3.1. Low-Energy Injuries

The mean age of the patients with low-energy injuries was 71.5 £ 12.3 years old.
Concerning distal radius fracture patterns, C types were observed in 83.3% of cases
(n=5/6), including two type C2, two type C3, one type C1, and one type B1. Furthermore,
one patient suffered from an open distal radius fracture. Two patients sustained radiocarpal
dislocation. No other concomitant injuries, such as neurovascular injuries, were observed.
In all patients, elbow reduction was performed in the emergency room. Two patients
underwent external fixation as initial treatment. In one case, external fixation was indicated
for both elbow and wrist, and in another patient, it was only indicated for the wrist. For
the remaining patients, the elbow was stable once reduced. Surgery was indicated in
five patients consisting of a volar plate osteosynthesis, and in one patient addition suture
anchors were required in order to stabilize the elbow. Conservative treatment was indi-
cated in the nondisplaced B3-type distal radius fracture. This was treated with casting. In
patients with stable elbow, the elbow was immobilized for one week, followed by a limited
active range of motion in a hinged elbow brace allowing 20° to 90° of flexion for three
weeks. Afterwards, patients were allowed a range of motion as tolerated without lifting
of heavy weights for another two weeks. After operative treatment of the distal radius,
active mobilization was allowed from day one while maintaining non-weight bearing. In
all patients, a good to excellent range of motion (0°/0°/150°) of the elbow or wrist was
achieved after intensive physiotherapy.

3.2. High-Energy Injuries

Only one male patient suffered from isolated distal radius fracture and elbow disloca-
tion. At the time of accident, he was younger than the average age in the low-energy group.
The left side was affected, and an open elbow dislocation was noted with an ulnar artery
disruption. Other injuries included a pneumothorax on the left side, several rib fractures,
spinopelvic dissociation type II, acetabulum fracture, and five lumbar transverse process
fractures. Initially, damage control surgery was performed. This included temporary
external fixation of the elbow and wrist, repair of the ulnar artery, local debridement, and
application artificial skin substitute on the open wound. Once clinically stable, a combina-
tion of a volar plate and mini frag plate was used to fix the distal radius and distal ulnar
fracture, respectively. For the elbow, lateral ulnar collateral ligament (LUCL) reconstruction
was performed using two suture anchors. Postoperatively, the patient showed a limited
range of motion in the elbow and the wrist. All injuries are illustrated in Table 2. In addition,
one example is shown in Figure 1.

Table 2. Differentiation between low- and high-energy-related accidents, diagnoses, and
subsequent treatments.

Distal Colles Elbow

Number Gender Age Radius Fracture Elbow External Volar Plate Stabilization Concomitant
(%) (Female) (Years) Fractl:re (% l)l Dislocation Fixation ORIF (%) 1(‘,}:) Injuries
4 post.; .
Low-energy 1xB1; 1xC1; o 1 wrist; _
injuries 6(85.7) 6 (100) 715 +£123 2xC2: 2xC3 4(57.1) 11d€\(/7:1t'gl:rt\,t 1 elbow 5(83.3) 1(16.7) 1 - open fx
. 1 - open fx
High-energy 4 143 o) 52 1xC3 101000 unclear 1 elbow 1(100) 1(100) and ulnar
injuries and wrist .
artery lesion
Total 7 (100) 6(85.7) 653 £15.4 6 2(28.6)
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Figure 1. Female patients after low-energy falls with (A) a distal radius type-C3 fracture with posterior
elbow dislocation and (B) an open distal radius type-C3 fracture with a concomitant posterolateral
elbow dislocation.

4. Discussion

This study showed that combined distal radius fracture and ipsilateral elbow disloca-
tion is most commonly sustained by elderly patients over the mean age of 70 years with a
low-energy mechanism. In those with altered mental status, clinicians need to maintain a
high degree of clinical suspicion to avoid missing concomitant injuries. Careful history and
physical examination is imperative.

The existing literature tends to focus on isolated distal radius fractures or diaphyseal
radial versus ulnar fractures with elbow dislocation [21,22]. There is relatively little pub-
lished on distal radius fractures with ipsilateral elbow dislocation as it is uncommon. To
our knowledge, our paper represents the largest cohort that has been published to date.
The most commonly described injury mechanism includes axial loading on an outstretched
hand with a supinated forearm and slightly flexed elbow [2]. The distal radius breaks
initially due to the direct contact with the ground. Further, forces may transmit through
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the elbow, causing posteromedial dislocation [14]. Posteromedial dislocation is associated
with axial loading of the elbow in a varus position and the forearm in pronation. Specific to
our cohort, patients predominantly suffered from a directly posterior elbow dislocation.

While elbow dislocations are more frequently described in young male patients [7,9],
most patients in our cohort were elderly females suffering from low-energy trauma. This
may be due to the fact that we excluded any elbow fracture dislocation in our cohort. In a
few cases, it is possible that a dislocation spontaneously reduced prior to presentation due
to the fact of muscle contraction. It is also possible that the elbow unknowingly reduced
when attempting closed reduction of the distal radius fracture. A thorough history and
physical examination is crucial in patients where a concomitant injury is suspected.

While the use of plain film and computed tomography to assess fracture morphology
is widely accepted, there is no consensus regarding the use of dynamic fluoroscopy as well
as MRI to assess instability of the elbow joint. In particular, dynamic fluoroscopy allows
detection of subtle instability throughout range of motion. MRI may allow assessment of
the quality of soft tissue but does not allow assessment of how the tissue functions under
stress. Surgical intervention is not routinely recommended for simple elbow dislocation. It
is performed only if there is instability post-reduction, most commonly seen in extension.

Initially management of this combination of injuries typically involves closed reduction
of the elbow and distal radius. Intravenous sedation is recommended to avoid patient
duress and muscle relaxation while performing the reduction. Elbow stability should
ideally be assessed under fluoroscopy in flexion and extension, valgus and varus, as well
as pronation and supination [23]. In some cases, recurrent dislocation or subtle instability
may be present in extension [16]. This is followed by closed reduction of the wrist, being
mindful not to further traumatize the elbow. The elbow and wrist are then stabilized in a
posterior long arm splint in 90 degrees of flexion.

In posterolateral elbow dislocations, the forearm should be pronated, whereas in
posteromedial dislocations, it should be supinated when splinting. Subtle instability only
present in extension can often be treated in a hinge elbow brace. This allows immobilization
of the elbow in 90 degrees of flexion that can be advanced gradually to full extension. In
the absence of instability post-reduction, early mobilization should be initiated to maintain
functionality. This includes active assisted exercises starting in week 2 after injury. In pa-
tients where there is associated elbow fracture or gross instability, surgery is recommended
to restore stability [24,25].

In our cohort, only two patients required surgical intervention: one suffered from an
acute high-energy injury and one from a low-energy injury. For surgical stabilization, repair
of the lateral ulnar collateral ligament (LUCL) was performed after several debridements
of the elbow. In the second patient, repair of the capsule, medial, and lateral collateral
ligaments were necessary to achieve stability. However, in the remaining five patients,
conservative treatments were performed without any chronic instability.

5. Conclusions

Distal radius fracture with ipsilateral elbow dislocation without fracture is a rare type
of injury. In our cohort, this most commonly affected elderly patients with a low-energy
mechanism of injury. The most common type of dislocation was direct posterior, and most
could be treated with closed reduction without surgical stabilization. Any subtle instability
should be accessed via dynamic fluoroscopy. Surgical stabilization is recommended for
gross instability. Physicians must be wary of any elbow pain in patients who present with
distal radius fractures. A careful history, physical exam, and relevant imaging is imperative.
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Abstract: The purpose of this study was to compare the pre and postoperative radiographic findings
and analyze the complication rate with respect to the laterality in periacetabular osteotomy in
right-handed surgeons. Satisfaction rate and radiographic findings were prospectively collected
between 2017 and 2019 and retrospectively reviewed. For analysis, all measurements of the CT
scans were performed by a musculoskeletal fellowship-trained radiologist. Complications were
classified into two categories: perioperative or postoperative. All surgeries were performed by
three right-hand dominant hip surgeons. A total of 41 dysplastic hips (25 right and 16 left hips) in
33 patients were included. Postoperatively, a significantly lower acetabular index angle on the left
side was observed at —2.6 & 4.3 as compared to the right side at 1.6 + 6.5 (p < 0.05). The change in
Center edge (CE) angle was significantly lower for the left side 13.7 & 5.5° than on the right side,
measured at 18.4 £ 7.3 (p < 0.001); however, the overall CE angle was comparable at 38.5 & 8.9°
without any significant difference between the operated hips (left side at 37.8 4= 6.1° versus right side
at 39.0 £ 10.3; p = 0.340). No significant differences in other radiographic measurements or surgical
time were observed. For complications, the right side was more commonly affected, which may
also explain a higher satisfaction rate in patients who were operated on the left hip with 92.3%. The
change in lateral CE angle was significantly lower for the left side and the right hip seems to be
predisposed to complications, which correlate with a lower satisfaction rate in right-handed surgeons.

Keywords: radiography; periacetabular osteotomy; PAO; dysplasia; complication; laterality

1. Introduction

One of the most common causes of secondary osteoarthritis is developmental dysplasia
of the hip [1]. To manage the risk of early-onset osteoarthritis, periacetabular osteotomy
(PAO) is the method of choice. Initially described by Ganz in the 1980s, the Bernese PAO
allows for repositioning the acetabulum to reduce super-lateral acetabular inclination and
improve femoral head coverage, thus restoring the joint center [2]. Indications consist of
persistent pain, age between 15 and 45 years of age, positive impingement test, good range
of motion, lack of severe osteoarthritis (Kellgren-Lawrence score less than 2), crossing-over
sign, and presence of center edge (CE) angle less or equal to 25° [3].

Surgeons try to achieve a horizontal acetabular weight-bearing area [4] with PAO
while ensuring that the osteotomy sites stay in contact to avoid nonunion. The acetabular
inclination (AI) angle should be between 0° and 10°, whereas the CE ang]le is aimed to be
approximately 35° for the best outcome, according to Hartig-Andreasen [5].
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The current literature supports the use of PAO for correcting radiographic deformity
and improvement in hip function can be inferred by a low total hip arthroplasty (THA)
conversion rate between 0 and 17% of cases [6-8]; however, the complication rate can be
as high as 37% according to some studies, in part due to the steep learning curve [9,10].
To improve satisfaction, factors other than radiographic angles and indices, such as the
presence of an aspherical femoral head, have to be considered [6].

When looking for total hip arthroplasties, an impact of the laterality, as well as sur-
geon’s handedness, was observed, especially in the positioning of the cup [11]. Hereby, an
inclination angle of the acetabular component revealed 46.4° on the dominant operated
side compared to 43.5° to the non-dominant side [12].

For periacetabular osteotomy, an accurate reorientation of the acetabulum is even more
important to avoid osteoarthritis. To our knowledge, no study to date has investigated the
laterality as one of the factors in determining the radiographical outcomes.

For PAO, this study analyzes the laterality of surgery on (1) the radiographic outcome,
including the positioning of the socket and (2) complication rate.

2. Materials and Methods

A retrospective study was conducted to evaluate the outcomes of consecutive patients
undergoing the Bernese periacetabular osteotomy between 2017 and 2019. Inclusion criteria
consisted of complete pre and postoperative assessment of patients older than 18 years of
age with a minimum follow-up of 6 months. Patients younger than 18 years of age, with
incomplete records (such as missing anteroposterior radiography of the hip instead of the
pelvis), or with shorter follow-up were excluded.

To undergo surgery, patients have to meet hip dysplasia criteria published by Tannast
et al., have no signs of severe radiographic osteoarthritis, and endured consistent hip pain
for at least 1 year [13]. This includes a CE angle of below 20°, an AIA (femoral head bony
coverage by the acetabulum) of more than 10°, an AHI (difference between the horizontal
line connecting both triradiate cartilages (Hilgenreiner line) and the acetabular roofs) of
more than 25% or a sharp angle of more than 42°. Borderline hip dysplasia is defined as a
CE angle between 20° and 24.9° and a sharp angle between 39° to 42°, respectively; the
presence of a crossing-over sign was used.

All surgeries were performed by one of three experienced right-hand dominant hip sur-
geons. For preoperative diagnostics, a clinical examination including hip range of motion,
quality of pain, body weight (kg), height (cm), body mass index (kg/ m?), anteroposterior ra-
diography of the pelvis, axial view of the affected hip, and torsional computed tomography
were included. Intraoperatively, the surgical time, anesthesia time, as well as the necessity
of blood transfusion, was noted. For postoperative radiographs, an anteroposterior view of
the pelvis and axial view of the hip were performed.

Radiographic measurements included the center edge angle, acetabular index angle
(ATA), sharp angle, hip lateralization, the centrum-collum-diaphyseal angle (CCD) on the
anteroposterior view, and the alpha, as well as beta angle on axial X-ray, were obtained.
Additionally, the presence of a crossing-over sign and femoral-acetabular impingement
(CAM and/or pincer impingement) were noted.

For torsional computed tomography, a non-contrast CT of the lower extremity on
either a 320-row or an 80-row CT scanner (Canon Aquillon ONE Vision Edition/Canon
Aquillon PRIME, Canon Medical Systems, Tochigi, Japan) was performed. The scan was
performed with 120 kVp tube voltage and automated tube current modulation set at low
dose mode with a 0.5 to 1.0 mm slice thickness using iterative reconstruction and a bone
kernel. Measurements were performed by a musculoskeletal fellowship-trained radiologist,
including an acetabular rotation at the level of the acetabular center. The angle between the
target along the posterior and the anterior acetabular edge and a tangent along the right and
left sciatic spine was measured. Likewise, the torsions of the femur, tibia, and tibiofemoral
torsion were determined again by an image baseline parallel to the inferior image border.
The difference between the femoral neck rotation and the rotation of the femoral condyles
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resulted in femoral torsion. The tibial torsion was obtained as the differences between tibial
plateau rotation and the rotation of the upper ankle. Finally, the tibiofemoral rotation was
calculated as the difference between the femoral condyle rotation and the tibial plateau
rotation. All rotational measurements are illustrated in Figure 1. In addition, Figures 2-5
show two examples of left, respectively, right-sided dysplastic/borderline dysplastic hip
before and after surgery.

Femoral condyle torsion Femoral condyle torsion

Figure 1. Rotational alignment in a 29-year-old patient with left-sided dysplastic hip: Femoral neck
rotation +22°, femoral condyle rotation —24°, femoral rotation +46°, tibial plateau rotation —21°, and
femorotibial rotation difference +3°.

CE angle

HLI=D/C

AHI=A/(A +B) x 100

Figure 2. Preoperative findings and measurements performed; left side: CE angle 18.8°, AIA 12.3°,
sharp angle 43.9°, hip lateralization 0.54, anterior hip index 73.9, CCD angle 137.4°, and positive
crossing-over sign.
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HLI=D/C

AHI=A/(A +B) x 100

Figure 3. Postoperative measurements after left-sided PAO: CE angle 38.0°, AIA —0.5°, sharp
angle 36.5°, hip lateralization 0.56, anterior hip index 91.4, CCD angle 137.4°, and positive crossing-
over sign.

i
| [Aangie

HLI=D/C

AHI = A/(A +B) x 100

Figure 4. Preoperative measurements in a right-sided borderline dysplastic hip: CE angle 23.4°, AIA
4.9°, sharp angle 40.0°, hip lateralization 0.51, anterior hip index 82.8, and CCD angle 121.0°.

During follow-up, the functional outcome was classified into (1) very satisfied, (2) sat-
isfied, (3) neither satisfied nor dissatisfied, and (4) dissatisfied. The complications were
defined as either perioperative, such as bleeding that required blood transfusion, or post-
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operative complications, such as wound healing issues and postoperative hematoma. In
addition, the hardware removal rate related to discomfort was recorded.

{LI=D/C

AHI=A/(A +B)x 100

Figure 5. Postoperative measurements after right-sided PAO: CE angle 38.8°, AIA —5.1°, sharp
angle 28.0°, hip lateralization 0.57, anterior hip index 90.3, CCD angle 121.0°, and positive crossing-
over sign.

For statistical analysis, Microsoft Excel (Version 16.36, Microsoft Corporation, Red-
mond, WA 98052-6399, USA), IBM® SPSS® Statistics 26 Core System (IBM, Armonk, NY,
USA), and Origin Pro 8.0 (OriginLab Cooperation, Northampton, MA 01060, USA) were
used. The mean and standard deviation of the mean (SD) are presented for all normally
distributed continuous variables. A multivariate Analysis of Variance (ANOVA) T-Test was
applied, and level of significances were set to * p < 0.05, ** p < 0.01, and *** p < 0.005. All
values are recorded to one decimal place. An a priori power analysis was shown when
using conservative estimation to achieve 80% power at a 5% significance level; an effect
size of 1.5 can be assumed, requiring 8 subjects (PASS 2008).

3. Results

Between 2017 and 2019, a total of 41 hips in 33 patients were included. Of the 41 hips,
25 right and 16 left hips underwent PAO. The mean age was 28.6 & 7.4 years without any
significant differences between the two groups. The mean age of the left hip group was
29.4 + 7.7 as compared to the right side at the age of 28.1 £ 7.1 (p = 0.288). Females gender
consisted of 90.1% of cases with no difference among the two groups (left side 100.0%, right
side 80.8%; p = 0.048).

Similarly, no differences were observed for height at 169.7 & 8.3 cm (left side 168.1 £ 7.6 cm,
right side 170.7 & 8.5 cm; p = 0.178), body weight at 68.0 &= 11.7 kg (left side 65.6 + 9.3 kg,
right side 69.6 + 12.7 kg; p = 0.159), and body mass index at 23.6 + 3.8 kg/m? (left side
23.5 4 3.1 kg/m?, right side 69.6 4 12.7 kg/m?; p = 0.450). In our cohort, borderline dysplastic
hips were diagnosed in 68.3% of patients (left hip group with 75.0%, n = 12/16; right hip group
with 64.0% n = 16/25; p = 0.236). Depression was observed in seven cases (17.1%, n = 7/41),
which were equally distributed between the two groups: left side at 18.8% (n = 3/16) and
right side at 16.0% (1 = 4/25). Other comorbidities included asthma bronchiale in two cases
(n=2/41,4.9%, one in each group). There is one Crohn’s disease patient in the left hip group
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(n=1/16) and one case of mitral regurgitation in the right hip group (n = 1/25). For fixation of
the socket, screws were used in 85.4% (1 = 35/41, left hip group 87.5%, n = 14/16, respectively,
right hip group 84.0%, n = 21/25) of cases. In the remaining cases k-wires were used for fixation.
All demographics are illustrated in Table 1.

Table 1. Demographics of included patients and significance between the two groups.

Observation Overall Left Hip Right Hip p-Value
Numbers (%) 41 (100) 16 (39.0) 25 (61.0)

Dysplastic hips (%) 13 (31.7) 4(25.0) 9 (36.0) 0.236
Age (mean age) 28.6+74 294+77 281+7.1 0.288
Follow up in days 267.5 + 208.5 222.7 £251.0 296.7 £+ 169.0 0.149
Gender (female) 1 (%) 37 (90.1) 16 (100) 21 (80.8) 0.048
Body height (cm) 169.7 + 8.3 168.1+7.6 170.7 £8.5 0.178
Body weight (kg) 68.0 +11.7 65.6+9.3 69.6 +12.7 0.159

Body mass index

> 23.6 + 3.8 2354+ 3.1 237 +4.2 0.450
(kg/m?)
Mental disorders,
Depression 1 (%) 7 (17.1) 3(18.8) 4(16.0) 0.412
Fixation (screws) n (%) 35 (85.4) 14 (87.5) 21 (84.0) 0.382

For follow-up, the mean was 267.5 &= 208.5 days with no significant difference between
the two groups (left side 222.7 4 251.0 days versus 296.7 + 169.0 days; p = 0.149). In all
patients, the union was observed at their final follow-up.

Preoperatively, significant differences between the two groups were observed for CE
angle and alpha angle on radiography. The CE angle was 22.0 4 6.2° overall (left group
24.1 + 5.2° versus right group 20.7 & 6.5°; p = 0.045). The alpha angle was 100.7 £ 10.7
overall (left group 97.0 & 9.5° versus right group 103.4 £ 10.7; p = 0.034). The rotational
alignment revealed no significant differences between the groups preoperatively. The
findings are summarized in Table 2.

Table 2. Rotational alignment of the lower extremity before surgery.

Rotational Values Overall Left Hip Right Hip p-Value
Acetabular torsion (°) 18.8 +£6.9 18.8 + 6.9 193+ 5.6 0.388
Femoral torsion (°) 30.5 £ 129 27.7 £14.1 13.3 +18.8 0.139
Tibial torsion (°) 374 +£11.0 370+ 76 41.8 £ 8.8 0.433
Femorotibial torsion (°) 62+54 —6.6 +11.1 78 £3.6 0.082

After surgery, a significant difference was observed for the acetabular index angle
(ATA) with a mean of —0.02 £ 6.1 and a p-value of 0.016 (left side —2.6 & 4.3 compared to
1.6 + 6.5 on the right side).

When comparing the radiographic changes before to after the periacetabular os-
teotomy, significant differences were noted for all parameters measured except the beta
angle, which has a p-value of 0.210. Likewise, similar findings were observed for the
individual groups. The left side changed significantly in all radiographic measurements
except the CCD, alpha, and beta angle with p-values of 0.179, 0.241, and 0.163, respectively.
For the right side, no significant differences were observed for the CCD and beta angle
with p-values of 0.081 and 0.411, respectively (see Table 3).

Although significant differences were observed in all cases, the positioning of the left
side was more accurate to the estimated CE-angle of approximately 35°. All measurements
are illustrated in Table 3 and changes in radiographic parameters are summarized in Table 4.
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Table 3. Radiographic findings pre and postoperatively include significant differences between the

individual groups. (Bold values denote statistical significance).

X o " Preoperatively Postoperatively Difference
ay ements Overall Left Hip RightHip  p-Value Overall LeftHip  RightHip  p-Value | p-Value
CE angle (°) 220+6.2 241+52 20.7 £6.5 0.045 385+ 89 378 +£6.1 39.0 +10.3 0.340 <0.001
AlIA (°) 117 £57 10.6 + 4.4 124 + 6.3 0.172 —0.02 4+ 6.1 —2.6+43 16+65 0.016 <0.001
Sharp angle (°) 4294338 417 £33 43.6 £39 0.069 30.1£5.0 293 +59 30.7 £43 0.194 <0.001
Hip lateralization 0.56 + 0.07 0.55 + 0.06 0.56 + 0.07 0.363 0.62 + 0.07 0.60 + 0.05 0.62 + 0.09 0.179 <0.001
Anterior hip index 755+£75 774+ 64 743 +£78 0.100 89.7 £6.8 90.8 £ 6.2 89.1+£7.0 0.229 <0.001
CCD angle (°) 1341 £ 6.0 133.0 £ 4.8 1348 £ 6.5 0.182 1365+ 6.8 134.6 £4.9 1377+ 75 0.083 0.047
CAM FAI 1 (%) 17 (41.5) 6 (37.5) 11 (44.0) 0.345
Pincer FAT 2(4.9) 0(0) 2(8.0) 0.128
Crossing-over sign 14 (34.1) 5(31.3) 9 (36.0) 0.381
Kellgren-Lawrence score 0 25 (61.0) 10 (62.5) 15 (60.0) 0.294
Kellgren-Lawrence score 1 14 (34.1) 6(37.5) 8(32.0)
Kellgren-Lawrence score 2 2 (4.9) 0(0) 2(8.0)
Alpha angle (°) 100.7 +10.7 97.0+9.5 103.4 +10.7 0.034 90.9 +12.9 92.1+17.8 90.4 +9.9 0.422 0.005
Beta angle (°) 575474 56.5 + 7.0 583 +£7.6 0.234 59.4 +£57 60.4 + 4.4 59.0 £6.2 0.355 0.210

Table 4. Changes in radiographic parameters between the two groups. (Bold values denote statisti-
cal significance).

Change
X-ray Measurements
Overall Left Hip Right Hip p-Value
CE angle (°) 16.6 £7.1 13.7 £ 5.5 184+73 0.021
AIA (°) —11.7 £57 —132+6.0 —10.7 £52 0.093
Sharp angle (°) —12.7 4+ 4.0 —125+47 —129+35 0.381
Hip lateralization 0.06 £ 0.06 0.05 £ 0.05 0.06 £ 0.06 0.213
Anterior hip index 142 +£52 134+ 5.0 14.8 £5.2 0.195
Alpha angle (°) —3.6 £30.3 —0.5+165 —4.9 4+ 3424 0.412
Beta angle (°) 47 +185 23+6.1 57+214 0.386

For fixation of the acetabular fragment, screws were used in 85.4% of cases (left side
n =14/16, 87.5% versus right side n = 21/25, 84.0%, p = 0.382). The mean surgical time was
89 + 32 min with no significant differences (left group 85 & 22 min versus 91 £ 37 min,
p =0.290). The mean anesthesia time was 148 4 41 min (left side 143 + 27 min compared
to 152 = 47 min, p = 0.260).

Due to intraoperative bleeding, transfusion was required in seven cases (n = 7/41,
17.1%). Of this cohort, the right hip was involved in six cases (1 = 6/25, 24.0% compared to
n=1/16,6.3%, p = 0.07). Other complications included hypesthesia of the lateral cutaneous
femoral nerve in 37 cases (n = 37/41, 90.2%, left side n = 14/16, 87.5% versus right side
n=22/25,88.0%, p = 0.482); one common peroneal nerve palsy and one postoperative
infection that required debridement (n = 1/25, 4.0%). Furthermore, two cases of loss of
implant fixation were observed, with one in each group (4.9%, left side n = 1/16, 6.3%
compared to the right side n = 1/25, 4.0%, p = 0.376). Hardware removal was performed in
nine right hips and one left hip due to irritation. No significances were observed (p = 0.161)
between groups for satisfaction score, with a total of 39.0% of patients who were very
satisfied, 22% reporting satisfied, 7.3% reporting neither satisfied nor dissatisfied, and
17.1% reporting dissatisfied. Patients who underwent right-sided PAO were dissatisfied at
a rate of 24.0% (n = 6/25) as compared to 6.3% (1 = 1/16) (p = 0.25). All complications are
listed in Table 5.

Eight female patients underwent bilateral periacetabular osteotomy by the same
surgeon, with significant differences for postoperative AIA and anterior hip index. There
was also trending toward significance for all other radiographic measurements. All findings
are summarized in Table 6.
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Table 5. Complication rate after periacetabular osteotomy. (Bold values denote statistical significance).

Complications Overall Left Side Right Side p-Value
Transfusion (%) 7(17.1) 1(6.3) 6 (24.0) 0.07
Hypesthesia of lateral
cutaneous femoral 37(90.2) 14 (87.5) 22 (88.0) 0.482
nerve (%)
Implant migration (%) 2 (4.9) 1(6.3) 1(4.0) 0.376
Peroneal communis
nerve palsy (%) 1(24) 0(0) 1(4.0) <0.001
Wound infection (%) 1(2.4) 0 (0) 1(4.0) <0.001
Hardware removal (%) 10 (24.4) 1(6.3) 9 (36.0) 0.015

Table 6. Findings in patients who underwent bilateral PAO. (Bold values denote statistical significance).

Demographic Data Overall Left Hip Right Hip p-Value
Age (mean age) 29.1+£69 289 +£6.9 293 £69 0.460
Follow up in days 303.6 4 243.2 2714 +312.7 335.9 +135.7 0.312
Body height (cm) 167.7 £ 6.1 167.8 £6.2 167.6 £ 6.1 0.485
Body weight (kg) 67.7 £72 681+76 673 £6.7 0.411
Body mass index (kg/m?) 241+28 243+£29 240 +2.7 0.432

. Preoperatively Postoperatively Difference
Comparison " N N - - n

Overall Left Hip Right Hip p-Value Overall Left Hip Right Hip p-Value p-Value

CE angle (°) 20.7 +5.8 23.0£5.0 184 £56 0.063 39.2 £ 8.6 38.7 £5.0 39.8 £11.0 0.413 <0.001
AIA (°) 13.6 4.4 11.8+4.0 154 +3.9 0.056 —0.11+ 48 —28+4.0 2.6+4.0 0.013 <0.001
Sharp angle (°) 431+£42 415433 447 £ 44 0.072 30.1+£45 283 +4.0 31942 0.060 <0.001
Hip lateralization 0.556 & 0.07 0.56 + 0.08 0.55 £ 0.06 0.386 0.59 + 0.05 0.60 £ 0.04 0.59 + 0.05 0.384 0.043
Anterior hip index 737 £ 64 76.6 £5.9 70.8 £55 0.039 90.1£57 92.7 4.9 875+£52 0.037 <0.001

Change in Radiographic Parameters

CE angle (°) 185+ 6.9 15.7 £ 4.7 213+75 0.057

ATA (%) —13.74+53 —14.6 +59 —128+45 0.268

Sharp angle (°) —13.0+38 —132+37 —128+39 0.416

Hip lateralization 0.04 + 0.06 0.04 + 0.05 0.04 +0.07 0.452

Anterior hip index 164 +£42 16.1 £4.9 16.7 £3.2 0.396
Complications

Transfusion (%) 2(12.5) 0(0) 2(25.0) 0.074

Hypesthesia of lateral

cutaneous femoral nerve (%) 16 (100) 8 (100) 8 (100) 1.000

Implant migration (%) 2(12.5) 1(12.5) 1(12.5) 1.000

Hardware removal (%) 2(12.5) 0(0) 2(25) 0.074
Operative Time

Surgical time (min) 93 + 36 89 + 25 97 + 44 0.340

Anaesthesia time (min) 152 + 46 147 £ 31 157 +£57 0.355

4. Discussion

This study analyses the impact of the laterality on outcomes following PAO. Our
patient cohort suggests that the laterality in PAO has an impact on the degree of correction
as well as complication rate. Hereby, the right hip PAO is at higher risk for complications,
including intraoperative bleeding (p = 0.07) or others (p = 0.482); however, without any
significance. In addition, the CE angle after positioning of the acetabular fragment is
slightly higher compared to the left side, with a significant difference in AIA (p = 0.016)
and a change in CE angle (p = 0.021). In our series, right hip PAO has a higher rate of
wound infection, peroneal nerve palsy, and transfusion. This may also explain the lower
satisfaction rate in patients who underwent right-sided PAO.

The Bernese periacetabular osteotomy is a well-established method to manage the
risk of osteoarthritis. The surgical techniques used are described in Appendix A. Typi-
cally, the mean change in acetabular inclination (sharp angle) ranges from 4.5° to 25.9°,
leading to a change in lateral CE angle from 20° to 44° and a medial translation of the
hip center from 5 mm to 10 mm. This is confirmed by our study with a change in the
sharp angle of 12.7 + 4.0°, whereas our change in CE angle was rather low with a change
of 16.6 + 7.1°. Clinically, pain relief can be observed in short and midterm follow-ups as
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well as improvement in Harris hip score; however, improvement in hip function was not
predictable. Major complications occurred in 6% to 37% of cases, including heterotopic
ossifications, wound hematomas, nerve palsies, intraarticular osteotomies, loss of fixation,
and malreductions [7,14]. In our cohort, the complication rate, including loss of implant
fixation, was 4.9%, infection was 4.0%, peroneal palsy was 4.0%, and the necessity of
transfusion was 17.1%. When looking for conversion to hip arthroplasty after PAO, this
is described to be 96.1% for 5 years, 91.3% for 10 years, 85.0% for 15 years, and 67.6% for
20 years in one meta-analysis [15].

The conversion rate to total hip arthroplasty ranges from 0% to 17%. [8,14] Although
no recommendations for optimal femoral coverage can be found, Hartig-Andreasen de-
scribed that CE angle improvements less than 30° or more than 40° is a risk factor for
conversion to total hip arthroplasty [5]. Overcorrection of the acetabulum may increase the
dissatisfaction rate and risk of pincer femoro-acetabular impingement (FAI) syndrome as
well as osteoarthritis. It is also possible to develop pincer FAI syndrome in postoperative
CE angle over 46° [16]. Other radiographic measurements described by Tannast et al. for
over-covered hips included a lateral center edge angle between 34° and 39° and an acetabu-
lar index between —7° to 2° in non-operated hips. The sharp angle was found to be normal
between 38° to 42° and 34° to 37° for over-coverage [13].

For the laterality and surgeon handedness, Moloney et al. were among the first to
describe that it may have an impact on surgical outcome [17]. For total hip arthroplasty
using the lateral approach, significant differences were observed for the cup inclination
angles when a surgeon is operating on the side of the dominant hand; however, the
differences may not be clinically significant [12].

This study is limited by small sample size and lack of a case match control arm. In
addition to the inclination angle, surgeons are more likely to use a larger ante version
on the non-dominant hip (p = 0.043). Furthermore, the authors reported a more accurate
result when operating on their dominant side [11]. The interplay between surgeon handed-
ness and laterality of the hip undergoing surgery can result in lower abduction and less
combined Lewinnek outliers [18].

A possible explanation for the differences in laterality may result from the technique
used for reorientation of the osteotomized acetabular fragment, such as a supra-acetabular
Schanz screw, until optimal femoral coverage is obtained. Alternatively, a laminar spreader
can be used to re-orientate the acetabular fragment, which allows finer adjustment. Once
the most suitable position is found, fixation is performed using either a combination of K-
wires or screws. Since the surgeon aims for an increased CE angle by pushing the fragment
downwards, this may explain the higher CE angle for the dominant right hip for right-
handed surgeons. Other factors that may influence the final position are the necessity for
bony contact to allow for healing as well as soft tissue constraints. To assess the correction
of the acetabulum more accurately, an intraoperative anteroposterior pelvic radiograph
could be obtained instead of fluoroscopy. This allows comparing the preoperative imaging
with the intraoperative findings better.

In our cohort, no significant differences in demographics between the two groups
were found. Preoperatively, CE angles were significantly higher in the left hips compared
to the right one (p = 0.045). This may result from more right leg dominant patients corre-
lated with more severe symptoms. Postoperatively, higher CE angles were found on the
right hip (39.0 & 10.3°) with significantly higher AIA of 1.6 &= 6.5°. Other trends towards
significance were observed for the sharp angle and hip lateralization. When considering
Hartig-Andreasen et al.’s recommendations, the left hip seems to have better radiographic
parameters postoperatively in right-hand dominant surgeons [5]. In addition, a higher
complication rate was observed for the right hip, including more instances of transfusion
and a significantly higher rate for peroneal communis nerve palsy. This may also explain
the higher numbers of dissatisfied patients in the right hip group.

This study has limitations. Periacetabular osteotomy is a challenging surgery that
only a few highly specialized surgeons perform—all of them are right dominant at our
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center [19,20]. The cohort was rather small and all PAOs were performed by three surgeons;
however, the same technique was used since all were trained by the same senior surgeon.
In addition, this is a retrospective study with no control arm. Although the complication
number was small and the radiographic differences were small, the a priori power analysis
showed that at least eight patients are required. A possible explanation for the higher
satisfaction in left-sided hips may result from a pivotal reason. Hereby, a higher degree
of dysplasia does not necessarily mean a lower CE angle but also a higher acetabular
deformity. This could lead to a more challenging periacetabular osteotomy. Lastly, this
study also did not look at inter-surgeon variation in technique and fixation method. For the
radiographic measurements, it must be mentioned that projection of the radiographs can
also affect angulation, therefore impacting our analysis. To minimize the bias of rotation
deformity in all patients, a rotational CT was performed. Although we only included
patients with a minimum follow-up of 6 months and union was observed in all cases,
longer follow-up is needed to investigate the functional outcome.

5. Conclusions

In our patient cohort, it appears that right side PAO is at risk for a higher rate of
complications. This depends not only on the laterality but also on many factors, including
but not limited to surgical technique, fixation method, and patient anatomy. We recommend
further studies to evaluate the surgeon handedness on a prospective basis with a matched
control arm.
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Appendix A

For the periacetabular osteotomy, patients are placed in a supine position on a radiolu-
cent table and the ipsilateral arm is placed across the chest. The operated hip is prepped
and draped to visualize the iliac crest and hemipelvis. Hereby, the ipsilateral foot should
be included.

A modified Smith-Petersen approach with an incision up to the iliac crest is performed.
The fascia over the tensor is incised and the abductor muscles are preserved as well as
the lateral femoral cutaneous nerve should be protected proximally around the anterior
superior iliac spine. Now the tensor fascial muscle is retracted laterally, and the external
oblique muscle is dissected off the iliac crest, which allows accessing the inner pelvis.
Distally the rectus abdominal muscle is retracted from the anterior inferior iliac spine
following dissection of the iliocapsularis muscle off the anterior hip capsule, allowing the
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palpation of the calcar femoris. For medial dissection, the quadrilateral surface and pubic
root are visualized.

The periacetabular osteotomy is performed with an osteotome beginning with the
inferior retro-acetabular osteotomy from the infracotyloid groove towards the middle of
the ischial spine. The ischial osteotomy is incomplete, with a depth of about 2.5 cm. After
retracting the iliopsoas muscle and femoral neurovascular bundle medially, the ramus
pubis is cut. Hereby, the osteotome should exit the medial to the obturator nerve. In a
further stage, the iliac osteotomy is performed while preserving the superior gluteal artery
and vascular arcade supplying the acetabulum. The medial cortex is cut first, followed by
the posterior column at an angle of 120 degrees subchondrally.

To confirm the osteotomy, fluoroscopy is used. Now a Laminar spreader and a
Schanz screw (5.0 mm) are placed in the superior aspect of the mobile fragment and used
for reorientation; therefore, an inwards turn up to an adequate reorientation by internal
rotation, forward tilt/extension, and medial translation. The mobile fragment is fixated
temporarily using K-wires. The correction is confirmed with an image intensifier again to
evaluate the radiographic measurements following definite fixation with K-wires or several
3.5 mm/4.5 mm fully threaded screws. After irrigation and a final hemostasis, the wound
is closed in layers [8,19,20].
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Abstract: Myosteatosis is the infiltration of fat in skeletal muscle during the onset of sarcopenia. The
quantification of intramuscular adipose tissue (IMAT) can be a feasible imaging modality for the
clinical assessment of myosteatosis, important for the early identification of sarcopenia patients and
timely intervention decisions. There is currently no standardized method or consensus for such an
application. The aim of this study was to develop a method for the detection and analysis of IMAT in
clinical HR-pQCT images of the distal tibia to evaluate skeletal muscle during the ageing process,
validated with animal and clinical experimentation. A pre-clinical model of ovariectomized (OVX)
rats with known intramuscular fat infiltration was used, where gastrocnemii were scanned by micro-
computed tomography (micro-CT) at an 8.4 um isotropic voxel size, and the images were analyzed
using our modified IMAT analysis protocol. IMAT, muscle density (MD), and muscle volume (MV)
were compared with SHAM controls validated with Oil-red-O (ORO) staining. Furthermore, the
segmentation and IMAT evaluation method was applied to 30 human subjects at ages from 18 to 81
(mean = 47.3 £ 19.2). Muscle-related parameters were analyzed with functional outcomes. In the
animal model, the micro-CT adipose tissue-related parameter of IMAT% segmented at —600 HU to
100 HU was shown to strongly associate with the ORO-positively stained area (r = 0.898, p = 0.002).
For the human subjects, at an adjusted threshold of —600 to —20 HU, moderate positive correlations
were found between MV and MD (r = 0.642, p < 0.001), and between MV and IMAT volume (r = 0.618,
p < 0.01). Moderate negative correlations were detected between MD and IMAT% (r = —0.640,
p < 0.001). Strong and moderate associations were found between age and MD (r = —0.763, p < 0.01),
and age and IMAT (r = 0.559, p < 0.01). There was also a strong correlation between IMAT% and chair
rise time (r = 0.671, p < 0.01). The proposed HR-pQCT evaluation protocol for intramuscular adipose-
tissue produced MD and IMAT results that were associated with age and physical performance
measures, and were of good predictive value for the progression of myosteatosis or sarcopenia. The
protocol was also validated on animal skeletal muscle samples that showed a good representation of
histological lipid content with positive correlations, further supporting the clinical application for the
rapid evaluation of muscle quality and objective quantification of skeletal muscle at the peripheral
for sarcopenia assessment.

Keywords: intramuscular infiltration; sarcopenia; HR-pQCT; aged skeletal muscle; animal model

1. Introduction

Sarcopenia is a disease characterized by the progressive loss of skeletal muscle mass
and strength [1], which is highly associated with unintentional fall events and fragility
fractures in older people [2]. The early detection of sarcopenia would enable personalized
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treatment decisions for the prevention of fragility fracture. Myosteatosis is the infiltration
of fat in skeletal muscle during sarcopenia onset [1,3] with the overall volume of muscle
remaining unchanged and the decrease in lean muscle, resulting in an unnoticeable loss
in muscle strength and eventually dynapenia (i.e., loss of muscle strength). Delmonico
et al. reported that 35.5% to 74.6% of intermuscular fat increase was detected in men aged
70 to 79 in 5 years’ time, while a 16.8% to 50.0% increase was detected in women. The
fat tissue content within skeletal muscle was also found to be associated negatively with
muscle strength in elderly people [4]. These observations are also well supported by a
sarcopenic animal model showing that increased intramuscular fat infiltration has direct
consequences on muscle strength and physical performance [5]. The exact mechanism that
leads to myosteatosis is not fully understood; however, it is believed that disuse, sex steroid
depletion, and altered leptin signaling are associated with lipid accumulation in elderly
people. Furthermore, it is considered as one of the pathological factors of sarcopenia [6-8],
affecting approximately 10% of both males and females in the world [9], leading to poor
balancing abilities and a substantial increase in fall risks and rates of fragility fracture (to as
much as 1.87 times higher) [10,11].

The imaging and quantification of intramuscular adipose tissue (IMAT) are therefore
important to study and understand this factor during skeletal muscle ageing. Various
advancements in imaging modalities have made this task possible [12]. Magnetic resonance
imaging (MRI) [13,14] and computed tomography (CT) [15,16] are effective gold standards
to accurately discriminate adipose tissue from skeletal muscles. However, the clinical
application of these imaging techniques are technically limited by the lack of a standardized
evaluation protocol [17] and practically limited by its availability and long waiting time
at various hospital settings [18]. Alternatively, dual energy absorptiometry (DXA) and
bioimpedance analysis (BIA) are suggested as alternatives to quantitatively estimate whole
body lean and fat muscle contents [6,19]. However, the resolution of these techniques is
limited by their insufficient resolving power to discriminate IMAT.

High-resolution peripheral quantitative computed tomography (HR-pQCT) is an
advanced method of evaluating microstructures of the bone [20-22] or muscle at resolutions
of up to 41 microns with an effective radiation dose of less than 5 uSv per scan as compared
to 50-150 uSv per chest X-ray. HR-pQCT is able to evaluate soft tissues and discriminate
adipose tissues from lean skeletal muscles to evaluate a number of parameters important
for the estimation of adipose tissues in the region of interest. These parameters include
muscle density (MD) and inter- or intramuscular adipose tissue (IMAT), important for
the assessment of muscle quality. Furthermore, the HR-pQCT also has the advantage of
generating three-dimensional volumetric reconstructions in a relatively short scanning
time compared to DXA and BIA. Therefore, it is suggested that HR-pQCT is a feasible
method for the evaluation of muscle quality and intramuscular fat infiltration during
the progression of sarcopenia. Here, we describe the application of a method for the
detection and analysis of intramuscular adipose tissue (IMAT) in clinical HR-pQCT images,
to supplement a previously reported method that quantified “inter”-muscular adipose
tissue [23]. This method was further pre-clinically validated with animal experimentation
by in vivo micro-CT and histological analysis.

2. Materials and Methods
2.1. Animal Grouping

In order to study intramuscular fat infiltration, it would be best to use a sarcope-
nia animal such as the senescence-accelerated mouse prone-8 (SAMPS) [5,24,25] with a
documented intramuscular fat infiltration problem. However, limited by the small size
of skeletal muscles on the SAMP8 mice for the HR-pQCT regarding measurements with
sufficient resolution, the animal model selected was an ovariectomized Sprague Dawley
(SD) rat model as estrogen deficiency was known to elevate adipogenesis and fat content in
skeletal muscles [26,27]. Approval was granted from the Animal Experimentation Ethics
Committee (AEEC) of the Chinese University of Hong Kong (CUHK) (Ref: 15-158-MIS).
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Animals were fed with standard rat chow and allowed free cage movement. Bilateral
ovariectomy or Sham operation was performed as previously described to 6-month-old
SD rats and aged for 3 additional months according to our previous protocol [28,29]. After
euthanasia with an overdose of 20% pentobarbital, muscle specimens were collected from
9-month-old ovariectomized (OVX, n = 4) and Sham-operated (SHAM, n = 4) female SD
rats. Sample size was estimated based on the observed difference in intramuscular fat
between normal and OVX rats of 30% and a SD of 15%, with a statistical power of 80% at an
« level of 5%. The gastrocnemius in the lower leg of each rat was harvested for micro-CT
and histological assessments.

2.2. Micro-CT Analysis of Animal Muscle

The specimens were scanned at a resolution of 8.4 um isotropic voxel size at a beam
energy of 70 kVp, current of 114 pA, and 200 ms of integration time (uCT40, Scanco Medical,
Briittisellen, Switzerland). A stack of sixty slices covering 0.480 mm were scanned at the
middle of each gastrocnemius muscle. The images were analyzed using the manufacturer’s
evaluation program (uCT Evaluation Program v6.0, Scanco) according to a custom analysis
protocol, determining the IMAT volume based on segmentation. Analyses of muscle tissues
and IMAT were performed at the region of interest (ROI) consisting of a contour covering
each muscle, spanning all slices of the scan. A Gaussian filter was applied to all images to
reduce noise (sigma = 2.5, support = 5) as noise is known to influence the quantification of
IMAT [30]. “Intra”-muscular IMAT was segmented using a lower threshold of —600 HU
(Hounsfield units), which was supported by Erlandson et al. for the segmentation of fat for
the evaluation of muscle and myotendinous tissue [23], and an upper threshold of 100 HU,
which produced the best correlation between MD and IMAT in our preliminary study.
To avoid border artefacts, the defined ROI was peeled with 3 voxels. The ROI, MD, and
percentage of IMAT volume over the total ROI volume (IMAT%) were determined.

2.3. Histological Analysis of Animal Muscle

After micro-CT scanning, the muscle specimens were snap-frozen until cryo-sectioning.
Muscle specimens were thawed and allowed to stabilize to the temperature of the micro-
tome (CryoStar NX70, Thermo Fisher Scientific, Waltham, MA, USA) for 20 min. Muscle
specimens were fixed with an OCT embedding compound (Tissue Tek, Sakura Finetek, CA,
USA) and sectioned at 8 pm, and then thaw-mounted on silane-coated glass slides. Sections
were then subject to hematoxylin and eosin (H&E) staining and oil red O (ORO) staining
for the evaluation of intramuscular fat infiltration as previously described [5,31]. Briefly, for
ORO staining, the slides were fixed in 10% formalin and 100% propylene glycol was added
after incubation and washing. The slides were then stained with ORO solution for 10 min,
counterstained with hematoxylin, and mounted with glycerin jelly mounting medium.
Images were acquired using a light microscope (Leica DM5500 B, Leica Microsystems
GmbH, Wetzlar, Germany) at 20x magnification. For each specimen, four images were
analyzed by manually selecting the space between the cells containing connective and adi-
pose tissue using graphical software (Adobe Photoshop CS6, Adobe Systems Inc., San José,
CA, USA). Positive-stained areas were then quantified by color threshold using ImageJ
software (version 1.52a, Wayne Rasband National Institutes of Health, Bethesda, Maryland,
USA). The same thresholding values were used for all images in the semi-quantitative
evaluation with hue: 228-255, saturation: 167255, and brightness: 0-255. The stained area
was expressed as the percentage (%) area fraction averaged from four separate images.

2.4. Subject Recruitment

Thirty adult Chinese female subjects from 18 to 81 years old (mean = 47.3 + 19.2 years
old) who suffered from a long bone fracture (femoral or tibial shaft) were recruited at
the outpatient clinic of the Prince of Wales Hospital, Shatin, Hong Kong. Subjects were
requested to take the HR-pQCT measurements, and muscle and functional assessments
as described below. All assessments were performed in the Bone Quality and Health
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Assessment Centre, Department of Orthopaedics and Traumatology, the Chinese University
of Hong Kong, which is ISO 9001-certified for daily operation. The study protocol was
approved by the Joint Chinese University of Hong Kong-New Territories East Cluster
Clinical Research Ethics Committee (CRE-2008.530). Written informed consents were
obtained from all subjects.

2.5. HR-pQCT Measurement of Subjects

The nonfractured-side distal tibias of all subjects were scanned by HR-pQCT (XtremeCT
version I, Scanco Medical AG, Briittisellen, Switzerland) using the standard patient protocol
with an isotropic voxel size of 82 um as our previous protocol [20]. The subject’s leg was
immobilized in a carbon fiber cast fixed within the scanner gantry. Proper positioning
was ensured to minimize motion artefacts during scanning. A 2D scout view of the distal
tibia was used to define the ROL A reference line was placed at the end plate of the tibia.
Measurements of 110 slices were acquired 22.5 mm proximal to the reference line. Each
scan was carefully examined by the operator for motion artefacts, and up to two repeated
scans at each site were performed in the case of significant motion artefacts. All images
were graded for motion artefacts according to a visual grading system [32]. The short-term
reproducibility of the vVBMD parameter, expressed as the coefficient of variance, ranges
from 0.38% to 1.03%, and the short-term reproducibility of microarchitectural parameters
ranges from 0.80% to 3.73% [20,33].

2.6. Evaluation of Soft Tissue and Intramuscular Fat Content by HR-pQCT

The images were analyzed using the manufacturer’s evaluation program (uCT Evalu-
ation Program v6.0, Scanco) according to the Soft Tissue Analysis (STA) protocol (version
2.0) for the determination of the muscle ROI based on an earlier version of the STA pro-
tocol (version 1.0), previously described by Erlandson et al. to evaluate lean muscle and
myotendinous tissue [23]. The method, however, only detects large areas of muscle and
adipose tissue, leaving the IMAT undetected. In our modified protocol, we applied the
STA protocol to optimize the thresholding method to isolate the muscle as the ROI for the
segmentation and separation of lean and fat tissue within the muscle group for “intra”-
muscular evaluation. Briefly, images were downscaled to 164 um to reduce noise, followed
by the exclusion of bone and skin from the analysis. The muscle and adipose tissues
were defined by an iterative program using carefully adjusted thresholds to plant seed
volumes in the soft tissues. By region growing, the soft tissue regions were defined after
20 iterations. The algorithm generated the contours of the muscle and adipose tissues and
evaluated the total muscle volume (MV) in mm?® and muscle density (MD) derived from the
average attenuation coefficients in mgHA /mm? or HU. The default thresholds used were
recommended by the manufacturer, 100 to 600 HU for muscle and —600 to —200 HU for fat
(Figure 1). In our modified protocol, the threshold used for the segmentation of the IMAT
was manually adjusted to —20 to 100 HU, as this threshold gave the most realistic results
based on visual inspection (Figure 1). The settings for the Gaussian filters (sigma = 2.5,
support = 5) remained unchanged.

2.7. Muscle Strength and Functional Assessment

The quadriceps and hamstring muscle strength on the nonfracture side were measured
by instructing the subjects to perform an active extension of the knee joint in a sitting
position with both feet free from the ground, and the hip and knee joint flexed at 90°. The
peak isometric forces of the knee extension were measured by a dynamometer attached at
the malleoli level. Measurements were repeated thrice and the maximum force was used for
analysis as our previous protocol [34]. A chair rising test (CRT) was taken by each subject
on the well-reported force plates (Leonardo Mechanograph, Novotec Medical, Pforzheim,
Germany). Briefly, each subject was instructed to stand up until the knees were straight
and immediately sat down for five consecutive times. Measurements were recorded by the
built-in software and potential associations with HR-pQCT measurements were evaluated.
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Figure 1. Representative images showing representation of the IMAT analysis protocol and the
resulting 3D images. (A) In the original image, the ROI was selected using the muscle contours
determined by the STA protocol, which is (B) depicted in green. (C) The intended segmentation
threshold with an upper threshold of 100 HU did not produce a realistic result and was, therefore,
rejected. (D) The upper threshold of —20 HU was defined manually. (E) The STA protocol produces a
3D segmentation, with the bones depicted in grey, the muscles in red, and fat in transparent green.
(F) Application of the IMAT segmentation produces a 3D image, as shown with the IMAT depicted in
green and the muscle depicted in transparent red.
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2.8. Statistical Analysis

An independent Student’s t-test was conducted to analyze the data of the SHAM and
OVX rats. The potential association between IMAT%, MD, and ORO area was evaluated
with Pearson’s correlations. For the clinical part, linear regression analysis was performed
and the coefficient of determination (R?) was calculated to analyze the relationship between
age and MD, and between age and the amount of IMAT in the defined muscle regions. The
Pearson correlation coefficient (r) was calculated to determine the degree of correlation
between the IMAT, MD, and chair rise time. All statistical analyses were performed using
Prism (version 6.01, GraphPad Software, Inc., San Diego, CA, USA). p < 0.05 was regarded
as statistically significant, and the Shapiro-Wilk normality test was used where necessary.

3. Results
3.1. IMAT and MD Reflect Intramuscular Fat Content and Muscle Quality in Rats

Micro-CT results showed that IMAT % was significantly higher (p = 0.03) in OVX rats
than in SHAM rats (Figure 2A). However, no significance was detected for MD between the
two groups (Figure 2B). Histologically, from the H&E staining, the OVX group presented
more intramuscular fat tissue than the SHAM group (Figure 3A). Oil red O staining was
used to analyze the fat infiltration in skeletal muscle tissue of the SHAM and OVX rats.
The OVX group showed a 160% higher ORO area compared to the SHAM group (p = 0.03)
(Figure 3B,C). The IMAT% evaluated by the microCT was shown to be 39% higher in the
OVX group, and was strongly associated with the ORO-positively stained area (r = 0.898,
p = 0.002) (Figure 4).
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Figure 2. (A) IMAT% was significantly higher in OVX rats than in SHAM rats (* p < 0.05). (B) No
significance was detected for MD between the two groups.

3.2. HR-pQCT Parameters Associated with Intramuscular Fat Content and Muscle Performance

Of the HR-pQCT parameters produced, a moderate positive correlation was de-
tected between MV and MD (r = 0.642, p < 0.001), and between MV and IMAT volume
(r=0.618, p < 0.01). Moderate negative correlations were detected between MD and IMAT%
(r=—0.640, p < 0.001).
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Figure 3. Morphological differences and fat infiltration of skeletal muscles in SHAM and OVX rats.
(A) The OVX group presented more intramuscular fat tissue than the SHAM group by H&E taken at
20x magnification, where fat tissues are indicated by black arrows. (B) The OVX group showed a
higher ORO signal (red area) than the SHAM group. (C) Quantitative analysis revealed that the ORO
area of the OVX group was significantly higher (* p < 0.05, Student’s T-test).

The age of the participants was found to be negatively associated with HR-pQCT
parameters, including MV (r = —0.479, p < 0.01), IMAT/MV (r = 0.620, p < 0.01), MD
(r=-0.763, p < 0.05), and MCSA (r = —0.479, p < 0.05), and positively correlated with
IMAT% (r = 0.559, p < 0.01), all with statistical significance (Table 1). Age was also found to
correlate with all muscle strength and performance outcomes, with a moderate to strong
correlation detected with Pmax (r = —0.608, p < 0.001) of the chair rise test, and both the
quadriceps and hamstring strength (r = —0.686 and r = —0.638, respectively, both at p < 0.01,
Table 2).
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Figure 4. MicroCT fat-related parameter of IMAT% was highly correlated with ORO-positively
stained area (r = 0.898, 2 =0.806; p <0.05).

Table 1. Correlations between age and various muscle-related parameters produced by HR-pQCT.
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Significant correlations were found in MV, IMAT/MYV, MD, and IMAT%. * and ** represent significant correlations
at the 0.05 and 0.01 levels (2-tailed), respectively.
Table 2. Correlations between various muscle-related parameters produced by HR-pQCT and
functional parameters of the subjects.
Prax Prax . Time per - Quadriceps Hamstring
Pimax (Fracture) ((Normal) Total Time Test Rise Time Strength Strength
Age —0.608 ** —0.406 —0.633 ** 0.507 * 0.514 % 0.434 % —0.686 ** —0.638 **
Tibia CSA 0.615* 0.313 0.653 * —0.112 —0.304 —0.099 0.468 0.454
vV 0.631 ** 0.497 * 0.619 ** —0.104 —0.306 —0.085 0.438 * 0.330
MV 0.317 0.207 0.338 —0.413* —0.354 —0.476 * 0.245 0.282
MV/TV —0.236 —0.203 —0.219 —0.377 —0.097 —0.441* —0.078 0.064
IMAT.V. —0.070 0.002 —0.095 0.211 0.112 0.168 —0.385 —0.279
IMAT/MV —0.214 —0.089 —0.249 0.452 % 0.298 0.525* —0.560 ** —0.429 %
MD 0.444 * 0.262 0.489 * —0.704 ** —0.625 ** —0.610 ** 0.588 ** 0.565 **
FD —0.306 —0.296 —0.267 —0.192 0.152 —0.156 —0.213 —0.024
MCSA 0.317 0.207 0.338 —0.413* —0.354 —0.476* 0.245 0.282
o IMAT.V 0.003 —0.067 0.052 0.055 0.024 0.086 —0.273 —0.080
e MUS.V 0.301 0.190 0.327 —0.486 * —0.384 —0.515* 0.254 0.291
o IMAT% —0.245 —0.252 —0.200 0.436 * 0.311 0.671 ** —0.559 ** —0.380

Muscle Density (MD) and IMAT% were found to be the most predictive parameters with statistically significant
correlations. * and ** represent significant correlations at the 0.05 and 0.01 levels (2-tailed), respectively. Abbrevia-
tions: CSA = cross-sectional area, TV = tissue volume, MV = muscle volume, D = density, AT = adipose tissue.
® Designates measurements from the modified protocol.
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HR-pQCT-evaluated soft tissue parameters were found to associate moderately with
functional outcomes including TV vs. Ppax (r = 0.631, p < 0.01), MD vs. Pax (r = 0.444,
p < 0.05), MD vs. quadriceps strength (r = 0.588, p < 0.01), and MD vs. hamstring strength
(r =0.565). Furthermore, the fat-related parameter of IMAT% was found to be statistically
associated with rise time (r = 0.671, p < 0.01) and quadriceps strength (r = —0.559, p < 0.001),
all with statistical significances (Table 2).

4. Discussion

The current study attempted to verify and provide scientific evidence to support the
utilization of HR-pQCT for the evaluation of muscle quality and the detection of intramus-
cular fat infiltration, which is potentially applicable for the diagnosis or identification of
sarcopenia for personalized intervention decisions. It is highly clinically significant for the
prevention of falls and fragility fractures during musculoskeletal ageing. From the results
of evaluating animal samples and human scans, CT parameters correlated well with the
intramuscular fat content and muscle performance. Our results showed that HR-pQCT
not only has the advantage of providing added structural information of bone tissue over
the course of the ageing process [20], but also the capability of evaluating the quality of
muscle down to the smallest changes in muscle density and predicting intramuscular fat
infiltration. Therefore, it is a feasible method to be utilized clinically for bone and muscle
evaluation with just a single scan.

The initial aim of the pre-clinical study was to implement the IMAT protocol using
the upper threshold with the best results. However, the IMAT segmentation using this
threshold (100 HU) resulted in unrealistic results, as shown in Figure 1C. This was most
likely due to the lower resolution of the HR-pQCT (82 um) compared to the uCT images of
the rat leg (8.4 um), causing high interference of partial volumes. Additionally, the human
images were made with a different scanner, which could influence the linear attenuation
measured. Therefore, a new upper threshold of —20 HU was determined visually, which
resulted in a strong correlation with the measured MD. Nevertheless, the accuracy of this
threshold remains subjective, as is shown by the discrepancy of the segmented adipose
tissue area (39% higher in OVX) and the histological lipid deposition area (160% higher in
the OVX), indicating an underestimated intramuscular fat content by the microCT; therefore,
it should be further validated. A similar validation study performed in the pre-clinical
study could also be performed on human subjects, but retrieving muscle biopsies from
patients can be challenging. An alternative could be post-mortem studies, although muscle
tissue quickly deteriorates after death.

Myosteatosis, or intramuscular fat infiltration, has attracted increasing attention re-
cently due to the escalating aging population, and it is recognized as one of the many
causes of sarcopenia. Many factors may cause this to happen during the aging process,
including a lack of physical activities or mechanical stimulation [35], changes in the adi-
pogenic or myogenic properties of muscle stem cells [5], and estrogen deficiency [36].
Muscle quantification and evaluation can be performed with various imaging modalities
including magnetic resonance imaging (MRI), dual-energy X-ray absorptiometry (DXA),
and peripheral quantitative computed tomography (pQCT), each with their pros, cons, and
limitations of accessibility [37]. Until a further consensus of standardized protocol by MRI
or another imaging protocol is reached for the evaluation of intermuscular or intramuscular
fatty content [17], HR-pQCT could be one possible alternative that has the advantage of
producing high-resolution bone, muscle, and adipose tissue data with a very low radi-
ation dosage (~3 uSv per scan) that can be performed relatively quickly [38]. However,
little research has been conducted to evaluate its use in skeletal muscle. Erlandson et al.
compared the muscle-related parameters produced by the HR-pQCT against the more
conventional pQCT and found that both muscle density and cross-sectional areas correlated
well [23,39], and they suggested that the HR-pQCT can be used to evaluate the amount of
myotendinous tissue (Mt) and quantification of muscle density (MD). Their conclusion is
also supported by our current study, indicating that the HR-pQCT parameters of the muscle
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density (MD) and intramuscular IMAT% correlated well with age and muscle functions.
Recently, Hildebrand et al. also demonstrated good precision and repeatability of the
HR-pQCT against the more traditional method of pQCT that also supports its potential
clinical application [40]. Furthermore, this is supported with our animal study showing
that the IMAT% evaluated by the HR-pQCT had a moderately strong correlation (r2 = 0.806)
with the quantification of intramuscular lipids by Oil Red O histology. Although HR-pQCT
is disadvantageous to MRI, limited to its ability to differentiate various soft tissues [23],
from our findings in this study, we recommend the use of this imaging modality as a
rapid evaluation of muscle quality and objective quantification of skeletal muscle at the
peripheral for sarcopenia assessment, while gathering bone micro-architectural parameters
is important for osteoporosis and fracture risk prediction [41] in order to tackle two disease
in one go for the prevention of fragility fracture.

The chair rise time has been shown to be a good predictive tool for sarcopenia in
elderly women by Pinheiro et al. [42]. Additionally, Patel et al. [43] showed that women
without sarcopenia completed the chair rise test faster than women with sarcopenia. The
results from this study showed a moderate positive relationship between the chair rise time
and IMAT, suggesting that the IMAT content is higher in patients with a longer chair rise
time. It should be noted that the studies by Pinheiro et al. and Patel et al. only included
elderly participants, while this study included young and elderly patients. Therefore,
IMAT content is predictive of physical performance during the age-related changes in
skeletal muscles.

The literature has shown that an increase in IMAT is not only related to sarcopenia [14]
but also to an increase in BMI in both young and elderly populations [44]. Any changes
in MD, IMAT, and chair rise time in this study can be related to either age, BMI, or a
combination of these two factors. One limitation of our study is that anthropometric
measures of fractured subjects were not collected nor taken into account. Nevertheless,
as this was a study to investigate the potential of the IMAT protocol on HR-pQCT as
an imaging modality, these factors did not have a major impairment to the success of
this study.

5. Conclusions

The modified HR-pQCT evaluation protocol produced MD and IMAT results that
were associated with age and physical performance measures and were of good predictive
value for the progression of myosteatosis. The protocol was validated on animal skeletal
muscle samples that further support the clinical application for the rapid evaluation of
muscle quality and the objective quantification of skeletal muscle at the peripheral for
sarcopenia assessment.
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Abstract: Current diagnostic standards for PJI rely on inflammatory markers that are typically
elevated in autoimmune diseases, thus making the diagnosis of PJI in patients with rheumatoid
arthritis and joint replacement particularly complicated. There is a paucity of data on differentiating
PJI from rheumatoid arthritis in patients with previous arthroplasty. In this study, we retrospectively
analyzed the cases of 17 patients with rheumatoid arthritis and 121 patients without rheumatoid
disease who underwent surgical intervention due to microbiology-positive PJI of the hip or knee
joint. We assessed clinical patient characteristics, laboratory parameters, and prosthesis survival
rates in patients with and without rheumatoid arthritis and acute or chronic PJI. ROC analysis was
conducted for the analyzed parameters. In patients with chronic PJI, peripheral blood CRP (p = 0.05,
AUC =0.71), synovial WBC count (p = 0.02, AUC = 0.78), synovial monocyte cell count (p = 0.04,
AUC = 0.75), and synovial PMN cell count (p = 0.02, AUC = 0.80) were significantly elevated in
patients with rheumatoid arthritis showing acceptable to excellent discrimination. All analyzed
parameters showed no significant differences and poor discrimination for patients with acute PJI.
Median prosthesis survival time was significantly shorter in patients with rheumatoid arthritis
(p = 0.05). In conclusion, routinely used laboratory markers have limited utility in distinguishing
acute PJI in rheumatoid patients. In cases with suspected chronic PJI but low levels of serum CRP and
synovial cell markers, physicians should consider the possibility of activated autoimmune arthritis.

Keywords: periprosthetic joint infection; rheumatoid arthritis; arthroplasty; total knee replacement;
total hip replacement

1. Introduction

PJT is a major complication following joint replacement occurring in 1-5% of patients
with primary arthroplasties [1,2]. Depending on the duration of symptoms, PJI is classified
as acute or chronic. While the exact cutoff value is of ongoing debate, acute PJI is commonly
defined as an infection with symptom duration < 4 weeks [3,4]. In chronic PJI, symptoms
have been present for > 4 weeks and may be the result of a low-virulence organism [5].
In both cases, adequate surgical treatment of PJI is mandatory to achieve a successful,
infection-free outcome [6,7]. While treatment with debridement and implant retention can
be an effective therapy for acute PJI, one- or two-stage exchange surgery may be required
in chronic PJI [8]. In any of these cases, treatment is an enormous burden for patients [9].
In addition to surgical intervention, exchange arthroplasty can significantly impact joint
function, cause pain, and has an increased risk of prosthesis failure [10-12].

Attending physicians are often challenged by the need to accurately diagnose PJI
within a short time frame to be able to decide upon the necessary treatment strategy.
Despite significant progress in recent years, no agreed-upon gold standard for the diagnosis
of PJI exists [13]. Besides clinical presentation, diagnosis usually relies upon laboratory
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diagnostics using peripheral blood as well as synovial fluid. The markers routinely used are
WBC count and serum CRP, as well as synovial WBC count and PMN cell percentage [14,15].
Depending on national, regional, or hospital-specific guidelines and standards, additional
testing for leukocyte esterase, alpha-defensin, D-dimer, erythrocyte sedimentation rate, and
synovial CRP may be performed. Additionally, microbiological culture is essential but not
feasible in an acute setting due to culture time [16]. In some cases, microbiological culture
may be negative despite the presence of PJI [17,18].

While both the 2018 Definition of Periprosthetic Hip and Knee Infection by Parvizi
et al. and the EBJIS definition of PJI are reliable clinical guidelines for most affected patients,
the criteria listed may not be feasible for all patients [14,15]. In particular, diagnosis of
both acute and chronic PJI is complicated in patients with rheumatoid arthritis where
aseptic joint inflammation causes similar clinical and laboratory presentation. Qin et al.
recently demonstrated that commonly used laboratory markers of non-operated rheuma-
toid arthritis patients do not differ significantly to those of patients with chronic PJI [19].
Patients with active rheumatoid arthritis of the operated joint are always scored to be
likely affected by PJI. There is a paucity of data on differentiating PJI from rheumatoid
arthritis in patients with previous knee or hip arthroplasty. While PJI cannot be ruled out
with current diagnostic standards, a more detailed understanding of the relevant serum
and synovial marker levels is necessary to personalize diagnostics and avoid unnecessary
surgical intervention.

In this study, we retrospectively analyzed the cases of 17 patients with rheumatoid
arthritis and 121 patients with no diagnosed rheumatoid disease who underwent surgical
intervention due to microbiology-positive PJI of the hip or knee joint. This is the first
study to evaluate differences in serum and synovial fluid markers in patients affected by
this pathology.

2. Materials and Methods
2.1. Patients

This study was approved by the Charité University hospital ethics board (EA2/083/19)
and was completed in accordance with the Declaration of Helsinki.

All patients receiving total knee or hip replacement exchange surgery due to acute or
chronic PJI between 2013 and 2021 at the Charité university hospital in Berlin, Germany
were retrospectively analyzed in this study. Patients were treated in a specialized depart-
ment using a centralized and interdisciplinary treatment approach. In total, we analyzed
patient files of 138 patients.

Inclusion criteria were a previously implanted knee or hip replacement and diagnosed
PJI. As rheumatoid arthritis and PJI share clinical and paraclinical features, PJI was defined
according to modified EBJIS criteria [20]: microbiological growth in synovial fluid, two
or more tissue samples (for highly virulent organisms or in patients being treated with
antibiotics, one positive sample confirmed infection), or sonication fluid (>50 CFU/mL)
and at least one of the following criteria: (1) prevalence of a sinus tract or purulence
around a component; (2) >2000 leukocytes/puL or >70% granulocytes in the synovial
fluid; or (3) histology of intra-operatively acquired tissue Krenn and Morawietz type II or
type III [21]. Acute PJI was defined as an infection within 4 weeks after primary arthroplasty
surgery or acute onset of PJI-related symptoms less than 4 weeks before diagnosis and
treatment of PJI. Symptom onset >4 weeks was classified as chronic PJI.

Rheumatoid arthritis was diagnosed prior to occurrence of PJI by a board-certified
rheumatologist according to the ACR/EULAR Classification Criteria [22]. All patients were
actively treated by a rheumatologist.

Patients who met one or more of the following criteria were excluded from this study:
(1) culture-negative patients meeting EBJIS criteria for PJI; or (2) primary knee or hip joint
infection without prosthesis. There were no further exclusions.

The enrolled patient population was divided into two groups based on whether
patients diagnosed with rheumatoid disease (group A) or not (group B). Both groups
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were subdivided into acute and chronic cases: Al, acute cases with immune disorders;
A2, chronic cases with immune disorders; B1, acute cases without immune disorders; B2,
chronic cases without immune disorders.

Besides clinical and paraclinical examination, we assessed demographic data including
age, BMI, ASA score, the number of prior surgeries on the affected knee or hip, pathological
classification of tissue specimens, and laboratory results.

2.2. Statistical Analysis

All data were collected and recorded in Microsoft® Excel® 2016 (version 2111 Build
16.0.14701.20240, Microsoft, Redmond, WA USA). Continuous data were presented as
median and IQR and analyzed using Student’s t test or Mann-Whitney U test where
applicable. Data between two groups were compared using chi-square test. Optimal
cut-off values were determined using the Youden index (J) method (maximal value of
“sensitivity + specificity-1") [23]. Based on cut-offs, sensitivity and specificity were defined
and NPV, PPV, ROC, and AUC determined. Survival analysis was presented through
Kaplan—Meier survival curves. All statistical analyses and plots were analyzed using R
software (version: 3.6.3. R Development Core Team, Vienna, Austria).

3. Results
3.1. Patient Characteristics

Patient characteristics are outlined in Table 1. In total, 138 patients were enrolled
in this study: 17 patients with rheumatoid arthritis and PJI (group A) and 121 patients
without rheumatoid arthritis and PJI (group B). Of the patients included in our analysis,
76 were male (group A: 12; group B: 64) and 62 were female (group A: 5; group B: 57).
Average patient age was 72.94 & 7.10 years in group A and 69.07 £ 10.83. Mean BMI was
29.83 £ 6.97 for group A and 30.59 £ 5.82 for group B. Most patients had an ASA score
of 2 (17.65% group A; 56.20% group B) or 3 (70.59% group A; 36.36% group B). Acute
PJI occurred in 9 (52.94%; group A) and 54 (44.63%; group B) patients, and chronic PJI
in 8 (47.06%; group A) and 67 (55.37%; group B) patients. Most patients had more than
one revision surgery prior to PJI (70.59% in group A; 61.98% in group B). No significant
differences for any of the analyzed parameters were found.

Table 1. Patient Characteristics.

Group A Group B
(Rheumatoid Arthritis Patients) (without Rheumatoid Arthritis Patients) p Value

Sex

Male [# (%)] 12 (70.59%) 64 (52.89%) 0.17

Female [# (%)] 5 (29.41%) 57 (47.11%)
BMI [kg/m?] 29.83 4+ 6.97 30.59 4+ 5.82 0.69
Age [years] 7294 £7.10 69.07 £+ 10.83 0.06
PJI onset

Acute [# (%)] 9 (52.94%) 54 (44.63%) 0.52

Chronic [# (%)] 8 (47.06%) 67 (55.37%)
ASA score

1 [# (%)] 0 (0.00%) 2 (1.65%) 0.06

2 [#(%)] 3 (17.65%) 68 (56.20%)

3 [#(%)] 12 (70.59%) 44 (36.36%)

4 [#(%)] 1(5.88%) 4 (3.31%)

5 [#(%)] 0 (0.00%) 1(0.83%)
Number of prior revision
surgeries
One [# (%)] 5(29.41%) 46 (38.02%) 0.49
More than one [# (%)] 12 (70.59%) 75 (61.98%)

#, number of patients.
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3.2. Pathology and Microbiology

Pathology results indicated an infection (Krenn and Morawietz score of 2 or 3) in
88.24% of the patients with rheumatoid arthritis (group A) and in 77.69% of the patients
without rheumatoid arthritis (group B; p = 0.32). Of these, 66.67% (group A) and 55.32%
(group B) had a low-grade infection and 33.33% (group A) and 44.68% (group B) had a
high-grade infection (p = 0.41). The remaining patients had a Krenn and Morawietz score
of 1 or 4: 11.76% in group A and 22.31% in group B. In none of the patients analyzed was a
sinus tract prevalent.

For all patients, synovial fluid samples were analyzed for pathogens (Table 2). In both
groups, Staphylococcus aureus (47.06% in group A, 33.06% in group B) followed by Staphylo-
coccus epidermidis (35.29% in group A, 19.83% in group B) had the highest incidence rate.

Table 2. Pre- and perioperative pathogens.

Pathogen Group A Group B
(Rheumatoid Arthritis Patients) (without Rheumatoid Arthritis Patients)

Staphylococcus aureus 8 (47.06%) 40 (33.06%)
Staphylococcus epidermidis 6 (35.29%) 24 (19.83%)
Cutibacterium acnes - 12 (9.91%)
Enteroccocus faecalis 1 (5.88%) 10 (8.26%)
Streptococcus anginosus 1(5.88%) 2 (1.65%)
Streptococcus dysgalactiae 1(5.88%) 8 (6.61%)
Escherichia coli - 7 (5.79%)
Staphylococcus hominis - 8 (6.61%)
Candida albicans - 1(0.83%)
Candida parapsilosis - 2 (1.65%)
Cutibacterium avidum - 1(0.83%)
Staphylococcus capitis - 2 (1.65%)
Streptococcus agalactiae - 1 (0.83%)
Streptococcus mitis - 1 (0.83%)
Streptococcus pyogenes - 1 (0.83%)
Streptococcus pneumoniae - 1 (0.83%)

3.3. Laboratory

Peripheral blood CRP concentration and WBC numbers as well as synovial fluid cell
counts were analyzed for all patients. For acute PJI, no significant difference between
patients with (group A1) and without rheumatoid arthritis (group B1) were found (Table 3):
Median CRP was 88.00 and 129.45 mg/L (p = 0.92), WBC count 9.13 and 9.93 cells/nL
(p = 0.30), synovial WBC 60.75 and 48.92 cells/nL (p = 0.54), and synovial PMN cell
count 55.89 and 48.24 cells/nL (p = 0.74), respectively. All parameters analyzed showed
high variability.

In patients with chronic PJI, peripheral blood CRP (group A2: 43.25 versus B2:
18.80 mg/L; p = 0.05), synovial WBC count (group A2: 34.68 versus B2: 8.33 cells/nL;
p = 0.02), synovial monocyte cell count (group A2: 2.27 versus B2: 0.79 cells/nL; p = 0.04),
and synovial PMN cell count (group A2: 33.36 versus B2: 6.13 cells/nL; p = 0.02) were
significantly elevated in patients with theumatoid arthritis (Table 3). In contrast, peripheral
blood WBC count did not differ significantly (group A2: 6.86 versus B2: 7.45 cells/nL;
p=0.75).

ROC analysis was conducted for the analyzed parameters: AUC, best cut-off values,
sensitivity, specificity, and NPV and PPV are listed in Table 4. All analyzed parameters
showed poor discrimination for patients with acute PJI. Conversely, in patients with chronic
PJI serum CRP levels (AUC = 0.71), synovial WBC count (AUC = 0.78), synovial monocyte
cell count (AUC = 0.75), and synovial percentage of PMN cell count (AUC = 0.71) showed
acceptable discrimination and synovial PMN cell count (AUC = 0.80) showed excellent
discrimination (Figure 1). While for any of these parameters, sensitivity and NPV was
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above 75% and 95%, respectively, specificity and PPV only ranged from 55% to 74% and
18% to 26%, respectively.

Table 3. Laboratory results before prosthesis explantation.

Group Al Group B1
(Rheumatoid Arthritis Patients; (without Rheu.matmd Arthritis
n=9) Patients;
n = 54)
Median IQR Median IQR W p Value
Acute PJI
Serum CRP [mg/L] 88.00 86.90-256.20 129.45 72.03-244.22 237 0.92
Peripheral blood WBC count 9.13 6.17-12.03 9.93 7.22-14.22 190 0.30
[cells/nL]
Synovial WBC count 60.75 54.72-118.06 48.92 3358-197.56 178 0.54
[cells/nL]
Synovial monocyte cell count 6.69 221-11.43 3.97 2.05-13.85 136 0.93
[cells/nL]
Synovial PMN cell count 55.89 48.41-86.94 48.24 31.30-160.93 144 0.74
[cells/nL]
Synovial percentage of 0.11 0.04-0.12 0.09 0.05-0.16 120 0.69
monocytes [%]
Synovial percentage of PMN 0.89 0.88-0.96 091 0.84-0.95 149 0.62
cells [%]
Group B2
Group A2 . R -
(Rheumatoid Arthritis Patients; (without Rheufnatmd Arthritis
n=8) Patients;
n=67)
Median IQR Median IQR W p Value
Chronic PJI
Serum CRP [mg/L] 43.25 25.02-145.00 18.80 6.45-47.15 372 0.05
Peripheral blood WBC count 6.86 5.16-10.81 7.45 6.25-8.39 245 0.75
[cells/nL]
Synovial WBC count 34.68 23.06-103.17 8.33 0.86-23.37 258 0.02
[cells/nL]
Synovial monocyte cell count 227 116-13.5 079 0.33-2.28 244 0.04
[cells/nL]
Synovial PMN cell count 33.36 20.48-70.75 6.13 0.43-16.68 260 0.02
[cells/nL]
Synovial percentage of 0.10 0.05-0.15 023 0.08-0.43 102 013
monocytes [%]
Synovial percentage of PMN 0.90 0.85-0.95 0.77 0.55-0.91 234 0.09
cells [%]
Table 4. Diagnostic value analysis.
Cut-Off  Sensitivity  Specificity NPV PPV AUC AUC CI
Acute PJI
Serum CRP [mg/L] 107.65 33.30% 3890%  77.80%  8.30% 051  031-0.70
Peripheral Blood WBC count [cells/nL] 13.36 16.80% 63.00% 79.10% 8.40% 0.61 0.43-0.78
Synovial WBC count [cells/nL] 43.18 100% 35.90% 100% 24.20% 0.57 0.41-0.73
Synovial monocyte cell count [cells/nL] 2.06 100% 26.30% 100% 20.00% 0.51 0.30-0.71
Synovial PMN cell count [cells/nL] 37.79 100% 31.60% 100% 21.20% 0.54 0.37-0.70
Synovial percentage of monocytes [%] 10.07 57.10% 63.20% 88.90% 22.20% 0.45 0.20-0.69
Synovial percentage of PMN cells [%] 0.90 100% 9.30% 100% 15.60% 0.44 0.20-0.69
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Table 4. Cont.

Cut-Off  Sensitivity ~ Specificity NPV PPV AUC AuCCI
Chronic PJI
Serum CRP [mg/L] 29.05 75.00% 60.60% 95.20% 18.80% 0.71 0.50-0.90
Peripheral Blood WBC count [cells/nL] 5.495 62.50% 10.60% 70.00% 7.80% 0.54 0.23-0.83
Synovial WBC count [cells/nL] 19.48 83.30% 72.70% 97.60% 25.00% 0.78 0.61-0.95
Synovial monocyte cell count [cells/nL] 0.83 100% 55.60% 100% 20.00% 0.75 0.58-0.92
Synovial PMN cell count [cells/nL] 16.18 83.30% 74.10% 97.60% 26.30% 0.80 0.63-0.96
Synovial percentage of monocytes [%] 14.70 16.70% 41.80% 82.10% 3.00% 0.69 0.50-0.87
Synovial percentage of PMN cells [%] 85.30 83.30% 73.00% 97.10% 18.50% 0.71 0.52-0.90
| | T ‘
8 8 - J
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g g
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Figure 1. AUC Analysis. (a) AUC analysis for serum CRP (blue line) and peripheral blood WBC count
(green line) in patients with chronic PJI; (b) AUC analysis for synovial fluid WBC count (blue line),
monocyte cell count (green line), PMN cell count (yellow line), synovial percentage of monocytes
(orange line), and percentage of PMN cell count (red line).

3.4. Prosthesis Survival

Risk for prosthesis failure due to recurrent PJI or aseptic loosening (Figure 2) was
significantly elevated in patients with rheumatoid arthritis (prosthesis survival rate in group
A:78.07% versus group B: 52.94%; p = 0.03). Additionally, median prosthesis survival times
were significantly shorter in group A (median: 1 year, IQR: 1.00-3.00 years) compared to
group B (median: 2 years, IQR: 1.75-4.00 years; p = 0.05).
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Figure 2. Prosthesis survival rate. Diagnosed recurrent PJI or aseptic loosening was classified as
prosthesis failure. After 9 years, 47.06% of patients with rheumatoid arthritis (blue line) and 21.93%
of patients without rheumatoid arthritis (yellow line) had suffered from prosthesis failure.

4. Discussion

In this study, we analyzed differences in clinical patient characteristics, laboratory
parameters, and prosthesis survival rates in patients with and without rheumatoid arthritis
and acute or chronic PJI. Additionally, we retrospectively evaluated the capability of labo-
ratory markers to distinguish these patient groups. Long-term revision arthroplasty failure
rate was significantly elevated in patients with rheumatoid arthritis and PJI compared to
patients without autoimmune disease.

In both acute and chronic PJI, attending physicians are challenged to accurately con-
firm diagnosis in patients that are presenting with clinical features of PJI. Similar clinical
and laboratory features of aseptic joint inflammation in patients with rheumatoid arthritis
and arthroplasty significantly complicate the diagnosis of PJI. All patients with symp-
toms of active autoimmune arthritis after primary arthroplasty are classified as PJI-likely
cases [14,15]. Inherently, investigations are limited to positive cases as PJI-negative cases in
patients with active rheumatoid arthritis do not exist per definition. Commonly, diagnosis
relies upon peripheral blood WBC count and serum CRP, as well as synovial WBC count and
PMN cell percentage [13-15]. Establishing the diagnosis is challenging as guidelines were
derived from PJI patients without rheumatoid arthritis [24]. Previous research reported the
risk of infection in patients with rheumatoid arthritis to be significantly increased [7,25],
potentially due to anti-rheumatic immunosuppressive therapy [26]. However, Trikha
et al. found rheumatoid arthritis not to be an independent risk-factor for PJI in a murine
model [27], suggesting PJI may be falsely diagnosed in some patients. Thus, in our study,
only culture-positive patients were included to avoid analysis of false-positive cases.

To initiate treatment and avoid short- and long-term complications such as sepsis,
recurrent PJI or aseptic loosening, a diagnosis is often needed in a short time frame. While
microbiological culture is essential, it is not feasible in an acute setting due to culture
time [16] and may be negative despite the presence of PJTI[17,18]. In our study, we did not
find good discriminatory power for peripheral blood WBC counts, serum CRP, synovial
WBC count, synovial PNM cell count, synovial percentage of PNM cells, or synovial
percentage of monocytes in acute PJI. While discriminatory power for these parameters
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References

was good to excellent in chronic PJI, specificity and PPV were only between 55% and
74% and 18% and 26%, respectively. Novel diagnostic serum and synovial markers such
as alpha-defensin, soluble tumor necrosis factor receptor, and B-cell activating factor, as
well as technologies such as next-generation sequencing, promise to improve current
standards [18,28,29] and could especially benefit rheumatoid arthritis patients.

Due to the immediate severe impact on patients’ life quality and to avoid unneces-
sary surgery, particular consideration must be given to false-positive diagnoses [30,31].
Rheumatoid arthritis patients are especially at risk as improvement of quality of life has
been found to be poorer compared to patients with osteoarthritis after primary total joint
replacement [32]. In our study, we found prosthesis failure rates after revision arthroplasty
to be significantly elevated in patients with rheumatoid arthritis, further stressing the need
for a more personalized diagnostic and therapeutic approach in these patients. Similarly,
prosthesis survival rates after revision arthroplasty have been found to be significantly
decreased in non-rheumatoid arthritis patients [11,12,33].

Limitations of the current study include the heterogeneity of the analyzed population,
the retrospective study design, the analyzed rheumatoid arthritis cohort size, and the
exclusion of potentially PJI-positive but culture-negative cases with potential subsequent
statistical bias.

In conclusion, the current guidelines and routinely used laboratory markers have
limited utility in distinguishing acute PJI in rheumatoid patients. In cases with suspected
chronic PJI but low levels of serum CRP and synovial cell markers, physicians should
consider the possibility of activated autoimmune arthritis. The observed elevated prosthesis
failure rate in these patients stresses the need for novel diagnostic markers and a more
personalized diagnostic and therapeutic approach for affected patients.
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Abstract: Purpose: This study aimed to develop and validate an automatic segmentation algorithm
for the boundary delineation of ten wrist bones, consisting of eight carpal and two distal forearm
bones, using a convolutional neural network (CNN). Methods: We performed a retrospective study
using adult wrist radiographs. We labeled the ground truth masking of wrist bones, and propose
that the Fine Mask R-CNN consisted of wrist regions of interest (ROI) using a Single-Shot Multibox
Detector (SSD) and segmentation via Mask R-CNN, plus the extended mask head. The primary
outcome was an improvement in the prediction of delineation via the network combined with ground
truth masking, and this was compared between two networks through five-fold validations. Results:
In total, 702 images were labeled for the segmentation of ten wrist bones. The overall performance
(mean (SD] of Dice coefficient) of the auto-segmentation of the ten wrist bones improved from 0.93
(0.01) using Mask R-CNN to 0.95 (0.01) using Fine Mask R-CNN (p < 0.001). The values of each wrist
bone were higher when using the Fine Mask R-CNN than when using the alternative (all p < 0.001).
The value derived for the distal radius was the highest, and that for the trapezoid was the lowest in
both networks. Conclusion: Our proposed Fine Mask R-CNN model achieved good performance in
the automatic segmentation of ten overlapping wrist bones derived from adult wrist radiographs.

Keywords: wrist; carpal bone; segmentation; deep learning; CNN

1. Introduction

Acute wrist pain related to trauma or non-trauma causes is a common complaint
presented in primary care and emergency rooms [1,2]. Imaging is often necessary to make a
definitive diagnosis of wrist pain, along with access to a clear history and physical examina-
tion, because no predetermined decision is possible. Standard plain radiographs are used
as the initial diagnostic radiologic evaluation for most patients with wrist pain [3-5]. How-
ever, it is difficult for physicians—even an experienced radiologist—to accurately identify
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each bone contour, and to interpret subtle changes, because the wrist is composed of ten
bones—eight carpal bones (trapezium, trapezoid, capitate, hamate, pisiform, triquetrum,
lunate, and scaphoid) and two long bones (distal radius and distal ulna)—that overlap each
other [4,5] (Figure 1a). Although wrist radiographs provide limited information, due to the
limitations of projection views and clinical observations, they still offer crucial support for
diagnostic and therapeutic determination in clinical practice [3-6].

(a) Anatomy of ten wrist bones

Hamate Capitate Trapezoid Trapezium

Labeling

=

Pisiform  Triquetrum Lunate Scaphoid

.
=
T
]
—
—

I

(1) Distal ulna Distal radius (2)

Figure 1. Anatomy and labeling of ten wrist bones on a wrist radiograph. (a) The anatomy of ten
wrist bones, consisting of eight carpal bones and two distal forearm bones, on an anteroposterior
radiograph. (b) Labeling process for the ground truth masking of wrist bones using a self-made
customized tool. (1) The classification as one of ten wrist bones and the delineation of each bone’s
boundary; (2) Labeling and extraction of each bone.

Recently, the segmentation of bones using computer-aided algorithms has been stud-
ied for use in clinical diagnosis and treatment planning [7-10]. Wrist bone segmentation
also has been studied as a predecessor to wrist fracture classification [11], bone age assess-
ment [12,13], and the diagnosis of rheumatoid arthritis [14-16]. However, most wrist bone
segmentation methods use conventional mathematical methods. Gou et al. conducted
automatic segmentation through a dynamic programming algorithm [17], and Manos
et al. employed the region growing [18] and region merging algorithms sequentially after
pre-processing, using a Canny edge detector [19]. In addition, some advanced algorithms
have been applied to overcome the disadvantages related to each medical image domain
by combining these conventional methods [20,21].
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Few studies of wrist bone segmentation via wrist radiograph, using deep learning,
have been reported for reasons such as the low contrast between bone and tissue, the
distances between the carpal bones, and the bones’ irregular shapes. Moreover, there were
fewer than ten wrist bones being segmented in these studies, because they were focused on
bone age assessment in young children, whose wrist bones have not yet matured [22,23].

This study aimed to develop and validate an automatic segmentation algorithm for
the prediction of the boundaries of ten wrist bones overlapping each other on an adult
wrist radiograph, using a convolutional neural network.

2. Methods
2.1. Study Design

This was a retrospective study using wrist posteroanterior (PA) or anteroposterior (AP)
radiographs, which were performed at one tertiary hospital (Seoul, Korea) between April
2020 and September 2021. This study was approved by the Institutional Review Board of
Hanyang University Hospital, and the requirement for informed consent was waived by
the IRBs of our hospital. All methods and procedures were carried out in accordance with
the Declaration of Helsinki.

2.2. Dataset of Participants

We sorted and gathered wrist PA or AP radiographs from adult patients with wrist
pain who visited the emergency room at the Hanyang University Hospital between Jan-
uary 2011 and December 2019. Their radiology reports stated “unremarkable study”,
“non-specific finding”, or “no definite acute lesion”. Radiographs were excluded when
accurate delineation was impossible as a result of screws or other implants, the severe
deformation of anatomical structures caused by acute fractures in another area, or past
damage, malformation, or casts. Labeling for the ground truth masking of wrist bones
was conducted with a program that was self-made and customized using a tool imple-
mented in Matlab R2018b (MatLab, MathWorks, Natick, MA, USA), as shown in Figure 1b.
The process was as follows: (1) classification as one of ten wrist bones; (2) delineation of
each bone’s boundary by two emergency physicians for segmentation, and (3) review and
revision by a radiologist. Radiograph images were extracted using the picture archiving
and communication system (PACS, PiView, INFINITT Healthcare, Seoul, Korea) as digital
imaging and communication and medicine (DICOM)-format images, and stored in the
Joint Photographic Experts Group (JPEG) format. No personal information was included in
the images used for data collection, with personally identifying data excluded. In addition,
arbitrary numbers were assigned to the images, which were then coded and managed.

2.3. Data Pre-Processing

We pre-processed our dataset via three methods in order to train our network sta-
bly. First, the wrist directions in all the training images were corrected to leftwards, as
all right-hand wrist images were horizontally mirrored. This strategy eliminated wrist
direction variations and unnecessary computations. Secondly, the sizes of the wrist radio-
graphy images were fixed, since the image size was different for every person. Finally,
the input images were normalized, which is essential in order to effectively fine-tune the
pre-trained Mask R-CNN (an object detection and segmentation simultaneously based on
deep CNN) [24].

2.4. Network Architecture

The overall workflow of our method (Fine Mask R-CNN) for the automatic segmenta-
tion of wrist bones is illustrated in Figure 2a. It consists of two main steps—wrist region of
interest (ROI) detection and segmentation.
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(a) Fine Mask R-CNN architecture (b) Extended mask head structure
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Figure 2. The Fine Mask R-CNN architecture. Our proposed network operates on a 2-stage method.
(a) Detection of the regions of interest in the input wrist radiographs using SSD (blue) in the first
stage and the delineation of 10 wrist bones using Mask R-CNN with the extended mask head in the
second stage (yellow). (b) The structure of the extended mask head. This is an encoder-decoder
structure, which can use previous information for the prediction of a specific part. ROI, region of
interest; CNN, convolutional neural networks; SSD, Single-Shot Multibox Detector.

2.4.1. Wrist ROI Detection Model Using Single-Shot Multibox Detector (SSD)

In this paper, a specific region whose X-ray image only includes our target wrist bones
is called the wrist ROI. The first stage is to detect the wrist ROI, then the segmentation
model uses this detected wrist ROI as the input image. This cascade system can focus on
this ROI and segment ten wrist bones more precisely, which could be helpful for our study,
wherein the ROl is a small section of the overall image [25,26].

Here, we trained the Single-Shot Multibox Detector (SSD) [27], which is a network
that performs object detection on all the feature maps of different sizes through multiple
convolutional layers. Using these variously sized feature maps, SSD can detect small to
large objects effectively. Training this detection network requires the ground truth bounding
box of ROI, which we manually labeled according to the rule [23]. The size of the ROl is the
average of 620 x 470 pixels, which is about one-third the size of the original image. This
extracted ROI was re-scaled to 1820 x 1450 pixels, and then used as an input for the wrist
segmentation model.

2.4.2. Wrist Segmentation Model Using Mask R-CNN with the Extended Mask Head

Most segmentation studies based on deep learning [7,28-30] have used the U-Net [31]
architecture, which is the most popular algorithm for biomedical image segmentation.
However, our proposed segmentation model was based on the Mask R-CNN [24], which is
widely used for instance segmentation because most adult wrist bones overlap each other,
especially the eight carpal bones. Therefore, some of the pixels could include two or more
types of wrist bones.

In this paper, a finer segmentation network was proposed, which modified the mask
head of the Mask R-CNN in two ways. Our first contribution to network design was a
larger input size of the mask head. We used the 28 x 28 input feature, which is larger
than the original, in the Mask R-CNN, as shown in Figure 2b. This advancement was
motivated by the blurry contour problem mentioned in [32], which pointed out that the
blurry contour appears as a result of a low-resolution regular grid of segmentation method.
In other words, in the process of resizing the size of this coarse output to the original
ROI size, the details nearby object boundaries were over-smoothing. We expect that a
larger input size achieves better performance, but this will depend on the limitation of
the hardware resource. Since we used the 28 x 28 input feature, the output probability
map used for the segmentation model is 28 x 28 x 11, wherein 11 is the number of classes
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(ten wrist bones and background). We can prevent over-smoothing when interpolating
the output probability map to the original image size by using this larger possibility map.
This approach could be effective for use on the distal radius and distal ulna, because the
resolution of these bones is greater than eight carpal bones. Additionally, we changed a
mask head architecture from the original to an encoder-decoder structure, motivated by the
U-Net, shown in Figure 2b. The structure of the U-Net connects multiple feature maps of
different scales in an encoder-decoder architecture. With this architecture, high-resolution
features can be combined with the upsampled features and more precise segmentation
performance can be achieved than our baseline network, Mask R-CNN.

The weights of our proposed mask branch are updated similarly to those of the Mask
R-CNN. A mask probability map 7 is computed using a per-pixel sigmoid function at each
output pixel value. Then, the binary cross-entropy loss of each mask probability map 7 for
N ROIs is computed. The final mask 10oss Ly,,s () is computed as

2
BCE(y, 9) = — ) [vilogyi + (1 — y;)loglog (1 — ;) ], 1)
i=1
1 N
Lmusk(y‘\) =N 2 BCE(kar y;k)r )
N k=1

where y; is the ground truth class of either the bone or the background, and y and iy are
the ground truth and probability map corresponding to the predicted class of the kth ROI,
respectively. Since the bone boundary is a very difficult region to correctly segment, the
improvement of segmentation quality in the boundary region is a significant achievement,
and offers much better results than visual observation.

2.4.3. Training and Validation of Automatic Segmentation Using Fine Mask R-CNN and
Mask R-CNN

To ensure the consistency of our model, a five-fold cross-validation was employed
in our experiments. With randomly divided wrist X-ray images into five parts, we used
four out of five of which are used for training and the other for testing. Depending on
which part we choose as the test dataset, we can have five different train/test dataset
combinations. Therefore, we can train the five models with five different train and test
datasets and analyze their outputs to ensure our model’s robustness. In addition, this
evaluation process can perform subject-based cross-validation by using all bones of one
person used only for training or testing in one training phase.

Two networks were trained using a stochastic gradient descent (SGD) optimizer with
a momentum equal to 0.9, and the initial learning rates were 0.001 and 0.0075, with weight
decay factors of 0.0005 and 0.0001, respectively. The overall system employed the Pytorch
library, and all the training and testing phases were performed on a GeForce GTX 1080 Ti
GPU (NVIDIA, Santa Clara, CA, USA).

The baseline network and our proposed network were pre-trained by the ImageNet
dataset and were fine-tuned with our collected wrist X-ray dataset. The fine-tuning al-
gorithm transfers network parameters learned from a large common dataset to a specific
task. Various studies have used a fine-tuning algorithm to analyze medical images, and its
effectiveness has also been proven in the detection of other wrist fractures [33,34].

2.5. Primary Outcomes and Quantitative Evaluation

Our primary outcome was an improvement in the delineation predicted by networks
in compliance with each wrist bone’s ground truth masking. For the quantitative evaluation
of performance, we used the Dice coefficient (Dice), a well-known area-based metric for
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evaluating segmentation algorithms. It estimates the degree of overlap between the ground
truth area and the predicted area. The Dice coefficient is calculated as follows:

. 2TP
Pice = TP T Fp 1IN ®

TP, FP and FN are the numbers of true positive, false positive, and false negative pixels,
respectively. We measured the Dice coefficient for each bone, and calculated the average
of 8 carpal bones, as well as the average Dice of 2 forearm bones and the total Dice of 10
bones to assess the overall performance of the model. This metric holds a value between 0
and 1, and higher values mean better predictions.

Additionally, we performed Turing tests on the ground truth masking performed
by clinicians and the masking predicted by our network for the segmentation of ten
wrist bones. The Turing test examines a machine’s ability to exhibit intelligent behavior
indistinguishable from, or equivalent to, that of a human. One professor and two residents
at the department of radiology, who were not authors, were blinded as to the subject vis
a vis masking; they scored between 1 (worst) and 5 (best) in terms of the quality of the
delineation of the segmentation boundaries on the ground truth mask and the predicted
mask of 140 images.

2.6. Visualization of Predicted Masking of Wrist Bones through Automatic Segmentation
by Networks

The Dice coefficient used for quantitative evaluation in this paper is frequently used
for segmentation model evaluations; however, it is an area-based metric, so it has a disad-
vantage in that it cannot evaluate the accuracy of boundaries. Therefore, we visualized
the wrist bone segmentation results using networks in order to yield explainable and
insightful analyses.

2.7. Statistical Analysis

The data were compiled using a standard spreadsheet application (Excel 2016; Mi-
crosoft, Redmond, WA, USA) and analyzed using NCSS 12 (Statistical Software 2018, NCSS,
LLC. Kaysville, UT, USA, ncss.com/software /ncss). Kolmogorov—Smirnov tests were per-
formed to demonstrate the normal distribution of all the datasets. We generated descriptive
statistics, and here present them as frequency and percentage values in the categorical data,
and as either median and interquartile range (IQR) (non-normal distribution) or mean
and standard deviation (SD) (normal distribution). Paired t-tests or Wilcoxon signed rank
tests were used to compare the performance between the Mask R-CNN as the baseline
network and the Fine Mask R-CNN as the proposed network, and the Turing test was
used to compare between the ground truth and the predicted mask. p-values < 0.05 were
considered statistically significant. The intraclass correlation coefficient (ICC) was used
to determine the agreement between three evaluators used in the Turing test. Values of
ICC less than 0.5, between 0.5 and 0.75, between 0.75 and 0.9, and greater than 0.90 were
indicative of poor, moderate, good, and excellent reliability, respectively [35].

3. Results

In total, 702 images were collected from 702 patients and all images were labeled
for the annotation and segmentation of ten wrist bones. The baseline characteristics of
participants who provided labeled images were 45.74 (16.66) years old, 53.30% female, and
69.42% images of the left wrist. 702 labeled images split 140 of set A, 140 of set B, 140 of Set
C, 141 of set D, and 141 of set E. All images used for training both wrist ROI detection and
segmentation model were through five-fold validation, and we obtained the test results of
702 images for our proposed models.
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3.1. The Performance Test between the Fine Mask R-CNN and the Mask R-CNN for the Automatic
Segmentation of Wrist Bones

The overall performance (mean [SD] of Dice) in the auto-segmentation of 10 wrist
bones after training increased from 0.93 (0.01) via the Mask R-CNN to 0.95 (0.01) via the
Fine Mask R-CNN (p < 0.001). All values for each bone were higher in the Fine Mask
R-CNN than in the Mask R-CNN (all p < 0.001). The Dice value of the distal radius was
the highest (0.96 (0.01)), and that of the trapezoid bone was the lowest (0.91 (0.05)) after
training with the Fine Mask R-CNN, whereas the Dice value of the distal radius was the
highest (0.94 (0.02)), and that of the trapezoid bone was the lowest value (0.90 (0.05)) after
training with Mask R-CNN (Table 1).

3.2. The Turing Test between Ground Truth Masking by Clinicians and Masking Predicted by Fine
Mask R-CNN for the Automatic Segmentation of Wrist Bones

The total scores (median [IQR]) of all ten wrist bones were 47 (38-50) via predicted
masking and 48 (38-50) via predicted masking and 48 (41-50) via ground truth masking
(p <0.001). The evaluators estimated that the delineation of ground truth masking was
better than that of predicted masking in each carpal bone (all p < 0.001), except for the
trapezoid and scaphoid (p = 0.25, and p = 0.39 respectively). The scores of the distal radius
and ulnar bones were also significantly different between the two masking methods (all
p < 0.001). The ICC values amongst the evaluators were poor to moderate, in terms of both
the ground truth and the predicted masking (Table 2).

3.3. Visualization of Predicted Masking for Wrist Bone Segmentation by Two Networks

The visualizations used for the delineation of eight carpal bones and two distal forearm
segments, created by two different networks, are shown in Figure 3. Our proposed Fine
Mask R-CNN achieves closer and more accurate delineation with ground truth masking
than the other approach.

Trapezium Trapezoid  Capitate Hamate Pisiform Triquetrum Lunate Scaphoid  Ulna and Radius

" s

Figure 3. Visualization of Fine Mask R-CNN and Mask R-CNN network for the segmentation of ten
wrist bones. (a) Original image of each wrist bone on the radiograph, (b) Delineation of segmented
bone by physicians manually, (¢) Delineation of segmented bone by Mask R-CNN, (d) Delineation of
segmented bone by Fine Mask R-CNN with an extended mask head. Black lines indicate the ground
truth masking segmented by physicians and yellow lines indicate the predicted masking segmented
by CNN. CNN; convolutional neural networks.
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4. Discussion

In this study, we have proposed a Fine Mask R-CNN, and this model performed better,
with a 0.95 (0.01) Dice coefficient for the segmentation of ten wrist bones, including eight
carpal bones and two distal forearm bones, from wrist radiographs of people between 18
and 80 years old. Currently, there are two established neural network models specifically
used for image segmentation in the computer imaging field: the fully convolutional neural
network (FCN) and Mask R-CNN. Meng et al. reported that FCN could segment the carpal
site with a Dice coefficient of 0.78 (0.06), using hand and wrist radiographs of people
between 0 and 18 years old [36]. Su et al. reported that carpal bones were successfully
detected with a high Dice coefficient of 0.976 using threshold processing and boundary
detection on hand radiograph images. However, this was only tested on 30 representative
images of non-overlapping carpal bones [37].

We have assessed the performance of two approaches to the segmentation of ten wrist
bones. Faisal et al. found that the range of Dice coefficients for the segmentation of eight
carpal bones was 0.83~0.94 when the locally weighted K-means variational level set was
applied, whereas the range was 0.91~0.96 when Fine Mask R-CNN was employed in our
study [22]. Goo et al. showed that the mean Dice coefficient of the automatic segmentation
of the distal ulna and radius with dynamic programing was about 0.90, when using forearm
radiographs [17], while we achieved a mean [SD] Dice of 0.96 (0.01) with Fine Mask R-CNN.
The use of a fracture detection CNN without segmentation, based on a Dense-161, for distal
radio-ulnar fractures on plain radiographs showed a sensitivity of 90.3%, with a specificity
of 90.3% [38]. The sensitivity and specificity of the CNN without segmentation in terms
of detecting distal radial fractures (using EfcientNet-B2 in frontal view and EfcientNet-B4
in lateral view wrist radiographs) were 98.7% and 100%, respectively [39]. The use of a
segmentation and fracture detection CNN, based on a DenseNet-121, for the automated
detection of scaphoid fractures on plain radiographs achieved a Dice coefficient of 0.974
(0.014) and a sensitivity of 78%, with a specificity of 84%. This network could achieve
performance levels comparable to human observation in detecting scaphoid fractures on
radiographs [11]. Our proposed network for the segmentation of ten wrist bones could
assist in the automatic detection of various wrist bone fractures on wrist radiographs.

Most studies on wrist bone segmentation have used the wrist radiographs of young
children. Wrist bones are formed during infancy, and increasingly overlap as their size
increases [13,37,40]. In our study using Fine Mask R-CNN on adults’ wrist radiographs, the
performance for scaphoid, capitate, hamate, and lunate bones achieved Dice coefficients of
over 0.95, because these bones are relatively large, and the overlap area with other bones
is relatively small. However, the Dice values of some were lower, such as 0.93 for the
trapezium, 0.91 for the trapezoid, and 0.93 for the pisiform. This is because the trapezium
and trapezoid overlap in almost all areas in men over 7 years of age and women over
5 years of age [13], and the trapezium, trapezoid, and pisiform wrist bones overlap on the
wrist PA radiographs of adults [41]. We have proposed a two-stage method that extracts
the ROI from a wrist X-ray image first, and then segments the 10 bones within to solve
this problem. Additionally, in the segmentation module based on Mask R-CNN, using
an encoder-decoder-type network, spatial information can be preserved. This helped us
to improve the segmentation performance by using the preserved spatial information.
However, the capacity for the delineation of overlapping bones, such as the trapezium,
trapezoid, and pisiform, was still worse than the others.

The Turing test is an important measure of how “intelligent” a deep learning model
is. In a study on the automatic segmentation of a clinical target volume in rectal cancer
patients, at least three out of ten clinicians thought that the predicted masking in this
region was better than the ground truth masking [42]. This is the first study to carry out a
Turing test on the automatic segmentation of ten wrist bones using wrist radiographs. The
evaluators could not assign superiority between the masking predicted by our network and
the ground truth masking performed by clinicians for the segmentation of two (trapezoid
and scaphoid) wrist bones
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Several limitations of this study should be considered. First, the data on the wrist
radiographs and the patients originated from a single center, and our proposed model
might not be suitable for other hospitals. Second, our proposed method was not an end-to-
end network. Since Fine Mask R-CNN consists of two different neural networks—wrist
ROI detection and wrist segmentation networks, the gradient cannot be shared directly
between them. Therefore, our work needs to be extended to assess end-to-end networks
that will establish a trainable attention module for future work. Finally, bias could not be
eliminated from the Turing test because the test was performed by three radiologists from
one center, without double blindness or randomization.

5. Conclusions

Our proposed CNN model exhibited a highly favorable performance in the automatic
segmentation of ten overlapping wrist bones, consisting of eight carpal bones and the distal
ulna and radius carpal bones, on plain wrist radiographs.
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Abstract: The treatment of displaced midshaft clavicle fractures (MCFs) is still controversial. The aims
of our study were to evaluate clinical and radiological outcomes and complications of patients with
displaced MCFs managed nonoperatively and to identify potential predictive factors of worse clinical
outcomes. Seventy-five patients with displaced MCFs were enrolled and treated nonoperatively
with a figure-of-eight bandage (F8-B). Initial shortening (IS) and displacement (ID) of fragments
were radiographically evaluated at the time of diagnosis and immediately after F8-B application by
residual shortening (RS) and displacement (RD). The clavicle shortening ratio was evaluated clinically
at last follow-up. Functional outcomes were assessed using Constant (CS), -DASH, DASH work
and DASH sport scores. Cosmetic outcomes and rate of complications were evaluated. Good to very
good mid-term clinical results were achieved by using the institutional treatment protocol. Multiple
regression identified RS as an independent predictor of shoulder function, while RD affects fracture
healing. These findings support the efficacy of our institutional protocol and thus could be useful for
orthopedic surgeons during the decision-making process.

Keywords: clavicle fracture; midshaft fractures; displaced fractures; conservative treatment

1. Introduction

Clavicle fractures represent 2.6—4% of all fractures on average [1], and up to 82% of
them affect the clavicle midshaft [2]. A male predominance is reported, accounting for
about 70% in young active male patients, while females are slightly more affected in elderly
age [1,3,4]. These injuries commonly occur during athletic or recreational activities as the
result of an axial force caused by a fall on the shoulder or on an outstretched hand, and
traffic accidents or, less often, by a direct hit to the shoulder [5]. Midshaft clavicle fractures
(MCFs) are among the most common upper extremity injuries managed by orthopedic
trauma surgeons, and it is estimated that about half of all MCFs are displaced [6].

Clinical manifestations of clavicle fractures usually include pain and visible bone
deformity as a consequence of the displacement of clavicle fragments [4].

Non-displaced MCFs are satisfactorily treated nonoperatively by sling immobilization,
while the treatment of displaced fractures, which are the most frequent, is still under
debate [7].
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Acute displaced MCFs are traditionally managed successfully nonoperatively [8]
showing good to very good results [3,9], while surgery becomes the treatment of choice in
cases of failure of conservative treatment [10,11].

However, recent studies reporting higher nonunion rates after nonoperative treatment
and an allegedly better clinical outcome after operative treatment, have led to a shift
from nonoperative to operative treatment in the last 15-20 years [12-14]. Surgically treated
patients, however, end up having to undergo second surgery for device removal procedures
in more than 85% of cases [15].

To date, there are few absolute indications for early surgical fixation. Surgery is recom-
mended in cases of open fractures, neurological deficiencies, compromised skin conditions,
vascular injury, ipsilateral serial rib fractures, floating shoulder, widely displaced and
comminuted fractures [8,16].

Nevertheless, current studies, including recent randomized controlled trials and meta-
analyses, are still conflicting and fail to demonstrate the absolute superiority of surgical versus
conservative management [6,14,17-20]. Several studies report better outcomes of surgery
along with lower risk of nonunion compared to nonoperative management [18,21]. Con-
versely, other studies do not show differences in functional outcomes between conservative
treatment and plate fixation of acute displaced MCFs, not only at one year of follow-
up [10,13,14,22-26], but also after 24 weeks as well as after five years of follow-up [27].
Furthermore, surgical fixation is associated with complications in up to 29% of patients,
such as wound infections, neurologic symptoms, frozen shoulder and implant-related
problems [12].

Importantly, the identification of predictive factors of worse clinical outcome or non-
union or symptomatic malunion is of great interest for the orthopedic surgeons as it would
enable the identification of those patients at high risk of conservative treatment failure
and help to avoid surgery overtreatment [28]. Jorgensen et al. published a systematic
review reporting displacement as a likely risk factor of nonunion, while smoking, fracture
comminution, age, gender and shortening were defined as doubtfully nonunion risk
factors [28].

In a previous study published by our research group, predictive factors of delayed
union and nonunion in adult patients with an MCF treated with a figure-of-eight bandage
(F8-B) were investigated [29]. A residual displacement (RD) of 104%, assessed immediately
after the application of the F8-B, was found to be a predictor that can help to differentiate
patients who will heal, from patients who will develop delayed union and nonunion.
Moreover, an RD of 140% was identified as an optimal cut-off point to distinguish between
delayed union and nonunion [29]. Based on these findings, a treatment protocol for
displaced MCFs was adopted in our clinic.

The objectives of this single-center study were (1) to evaluate clinical and radiological
outcomes of patients with displaced MCFs managed nonoperatively following our institu-
tional protocol and (2) to identify potential predictive factors of worse clinical outcomes.

2. Materials and Methods
2.1. Patient Selection

This study was designed as a single-center, retrospective, non-comparative case series,
including patients affected by a displaced MCF between December 2015 and December 2018
and treated nonoperatively with an F8-B. All subjects participating in this experimental
study received a thorough explanation of the risks and benefits of inclusion and gave their
written informed consent to publish the data. This study was approved by the Institutional
Ethics Committee (CESC code 189N /AO/21) and was performed in accordance with the
ethical standards of the 1964 Declaration of Helsinki as revised in 2000 and those of Good
Clinical Practice [30].

Inclusion criteria were: (1) patients with a traumatic, non-pathological, acute displaced
MCEF; (2) active patients between 18 and 65 years old; (3) at least 1-year clinical and radio-
graphic follow-up; (4) RD < 140% (see Section 2.3. Patient assessment) [29]. Exclusion
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criteria were: (1) ipsilateral neurological involvement; (2) patients receiving chemother-
apy, radiotherapy and/or immunotherapy; (3) patients with a bilateral clavicle fracture;
(4) patients with previous injury or surgery of the ipsilateral clavicle and/or shoulder;
(5) patients who did not complete the entire follow-up program; (6) competitive athletes;

(7) polytrauma patients; (8) RD > 140% (see Section 2.3. Patient assessment).

2.2. Treatment Protocol

At our level-1 healthcare trauma center, a 1572-bed multi-disciplinary and multi-
specialty regional university hospital, a highly standardized institutional treatment protocol,

specific for patients with MCFs, was adopted (Figure 1).

(clavicle x-rays and physical examination)

Clavicle fracture

LCvaluation in C.R.

Non-operative management

Application of figurc-of-cight bandage
and new x-rays

No indication for surgery Persistence of severe
displacement
* Figure-of-cight bandage 1;””%
* Analgesics Discuss surgery option

J !

Clinical check-up (at 7 and 15 days)

* Xerays

tenting

* Discuss option surgery in case of significant worsening of displacement and/or skin

|

Clinic visit (at 4-6 weeks)

* After 6 weeks the bandage is removed in any case

* Physical cxamination and x-rays

* In absence of clinical and radiographic signs of healing, surgical option is discussed

Figure 1. Institutional treatment protocol for displaced midshaft clavicle fracture of adult patients.

Patients were first evaluated by a trauma surgeon from our unit at the Emergency
Room (ER) with plain X-rays (standard anteroposterior and 20° cephalic tilt views) (Figure 2:

clinical case).

(b)

Figure 2. Radiographic images showing a traumatic displaced midshaft fracture of the right (domi-
nant) clavicle in a 53-year-old female patient: (a) Cephalic tilt and; (b) anteroposterior X-ray views.
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* Open fractures
* Displaced fractures with skin tenting
* Floating shoulder
* Polytrauma
+ Concomitant cervical spinc or thoracic trauma
* Neurovascular injurics
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A careful physical examination was performed to evaluate functional impairment
of the shoulder but also of the whole upper limb to exclude rare but possible associated
injuries involving the brachial plexus or the subclavian vessels [4,16,31,32].

Other rare but potentially serious complications could involve the chest, such as the
pneumothorax or hemothorax, which can be excluded with both thorough clinical and
radiographic assessments [4,33-38].

Patients were referred to surgery in case of open fractures, displaced fractures with skin
tenting, “floating shoulder”, polytrauma, concomitant cervical spine or thoracic trauma
and neurovascular injuries. In all other cases, nonoperative management with an F8-B
was suggested. Standard X-rays were repeated immediately after F8-B application in the
ER to check the alignment of the fragments. Patients received thorough instructions on
correct bandage use and positioning to avoid both decubitus ulcers in the axillary region
and compression of the neurovascular bundle. All active movements of the shoulder were
limited by the application of the F8-B; passive range of motion not above 90° forward
flexion was permitted, while slight movements of the hand and the elbow (without load)
were encouraged to prevent joint contractures and edema [3].

When severe RD persisted (>140%) after F8-B application, or when mechanical factors
like soft tissue interposition, comminution or vertical fragments that impair reduction were
suspected, surgical intervention was proposed [28].

Nonoperatively treated patients underwent both clinical and radiographic assessments
at7 days and 14 days after trauma to evaluate bandage tolerability and position and any
possible worsening of fractures. When there was significant worsening of displacement
and/or skin tenting, the option of surgery was discussed with the patient. The F8-B was
maintained for 4-6 weeks, depending on fracture healing.

In case of the absence of clinical and radiographic signs of healing after 6 weeks,
including CT scan evaluation, the bandage was removed, and surgical reconstruction was
discussed with the patient (Figure 3: clinical case).

Figure 3. Radiographic images of the same patient showing right clavicle nonunion at 4-month
follow-up: (a) anteroposterior X-ray view of the clavicle; (b) axial CT-scan evaluation of nonunion
and; (c) 3D reconstruction.

2.3. Patient Assessment

Data collection was retrospectively performed by external and independent investiga-
tors, not involved in the patients’ treatment. Age, gender, body mass index (BMI), smoking
status, presence of hypercholesterolemia and/or hypertension, mechanism of trauma, af-
fected side and dominant limb involvement were recorded as baseline characteristics of
the cohort.
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Based on standard X-rays performed at patient admission at the ER of our hospital,
radiographic fracture features were recorded as follows: fracture type (FT) according to
the AO/OTA (Association for Osteosynthesis/Orthopedic Trauma Association) Classifi-
cation [24]; initial shortening (IS) and residual shortening (RS), defined as the overlap of
proximal and distal fragments and assessed as a percentage of the same clavicle length on
a standard antero-posterior view, measured before and after the F8-B application; initial
displacement (ID) and residual displacement (RD), measured as a percentage of the clavicle
width at the fracture site on a 20° cephalic tilt view of the clavicle before and after the
F8-B [29].

Clinical follow-up was performed on a weekly basis for two weeks after trauma
and afterwards at 1-, 3-, 6-, and 12-months post-injury, while radiographic follow-up was
prolonged until fracture union.

At the last follow-up visit, about one year after trauma, functional outcomes were
measured by the Constant-Murley Score (CS) [25] and the Quick Disability of the Arm,
Shoulder and Hand score (qDASH) [26]. CS consists of four items: pain; activities of daily
living (ADL); range of motion (ROM); and strength. CS ranges from 0 to 100, indicating
worst to optimum shoulder function. The gDASH score ranges from 0 to 100 with the latter
representing the most disability and dysfunction; the optional gDASH work and sport
modules were also used.

In addition, time of return to work and return to sport or recreational activities were
evaluated. A visual analogue scale (VAS) (range 0-10) was adopted to assess patient
satisfaction of their functional status. The cosmetic outcome was assessed as a patient-
reported outcome measure, asking patients if the treatment received had resulted in any
negative effect on their quality of life.

The final clavicle shortening ratio compared with the contralateral clavicle was also
assessed with a measuring tape at the last follow-up.

Finally, any complications were also recorded.

2.4. Nonoperative Rehabilitation Protocol

The F8-B was removed at 4-6 weeks. Then, the patients were trained to perform
Codman exercises [39] and gradually, active shoulder movements as much as could be
tolerated to achieve a full range of motion (ROM) over the next 3 or 4 weeks.

Lifting weight, heavy physical activity and contact sports were allowed only after
complete clinical-radiological union of the fracture.

2.5. Statistical Analysis

Categorical variables were computed as percentages, while continuous parameters
were expressed as means =+ standard deviations. Normality of the data distribution was
checked by means of a Shapiro-Wilk test. Univariate analyses were conducted using
Student’s t-test and analysis of variance (ANOVA). Correlational analysis was conducted to
shed light on the nature of the association between the various variables under study using
the correlation coefficient assessment or its parametric version, depending on the normality
of data distribution. Multivariate analysis of covariance (MANCOVA) was performed to
identify the predictors of the outcome variables [40]. Partial eta squared was computed
as effect size. MANCOVA assumptions (normal distribution of the dependent variables
within groups; homogeneity of variance for each dependent variable and homogeneity of
covariance for all the levels of the independent variable; linear relationship between the
dependent variable and the covariates) were checked and met.

In case of statistical significance of a parameter, receiver operating characteristics
(ROC) analysis was performed to quantitatively assess the effectiveness of a given classifier
in terms of sensitivity and specificity. ROC analysis enables computing discrimination
thresholds for variables of interest. We conducted ROC analysis by calculating the area
under the curve (AUC) to obtain specific cut-off values. More specifically, the Youden |
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index was computed to identify the most acceptable trade-off in terms of sensitivity and
specificity.

For all statistical analyses, a p-value less than 0.05 was considered statistically sig-
nificant. All statistical analyses were carried out by means of the commercial software
“Statistical Package for the Social Sciences” (SPSS, version 28.0 for Windows, IBM Corpora-
tion, Armonk, NY, USA) by an independent statistician.

3. Results

Seventy-five patients treated nonoperatively met the inclusion criteria and were en-
rolled in the study.
Demographic and clinical characteristics of the patients are reported in Table 1.

Table 1. Demographic and clinical characteristics of overall patients.

Patients Enrolled

Variable n=75
Age, mean (SD) 42.8 (13.7)
Gender, number (%)

male 62 (82.7)
female 13 (17.3)
BMI, mean (SD) 24.1(2.3)
Smoking status, number (%)

active 33 (44.0)
inactive 42 (56.0)
Hypercholesterolemia, number (%)

LDL > 240 mg/dL 7(9.3)
LDL < 240 md/dL 68 (90.7)
Hypertension, number (%)

Systolic > 130, Diastolic > 80 17 (22.7)
Systolic < 130, Diastolic < 80 58 (77.3)
Type of trauma, number (%)

Bike Fall 29 (38.7)
Motorcycle trauma 21 (28.0)
Sport injury 16 (21.3)
Simple fall 9 (12.0)
Dominant side involved,

number (%) 31 (41.3)

SD = Standard Deviation; BMI = Body Mass Index; LDL = Low Density Lipoproteins. (Hypercholesterolemia:
LDL > 240 mg/dL).

Mechanisms of trauma were a bike fall for twenty-nine cases (38.7%), a motorcycle
trauma for twenty-one cases (28.0%), low energy traumas such as a sports injury for sixteen
patients (21.3%) and a simple fall in nine patients (12.0%).

The radiographic parameters of enrolled patients are reported in Table 2.

The mean IS and RS were 5.4 + 4.6% and 3.4 + 3.6%, while mean ID and RD were
113 £ 43.4% and 91.8 + 30.8 %, respectively. Mean follow-up time was 27.5 + 7.5 months.

A mean total CS of 96.8 & 5.6 and total qDASH of 4.2 & 6.3 were recorded (Table 3).

Mean time of return to work was 2.5 £ 1.1 months, while mean time of return to sports
or recreational activities was 4.1 & 1.8 months. Mean patient satisfaction was 7.6 & 1.0.
Thirty patients (40%) had cosmetic problems. The mean shortening ratio at last follow-up
was 3.5 + 3.5% (Table 3).

Regarding complications, refractures and delayed healing were reported in five and
eleven patients, respectively.

All cases of refracture occurred in clinically and radiographically healed patients,
after a forceful trauma, and at least four months after the first trauma. All cases were
subsequently treated surgically. Conversely, delayed healing is referred to fractures not
healed clinically and radiographically within three months from the trauma, but healed
later within five months. The mean RD of delayed healed patients was 120.4% = 15.8.
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Table 2. Radiological characteristics of patients.

Patients Enrolled

Variable =75
Type of fracture, number (%)

Al 5(6.7)
A2 20 (26.7)
A3 6 (8.0)
Bl 3(4.0)
B2 13 (17.3)
B3 28 (37.3)
Initial shortening (%), mean (SD) 5.4 (4.6)
Residual shortening (%), mean (SD) 3.4 (3.6)
Initial displacement (%), mean (SD) 113 (43.4)
Residual displacement (%), mean (SD) 91.8 (30.8)

SD = Standard Deviation.

Table 3. Clinical outcomes of patients at follow-up (Mean follow-up time was 27.5 £ 7.5 months).

Patients Enrolled
Outcomes

n=75
Constant score, mean (SD)
Total 96.8 (5.6)
Pain subscale 14.6 (1.2)
Activity Daily Living subscale 19.6 (1.2)
Range of movement subscale 39.3 (1.5)
Strength subscale 23.3(3.1)
qDASH score, mean (SD)
Total 4.2 (6.3)
Work 35(0.1)
Sport 5.2(11.8)
Return to work (months), mean (SD) 2.5(1.1)
Return to sport (months), mean (SD) 4.1(1.8)
VAS satisfaction, mean (SD) 7.6 (1.0)
Cosmetic problem, number (%) 30 (40)
Shortening ratio (%), mean (SD) 3.5(3.5)

SD = Standard Deviation; qDASH = Quick Disabilities of the Arm, Shoulder and Hand; VAS = Visual Analogic
Scale.

None of the patients suffered nonunion.

Correlations between clinical outcomes and radiological features were evaluated and
reported in Table S1. Total CS and its subscales showed an inverse correlation with IS, RS
and shortening ratio with higher values corresponding to lower total CS and subscale values.
qDASH score, qDASH Work and qDASH sport correlated with IS, RS and shortening ratio,
with higher values corresponding to greater qDASH values.

Return to work correlated in terms of ID, IS and shortening ratio with higher values
corresponding to higher values of return to work.

No correlations were found between radiological features and return to sport.

Potential Predictive Factors

Multivariate analysis of covariance (MANCOVA) was performed to identify predictors
of the outcome variables total CS and the qDASH score and their subscales. With the MAN-
COVA, RS resulted a statistically significant predictor (Table 4). All data of MANCOVA
analysis are described in Table S2.
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Table 4. Radiological predictors of shoulder function (MANCOVA).

95% Confidence

Dependent Std Interval
Variable Parameter B Error t p-Value Lower Upper Partial Noncent. Observed
Bound  Bound Eta Parame- Power
Squared ter

Intercept 99.129 7412 13.374 <.001 84241  114.017 0.782 13.374 1.000

D ~0.020 0.017 ~1.180 0.244 —0.054  0.014 0.027 1.180 0.212

RD 0.016 0.025 0.637 0.527 —0.034  0.066 0.008 0.637 0.09

CS total IS 0.510 0.265 1.922 0.060 —0.023 1.042 0.069 1.922 0.470
RS —1.554 0.335 —4.637 <0.001 —2228  —0.881 0.301 4.637 0.995

Shortening ratio ~0.069 0.047 —1.461 0.150 —0.164  0.026 0.041 1.461 0.300

Intercept 10.282 2.068 4972 <0.001 6.128 14.435 0.331 4972 0.998

D 0.001 0.005 0.276 0.784 —0.008 0.011 0.002 0.276 0.058

. RD 0.008 0.007 1.079 0.286 —0.006 0.022 0.023 1.079 0.185
Pain IS 0.024 0.074 0.318 0.751 —0.125 0.172 0.002 0.318 0.061
RS ~0.209 0.094 2235 0.030 —0397  —0.021 0.091 2235 0.592

Shortening ratio ~0.004 0.013 ~0.328 0.745 —0.031 0.022 0.002 0.328 0.062

Intercept 17.816 2.081 8.559 <0.001 13.635  21.997 0.594 8.559 1.000

D ~0.001 0.005 ~0.315 0.754 —0.011 0.008 0.002 0.315 0.061

RD 0.005 0.007 0.665 0.509 —0.009 0.019 0.009 0.665 0.100

ADL 1S 0.048 0.074 0.647 0521 0101 0.198 0.008 0.647 0.097
RS ~0.193 0.094 —2.054 0.045 —0382  —0.004 0.078 2.054 0522

Shortening ratio —.032 0.013 2375 0.021 —0.058  —0.005 0.101 2.375 0.644

Intercept 45954 2442 18.816 <0.001 41049  50.860 0.876 18.816 1.000

D ~0.006 0.006 ~1.079 0.286 —0.017  0.005 0.023 1.079 0.185

RD —0.001 0.008 —.146 0.885 ~0.018 0.015 0.000 0.146 0.052

ROM IS 0.095 0.087 1.090 0.281 —0.080 0.271 0.023 1.090 0.188
RS 0272 0.110 —2.466 0.017 —0494  —0.051 0.108 2.466 0.677

Shortening ratio ~0.030 0.016 ~1.905 0.063 —0.061 0.002 0.068 1.905 0.464

Intercept 25.679 4.299 5974 <0.001 17.045 34313 0.416 5.974 1.000

D ~0.015 0.010 ~1.551 0.127 ~0.035 0.004 0.046 1.551 0.331

Strength RD 0.006 0.015 0.397 0.693 —0.023 0.035 0.003 0.397 0.068
IS 0.340 0.154 2.209 0.032 0.031 0.648 0.089 2.209 0.582

RS ~0.799 0.194 —4.110 <0.001 ~1.190  —0.409 0.253 4110 0.981

Shortening ratio —.030 0.027 ~1.082 0.284 —0.085 0.025 0.023 1.082 0.186

CS = Constant Score; ID = Initial Displacement; RD = Residual Displacement; IS = Initial Shortening; RS = Residual
Shortening. Statistically significant p-value are bolded.

Age, BMI and smoking were not statistically significant predictors (data not shown).

An ROC curve analysis was performed to identify cut-off points for radiological
features and functional outcomes.

RS (B coefficient = —1.55, p < 0.001; cut-off = 5, sensitivity 90.91%, specificity 45.16%)
impacted total CS with lower RS values corresponding to higher total CS (Figure 4).
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Figure 4. ROC curve. Receiver operating characteristic (ROC) curve for residual shortening and its
impact on total CS.

RS impacted pain (B coefficient = —0.21, p = 0.030; cut-off = 5, sensitivity 87.10%,
specificity 76.92%), with lower values of RS correlating with greater pain, as well as ROM
(B coefficient = —0.27, p = 0.017; cut-off = 5, sensitivity 85.00%, specificity 60.00%) with
a similar relationship, and ADL (B coefficient t = —0.19, p = 0.045; cut-off = 6, sensitivity
93.94%, specificity 77.78%), and in the latter case together with shortening ratio (B = —0.03,
p = 0.021; cut-off = 6.7, sensitivity 95.45%, specificity 88.89%), with lower values of RS and
shortening ratio corresponding to higher values of ADL.

RS (B coefficient = —0.80, p < 0.001; cut-off = 6, sensitivity 94.34%, specificity 36.36%)
impacted strength. Lower RS values corresponded to greater strength values (Figure S1).

There was no significant determinant for qDASH, gDASH work and qDASH sport.

RS (B coefficient = 0.22, p = 0.012; cut-off = 2, sensitivity 59.32%, specificity 68.75%)
impacted return to work, with higher RS values corresponding to later return to work.

4. Discussion

The objective of the present study was first to evaluate clinical and radiological out-
comes of patients with displaced MCFs managed nonoperatively with an F8-B according to
the protocol developed by our institution, which aimed to decrease nonunion rates, and
secondly, to identify predictive factors of worse clinical outcomes. In our cohort, displaced
MCFs mostly affected young male patients. Most of the patients were not overweight,
had normal blood pressure and levels of LDL, all considered risk factors of developing
nonunion [18,41-43]. Although almost 50% of patients were active smokers, smoking did
not affect the functional outcomes evaluated in this study.

Most of the patients showed good clinical outcomes at their last follow-up appoint-
ment, both in terms of total CS and its subscales, and qDASH, qDASH work and
qDASH sport.

In our study, according to Ziegler et al. [44] and Subramanyam et al. [18], who divided
CS into four categories (very good 86-100, good 71-85, fair 56-70, poor <56), CS was
very good in 93.3% of the patients and good in 6.7% of the patients, thus confirming
the effective results of nonoperative management of displaced MCFs at medium-term
follow-up [14,18,19].

These data were also supported by the good results of total gqDASH (4.2 + 6.3 points),
DASH work (3.5 4 9.1 points) and DASH sport (5.2 + 11.8 points), highlighting the presence
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of low residual disability at follow-up as reported by Woltz et al., 2017 and Amer et al.,
2020 [14,19].

Correlations between radiological features evaluated before and after the F8-B and
clinical outcomes were also evaluated. More specifically, an inverse correlation was found
between IS, RS and the shortening ratio and total CS and its subscales, confirming that
lower values of shortening lead to higher values of CS, and therefore better functional
outcomes.

These data were also confirmed with total qDASH, gDASH work and qDASH sport
that directly correlate with IS, RS and shortening ratio with higher values of qDASH (higher
upper limb disability) corresponding to higher values of shortening. Return to work was
directly correlated with IS and RS, and the data obtained in our study are in line with what
is reported in the recent literature [45].

VAS satisfaction showed good results with most of the patients satisfied. These data
are similar to those of Woltz et al. (2018), even if some authors reported higher patient
satisfaction in cases of early surgical management [46,47]. One of the most frequent reasons
for patient dissatisfaction with the result of conservative treatment is poor cosmetic appear-
ance, which emerged particularly among women [48]. Hence, cosmetic dissatisfaction was
reported by 40% of our patients, a percentage lower than that reported in the literature [13].

Regarding complications, all the patients recovered with the conservative treatment
and no nonunion was found, thus confirming the efficacy of the F8-B applied according to
our institutional protocol, developed based on the findings of our previous analysis (includ-
ing patients with RD < 140%) [29]. This confirms the importance of fracture morphology
with regard to healing.

Therefore, the absence of nonunion is an important result considering that the nonunion
rate reported in the literature ranged between 5% and 20% after nonoperative treat-
ment [19,20,42,49,50].

The 11 patients with delayed healing displayed an RD > 104% but less than 140%, in
agreement with our previous study [29]. This result points out the importance not only of
treatment selection but also of an appropriate follow-up of these patients that are at higher
risk of having delayed healing with conservative treatment. In this context, our institutional
protocol could be considered a useful guideline to identify how much displacement can be
considered acceptable for nonoperative management (RD < 140%), and when displaced
fractures should be treated surgically.

Multivariate analysis was performed to identify predictive factors of worse clinical
outcomes. RS results showed it to be a radiological predictor of worse shoulder function,
as expressed by total CS with a cut-off value of five and its subscales: pain; ADL; ROM;
and strength. Shortening ratio is also a predictive factor of worse ADL, with lower values
of shortening ratio corresponding to higher values of ADL. To the best of our knowledge,
no studies evaluated the RD and RS after F8-B application, hindering the comparison
with other studies. The current literature focuses only on ID and IS [48,51-53]. Jones et al.
reported that ID is better than IS as a predictor of worse outcomes [54]. Several studies
found no association between IS and functional outcomes in agreement with our data
outcomes [51,52,55]. Conversely, other studies reported an association between IS and
worse outcomes [12,18,39,53,56]. Importantly, two systematic reviews analyzed in detail
the impact of IS on the clinical outcomes, concluding that, actually, the published studies
do not support an association between the two [49,57]. It should also be pointed out that
different methods of measuring clavicle shortening are applied, different immobilization
methods are used, as well as different follow-up times, making a comparison between
studies difficult.

The present study has several points of weakness and strength. Its main limitations
are the retrospective design and the relatively small sample size of a single center. This
limitation was due to the choice to enroll only patients who had completed the entire
clinical and radiological follow-up and to the strict inclusion criteria. Another limit is
the lack of a control group (for example one treated by a simple arm sling), since the
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study was designed as non-comparative. Furthermore, it could be argued that shoulder
position during radiography also has a substantial effect on the length of the fractured
clavicle, altering its measurements. However, in our study, the patient was facing toward
the radiography film in a standardized way before and after F8-B application to improve
the fracture position and to reduce the risks of radiographic bias.

Regarding strengths, our study cohort was a consecutive series of patients treated in
our center for an MCF according to our specific, standardized, institutional protocol and
followed until fracture healing. Furthermore, contrary to most publications on this subject,
displacement and shortening of the fracture were expressed in percentage with respect
to the length of the ipsilateral clavicle, after using standardized radiological method to
evaluate both displacement and shortening as recommended. This relative measure can be
applied to each subject regardless of his or her body characteristics, unlike the expression
in length.

To the best of our knowledge, this is the first study that assesses functional outcomes
and standardized radiographic aspects (before and after the application of the F8-B) at the
time of evaluation in the emergency room, and when evaluating the shortening ratio at last
follow-up as well.

Further large-scale, prospective, randomized controlled trials are necessary to better
identify those patients in stratified high-risk groups who would be more likely to suffer
nonunion and would benefit from early surgery.

5. Conclusions

In conclusion, good to very good mid-term clinical results were obtained managing
displaced MCFs of adult patients with conservative treatment according to our institutional
protocol. Only a few cases of suboptimal functional scores were recorded, which were
attributable to residual clavicular shortening, when severe. In addition, while residual
displacement was found to have an impact on fracture healing, residual shortening was a
predictor of functional clinical outcomes.

We believe that the findings of this study could be useful for orthopedic surgeons and
the treatment should be accurately discussed with patients, explaining the risks and benefits
of each therapeutic approach. Finally, the treatment option should be carefully personalized,
considering each patient’s psycho-physical features, activity level and expectations.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
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Abstract: Smartphones and their associated applications are used frequently by patients and clinicians
alike. Despite the technology being widely accessible, their use to aid in rehabilitation is yet to be
adopted. The SARS CoV-2 pandemic has presented an opportunity to expedite their integration
given the difficulty patients currently have in accessing healthcare. The aim of this study was to
perform a systematic literature review on the use of smartphone rehabilitation applications compared
to standard physiotherapy for back pain. We conducted a search of Medline/Pubmed and google
databases using the search terms [APP] AND [[Orthopaedic] OR [Neurosurgery]], following the
PRISMA guidelines. All prospective studies investigating rehabilitation applications for back pain
or following spine surgery were included. A total of nine studies met the inclusion criteria which
investigated 7636 patients, of which 92.4% were allocated to the interventional group (n = 7055/7636)
with a follow up of 4 weeks to 6 months. All except one study reported on patients experiencing
back pain on average for 19.6 & 11.6 months. The VAS-pain score was presented in all studies
without significance between the interventional and control group (p = 0.399 before and p = 0.277
after intervention). Only one research group found significantly higher improvement in PROMs
for the application group, whereas the remaining showed similar results compared to the control
group. Using application-based rehabilitation programs provides an easily accessible alternative or
substitute to traditional physiotherapy for patients with back pain. Given that smartphones are so
prevalent in activities in our daily lives, this will enhance and improve rehabilitation if patients are
self-dedicated and compliant.

Keywords: applications; back; spine; pain; rehabilitation

1. Introduction

Rehabilitation is a common feature in patients in the post-operative phase after spinal
surgery as well as patients with chronic back pain [1]. Traditionally, these rehabilitation
services have been delivered through face-to-face consultation with patients. Since the
advent of SARS-CoV2, there has been a prompt turn to the digitalisation of the provision
of healthcare [2]. The pandemic has highlighted the advantages of remote rehabilitation
programs delivered through a smartphone device.

Smartphone ownership worldwide surpassed 6 billion in July 2022 [3]. In 2021 in the
United States, over a third of the population’s media time was spent on mobile phones, and
72.3% of that was on smartphones [4]. The significant utilisation of smartphones and their
apps provides an opportunity to integrate their use into clinical practice and help reduce
the barriers patients face in accessing health care.

Apps are increasingly used in healthcare, streamlining communication, recording
patient outcome data and in some cases measuring outcome data. A survey of 146 patients
in a neurosurgical waiting room found that 81% of patients (whom had not had previous
surgery) expressed interest in using a postoperative communication and monitoring app [5].
A 2015 study found that there were 72 individual spine surgery-themed apps, of which 45
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were free to download; however, only 56% had named medical professionals involved in
their development or content [6].

There is evidence supporting telerehabilitation in general orthopaedics [7]; however,
there is a void when specifically referring to app-based rehabilitation in back pain and
following spine surgery. This systematic review aims to summarize the existing literature
and data reporting the outcomes of app-based rehabilitation programs in back pain and
following spine surgery.

2. Materials and Methods

A systematic review was performed on the 30 July 2022. The Pubmed/MEDLINE,
Cochrane and Google Scholar databases were searched following the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [8]. The search
terms included [APP] AND [[Orthopaedic] OR [Neurosurgery]], which were thought to
be the broadest terms. All studies were included that presented their results in English,
German or French, analysing the outcome of smartphone app-based rehabilitation in back
pain patients and those following spine surgery. Non-accessible full articles, letters to the
editors and comments were excluded, as well as those which failed to present functional
outcome following rehabilitation.

Applying the PICO scheme, our objective included the comparison of control versus
interventional group (O, C) in patients with low back pain (P, I). Hereby, we assumed that
the app-based rehabilitation is at least as efficient as general physiotherapy (C, O).

The quality of publications as well as the risk of bias was assessed (Table 1). Data on
population demoraphics such as including age, gender, duration of back pain, body mass
index (BMI), indication, follow up, patient reported outcome measures (PROM) and apps
used were recorded. As functional outcomes, the visual analogue scale of pain (VAS), SF-36,
Likert score, PHQ-9, Korff and current symptom score (CSS) were used. In addition, the
significances presented in the individual studies were noted, comparing the control with
the intervention group.

Table 1. Quality assessment results using the risk-of-bias assessment tool.

First Author Year of Randomization Allocation Incomplete Adequate Selective

Publication Concealment Outcome Data Follow Up Reporting
Amorim AB 2019 + - - - -
Bailey JF 2020 - - + - -
Chhabra HS 2018 + - + - +
Hasenohr]l T 2020 - + + - +
Huber S 2017 - - - - -
Irvine AB 2015 + - - - +
Shebib R 2019 + + + - -
Toelle TR 2019 + + - - -
Yang | 2019 + - + - +

SPSS (SPSS, Inc., IBM Company, Chicago, IL, USA) and Microsoft Excel (Microsoft
Corporation, Redmond, WA, USA) were applied for statistical analyses. Data are presented
as absolute numbers and percentages and significances are set to p-values < 0.05.

Using our search terms, a total of 1122 articles were found and screened for inclusion
criteria. Overall, 91 articles were duplicates and a total of 105 articles were screened. One
article needed to be exluded as it analyzed postoperative recovery without specifying the
surgery [9]. In total, 9 articles were included in the final analysis (Figure 1).
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Records identified through
database searching Duplicates excluded
(n=1013) (n=14)

Records after duplicates removed Records excluded
(n=999) (n=2894)

][Screening 1 [Identification ]

Records screened Records exciuded
(n=105) (n=89)

l

Full-text articles assessed Full-textarticles excluded,
for eligibility with reasons
(n =16) (n=7)

l

Studies included in
qualitative synthesis
(n=9)

[Included ] [Eligibility

Figure 1. Included articles according to the PRISMA Guidelines.

3. Results

Within the 9 prospective studies, 7636 patients were investigated, of which 466 were
assigned to the control group. Irvine AB et al. also included an alternative group (1 = 199),
leaving 7055 patients in the interventional group. The mean age was 44.2 & 7.4 years, and
the majority of patients were females (75.3%, n = 5638/7487). Where BMI was included, the
mean was 26.3 & 2.2 kg/m?, and the pain duration reported was 19.6 4 11.6 months. All
findings are presented in Table 2.

Some authors reported on chronic lower back pain, others reported on back and neck
pain [10], and lastly on non-specific back pain [11]. All studies lacked detailed definitions,
raising questions regarding the aetiology of the aforementioned pain.

Smartphone applications included the Kaya App [12,13], Snapcare [14], Fitbit app [15]
or FitBack [16]. In the remaining studies, the app used was not specified. Follow up varied
from 4 weeks [11] to 6 months [15]. Not only did the follow up presentation differ between
the groups, but also the presentation of the results.

The only consistent patient reported outcome measure was the visual analogue scale
of pain at rest, which was 4.9 & 1.2 for the interventional group and 5.2 + 1.2 for the control
group. This improved in the long term to 3.1 & 1.0 and 3.6 £ 0.5, respectively. However, no
significant differences were found between the two groups (p = 0.399 before and p = 0.277
after intervention).

Seven authors described significant findings (p < 0.05). This varied between the pain,
vitality [17], physical function and Oswestry score or overall [12,14,16,18]. Irvine et al.
further described significant differences between the control and treatment group after
16 weeks. Bailey et al., Huber S et al. and Amorin AB et al. did not report any significant
differences. All findings are illustrated in Tables 3 and 4.

119



J. Pers. Med. 2022, 12, 1558

91L F 961 TTFE€9C TLFLLY VLFTYY ade1aAy
8¥5S 9€92 wng
TLLF 04T 6'ST F+ 079 € €6 F €08 € [onuo)
. . . . . . ured dde Que
7'¥Se F §°6¢ €0 F 879 1 €6l F 0°6¢ S sPRq MO] JTUOIY Y payadsun 610C [ Suex
TeF L9 9% F ¥'S¢ 1e 0Tl F0¢er 414 [onuo)
g g g . ¥ : ured ddy ede J[[20,
VeFTL ¢ F VT °9) 90l FO'1I¥ 44 spPRq MO] JTUOIY Vv eAey 610C AL d[POL
0%+ 09¢ %8Y 0CLF0¢€r 79 [onuo)
X X o X : ured ype dde 1qo
0SF09¢ Yol 0TIl F0¢€r el red yoeq paymadsun 610C A qr9PYs
°r48 661 [onuo)
ared
LT 661 oATRUIAY
911 661 ured yoeq mog Joeqig <a10¢ dVv aulalf
(%€ €L) SHPIM . )
21 uew a10p sot 601 F 6'€€ sot ured ypeq MO dde efex 4102 S 1qnH
. . . ) ured dde oussE
ILFTI8  STFLI8 Vs speqogpadsuoy  poypadsun 0202 L FYQuaseHy
G'qC F+ 08¢ 8¢+ §'¢C I+ 799 CYLF 01 87 [onuo)
: . . g g : . . ured dde areode rIqE
0T F8TC TrFTEL  STLFPEY THLF VY i Speq MO] SO weddeus 810¢ SH eiqeyyd
. : g E edyoe e 02 dde A9rre
I'LF 86T 1867 601 F 9Th 89%9 uredoeg PUePIN oo deun 0202 df forreg
TS+ 7T4LC 61 6Vl F 1T°LS ¥e [onuo)
X g . . ured dde o
0'9 F 6'8C st 6T F 565 53 speq Mo] SO ICHe 6102 gV wrowy
(SYIUOIN) (Zu/3>) (3] (Frewdy) (s1eax) 38y (1) syuaned wonesrpug uonUAAIU] uonedrqng oymny
uoneIn( ureg INg ySromApog PpUIn Jo I_dqUINN AR : JO 1e3) ysarg

Apmys papnpur [re jo soryderows(] g afqeL

120



J. Pers. Med. 2022, 12, 1558

g0 ST Tl
- * OI3uo
Ly vy To¢ TVy TS foneo
01 g0 Tl
. u UOTJUSAIIU wImn
L€ 6'C e +oe + b B g S
09 09 onuoD)
Ayreya . ) dde
105 0°0 > d v'e 66 PN sedsun 610C [ Suex
1c00=4d ¥e %4 7S [013u0)
LT ¥ I's syoom 71 ddy efey 610C AL MROL
c00>d 'y vy ¥ ¥ 6'ST 01T fonuoD
N u . : : N SYooM Q&m 19’
L€ 6'¢ i 9¥ 61 L1T PIMTL o iadsun 610C A qI9PYs
€¢ Te 6T [o1u0)
ge e 0¢ 9IBd IATJRUWIN Y
Jjuduwijear) pue
[01}U0D uddM}dq ve ge 0¢ SPam 91 ey S10T gV auIAI]
“100°0 > d
1000>d 9¢ e 8T syeaM 7T ddy edey £10C S Ny
N B " : SYooM Q&m L
43 Te iad TL1 oM § pegpadsun 020T S
s00>d Te 99 [o1uo)
1000 >d €¢ €L soam g1 areodeug 810T SH
eIqeyyD
i 9¥ M T UOHULDAIBIUL 020T [ Asrreg
0y 'S MO.EEOU
Grg0=d 8¢ fo sypuout 9 dde yqug 610T av
s wrLowy
310D 2100 21034 d uon Ioym
saouedyrusig Il 1S m.«> I1 1S SVA-Y 5_ ao S hmH ao S aog Mo Do . o UAIIU] -ed11qnd “M_ ,,_<
1do 1T jo reag :

U9} JI0ys—] § “uria) Suo[—J 7 “Ayranoe Sunmp ured jo afedss andoeue [eNSIA—GYA-Y ‘1So1

je ured jo afeds angoreue [eNSIA—GYA-Y "SaNTeA-d PUR SUORIASD pIEPUR)S ‘SULIW [[eI2A0 ‘uted JO YA Pue a10s A13SamsQ) “UonedIpu] ¢ d[qeL

121



J. Pers. Med. 2022, 12, 1558

611 6011 . 1£0 €961 s [
- o < - onuo,
FT89¢ F 6h'5e e L9 009 e F o0k FT9ss FeLsy Feees 108109
9L 10¢ szl 980 wst il £691 el L e [— wing
F80°€e FH01e F 6689 FoeeL F 1768 F80L8 F809 F 1088 T80k F LU
00°¢9 €69 £91¢ £99% 0069 €686 9cHt £999 £99¢ €669
00°L% 0008 0065 00°%L 0005 00°6% 2009 0r'8s 00'0% 00'%F 96-45 6107 [Buex
8% vLE 95'Gh 9GSt 8L0F ww
8505 698F €59% L 91 g 96-4S 6107 AL 2oL
SYA 610 ¥ qiRys
e e 60 e 8¢ €0F 487 0¥ 0% 8¢ 80 6T
5 o ore €€ sre €6e ¥ e 20 e 0ge 0¢
1M d0-0D
yinounecy
¢ . . - ¢ - . . 2[5 swax
1€ 8ee e €0¢ e e 06% 65 W 8ee we 9% st <10z v awail
Krouauy ureg
[euoIsTRWIPAMIN
SVA 10z S42qnH
o919 LaH] 8L LU 1789 19 sco8 9TIL 65°¢S 8L8¢ 9645 0202 1L [yQuaser
454 4t
9¢-4S/a1008
zoe &4 0 60T il 85T we Wy wl ne e WL woyduids 810 SH e1qeyyd
juanny
9611 cee 65 <L <651 $103/6-DHd 0207 4f forreq
0z 1P6L 0£9¢61 07691 0<00¢
049902 067861 0s281 07202 Hr 6107 qv wowy
Aenam voneanay navw suonou S PR —
1s  IeRA0 I 1s Jo Kiendy 1 1s ‘piodg 11 1s onpung 1 1s jsuonowg 11 1s reg s -eonang Ny st
Jswordwiks Jo 1k,

‘SUBIW [[RIDA0 ‘Pasn NONJ Y} Sayedrput 100G K128ms aurds urmoroy pue ured xoeq 105 swrerdord uonejiqeyar Surmor[oy SINOJ F 219eL

‘san[eA-d pue SUOLRIASD pIepue)s

122



J. Pers. Med. 2022, 12, 1558

4. Discussion

This systematic review shows no significant differences between application-based
rehabilitation and standard physiotherapy (control group) in patients who suffer from back
pain for a mean of 19.6 & 11.6 months. In most studies, the pain improved significantly
despite the technique of rehabilitation. Due to the heterogeneity of data, a true meta
analysis could not be executed.

Applications in healthcare currently include diabetes [19], weight loss [20], mental
health [21], speech disorders [22] and cardiovascular diseases [23], which need to be
assessed according to the content quality and benchmark the interventions against best
practice guidelines.

Adherence to a postoperative rehabilitation program is one of the major barriers to
successful app-based rehabilitation [24]. The compliance is typically low and up to 30%
fail to attend classes [25,26]. Consistency in program engagement is crucial to achieving a
satisfying outcome. In self-motivated patients with high compliance, app-based rehabilita-
tion shows an effective approach for pain improvement. Rather than presenting different
exercises, a sensor could be used to give live feedback to the patients, such as measuring
the muscle strength applied.

Within the investigated studies, a variety of different apps were used. The Kaya
App adopts comprehensive evidence-based multidisciplinary pain treatment following
the international disease management guidelines according to the authors [12,13]. Further
significantly lower pain intensity scores were found compared to the control group. The
app could also be used during the waiting time until patients are admitted to the pain
clinic, as it seems to be an effective low-cost treatment without delay [12]. In contrast, the
Snapcare app was designed to monitor the patient’s daily activity level and symptomatic
profile. Thereby, individual home exercises are presented and individual activity goals
set. These are selected based on the baseline health data, PROM scores and pain levels
which are assessed after each activity session [14]. Likewise, Fitbit monitors the individual
goals and physical activates and report on physical activity-related goals. In addition, a
health coach gives regular feedback via telephone and able to discuss the participants goals
and progress. Further individual healthy tips are provided to the users [15]. According
to Irvine et al., FitBack is an online app which provides self-monitoring of cognitive and
behavioural strategies to improve self-care and back pain-prevention behaviours Exercises
are selected based on safety with minimal equipment which can be performed without
supervision [16].

Machado et al. performed a search and found a total of 61 available apps in 2016. The
majority offered a combination of biomechanical exercises, yoga or strengthening/stretching.
Those which scored the highest number of points recommended a combination of biome-
chanical exercises including strengthening, stretching, core stability or McKenzie exer-
cises [27]. One weakness outlined was the questionable evidence-based intervention, as the
majority had not been tested in a randomized controlled trial. Additionally, the authors
mentioned that the app quality did not correlate with the in-app or online user ratings.
Therefore, they concluded that the user ratings are invalid indicators of app quality. This
may relate to a missing pre-exercise questionnaire assessing preconditions such as comor-
bidities or previous surgeries. Further, the users may have different experience levels,
which should be considered.

There are further considerations to implementing app-based rehabilitation programs
in community healthcare. The cost of app download was not mentioned, with some applica-
tions requiring a single payment for download, whereas others require a subscription-type
model. Additionally, whilst smartphones are prevalent in the general community, the
usability and app interface would need to consider the target audience. Finally, whilst an
app-based rehabilitation is an exciting development in digital healthcare, the safety of those
engaging in an unsupervised activity needs to be forefront of mind. An app would need to
consider the risk of certain exercises (i.e., falls) if undertaken alone.
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The largest cohort investigating the impact of app-based rehabilitation on back pain
included 6468 patients. The authors reported a high completion and engagement rate,
providing benefits for the groups. The average improvement in VAS pain was 68.5% within
the first 12 weeks, where 78.6% completed the program regularly. For back pain, the stan-
dardized mean difference was 1.37, which was the same for both genders. Unfortunately,
the study failed to include a control group, and since it was a longitudinal observational
study, no detailed findings were presented [10].

There are several limitations to this study. In the search terms, we did not include
[physical therapy], as we believed that this would return articles relating to unspecific back
pain or nutritional apps. The quality of the individual studies was low (range of bias scores
1-3/5), and therefore a meta-analysis was not completed due to the heterogeneity of the
data. However, these studies represent the most important examples in this field. The
consistent factor within the studies was the visual analogue scale of pain. Additionally, the
time to follow up ranged from only 4 weeks to 6 months. Furthermore, different patient
reported outcome measures were used, including SF-36, Likert, the Oswestry Disability
Index, current symptoms, PHQ-9, and the Korff score. Finally, it has to be mentioned that
chronic back pain may resolve itself over time regardless of the rehabilitation activities
performed. However, we would expect a significant difference between the two groups, as
rehabilitation activities may hasten the rehabilitation.

5. Conclusions

Application-based rehabilitation for back pain and following spine surgery is as good
as standard physiotherapy. Although no significant differences can be found between the
two cohorts, application-based rehabilitation’s integration into healthcare seems promising,
especially in motivated patients who regularly engage in independent rehabilitation. Fur-
thermore, in patients who are unable to visit physiotherapists, such as during pandemics
or due to living in rural locations, this is an excellent approach which may further lower
healthcare costs.
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Abstract: Following the outbreak of SARS-CoV-2, several elective surgeries were cancelled, and
rehabilitation units were closed. This has led to difficulties for patients seeking access to rehabilitation
in order to achieve the best possible outcome. New applications with or without sensors were
developed to address this need, but the outcome has not been examined in detail yet. The aim of this
study was to perform a systematic literature review on smart phone applications for patients suffering
from hip and knee osteoarthritis after arthroplasty. The MEDLINE/PubMed and Google databases
were queried using the search term “[APP] AND [ORTHOPEDIC]” according to PRISMA guidelines.
All prospective studies investigating rehabilitation applications reporting the functional outcome in
hip and knee osteoarthritis after arthroplasty were included. The initial search yielded 420 entries,
but only 9 publications met the inclusion criteria, accounting for 1067 patients. In total, 518 patients
were in the intervention group, and 549 patients were in the control group. The average follow-up
was 9.5 £ 8.1 months (range: 3 to 23.4 months). Overall, significantly lower A-VAS values were
observed for the interventional group in the short term (p = 0.002). There were no other significant
differences observed between the two groups. Smart phone applications provide an alternative to
in-person sessions that may improve access for patients after total joint arthroplasty. Our study found
there are significant improvements in the short term by using this approach. In combination with a
blue-tooth-enabled sensor for isometric exercises, patients can even receive real-time feedback after
total knee arthroplasty.

Keywords: applications; knee; hip; osteoarthritis; rehabilitation

1. Introduction

Since the inception of the SARS-CoV-2 pandemic, digitalization has progressed rapidly
around the world [1,2]. Social distancing has contributed to a reduction in elective surgeries
in orthopedic surgery and has decreased access to postop rehabilitation for arthroplasty
patients [3]. This may have led to worse outcomes and delayed returns to activity. Addition-
ally, restrictions in the range of motion are likely to be present, resulting in major limitations.
Although digital surgical approaches involving virtual and augmented reality, as well as
robot navigation systems, have become increasingly popular, there is a lack of digital reha-
bilitation programs. With the number of smartphone users worldwide estimated to reach
3.8 billion by 2021 [4], there is an opportunity to deliver physical therapy easily at relatively
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low costs. Bahadori et al. recently published a systematic review, showing that there are
15 applications available on smartphone app stores focusing on rehabilitation following
total hip and knee arthroplasty. However, these varied significantly in their quality and
outlined a missing partnership with patients. Therefore, the authors questioned the clinical
importance [5]. In a further study, the evidence supporting the use of smartphone apps
and wearable devices was assessed. Here, wearable devices were capable of monitoring
physical activity and improving patient engagement following total knee arthroplasty [6].
Both of these reviews, however, failed to report the functional outcome in detail.

In addition, telemedicine, virtual digital scribes, chat bots and surgical scheduling
applications for consultations have all reportedly led to new improvements in patient
care [7]. For digital rehabilitation, telehealth visits with a live video feed in conjunction
with a physical therapist are still the most common. To date, physical therapy delivered
entirely via smart phone applications lacks evidence. In 2019, Campbell et al. showed that
patients receiving automated text messages after total joint arthroplasty led to an increased
amount of time spent on home exercises. This also leads to improvements in the patient’s
mood and a decreased use of narcotics, while minimizing calls to the surgeon’s office [8].

Besides home training reminders delivered via text messages, an app-based approach
offers a variety of different individual training programs; this can allow a blue-tooth-
enabled sensor to be connected to provide real-time feedback. This has the potential
to improve compliance, as it is more convenient logistically, especially for immobilized
patients. Furthermore, cost and wait times can be reduced. This study aims to summarize
the published data on using this approach to provide postoperative rehabilitation for hip
and knee arthroplasty patients.

2. Materials and Methods

A systematic literature review was conducted on 25 April 2022, searching the MED-
LINE, Cochrane and Google scholar databases. The Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses (PRIMSA) guidelines were followed (Figure 1) [9].

uRISIMA 2009 Flow Diagram

Records identified through Records identified through
database searching MEDBASE database searching Google scholar
[n =399) [n =44)

Records afterduplicates removed
[n =420}

Records screensd Records excluded

] [Screening ] [Identification ]

[n =98} [n =85}
l Full-t2xt articles excluded, with
Full-text articles assessed reasons (n =27}
for eligibility Reviews on apps available (n = 2)
(n =38} Spine apps [n= 10}
Shoulderapps (n =5)
l Ankle apps [n =4}

Studies included in Gaitor ROM analysis (n =5}
qualitative synthesis
n=5}

=) =

Figure 1. Included articles according to the PRISMA Guidelines.
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The broadest inclusive terms were applied to include all relevant studies. We used the
search term “[APP] AND [Orthopedic]” and included all full articles in English, German
and French. The analysis was performed by a fellowship-trained orthopedic surgeon
and a sports medicine physician. We only included prospective studies that investigated
application-based rehabilitation programs in patients suffering from knee and hip os-
teoarthritis, as well as those who had undergone total hip and knee arthroplasty. We
excluded retrospective studies, letters to the editor and comments or studies that are not
full articles. Studies that lack a functional outcome were also excluded.

For each study that met the inclusion criteria, the number of patients, gender, age,
comorbidities, length of hospitalization, follow-up, body mass index (BMI), indication (knee
vs hip osteoarthritis), patient-reported outcome measures (PROM) and apps used with or
without a sensor were analyzed. Regarding functional outcome, changes in endurance
tests within six minutes, changes in walking speed, changes in functional mobility, the
time up to go (TUG) test, the five times sit to stand test (FSST), the hip disability and
osteoarthritis outcome score (HOOS), the knee injury and osteoarthritis outcome score
(KOOS) and the SF-36 survey were recorded. Other outcome measures include the Knee
society score (KSS), visual analogue scale at rest as well as activity (R-VAS/A-VAS), range
of motion (ROM), Western Ontario, McMaster Universities Osteoarthritis Index (WOMACQ),
Euro Quality of Life (EQ-5D-3L), short questionnaire to assess health-enhancing physical
activity (SQUASH) and patient activation measure (PAM-13).

For statistical analysis, SPSS (SPSS, Inc., IBM Company, Chicago, IL, USA) and Mi-
crosoft Excel (Microsoft Corporation, Redmond, DC, USA) were used. All data are pre-
sented in absolute numbers and percentages; significances are set to p-values < 0.05. Because
of the heterogeneity of the data, we were not able to perform a meta-analysis.

3. Results

Our search terms revealed a total of 420 entries. A total of 99 publications investigated
the application-based rehabilitation, of which 36 publications investigated either hip or
knee osteoarthritis in the context of total knee or hip arthroplasty. A total of 27 articles were
excluded, leaving 9 publications for the final analysis.

Within the 9 studies, 1067 patients were analyzed, including 518 patients in the inter-
vention group and 549 patients in the control group. The mean age was 63.3 & 3.5 years,
and 41.8% of patients were male (n = 384/919). The mean BMI was 29.5 +2.3 kg/mz, and
patients suffered from 3 £ 2.3 comorbidities, on average. The mean length of hospital
stay was reported to be 9.1 + 4.2 days, and the average follow-up was 9.5 + 8.1 months
(range 3 to 23.4 months). For rehabilitation programs, four authors reported that a sensor
or motion tracker was used, whereas an app-based exercise instruction was delivered via
a smartphone or a tablet in the remaining five studies. All of the included studies are
illustrated in Table 1.

For total knee arthroplasty, four studies were included [10-13]. Three of the four
studies reported the KOOS score [10-12]. Two of the studies reported the long-term
outcome, whereas only one reported the functional outcome after a one-week follow-
up [11]. Van Dijk-Huisman reported the standing and walking times and the functional
recovery [13]. Only one study presented the TUG, HOOS and SF-36 scores [14]. In the
remaining four studies, patients suffered from knee [15] and hip osteoarthritis [16-18].
Those studies reported the changes in the functional mobility, timed up to go test, disability
and functional independence measure [16], self-management behavior [17] and visual
analogue scale at rest (R-VAS) [18].
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Table 1. Included studies and demographics of patients included.

Gender Follow- .. Hospital  Days of e
Author Year Pai\ilzl:lts (?e g;) (Male) (& /rrfz) Up P?(l)g;{;ln Indication  Stay Inter- Com:)lzl;u)hhes
(No.) & (Months) s (Days)  vention -
. .. Knee os-
Arfaei Application .
Chitkorsg 2021 31 57.84 27.97 o o teoiirsthrl- 56 7
Control 29 58.52 26.62 56 5
group
Application
Bicker HC 2021 20 62.95 8 3233 2373 with TKA 6.6 1
sensor
Control
15 66.27 6 33.79 2335 69 1
group
Application
CorreiaFD 2019 38 673 32 31.0 6 with TKA 6.0 56 Detailed listing
motion
tracker
Control 31 70.0 22 30.8 6 6.0 56 Detailed listing
group
Application
Hardt S 2018 22 633 10 316 7 with TKA 6.6 6.6 1
sensor
Control 25 67.6 10 324 7 69 6.9 1
group
Lil 2020 44 65 Application g 147 147 4
instruction
Control 44 66 142 142 4
group
Pelle T 2020 214 62.1 67 27.8 Application o o thritis
instruction
Control 213 62.1 54 273
group
Application
Skrepnik N 2017 107 61.6 48 29.4 3 with Osteoarthritis
sensor
Control 104 636 57 293 3
group
Control 61 66.0 40 27.73
group
Van Dijk- Application
Huisman 2020 27 65.1 15 27.47 with TKA 31
HC sensor
Control 61 66.0 40 27.73 31
group
Wijnen A 2020 15 59.3 5 26.7 6 Application  ppp, 84
instruction
Control 15 593 5 28 84
group
Control 12 59.3 5 311 84
group
Intervention 62.7 + 443 29.3 +
aroup 518 29 @18%) 1 92+83 9.1+49 33+29
Control 63.9 + 467 29.7 +
aroup 549 30 @18%) iy 98+92 9.0+45 28+2.1
p-value 0243 0449 0.368 0.454 0.493 0.393

Although higher KOOS scores were found in the short term as well as the long term,
no overall significances were found. Following THA, Wijnen described significantly higher
HOQOS scores for function in sport and recreational activities and hip-related quality of
life. This is also observed for the SF-36 physical role limitations at 12 weeks and 6 months
post-surgery [12]. The overall A-VAS score was significantly lower in the app-based group
in the short term (p = 0.002). Notably, both of these studies were published by the same
group of authors [10,11]. All PROMs and results are presented in Table 2. Furthermore,
no significant differences between the individual indications and the application with or
without sensors were identified.
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4. Discussion

This review shows that patients can benefit from digital apps for the rehabilitation of
osteoarthritis in the context of total joint arthroplasty, especially for the short term (A-VAS).
In the long term, no statistical significances were observed, although the values for the app-
based groups were slightly higher overall. Despite the different applications investigated,
with or without the use of sensors, no correlations were found.

For rehabilitation, total knee arthroplasty is easier to investigate, as weakness in the
flexors or extensors can be measured. The hip is much more complex, as the rotators,
flexors, extensors and abductors all need to be strengthened and can be difficult to assess
individually. However, overall function can still be assessed, with the six-minute endurance
test and walking speed as examples.

The development of applications and digital platforms is typically associated with
high fixed costs and lower variable costs. Once an application is developed and operational
in a market, the marginal cost of treating an additional patient is quite low and thus more
scalable. However, insurance coverage for app-based therapy is still very limited [19].

Although significant improvements were observed in the short term, no significant
differences were found in the long term. Digital apps can be another tool when there is no
access to in-person rehabilitation following total knee arthroplasty. The addition of blue
tooth sensors in total knee arthroplasty can provide real-time feedback to patients in order
to motivate them. Other indications have already been investigated in sports medicine
and following cruciate ligament replacements [20,21]. In particular, isometric exercises can
be effectively performed this way. Eccentric and concentric movements are much more
difficult to simulate, as they typically require in-person supervision. Sensors can also detect
dynamic valgus malalignment, which is one of the main risk factors for anterior cruciate
ligament injury and re-injury [22].

A disadvantage of this approach is that the history of injuries, previous surgeries or
comorbidities may not be built into the workout program. Likewise, other factors such
as surgical techniques (e.g., cemented vs. non-cemented THA, CR TKA vs. PS TKA) are
typically not taken into account. Furthermore, the poor fitting and calibration of sensors
can potentially provide misleading feedback for patients. This may call for a combined
approach where initial sessions are instructed in person and then transition to an app-based
approach with careful remote monitoring by a qualified provider to adapt the training as
required. While regular text messages or push notifications can help to improve compliance,
some degree of motivation is still required to use the app effectively [8]. Finally, it must be
mentioned that elderly patients may have difficulty navigating smart devices and may not
be willing to use applications if they prefer in-person sessions.

The app-based delivery of care is promising, and the data summarized in our study
support its use. With the help of artificial intelligence and a thorough initial assessment
regarding individual comorbidities, individual limitations and preoperative conditions,
a personalized training/rehabilitation algorithm can be developed. This will improve
the effectivity of training and, subsequently, compliance and satisfaction. In conjunction
with robotic navigation, augmented reality, virtual reality and artificial intelligence can
potentially optimize outcomes and improve efficiency. The different questionnaires and
patient-reported outcome measures seen in the various studies included in our systemic
review are difficult to compare. In addition, an individual’s motivation and compliance
to app instructions are not measured in these studies. As such, it is difficult to delineate
exactly how often the individual apps were used by the patients.

There are several limitations to this study. As this one is a review, the analysis depends
on the individual studies. Additionally, as we only searched the PubMed /Medbase and
Google Scholar databases, some articles that were published on EMBASE or the Web of
Science, along with grey literature, may have been missed. Further, no quality assessment
was performed. For outcomes, the rehabilitation monitored was not further specified, and,
subsequently, no recommendations were made. Finally, as the data were heterogenic, we
were not able to perform a meta-analysis.
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5. Conclusions

Digital applications provide a good adjunctive tool for rehabilitation following total
joint arthroplasty, with significant improvements in the short term. After total knee arthro-
plasty, isometric exercises in particular can be performed with a sensor to allow for real-time
feedback. Eccentric and concentric exercises are more difficult to perform via this approach.
We do not believe that this new technology replaces physiotherapists, but it will more likely
serve as another tool in our armamentarium. With proper instruction, applications can help
and motivate patients, ideally with regular follow-ups to see if adjustments are required.
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