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3. ABSTRACT

The objective of this thesis was to develop and evaluate scoring systems for the semi-
quantitative assessment of fracture healing by using radiographs and CT scans of surgically
treated long bones fractures.

In a preliminary study, we demonstrated the feasibility and substantial interobserver
agreement among 6 observers of the scoring system in a series of radiographs of surgically
treated upper and lower limb diaphyseal long bone fractures.

Second, we proposed a scoring system of CT data and showed that the analysis of a limited
number of long-axis CT reformats was a valuable alternative to the analysis of the large
number of CT reformats obtained in the three planes.

Third, after assessing the reproducibility of the scores, we compared the results of the
radiographic and CT scoring systems in nailed tibial and femoral fractures in a group of
patients during normal healing and in a group of patients with non-united fractures. CT
provided different score values compared to x-ray in early and late phases of normal healing
and in hypertrophic non-unions.

Finally, we demonstrated that the radiographic scoring system of nailed long bone fractures
could contribute to detect fractures with delayed union at about 3 months after injury.

Funding sources:

This thesis was funded by IREC (Institut de recherche expérimentale et clinique) of the
Université catholique de Louvain and by funds collected at continuing education (MAP en
imagerie osteo-articulaire Lille-Bruxelles).



4. INTRODUCTION

4.1. BONE [1; 2]

Bone is a complex organ that serves many purposes. The first and foremost is the
role of structure, but bone serves other functions such as mineral storage (for calcium and
other ions such as sodium, phosphate and magnesium) and hematopoiesis as it stores
marrow. Its structural role includes protection for the brain, spinal cord and chest organs,
as well as rigid internal support for the limbs. The internal architecture of bone accounts for
its lightness and high tensile strength which result from its hollow and tubular shape
composed of a collagen matrix with mineral deposits.

Microscopically, two main types of bone can be observed. Woven bone, consisting
of an irregular arrangement of collagen fibers that vary in diameter and are not stress-
oriented in their direction, is only prominent in fetuses and in situations requiring rapid
bone turnover such as during the healing phase of fractures and in disorders such as
hyperparathyroidism and Paget disease. The majority of the skeleton in adults is composed
of lamellar bone, which is more organized, stronger, and less flexible than woven bone, with
collagen orientation that is stress-related. Lamellar architecture is found both in cortical and
in cancellous bone.

Macroscopically, cortical bone is differentiated from cancellous bone. Cortical
bone is a dense mineralized matrix of the lamellar type organized in structures called
“osteons.” Osteons are units constructed around Haversian canals and oriented parallel to
the axis of the bone. Haversian structures are perpendicularly interconnected by Volkmann
canaliculae. Osteocytes are disposed in a regular fashion within the structure. In contrast,
cancellous or trabecular bone is @ honeycombed framework of plates and struts of bone

with intervening spaces. Cancellous bone represents a considerable exchange surface with
interstitial liquids and therefore plays a major role in the phosphocalcic homeostasis. In
adults, cortical bone typically accounts for 80% of the total bone mass and is located
predominantly in the shafts of long bones, though cancellous bone is mainly found at the
metaphysis of long bones, in short bones and in vertebrae.

Long bones are segmented into the epiphysis, metaphysis and diaphysis: the
epiphyses are the extremities, the middle tubular part is the diaphysis and the metaphyses
are the conical sections joining the epiphysis to the diaphysis.

A loss of continuity in the bone architecture defines a fracture. Cortical bone
fractures can be caused by either the application of a single high- amplitude force (traumatic
fracture), a subthreshold force applied to bone weakened from a pathologic process such
as a neoplasm (pathologic fracture), or accumulative microdamage related to repetitive
injury (stress fracture). A bone fracture is a pathological situation characterized by pain,
swelling/hematoma, abnormal mobility/deformity of a bone segment and functional
impairment.



4.2. FRACTURE HEALING

Repair and regeneration of bone fractures are complex processes requiring
interaction of mesenchymal cells at different stages of differentiation and a coordinated
cascade of growth factors and cytokines. Two different types of healing can occur [3; 4]:In
primary or direct healing, such as occurs with rigid internal fixation such as compression
plates with perfect reduction and stabilization of the bone fragments, there is an absence
of a periosteal reaction, and healing occurs directly across the fracture site through the
action of bone remodelling units known as “cutting cones”. Direct fracture healing is
characterized radiographically by a gradual disappearance of the fracture line without the
formation of an external callus. Secondary or indirect healing results from less stable forms
of fixation such as intramedullary nailing and external fixation that allow micromotion at
the fracture site. Secondary fracture healing consists of both endochondral and
intramembranous bone healing and is characterized radiographically by early bone
resorption and subsequent callus formation. The repair process during secondary healing
can be divided into five steps [5]:

1)Hematoma

e Activation of blood coagulation cascade
e  Formation of provisional fibrin matrix

e Release of danger signal molecules

e Activation of local macrophages

2) Acute inflammation

e Recruitment of neutrophils and macrophages

e Clearance of necrotic tissue and provisional matrix

e Production of pro-inflammatory cytokines, chemokines, growth factors
e Recruitment and activation of MSCs, osteoprogenitors, fibroblasts

3) Granulation tissue

e Active proliferation of progenitor cells
e Deposition of immature fibrotic extracellular matrix
e Angiogenesis



4) Callus formation

Differentiation of progenitor cells into chondrocytes and production of
fibrocartilage (central areas)

Differentiation of progenitor cells into osteoblasts and production of woven bone
(periosteum)

Fracture stabilization by fibrocartilage callus

Apoptosis of chondrocytes, fibrocartilage calcification

Vascular ingrowth, recruitment of osteoprogenitors cell

Woven bone deposition on cartilage scaffold

5) Remodeling

Formation of chondroclasts and osteoclasts
Resorption of cartilage and woven bone
Restoration of Haversian system

Adequate bone healing thus requires a careful combination of physiological and

biomechanical factors. The diamond concept described by Giannoudis et al [6] determines

the four key factors to bone regeneration after injury:

i)
i)

iii)

iv)

Mechanical stability: The bridging fracture callus allows load transmission and
restoration of the architecture of the bone according to Wolff’s law.
Osteogenic cells: Local multipotent mesenchymal stem cells (MSC'’s) are
recruited and migrate to the fracture callus. These cells will differentiate into
the osteoblastic and chondroblastic phenotype during the callus maturation.
Growth factors: Cytokines such as interleukin-1 and 6 (IL1, IL6), tumor necrosis
factor-a (TNF-a), platelet-derived growth factor (PDGF), vascular endothelial
growth factor (VEGF), insulin-like growth factor (IGF) or the transforming
growth factor-B (TGF-B) superfamily members initiate a cascade of cellular
events starting the bone healing process.

Adequate scaffold: The extracellular matrix provides a natural support for
cellular interaction.

Any disturbance in the delicate balance between these key factors will lead to complications

such as non-unions.



4.3. ABNORMAL FRACTURE HEALING

According to the United States Food and Drug Administration (FDA), a non-union
is established after a minimum of nine months after trauma with no visible progressive signs
of healing for three months [7]. Tibia shaft is the most common site for non-union among
long bones (up to 12% depending on type of treatment) [8]. Tibial shaft non-unions are
associated with substantial healthcare resource use, common use of strong opioids, and
high per-patient costs [9]. Femoral shaft non-unions have been reported in about 2-7% [10;
11]..

The Weber and Cech classification is the most popular classification system for
non-unions [12]. At first, biological viable and reactive non-unions are characterized by well
vascularized fragment ends and are divided due to radiological criteria: hypertrophic non-
unions, so called elephant foot non- unions, are characterized by exuberant callus formation
due to inadequate biomechanical stability; Horse’s hoof non- unions are characterized by
less callus formation and can be regarded as a milder form of elephant foot non-unions,
which neither produce immovable stability nor allow interfragmentary mobility.
Oligotrophic non-unions present viable fragment ends but no sign of callus is observed.
Secondly, non-viable non-unions are regarded as biologically non-reactive as they show no
biological activity on bone scans. This is mainly attributable to inadequate vascular supply
to the fracture or non-union site. Atrophic non-unions are the final stage of non-viable non-
unions with scar tissue in the former fracture gaps, osteoporosis, and atrophy of the main
fragments close to the fracture site.

Fracture personalities and patient variables are important risk factors for non-
union development. High-energy trauma with open fractures, vascular damage and large
soft-tissue injury are associated with higher likelihood of non-union than closed ones.
Fracture gaps larger than 10 mm showed significantly decreased healing than fracture gaps
smaller than 3 mm [13]. There is evidence that reamed IM nailing of lower extremity long-
bone fractures (tibia or femur) results in significantly fewer non-unions [11]. Other fracture-
related risk factors for non-union include infection and complex comminuted diaphyseal
fractures. Non-unions are found more frequent in elder patients (especially women),
patients taking anticoagulants ,benzodiazepines, insulin ,antibiotics ,diuretics ,NSAID, and
opioids [14] . Morbidities, such as high body mass index, smoking, increased alcohol
consumption, diabetes mellitus type | and I, osteoarthritis and rheumatism, osteoporosis,
vitamin D deficiency , and renal in- sufficiency seem to promote non-union development
[15-17].
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Treatment options for delayed unions and non-unions include nail dynamization,
exchange nailing, bone grafts and bone morphogenetic proteins, cell therapy (MSCs isolated
from bone marrow), external fixation techniques, augmentation plating [10]. For femoral
and tibial diaphyseal shaft fractures, dynamization of the nail is an atraumatic, effective,
and cheap surgical possibility to achieve bony consolidation, particularly in delayed non-
unions before 24 weeks after initial surgery. In hypertrophic non-unions, biomechanical
stability should be addressed by augmentation plating or exchange nailing. Hypotrophic or
atrophic non-unions additionally require biological stimulation (by bone grafting or
biologics) of bone healing for augmentation plating.

4.4. FRACTURE HEALING IN CLINICAL PRACTICE

Despite advances in treatment, the determination of when a fracture has healed
remains subjective, constituting a dilemma for the orthopaedic surgeon. A survey of 444
orthopaedic surgeons a decade ago identified that there is a lack of consensus in defining
delayed union and nonunion in tibial fractures among orthopaedic surgeons. There was
considerable disagreement in both clinical and radiographic criteria to define fracture union
as well as the average time required for diagnosis of delayed or failed union [18]. A
systematic review of 92 studies published between year 2000 and 2006 showed similar
trends of a lack of objective tools to radiographically or clinically assess fracture healing [19].

Corrales et al [20] in a meta-analysis of 123 articles found a wide variety in, and a
lack of consensus about, the definition of fracture healing. Union was defined on the basis
of a combination of clinical and radiographic criteria in 62% of the studies, on the basis of
radiographic criteria only in 37%, and on the basis of clinical criteria only in 1%. The most
commonly used radiographic and clinical criteria are presented in the following table:

Most commonly used criteria to define fracture union in long-bone fracture
healing trials
Radiographic criteria Clinical criteria
Bridging of fracture by callus/bone/ Absence of pain or tenderness
trabeculae (53%) during weight-bearing (49%)
Bridging of the fracture site at three Absence of pain or tenderness on
cortices (27%) palpation or physical examination
(39%),

Obliteration of the fracture line or cortical The ability to bear weight (18%)
continuity (18%)

Bhandari et al [21], in a survey of 335 orthopedic surgeons, demonstrated a lack of
standardization in definitions for delayed unions and non-unions ; Nevertheless almost all
agreed that defining a delayed union and nonunion should be done on the basis of both
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radiographic and clinical criteria (88%). Most respondents believed that the degree of soft-
tissue injury, smoking history and vascular disease increased the risk of healing
complications.

The clinical assessment of fracture union has proven to be challenging and highly
subjective [22]. A study by Webb et al. [23] demonstrates that manual assessment of
stiffness at fracture sites by orthopedic surgeons is no better than manual assessment by
medical students. Pain on palpation is an even more unreliable and subjective measure, as
individual and cultural differences in perception of pain and in pain tolerance vary so
significantly. A patient’s own assessment of function and pain level has increasingly become
an important contributor to management decisions [24]. There are a number of generic
outcome measures available for use in injured patients ( such as SF-36 and SF-12
questionnaire // [25]) . Practical issues to consider in selecting a questionnaire include time
for completion.

Routine blood tests such as a full blood count, urea, creatinine, electrolytes, liver
function tests, bone profile and blood sugar are useful as a baseline assessment. Tests
assessing systemic inflammatory activation including the white cell count, C-reactive
protein and plasma viscosity should be performed but it is important to note that normal
tests do not absolutely exclude infection and these markers are very non-specific. The
possibility of a specific biological marker of delayed and non-union has provoked much
research but no candidate has yet proved useful in routine clinical practice [26-29].

4.5. IMAGING OF FRACTURE HEALING

Radiology plays a key role in helping the orthopedic surgeon to form an impression
on the state of fracture healing. Radiographs and CT represent the most commonly used
modalities, though other modalities (including ultrasound and nuclear scintigraphy) are
undergoing evaluation for their potential utility. Due to its low cost, wide availability, and
relatively low radiation profile, radiography has classically been the most utilized technique
in assessment of fracture healing [22]. Radiographic findings suggestive of a healing
problem include persistent fracture lines, absence of bony bridging, lack of progressive
healing on serial radiographs, progressive deformity and the presence of loose or broken
implants [30]. Hypertrophic, oligotrophic and atrophic radiographic appearances allow the
clinician to make inferences about the degree of fracture stability and the biologic viability
of the fracture fragments while developing a treatment plan. Conventional radiography is
generally used as the primary imaging modality, but its value for objective evaluation of
bone healing has been reported to be limited [31-33].
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When a patient is seen with symptoms of pain, dysfunction and a lack of evidence
of healing on plain radiographs, the surgeon may choose to obtain a computed tomography
scan to better delineate the bone anatomy. With advancements in the ability to create
thinner slices and high- quality multiplanar reconstructions, CT is used as a second-line
imaging modality either for better depiction of fracture anatomy or for complicated cases
when abnormal healing or infection are suspected and non conclusive clinical or
radiographic information are available. CT was reported to show 100% sensitivity for
detecting non-union with high inter-observer agreement among readers [34]. However,
computed tomography scanning had limited specificity and tended to lead to a diagnosis of
non-union when, indeed, the fracture was healed in some patients. The role of CT continues
to grow with the push towards less subjective means of assessment. CT images are more
amenable to quantitative and volumetric measurements than radiographs, and CT can thus
be used to evaluate macrostructural and micro- structural properties of healing bone [35].
One drawback of CT is that metal implants introduce artifacts and degrade image and
reconstruction quality. Technical parameters to adapt in order to minimize metal hardware
artifacts include appropriate focal spot size , increased kVp, increased mAs, decreased pitch
value, decreased slice thickness , adequate patient positioning , increased reformat
thickness , smooth reconstruction filters, large viewing windows [36].

Ultrasound is unable to penetrate cortical bone, but there is evidence that it is able
to detect soft callus formation before radiographic changes are visible. Despite numerous
publications over the last decade describing the early detection of callus on ultrasound prior
to radiographs, all are limited by incomplete reporting of the reliability and reproducibility
of their findings [37]. Moed et al. [38] conducted a large prospective study which showed
that ultrasound findings at 6 and 9 weeks have a 97% positive predictive value and 100%
sensitivity in determining fracture healing in patients with acute tibial fractures treated with
locked intramedullary nailing. Quantitative ultrasound has also attracted interest in the
monitoring of bone fracture healing, demonstrating that the ultrasound velocity is
significantly different between healed bones and delayed unions or non-unions [39]. Sun et
al [40]evaluated the validity of high-power vascular Doppler using ex vivo microangiography
CT as a benchmark in an animal model. They found that the two modalities were strongly
correlated and that power Doppler ultrasound was sufficiently reproducible. The vascularity
of the fracture site decreased predictably with time in keeping with the developing callus
and bone union.

In a prospective study by Ha et al [41], digital tomosynthesis was compared to
radiography for the evaluation of fracture healing in a series of 51 wrist fractures treated
with internal fixation. Eligible patients underwent radiographs, tomosynthesis and
unenhanced CT on the same day. The authors found a significantly higher rate of detection
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of cortical fracture lines and less obscuration of fractures by hardware with tomosynthesis
than with radiography, with consensus CT as the reference standard. The bony cortex was
statistically significantly less obscured by metallic hardware on tomosynthesis images (8%)
than on radiographs (15%) in contrast to the reference standard CT images (2%). They also
found a weak but statistically significant correlation between tomosynthesis fracture
assessment and patients’ subjective pain levels. The authors concluded that given the lower
cost and smaller radiation exposure than with CT, tomosynthesis should be considered an
alternative imaging method for the assessment of healing.

Tc99Mm-MDP bone scan is a functional imaging technique in which radiotracer
uptake corresponds to blood flow and new bone formation. In cases where callus is absent,
the pattern of uptake on bone scan may be helpful in differentiating viable from nonviable
non-union, as a photon deficient area is suggestive of nonviability, and the lack of a photon

deficient area suggests viability y[42]. [18F]FDG PET/CT is reported as a promising tool for
diagnoses of infected non-unions [43]. However, PET/CT has not been used in routine
fracture follow-up primarily due to its high radiation profile compared with other imaging
modalities.
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5.

AIMS OF THE THESIS

The objectives of this thesis were to develop and evaluate scoring systems for the semi-

guantitative assessment of fracture healing by using radiographs (Radiographic Union

Score- RUS) and CT scans (Tomographic Union Score- TUS) of surgically treated long bones
diaphyseal fractures.

The following were our specific aims:

1.

To determine the feasibility and interobserver agreement of a radiographic scoring
system in a series of radiographs of surgically treated long bone fractures (part I:
RUS).

To determine which combination of CT reformats number and planes would
represent the best surrogate for the semi-quantitative analysis of the entire CT
data (part Il: PRE-TUS).

To analyse the feasibility and reproducibility of radiographic and CT scoring
systems in a series of nailed tibial and femoral fractures during normal healing and
to compare scoring results (part Ill: RUSTUS normal).

To analyse the feasibility and reproducibility of radiographic and CT scoring
systems in a series of nailed tibial and femoral non-unions and to compare scoring
results (part IV: RUSTUS Non-Unions).

To investigate the accuracy of the radiographic scoring system to predict fracture
non-union (part V: predictive RUS).
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6. Part |: Semi-quantitative radiographic assessment of fracture healing in
surgically treated long bone fractures: A feasibility study.

6.1. Introduction

Conventional radiography remains the examination of choice for bone fracture
assessment [44] but limitations in the radiographic evaluation of fracture healing have been
demonstrated [31-33]. Over the years, several scoring systems have been developed for a
more standardised and objective evaluation of fracture healing [45-48]. More recently
Whelan et al developed and validated a radiographic union score for the evaluation of
nailed tibial fracture (RUST - Radiographic Union Score for Tibial fracture) [49], which was
subsequently applied to other type of bones (see Apendix A).

The current retrospective study aimed at defining limitations in the semi-
quantitative radiographic evaluation of surgically treated long bone fractures by using
radiographs and a Radiographic Union Score (RUS). We hypothesized that the feasibility of
this scoring system could be influenced by the type of surgical fixation but not by the age of
fracture. The current study also aimed at assessing the interobserver agreement among
orthopaedic surgeons and radiologists.

6.2. Methods and materials

6.2.1. Study population
We selected a series of patients aged between 18 and 65 years of age with a

surgically treated long bone fracture by searching in our picture archiving and
communication systems (PACS) (Carestream Client version 11.3; Carestream Health,
Rochester, NY, USA) using the keywords "arm", fore-arm", "thigh" and "leg” among
radiographic examinations performed during a 2-year period. The search yielded a series of
613 sets of radiographs. A last-year radiology resident (VP) and a musculoskeletal
radiologist with 20 years of experience (BVB) reviewed all radiographs to select patients
with a surgically treated diaphyseal fracture and to exclude patients with one of the
following exclusion criteria, including lack of surgically treated fracture, pathological
fracture, pre-existing metallic hardware or allograft in fractured bone segment, signs of
infection or of delayed-union, or missing radiographs (figure 1). The study population
consisted of 118 patients including 76 men and 42 women (mean age +/- SD: 41.3 +/- 13.3
years; range: 18-65 years). There were 140 fractures (19 humeri, 19 radius, 17 ulnas, 26
femurs, 42 tibias and 17 fibulas). Thirteen patients had radial and ulnar fractures and nine
patients had tibial and fibular fractures. There were 63 nailed fractures (8 humeri, 1 ulna,
21 femurs, 31 tibias, 2 fibulas) and 77 plated fractures (11 humeri, 19 radius, 16 ulnas, 5
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femurs, 11 tibias, 15 fibulas). For each of the 140 fractures, a data manager of our
department selected one radiographic set among all available sets for each fracture to
obtain an equivalent number of radiographic sets obtained at different time delays after
the fractures for each type of bone. Time categories were defined as follows: between 0
and 3 weeks after fracture (early stage), between 3 weeks and 3 months after fracture
(intermediate stage), between 3 and 6 months after fracture (late stage) and more than 6
months after fracture (healed stage). The 140 sets of radiographs had been obtained at a
mean delay of 114 days after fracture (standard deviation 93 days; range 10 - 340 days).
There were 35 early, 35 intermediate, 34 late and 36 healed stage radiographs. The
authorization of the ethical committee of our institution had been obtained for this
retrospective study.

Figure 1: Flowchart for patient selection

Search in PACS
Jan 2011- Dec 2012
Age :18-65 y.o.

Keywords: arm,
forearm, thigh, leg

613 patients )
l_l |

Exclusion

Inclusion No fracture,

fracture w/o metal
hardware

311 patients

Fracture and metal
hardware

302 patients

\'—i

Inclusion

Exclusion

Epiphyseal extension,comminution,

Diaphyseal long bone pathological #, multiple # , infection,
fractures with metal bone graft, lack of AP and lateral
hardware radiographs
118 patients 184 patients
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6.2.2. Analysis of the radiographs
Analysis of the radiographs was performed by six readers including three

radiologists (a last year resident (VP) and two MSK radiologists with three (AL) and twenty
(BVB) years of experience) and three surgeons (a last-year resident (TS), and two
orthopaedists with five (DP) and twenty-four (JED) years of experience). All readers blinded
to clinical findings separately analysed each set of radiographs on PACS workstations.
Readers were asked to grade each of the four cortical edges of the fracture at which the X-
ray beam was tangent as visible or not on the radiographs. If the fracture edges were visible,
cortical scoring was performed as described below. If the fracture edges were not visible,
the reader selected at least one of the following causes: (a) superimposed metal hardware,
(b) superimposed adjacent bone (leg and fore-arm), (c) another reason such as blurring of
the radiograph or inadequate exposure (figure 2). Non-assessability of the cortex due to
superimposed metal hardware, or bone were defined respectively by the lack of visibility of
the cortical bone to which the X-ray beam was tangent due to superimposed metal, or
another bone. The readers were allowed to select metal hardware and cortical bone when
these two causes were simultaneously present.
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Figure 2: (a) Lateral and (b) AP radiograph of a plated radial fracture. Anterior and lateral
cortices (white arrows) cannot be analyzed because of superimposition by metal hardware.
Posterior cortex (black arrow) cannot be analyzed because of superimposition by the
ulna.Cortical score for medial cortex (arrowhead) was 4 because of remodeled bridging
callus (and absence of cortical discontinuity).
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A cortical score from 1 to 4 was given to each cortical segment of the fracture site to which
the X-ray beam was tangent according to the scoring system by Litrenta et al [50]: score 1:
lack of callus; score 2: non-bridging callus; score 3: bridging callus; score 4: remodelled
bridging callus.

SCORE Callus Callus Callus
PRESENT BRIDGING REMODELED

1 NO - -

2 YES NO ANY

3 YES YES NO

4 YES YES YES

For each fracture, the RUS value was calculated by adding the four cortical scores (figures
3-5). Missing data were calculated as the mean of the available data. The RUS was
considered to be feasible when at least three of the four cortical scores could be assessed.
The score was considered to be non-reliable and therefore not calculated when less than
three cortical score could be assessed (figure 6).

Twelve months after the initial analysis, two radiologists (B.V. and V.P.) repeated the same
analysis to determine intra-observer agreement.
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Figure 3: (a) AP and (b) lateral radiographs of a nailed femur. The score of each cortical area

(arrows) was 1 because of the visibility of cortical discontinuity and the lack of callus. RUS
value was 4.

21



Figure 4: (a) AP and (b) lateral radiographs of a nailed femur. The score of each cortical area
(arrows) was 2 because of the visibility of cortical discontinuity and the presence of non-
bridging callus. RUS value was 8.
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Figure 5: (a) AP and (b) lateral radiograph of a nailed femur. Cortical scores for medial/
lateral cortices (black arrows) and anterior/ posterior cortices (white arrows) were 4 because
of presence of remodeled bridging callus. RUS value was 16.
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Figure 6: (a) Antero-posterior and (b) lateral radiographs of an arm with a plated humeral
shaft fracture. The medial and posterior cortical segments (arrows in a and b) but not the
lateral and anterior cortical segments (arrowheads in a and b) of the fracture were
assessable. Cortical scores for the medial and posterior cortices were 3 (bridging callus) and
2 (non-bridging callus) respectively. The RUS value was not calculated because of the
availability of two out of four cortical scores.
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6.2.3. Statistical analysis
The rate of assessability of the fracture edges to which the X-ray beam was tangent

in the 140 fractures was calculated for each reader. The rate of feasibility of the scoring was
calculated for each reader and compared according to patient’s gender and age, fracture
age, nailed vs. plated fractures, upper vs. lower limbs and proximal vs. distal bones by using
a Chi-Square test. We performed a regression analysis to evaluate the influence of the
aforementioned parameters considered as independent variables on the feasibility of the
RUS by using stepwise regression analysis. The interobserver agreement was evaluated
using intraclass correlation coefficients (ICC) for the assessability of the fracture edges, for
the feasibility of the RUS feasibility as well as for RUS values. The intraobserver agreement
for the RUS feasibility was evaluated for two radiologists using ICCs. The interobserver and
intraobserver agreement were interpreted according to Landis and Koch [51] with ICC
values <0.00 defined as poor, 0.00-0.20 defined as slight, 0.21-0.40 defined as fair, 0.41-
0.60 defined as moderate, 0.61-0.80 defined as substantial, and values of 0.81-1.00 defined
as almost perfect [52]. The RUS scores were compared between readers as a surrogate of
the quality of the analysis performed by the six readers. Data were processed using a
statistical software package (MedCalc version 11.6; MedCalc Software, Mariakerke,
Belgium). For all tests, P-values < 0.05 were considered to be statistically significant.
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6.3. Results

6.3.1. Assessability of the fracture edges on radiographs
The rate of assessability of the 560 fracture edges to which the X-ray beam was

tangent on the AP and lateral radiographs of the 140 fractures ranged between 73% to 76%
among radiologists and between 71% to 81% among surgeons (the fracture edges were
non-assessable in 19 to 29% of cases)(Table 1). Non-assessability of the cortical segments
was due to overlapping metal hardware in 79% to 95% and to overlapping cortical bone in
5% to 13% according to readers (Table 1). Interobserver agreement for the assessability of
the cortical segments was substantial for the radiologists (ICC=0.69 (95%Cl : 0.66-0.73)), the
surgeons (ICC=0.69 (95%Cl :0.65-0.73)) and for all readers (ICC=0.69 (95%Cl :0.66-0.72)).

Table 1: Frequency of assessability and of non-assessability of the 560 fracture edges on the
140 radiographic sets for three radiologists (R1, R2, R3) and three orthopedic surgeons (01,
02, 03). Frequency of causes for non-assessability of cortical fracture segments are given
for each reader.

Frequency of Causes for non-assessability
Assessability Non- Metal Cortical bone | Metal and bone
assessability hardware superimposed | superimposed
superimposed
R1 407 (73%) 153 (27%) 120 (79%) 8 (5%) 25 (16%)
R2 409 (73%) 151 (27%) 143 (95%) 8 (5%) 0 (0%)
R3 426 (76%) 134 (24%) 110 (82%) 7 (5%) 17 (13%)
01 | 420(75%) 140 (25%) 112 (80%) 10 (7%) 18 (13%)
02 | 398 (71%) 162 (29%) 141 (87%) 19 (12%) 2 (1%)
03 | 452(81%) 108 (19%) 94 (87%) 14 (13%) 0 (0%)

Results are raw data followed by proportions (%) in parentheses.

R1: last year resident in Radiology; R2: MSK radiologist with 3 years of experience; R3: MSK
radiologist with 20 years of experience; O1: last year resident in orthopedic surgery; 02
orthopedic surgeon with 5 years of experience; O3: orthopedic surgeon with 24 years of
experience.
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6.3.2. Feasibility of the radiographic score

The radiographic scoring RUS was feasible (more than two fracture edges
assessable per fracture) in 59% to 69% of the 140 fractures according to the radiologists and
in 58% to 75% according to the surgeons (Table 2). Interobserver agreement for the
feasibility of the RUS was substantial for the radiologists (ICC: 0.74 (95% Cl: 0.67- 0.80)), the
surgeons (ICC :0.66 (95% Cl: 0.57- 0.74)) and for all readers (ICC :0.72 (95% Cl: 0.66- 0.78).
Intraobserver agreement for the feasibility of the RUS was substantial for the two readers
(ICC=0.74 (95%Cl :0.63-0.85) and ICC=0.74 (95%Cl: 0.62-0.86), for reader 1 and 2
respectively).

For all readers, the feasibility of the RUS was statistically significantly higher in
nailed (90-97%) than in plated (31-56%) fractures (p<0.001), in proximal (78-89%) than in
distal (47-61%) bones (all p<0.01), and in lower (76-91%) than in upper (27-49%) limb
fractures (p<0.001)(Table 2). The feasibility of the RUS did not vary with fracture age (all
p=52), patient’s age (all p=0.09) and sex (all p>0.05). According to the logistic regression
analysis, the unique parameter that had a statistically significant influence on the feasibility
rate of the RUS was the type of stabilizing material (p<0.001 for all readers).
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Table 2: Frequency (%) of feasibility of the RUS for three radiologists and three orthopedic
surgeons in the entire series (140 fractures) and in fracture groups according to the type of
stabilizing material, topography of bones and type of limb. The RUS was considered to be
feasible when more than 2 cortical segments were assessable on the radiographs.

Type of material Topography of bone Limb segment
All
(n= Nails Plates p Proximal Distal p Upper Lower 1]
(n=63) (n=77) (n=45) (n=95)

140) (n=55) (n=85)
R1 61 % 92% 35% <103 78% 52% <10? 35% 78% <103
R2 59 % 90% 32% <103 80% 48% <10 31% 76% <103
R3 69 % 92% 49% <103 84% 61% =107 42% 86% <103
01 | 61% 95% 32% <103 80% 52% <10? 31% 80% <103
02 | 58% 90% 31% <103 80% 47% <10 27% 78% <103
03 | 75% 97% 56% <103 89% 67% <10 49% 91% <103

6.3.3. Interobserver agreement for cortical scores and RUS values

Interobserver agreement for cortical scores was substantial for the radiologists
(1CC=0.63 (95%Cl:0.59-0.67)), the surgeons (ICC=0.65 (95%Cl:0.61-0.68)) and for all readers
(1CC=0.63 (95%Cl:0.60-0.66)). Interobserver agreement for RUS values was almost perfect
for the surgeons (ICC=0.80 (95%Cl:0.73-0.86)) and substantial for the radiologists (ICC=0.76
(95%Cl:0.68-0.83)) and for all readers (ICC=0.79 (95%Cl:0.72-0.83)).The interobserver
agreement for the RUS values was substantial for surgeons and radiologists in almost all
fracture groups according to different parameters (Table 3). ICC values for the
intraobserver agreement of RUS values were 0.68 (95% Cl: 0.60-0.76) for reader 1 and 0.64
(95% Cl: 0.56-0.72) for reader 2.

28



Table 3: Interobserver agreement of RUS values according to parameters among
orthopedic surgeons, radiologists and among all readers.

6.3.4. Correlation of RUS values with fracture features

ICC Age Gender Fracture Age
<50 >50 male female early Interm Late | healed
Surgeons 0.82 | 0.76 | 0.80 0.82 0.77 0.65 0.74 | 0.76
Radiologists | 0.75 | 0.78 | 0.76 0.78 0.59 0.65 0.77 | 0.58
All readers 0.79 | 0.78 | 0.79 0.80 0.71 0.67 0.78 | 0.66
ICC Surgical Type of bone Type of
Material Limb
nails | plates | prox | distal upper | Lower
Surgeons 0.80 | 0.82 0.78 | 0.81 0.78 0.81
Radiologists | 0.80 | 0.66 0.75 | 0.80 0.84 0.75
All readers 0.80 | 0.76 0.77 | 0.80 0.82 0.79

The RUS was statistically significantly different between subgroups of fractures of

different fracture age with an increase in score value according to fracture age (p<0.001 for

all readers, correlation coefficients varying from 0.39 to 0.55). There was no statistically

significant difference in the RUS values according to patient’s gender, age, and type of
surgical material, bone and limb.
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6.4. Discussion

Our study of 140 nailed and plated long bone fractures and six readers identified
three important findings:

e Feasibility rates of the Radiographic Union Score (RUS) varied between
58% to 75% among readers.

e Feasibility was influenced by the type of stabilizing hardware with a
higher rate in nailed than in plated fractures.

e Interobserver agreement when using RUS was substantial.

Assessment of the degree of fracture healing is an every-day challenge in clinical
practice that requires clinical and radiological criteria [3; 21; 53; 54]. Several scales and
classification systems have been proposed [45-49] but the feasibility of radiographic scoring
has barely been addressed in the literature[45]. Given the development of new treatment
options, a quantitative system of fracture healing evaluation is warranted in order to
monitor treatment’s efficiency.

The current retrospective study of 140 surgically treated long bone fractures
identified several important findings. First, we demonstrated that rigorous analysis of the 4
cortical segments at which the X-ray beam was tangent on the AP and lateral radiographs
was not feasible in about 25% of cases of all cortical segments with variations from 19% to
29% among readers. To the best of our knowledge, our study is the first to objectively
quantify this limitation. Most likely, this relatively high rate of non-feasibility partially
accounts for difficulties in the analysis of radiographs in routine clinical practice[55; 56].

Second, our study highlighted the fact that impaired visibility of cortical segments
was mainly related to overlapping metal hardware, with limited role of overlapping cortical
bone. The relative frequency of these 2 causes was likely related to the type of bones and
of stabilizing material, as discussed below. Patel et al [57] found a moderate interobserver
agreement among surgeons in the evaluation of plated distal radial fractures and noted that
the difference in inter-observer agreement among surgical and nonsurgical cases can likely
be explained by the presence of hardware that can obscure bony detail and interfere with
assessment of callus and fracture lines.

Third, our study demonstrated that the RUS was feasible in 58% to 75% of cases
among readers. In the current study, the RUS was considered to be feasible if at least 3
cortical segments were visible among the 4 expected cortical segments to which the X-ray
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beam is tangent. It is generally accepted that bridging of fracture at three cortical points
implies fracture healing [20; 53; 58] indicating that at least three segments need to be
analyzed for the assessment of fracture healing. Comparison with previous studies is
limited, as feasibility of the RUS has not been formally addressed.

Fourth, the feasibility rate of the RUS was statistically significantly higher in nailed
than in plated fractures, in proximal than in distal bones and in lower than in upper limb
bones. Fracture age did not appear to influence the feasibility rate. According to the logistic
regression analysis, the type of surgical material i.e. nails or plates was the only parameter
that had a statistically significant impact on the feasibility rate of the RUS. The most likely
explanation is that medullary nails are centrally located and therefore do not interfere with
the projection of the most eccentrically located cortical segments to which the incident X-
ray beam is tangent. On the other hand, plates are excentrally positioned on the cortical
surface and may interfere with its visibility on radiographs depending on the width of the
plate and of the plated bone. This finding highlights the essential role of the type of fixation
in the application of a global scoring system in the assessment of healing. Litrenta et al [50]
also discussed that the difference in agreement and score values at union between plated
and nailed fractures in his study likely reflects differences in fixation material (the presence
of a plate obscures the evaluation of one or more cortices).

Finally, interobserver agreement in determining the cortical scoring, the RUS
values and the RUS feasibility among orthopedic surgeons, radiologists and among all
readers was substantial (ICC=0.63-0.64 for cortical scoring, 0.76-0.80 for the RUS, 0.66-0.74
for the RUS feasibility). Intraobserver agreement for RUS values and RUS feasibility was also
substantial for the two radiologists who analyzed twice the radiographs. Our global ICC
value of 0.79 for the RUS compares favorably with other studies in which inter-observer
agreement was analyzed. Whelan et al calculated an ICC value of 0.86 in a study where 7
surgeons analyzed 45 nailed tibial fractures [49]. Kooistra et al mentioned an ICC of 0.84 in
a series of 549 tibial fractures analyzed by 3 orthopedic surgeons [59]. Chiavaras et al
calculated an ICC of 0.66 in scoring 150 intertrochanteric femoral fractures with 3
radiologists and 3 orthopedic surgeons using a scoring system based on similar principles
[60; 61]. Oliver et al [62] calculated an ICC of 0.79 in scoring 60 humeral shaft fractures
analysed by 2 surgeons. We acknowledge that the comparison of our results with those of
cited ones is of limited value because of different study material. Actually, the current study
included different bone type, fracture age and surgical treatment whereas the other studies
focused on well-defined subtypes of fractures treated with a single surgical or conservative
procedure. Nevertheless, interobserver agreement was substantial in all studies despite the
differences.
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The current study on surgically treated fractures deliberately included various
types of bone, of fracture type and age and of stabilizing metal hardware, reflecting the
diversity of clinical practice. We acknowledge some inconsistency in applying a callus-based
scoring system in plated fractures. Actually, periosteal callus formation occurs in nailed
fractures and is rather an unexpected feature in plated fractures because of different
biomechanical environment [4; 63-65]. The rigid plate fixation may not result in callus
formation due to the lack of micro- movement between fracture ends. In plated fractures,
bridging occurs through direct cortical bone formation with limited, if any, contribution
from the periosteum. Furthermore, if there is any callus, it may be inhibited in the cortical
segment under the plate. Therefore, the limited feasibility of the scoring method in plated
fractures might be of limited clinical significance.

In the current study, RUS values could not be compared with healing status as
determined by clinical evaluation because of the retrospective design of our study. The fact
that the RUS values positively correlated with fracture age might indicate that this scoring
system could be used for fracture healing evaluation. Further prospective study is
warranted to assess the RUS in clinical practice.

Several limitations to the current study should be noted. First, it is a retrospective
study with a limited number of patients. Second, our results are based on the analysis of AP
and lateral radiographs of surgically treated diaphyseal long bone fractures in patients aged
between 18 and 65 years. Results could be possibly different in conservatively treated
fractures and in other patient population. It must be emphasized that several fracture
subtypes such as diaphyseal fractures with epiphyseal extension and comminuted
diaphyseal fractures were excluded from this series and must be further studied. The added
value of oblique radiographs in selected situations was not addressed.

In conclusion, the current preliminary study confirmed our hypothesis that the
feasibility of scoring was limited on radiographs in surgically treated long bone fractures
and that the type of stabilizing hardware was the predominant limiting factor with a higher
feasibility rate in nailed than in plated fractures. As a consequence, the value of two
orthogonal radiographs for the assessment of plated fractures must be questioned and the
added value of oblique radiographs or of tomographic techniques should be addressed. The
current study also confirmed a substantial agreement between three orthopedic surgeons
and three musculoskeletal radiologists, even with different level of experience. Further
studies are warranted to evaluate the feasibility and interobserver agreement of scoring by
using other imaging modalities. A tomographic Union Score (TUS) based on similar
morphological criteria as the RUS is developed in order to optimize the semi-quantitative
assessment of fracture healing. Further studies are needed to correlate the quantitative
imaging data with clinical information.
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7. Part ll: Semi-quantitative CT assessment of fracture healing: how many and
which CT reformats should be analyzed?

7.1. Introduction

Determining when a fracture is healed remains a challenge in orthopedic practice.
In a survey of 444 orthopedic surgeons, Bhandari et al. demonstrate a lack of consensus
regarding both clinical and radiologic criteria used to assess healing as well as significant
differences in definitions of delayed union and malunion [18; 21]. Although variability in
definitions exists, surgeons agree that the assessment of healing requires both radiographic
and clinical criteria [18; 20; 66]. Analysis of radiographs provides an overall estimation of
fracture healing albeit with limited inter-observer and intra-observer reproducibility [33;
53; 58] most likely due to limitations associated with the projectional nature of radiographic
image formation and overlapping metal hardware [67]. Computed tomography (CT)
enables to assess the presence and extent of bone callus at fracture edges thanks to its
multiplanar capacity and high spatial resolution at the cost of an additional examination and
increased ionizing radiation burden [22; 34; 45; 68; 69)]. Based on only two imaging
dimensions, overlapping structures (eg, bones, metal hardware, cast) might lead to a
missing of persistent fractures and a reduced ability to assess the extent of fracture healing
and stability by CR. Compared to radiography, CT overcomes the problem of potentially
overlapping structures, visualizes bone bridging directly, and enables a more sensitive
detection of callus formation. Direct imaging of bone bridging and callus formation has
become possible.

In clinical practice, CT is used as a second-line imaging modality either for better
depiction of fracture anatomy or for complicated cases when abnormal healing or infection
are suspected with non-conclusive clinical or radiographic information. CT was reported to
show 100% sensitivity for detecting non-union with high inter-observer agreement among
readers [34]. However, computed tomography scanning had limited specificity and tended
to lead to a diagnosis of nonunion when, indeed, the fracture was healed. Grigoryan et al
performed a qualitative and quantitative assessment of fracture healing in a longitudinal
prospective study using x-ray and CT imaging [45]. Qualitative assessment included fracture
line, fracture margins, fracture gap, first appearance of callus, bridging of involved cortices
and fracture union based on bridging of at least % cortices. Quantitative assessment of CT
density changes (HU-Hounsfield units) in the fracture gap was performed in fractures
without metal hardware. The study demonstrated that the radiographic evaluation of
fracture line and edges was limited because of fixation hardware superimposition. They
demonstrated that CT images allowed for more complete and detailed visualization of
healing compared to CR. Krestan et al analyzed coronal and sagittal CT reconstructions and
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radiographs to determine bone healing using a semiquantitative approach (complete: bone
bridges with no gap; partial: some bone bridges with gaps between; and no bridging, no
osseous bridges) [69]. In 16/43 patients, MDCT altered the diagnosis initially made on digital
radiography: in eight patients (19%) digital radiographs underestimated the extent of bone
healing, whereas in another eight patients (19%) they overestimated the degree of fusion.
However, the methodology to assess the large amount of data afforded by CT has not been
clearly defined yet [70].

We hypothesized that the analysis of a subset of CT reformats could be sufficient
to provide a representative overview of the entire fracture. The current study aimed at
determining the best combinations of CT reformat numbers and planes that would provide
a reliable overview of non-united fractures in a series of patients with non-united surgically
treated femoral or tibial fractures.

7.2. Material and methods
7.2.1. Study population

Authorization of our institutional ethic committee for this retrospective study was
obtained and authorization from patients was waived. A search over a period of four years
was performed in our picture archiving and communication systems (PACS)(Carestream
Client version 11.3; Carestream Health, Rochester, NY, USA) by a fellow in musculoskeletal
radiology (VP) with 2 years of experience to select patients aged between 18 and 65 years
with a surgically treated tibial or femoral shaft fracture in whom CT had been performed
and in whom non-union was later demonstrated at surgery. Exclusion criteria were (a)
healed fractures, (b) fractures of less than 6 months, (c) non-united fractures that had been
treated with allo- or auto-grafts and (d) fractures with imaging or biological signs of
infections. Our study population consisted of 17 male and 12 female patients (mean +/-
standard deviation (SD): 44.44 years +/- 14.4; range 19-64 years). There were 29 cases of
non-unions in 12 nailed and four plated tibial fractures and in 12 nailed and one plated
femoral fractures. The mean time delay (+/-SD) between fracture occurrence and CT
examination was 595 days (+/- 482) (range: 180 - 1983 days). The mean (+/- SD) time delay
between the CT examination and surgery was 168 days (+/- 241) (range: 1 — 1063 days).
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7.2.2. Imaging protocols

All unenhanced CT examinations were performed on a 40-detector row CT scanner
(Somatom Definition AS; Siemens Healthcare, Forchheim, Germany), patients lying supine
with the feet first. Data acquisition was obtained over the entire fractured bone using the
following tube parameters: tube voltage, 120 kVp; reference tube current-time product,
275 mAs. Effective current time-product, 178-305 mAs by applying automated tube current
modulation (Care Dose 4D; Siemens Healthcare); detector configuration, 40X0.6 mm; pitch,
0.8; gantry rotation time, 1 s. CT images were reconstructed with a section width and
increment of 0.75 mm using standard bone (B70h) and soft tissue (B41s) deconvolution
kernels and feed-back retroprojection calculation. Field-of-view varied from 12x12cm to
20x20 cm. No iterative reconstruction algorithms were used. All reconstructions were
stored in our PACS.

Between January and March 2015, the same fellow obtained sagittal, coronal and
transverse reformats in a standardized manner as follows. For each case, the axial images
obtained with the bone deconvolution kernel were uploaded in the multiplanar
reconstruction software available in our PACS. A stack of nine 1.5 mm-thick reformats in
the sagittal, coronal and transverse planes were obtained according to anatomic landmarks.
For the coronal and sagittal planes, the first (#1) and last (#9) reformats were placed in
contiguity with the target bone which was only visible on reformats #2-8. For the transverse
plane, the first (#1) and last (#9) reformats were positioned above and below the fracture
level and fracture sites were visible only on reformats #2-8 (figure 1). The slice intergap
(mean+/- standard deviation) subsequent to the positioning of the stack of reformats in
order to include the entire fracture was 2.2 mm +/- 0.4 for the long axis reformats and
8.7mm+/-4.9 for the transverse reformats. A data manager anonymized all the stacks,
labelled them in a random order by using numericals and stored them in a dedicated
research PACS.
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Figure 1: (a) Coronal, (b) sagittal and (c) transverse CT reformats of a nailed non-united tibial
fracture in a 55-year-old man. Lateral (#2 and #8), paralateral (#3 and #7), paramedian (#4
and #6) and median (#5) CT reformats were obtained in the three orthogonal planes.

7.2.3. Image analysis
Between May and October 2016, the fellow in musculoskeletal radiology and a

musculoskeletal radiologist with 24 years of experience independently scored the CT
reformats on a PACS workstation with adapted window width and level values. Coronal,
sagittal and transverse CT reformats were analysed separately during three different
reading periods separated by a one-month interval. On each of the seven CT reformats #2
to #8, readers scored two fracture sites by using a Tomographic Union Score (TUS) based
on the callus appearance on the CT reformat. The TUS was derived from the previously
described Radiological Union Score (RUS) by Litrenta et al who scored fracture healing on
radiographs [50]. The score at the fracture edges was defined as follows: score 1: no callus;
score 2: discontinuous callus, score 3: continuous bridging immature callus; score 4:
continuous remodelled callus (figure 2).
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Figure 2: The Tomographic Union Score (TUS)- score 1: no callus (a); score 2: discontinuous
callus (b), score 3: continuous bridging immature callus (c); score 4: continuous remodelled
callus (d) as indicated in arrows.

On each CT reformat, two fracture sites had to be scored (one score for the anterior
and one for the posterior cortex on the sagittal reformats, one score for the medial and one
for the lateral cortex on the coronal reformat, two scores for the transverse reformat).
When several fracture sites were detected, the two least healed sites were scored. Scoring
was considered to be non-feasible when metal artifacts or metal hardware obscured the
fracture, when one of the fracture edges was not visible due to bone deformity or when the
fracture plane was not visible mainly when the orientation of the reformats was parallel to
that of the fracture (figures 3-4-5). For each case, a TUS* was derived from the scoring of
the seven sagittal reformats, a TUS® was derived from the seven coronal reformats and a
TUS™ was derived from the seven transverse reformats. TUS could range from 14 to 56
because 14 scores ranging from 1 to 4 were derived from the seven reformats and added.
In our study, the standard of reference for each fracture was the mean of TUS®?*, TUS®® and
TUS™.

In January 2017, the same two readers reviewed separately only the median
sagittal, coronal and transverse CT reformats without seeing the other reformats of the
same stack or of the other planes to assess intra-observer and inter-observer agreement in
scoring.
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Figure 3: (a) Median (#5) and paramedian (#4 and #6) coronal, (b) sagittal and (c) transverse
CT reformats of a nailed non-united tibial fracture. Numbers in brackets indicate scores
given by reader 1 / reader 2, respectively. The ratio between the sum of the scores and the
maximum score obtained on the three median reformats (9/24 for both readers) is equal to
that obtained on the two paramedian reformats (18/48 for both readers).
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Figure 4: (a) Median (#5) and paramedian (#4 and #6) coronal, (b) sagittal and (c) transverse
CT reformats of a nailed non-united tibial fracture. Numbers in brackets indicate scores
given by reader 1 / reader 2, respectively. The ratio between the sum of the scores and the
maximum score obtained on the three median reformats (9/16 for reader 1 and 8/16 for
reader 2) is very close to that obtained on the two paramedian reformats (22/48 for reader
1 and 20/48 for reader 2). Non feasible (NF) scores are noted on transverse reformats
because of metal artifacts.
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Figure 5: (a) Median (#5) and paramedian (#4 and #6) coronal, (b) sagittal and (c) transverse
CT reformats of a plated non-united tibial fracture. Numbers in brackets indicate scores
given by reader 1 / reader 2, respectively. The ratio between the sum of the scores and the
maximum score obtained on the three median reformats (5/20 for reader 1 and 6/20 for
reader 2) is very close to that obtained on the two paramedian reformats (10/36 for reader
1 and 12/36 for reader 2). Non feasible (NF) scores are noted on coronal and sagittal
reformats because of metal artifacts et metal hardware superimposition.

42



43



7.2.4. Statistical analysis
The rate of feasibility of the cortical scoring was determined for the two readers

on the three planes and differences in frequency of non-feasibility were compared between
the three planes. Intra- and inter-observer reproducibility of the cortical scoring of the
median CT reformats of the three planes was assessed by determining the intra-class
correlation coefficient (ICC) based on a two-way model after exclusion of the non-
assessable areas. Inter-observer agreement for TUS®, TUS® and TUS™ was assessed by
determining the intra-class correlation coefficient (ICC) based on a two-way model after
exclusion of the non-assessable areas for all slices obtained in each plane.

Thirty-three models including different combinations of one to seven reformats
and one to three planes were constructed (Table 1,2). The TUS calculated for each of these
models were compared with the TUS derived from the scoring of all reformats in the three
planes by calculating ICC and median difference in total score. Missing cortical scores were
calculated as the mean of the available scores from the same plane.

Finally, statistically significant differences in ICC between the models combining
one (#5), two (#4 and #6) or three (#4, #5 and #6) CT reformats obtained in the coronal and
sagittal planes with those combining either the transverse and sagittal or the transverse and
coronal planes were investigated following a resampling procedure based on 200 samples
of 14 patients randomly drawn from the whole series. A Wilcoxon signed rank test was
performed to compare differences between the models. A Bonferroni-type correction for
performing nine comparisons between models was applied and a p-value < 0.0056 was
regarded as statistically significant.
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7.3. Results

7.3.1. Feasibility and agreement of the scoring
The rate of feasibility of the scoring for reader 1/reader 2 was 85% / 85% for the

transverse reformats, 97%/100% for the coronal reformats and 98.5%/99% for the sagittal
reformats. Missing scores among the expected 1218 scores were due to presence of metal
artifacts (n=13 and 5 for reader 1 and 2), absence of one of the fracture edges on the
reformat (n=8 and 5 for reader 1 and 2) and non-visibility of the fracture (n= 49 and 52 for
reader 1 and 2). Missing scores were statistically significantly more frequent in the
transverse than in the coronal and sagittal planes (p<104).

The intra-observer reproducibility for the scoring performed on the median
reformat was moderate on the transverse plane (ICC:+0.54 [+0.24;+0.75]for R1 and +0.60
[+0.30;+0.79] for R2) and good on the coronal (ICC:+0.72 [+0.48;+0.86]for R1 and +0.62
[+0.28;+0.81]for R2) and sagittal plane (ICC:+0.76 [+0.60;+0.89] for R1 and +0.61
[+0.26;+0.81] for R2). The inter-observer reproducibility for the scoring performed on the
medial reformat was fair on the transverse plane (ICC:+0.33 [-0.02;+0.61]for R1 and +0.26
[-0.07;+0.55] for R2), moderate on the coronal plane (ICC:+0.46 [+0.12;+0.71]for R1 and
+0.27 [-0.06;+0.56] for R2)and good on the sagittal plane (ICC:+0.65 [+0.33;+0.82]for R1 and
+0.66 [+0.41;+0.83] for R2).

7.3.2. Reference TUS values and agreement

The TUS values of reference for each plane ranged from 23 to 26 with very good
inter-observer reproducibility in the transverse plane (ICC : 0.83 [+0.66;+0.91]) and good
inter-observer reproducibility in the sagittal (ICC:+0.72 [+0.38;+0.87] and coronal (+0.72
[+0.48;+0.86]) planes.

7.3.3. Comparison between tested models and reference TUS values
a. Models combining three planes

All tested models based on three planes had an ICC value equivalent or superior to
0.90 and difference in median values between -1.5 and +0.5 in comparison with the
standard of reference for both readers without any statistically significant difference in
value (Table 1,2).

b. Models combining two planes

Five of the nine tested models based on two planes had a ICC value equivalent or
superior to 0.90 and difference in median values between -1.5 and + 2.5 in comparison with
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the standard of reference for both readers without any statistically significant difference in
value (Table 1,2).

c. Models with one plane

Only four (reader 1) and one (reader 2) of the 21 models based on one plane had

a ICC value equivalent or superior to 0.90 and difference in median values between -1.0 and

+1.0 in comparison with the standard of reference without any statistically significant

difference in value (Table 1,2).

Table 1: Correlation coefficients (ICC) and median differences in score value between the

reference standard and 33 models combining different planes and image numbers for
reader 1. Numbers in [] are 95%Cl.

Three planes Two planes
Slice Tr, Co, Sa Co Sa Tr Co TrSa
number
#5 0.90 [0.80; 0.95] 0.91[0.81; 0.95] 0.81[0.64; 0.91] 0.80 [0.62; 0.90]
-1.5 [-4.0; +1.5] +0.5 [-1.5; +2.5] -1.0[-4.5; +2.5] -2.0[-6.0; +2.5]
H4H6 0.97 [0.93; 0.98] 0.97[0.93; 0.98] 0.94 [0.88; 0.97] 0.90 [0.81; 0.95]
-1.0[-2.5; +0.5] -0.5[-2.5; +1.0] -1.5[-3.5; +1.0] -1.5[-4.5; +0.5]
#4 #5#6 | 0.96 [0.91; 0.98] 0.96 [0.92; 0.98] 0.93 [0.85; 0.96] 0.89 [0.79; 0.95]
-1.5[-3.0; +0.5] -0.0 [-2.0; +1.5] -1.0[-3.5; +2.0] -2.0[-4.5; +1.0]
#3 #7 NA NA NA NA
#3 #5 #7 NA NA NA NA
#2 #4 #6 NA NA NA NA
#8
#2-#8 NA NA NA NA

Tr: transverse; Co: Coronal; Sa:Sagittal; #5: median CT reformat; #4 and# 6: paramedian CT reformats,
#3 and #7: paralateral CT reformats; #2 and #8 : lateral CT reformats; NA: not assessed.
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One plane

Slice Tr Co Sa
number
#5 0.57 [0.26; 0.77] , 0.83 [0.67; 0.92]
sol110408] | %73 {?3'55?'&856]] +0.0 [-4.0; 4.0]
#4#6 | 083[0.66,091] | .o 071003 | %8 [0.67;0.92]
3.006.0;+0.0 | 0o 2] -1.0 [-4.5; +3.5]
#4#5#6 | 0.79[0.61; 0.90] 083 [0.66;001] | O [0.70; 0.93]
+3.0[-6.0;+0.0] | 3.0, 43.0] -1.0 [-4.5; +3.0]
#3 #7 0.:317 éo[.724;(.);944; o 10.75:0.94] 0.8+50[g.[7;;g.ji]o]
o e +1.0 [+2.5;+4.5] i
H3H> #7 0'?03 5{?'276922] 0.86 [0.72;0.93] 0'8+70[g'[7_§;8'3§]5]
ST +0.5 [-3.0;+4.0] 22T
H2HAHE | ) 21 10.63;0.90] 0.87 [0.73;0.93] 0.90 [0.80;0.95]
#8 +2.5[-2.0,47.0) | [_2' 5ep 5 -1.0 [-4.5;+2.0]
#2-#8 | 0.90[0.80;0.95] 0.87 [0.74:0.94] 0.90 [0.79;0.95]
+1.0 [-2.0;+4.5] 0.0 [-2.5:42.5] -0.5 [-3.5;+2.0]

Tr: transverse; Co: Coronal; Sa:Sagittal; #5: median CT reformat; #4 and# 6: paramedian CT reformats,

#3 and #7: paralateral CT reformats; #2 and #8 : lateral CT reformats; NA: not assessed.
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Table 2: Correlation coefficients (ICC) and median differences in score value between the
reference standard and 33 models combining different planes and image numbers for
reader 2. Numbers in [] are 95%Cl. Numbers in [] are 95%Cl.

Three planes Two planes
Slice Tr, Co, Sa Co Sa Tr Co TrSa
number
#5 0.93 [0.86; 0.97] | 0.93[0.85;0.96] | 0.82[0.61;0.92] | 0.86[0.73; 0.93]
-1.5[-3.5; +1.0] +2.0 [-0.5; +4.5] | -5.0[-9.0; -2.0] -2.0[-4.5; +2.0]
HAH6 0.97 [0.94; 0.99] | 0.95[0.89;0.98] | 0.93[0.85;0.97] | 0.91[0.82; 0.96]
+0.5 [-1.0; +1.5] | +2.5[-0.0; +4.0] | -2.0[-4.0; +0.5] +0.5[-2.0; +3.5]
#4 #5 #6 0.98 [0.95; 0.99] | 0.96[0.91;0.98] | 0.93[0.81;0.97] | 0.91[0.82; 0.96]
-0.5 [-1.5; +1.0] +2.0 [+0.0; +3.5] | -3.0[-5.0; -0.5] +0.0 [-3.0; +3.0]
#3 #7 NA NA NA NA
#3 #5 #7 NA NA NA NA
#2 H#4 #6 #8 NA NA NA NA
#2-#8 NA NA NA NA

Tr: transverse; Co: Coronal; Sa:Sagittal; #5: median CT reformat; #4 and# 6: paramedian CT

reformats, #3 and #7: paralateral CT reformats; #2 and #8 : lateral CT reformats; NA: not assessed.
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One plane

Slice Tr Co Sa
number
#5 0.64[0.19; 0.84] 0.84 [0.68; 0.92] 0.73[0.48; 0.86]
-9.5 [-165; -4.5] -1.0 [-.05; +2.5] +5.0 [-0.0; +11]
#HAH6 0.75[0.51; 0.88] 0.88 [0.75; 0.94] 0.79[0.59; 0.90]
-4.0[-8.5; +0.5] +0.5 [-4.0; +2.5] +3.5[+0.0; +7.5]
#4 H5 #6 0.76 [0.44; 0.89] 0.89[0.78; 0.95] 0.80[0.59; 0.90]
-6.0 [-10.0; -2.0] +0.0 [-3.5; +2.0] +4.0 [+0.5;+8.5]
#3 H#7 0.80[0.62;0.90] 0.80[0.61;0.90] 0.76 [0.52;0.88]
-0.5[-5.5;+2.0] +1.0 [-4.0;+4.0] +4.0 [-0.0;+8.0]
#3 H5 #7 0.85[0.65;0.93] 0.86[0.72;0.93] 0.80[0.58;0.91]
-4.0 [-7.0;-0.5] -0.0 [-3.5;+3.0] +4.0 [+0.5;+8.5]
#2 #4 #6 #8 | 0.80[0.61;0.90] 0.89[0.77;0.95] 0.89[0.78;0.95]
-1.0 [-4.5;+2.5] -2.5[-5.5;+0.5] +3.0[+0.0;+6.0]
#2-#8 0.84 [0.69;0.92] 0.90 [0.81;0.95] 0.87[0.72;0.94]
-2.5[-6.0;+0.5] -1.0 [-4.5;+1.0] +3.5[+0.5;+6.0]

Tr: transverse; Co: Coronal; Sa:Sagittal; #5: median CT reformat; #4 and# 6: paramedian CT

reformats, #3 and #7: paralateral CT reformats; #2 and #8 : lateral CT reformats; NA: not assessed.

7.3.4. Comparison between best models
For both readers, the median differences in ICC were statistically significantly

closest to the reference standard with the models combining coronal and sagittal CT
reformats than those combining coronal and transverse, or sagittal and transverse CT
reformats (Table 3). The median differences in ICC were the lowest for the models that
combined the two paramedian reformats for the two readers (Table 3).
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Table 3: Comparison for the two readers of the performance of the models combining one
(#5), two (#4 and #6) or three (#4,#5 and #6) CT reformats obtained in the coronal and
sagittal planes with those combining either the transverse and sagittal or the transverse and

coronal planes.

Plane
combinations Reader 1 Reader 2
Median difference Median difference
CoSA* vs TrSa* P value in ICC [95%Cl] P value in 1ICC [95%ClI]
+0.104 +0.039
#H5** <104 [+0.101; +0.107] <104 [+0.037; +0.042]
+0.031 +0.039
#4 and #6** <104 [+0.030; +0.033] <104 [+0.038; +0.040]
+0.072 +0.051
#4, #5 and #6 <104 [+0.070;+0.073] <104 [+0.050;+0.052]
Median difference Median difference
CoSA* vs TrCo* P value in 1ICC [95%Cl] P value in 1ICC [95%Cl]
+0.095 +0.078
#H5** <104 [+0.092; +0.98] <104 [+0.076; +0.080]
+0.007 +0.020
#4 and #6** <104 [+0.006; +0.008] <104 [+0.019; +0.020]
+0.038 +0.031
#4, #5 and #6 <104 [+0.038;+0.039] <104 [+0.030; +0.032]

The median difference in ICC was statistically significantly closest to the reference standard with the
models combining the coronal and sagittal imaging planes and difference was the lowest for the
model combining the two paramedian reformats. * CoSa combines coronal and sagittal planes; TrSa
combines transverse and sagittal planes; TrCo combines transverse and coronal planes.**#5 is median
CT reformat; #4 and #6 are the two paramedian CT reformats.
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7.4. Discussion

Our study of 29 tibial and femoral non-unions by two readers identified three
important findings:

e Analysis of a large number of CT reformats is not mandatory to assess non-
united fractures.

e Scoring of transverse reformats is not mandatory if sagittal and coronal
reformats are scored.

e Two valuable alternatives to the scoring of all reformats were to score
either the median reformats of each plane (three reformats) or two
paramedian coronal and sagittal reformats (four reformats) .

First, we demonstrated that the scores derived from the analysis of the median
sagittal, coronal and transverse CT reformats or from the two paramedian sagittal and
coronal CT reformats had a very high correlation coefficient (> 0.90) with the scores
obtained at the analysis of all sagittal, coronal and transverse CT reformats. Most likely, the
scoring of all reformats from the three planes leads to data oversampling as the same
cortical areas are analyzed on the three stacks i.e. the fracture area located in the most
lateral segment of the diaphysis can be assessed on the most lateral sagittal CT reformat
and on the medial coronal CT reformat.

Second, we demonstrated that the scores derived only from a limited number of
sagittal and coronal CT reformats appeared to have a higher correlation coefficient with the
reference values than when the analyzed reformats were derived from the transverse CT
reformats and one of the two long-axis CT reformats. Actually, on the transverse reformats,
analysis of the transverse component of the fractures was more difficult due to partial
volume artifacts because cortical discontinuity is transverse. In addition, analysis of the
fracture sites was more often non feasible on short- than on long-axis reformats due to
more metal-related artifacts on transverse images.

Finally, the analysis of all reformats from only one plane provided results that
poorly correlated with the standard of reference. This observation could derive from the
complex and variable spatial orientation of cortical interruption in fractures that, depending
on their relation with the orientation of the plane may or may not be conspicuous on one
of the plane.
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Several difficulties interfered with the feasibility of the analysis including metal-
related artifacts, non-visibility of one of the fracture edges due to bone deformity on long-
axis images and limited conspicuity of the fracture line due to partial volume artifacts mainly
on transverse images. Although metal-related artifacts could have been reduced by using
specific post-processing software, their use could have induced some loss in spatial
resolution and they were not used in this study [71].

The results of the current study could pave the way to the use of digital
tomosynthesis (DTS) for semi-quantitative fracture healing evaluation. Tomographic
images obtained at DTS enable to detect non-displaced fractures and to evaluate the
healing process [41; 72-74]. The fact that DTS does not provide transverse tomographic
images due to the translational nature of X-ray source displacement and to its limited
multiplanar capabilities could therefore have limited implication in the evaluation of
fracture healing with DTS since short -axis images that are lacking at DTS seem to be of
limited interest.

Several limitations of the current study should be noted. First, a limited number of
patients were studied and we focused on surgically proven non-united tibial and femoral
shaft fractures. It is possible that focusing on delayed unions, we favored the inclusion of
fractures in which cortical discontinuity is transverse or transverse oblique. Actually, the
presence of a same cortical discontinuity orientated in a longitudinal plane instead of a
transverse plane would not have been included in the study as a longitudinal bone defect
does not have identical biomechanical implications as a transverse bone defect. Therefore,
the limited value of the transverse imaging plane could be inherent to our selected
population. Second, we used a semi-quantitative scoring system derived from a
radiographic scoring system that has been validated for the analysis of fracture healing on
antero-posterior and lateral radiographs [50]. The current study did not assess the value of
this tomographic scoring system and did not compare it with results obtained on
radiographs of the same lesion. Third, the reproducibility of the score calculated on a single
reformat was fair to moderate whereas it was good to very good when numerous reformats
were assessed indicating that the analysis of one reformat may be influenced by that of the
adjacent reformats. Finally, readers were not blinded to the planes of the reformats during
their analysis.

In conclusion, the current study performed in a series of tibial and femoral shaft
non-unions demonstrated that the analysis of the median coronal, sagittal and transverse
CT reformats or of the two paramedian sagittal and coronal CT reformats was a valuable
alternative to the analysis of a large number of CT reformats obtained in the three
orthogonal planes. The observation that short-axis reformats were not mandatory could
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pave the way to the use of DTS - that only provides long-axis reformats- to semi-
quantitatively evaluate the healing process of long bone fractures.
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8.  Partlll: Semi-quantitative assessment of nailed shaft fractures using computed
tomography: comparison with radiographic and clinical scores during normal

healing.

8.1. Introduction

Assessment of fracture healing remains challenging in orthopedic practice.
Surgeons agree on the fact that the assessment of healing requires both radiographic and
clinical information. In a survey of 444 orthopedic surgeons, Bhandari et al. demonstrated
a lack of consensus regarding the value of clinical and radiologic criteria to assess healing
[18; 21] . Since 2008, several authors reported the value of a Radiographic Union Score
(RUS) that enables more reproducible evaluation of fracture healing in tibial (RUST), femoral
(RUSH) and humeral fractures (RUSHU)[49; 50; 57; 60-62; 75; 76].

Conventional radiography is the primary imaging modality to assess fracture
healing, but its value for objective quantification of bone healing is limited [31; 32] partially
due to overlapping structures (eg, bones, metal hardware, cast). Multi-detector Computed
Tomography (MDCT) overcomes the radiographic limitations due to overlapping structures,
and enables a more sensitive detection of callus formation and of cortical continuity [22;
68] at the cost of an additional imaging examination with higher cost and radiation burden
[34; 45]. A tomographic union score (TUS) has been proposed to semi-quantitatively assess
fracture healing according to the callus-based RUS score [50]. We aimed at determining the
feasibility, reproducibility and repeatability of the TUS in nailed tibial and femoral fractures
and at comparing TUS with RUS and a clinical score. The current prospective study included
patients with tibial or femoral nailed fractures that normally healed at nine months follow-
up and in whom CT was obtained for the study purpose at the same moment as a routine
radiographic examination.

54



8.2. Material and Method

Authorization of the institutional ethic committee for this prospective study and
written authorizations from patients were obtained. Between January 2015 and December
2016, recruitment was performed by a musculo-skeletal radiologist with 4 years of clinical
experience (VP) when she was reading follow-up radiographs at the orthopaedic
consultation. Eligibility criteria were (a) age between 18 and 75 years, (b) nailed tibial or
femoral fracture and (c) less than seven months of fracture age. Patients with fractures that
had been treated with allo- or auto-grafts, with imaging or biological signs of infections or
pathological fractures were not eligible. Pregnant women or women in a reproductive age
not using a contraceptive method were not considered for inclusion. The radiologist met
eligible patients and asked them to participate to our study by answering a clinical
questionnaire, undergoing a CT examination of the fracture and authorizing the radiologist
to assess healing at nine months follow-up by consulting their medical files. Before
performing the CT examination, eligible patients filled in a clinical questionnaire (Fix-it
score) which assesses the ability to bear weight (maximum 6 points) and importance of pain
at the fracture site (maximum 6 points). The maximum score of 12 indicates normal function
and absence of pain of the limb [77]. The radiographic and CT examinations and the clinical
score were obtained on the same day. Criterion for definite inclusion was the
demonstration of clinical and radiological healing at nine months follow-up according to
medical files. Study participants who showed non-union at nine months follow-up were
excluded. Lack of Fix-it score completion was not an exclusion criterion.

8.2.1. Imaging protocols

All unenhanced CT examinations were performed on a 40-detector row CT scanner
(Somatom Definition AS; Siemens Healthcare, Forchheim, Germany), patients lying supine
with the feet first. Data acquisition was obtained over the entire fractured bone using the
following tube parameters: tube voltage, 120 kVp; reference tube current-time product,
275 mAs. Effective current time-product, 178-305 mAs by applying automated tube current
modulation (Care Dose 4D; Siemens Healthcare); detector configuration, 40X0.6 mm; pitch,
0.8; gantry rotation time, 1 s. The CT raw data were reconstructed by using a conventional
feed-back retro-projection algorithm. The following image reconstruction parameters were
used: field-of-view, 12X12 cm to 20X20 cm; section/thickness increment, 0.75/.075 mm;
soft tissue (B41s) and bone (B70h) convolution kernels. All reconstructions were stored in
our PACS. Between January and March 2018, the recruiting radiologist reformatted nine
sagittal and nine coronal CT images from the CT data obtained by using the bone
convolution kernel. Each stack of reformats contained nine 1.5 mm-thick reformats with
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variable slice intergap depending on the bone diameter. The first (image #1) and last (image
#9) reformats were placed in contiguity with the target bone which was only depicted on
reformats (images #2-#8). A data manager anonymized all the stacks in a random order per
plane and stored them in a dedicated research PACS (Carestream Client version 11.3;
Carestream Health, Rochester, NY, USA). For each fracture, one A-P radiograph and one
lateral radiograph were available for reading.

8.2.2. Image analysis

In June 2018, the recruiting radiologist (R2:VP) and two independent
musculoskeletal radiologists (R1: BV, R3: FL) with 28 and 23 years of experience analysed
the sagittal and coronal CT reformats on a PACS workstation with adapted window width
and level values. R1 and R2 had already performed semi-quantitative assessment of
fractures in previous studies; R3 had no previous experience and a 1-hour training session
was performed before reading by using radiographs and CT of fracture cases that were not
included in the study. Readers, blinded to radiographic and clinical data analysed separately
the coronal and sagittal CT reformats at one month time interval. The readers scored the
fracture edges seen on the two para-median (images #4 and #6) sagittal and the two
paramedian coronal CT reformats by using a Tomographic Union Score (TUS) based on the
callus appearance [78] . The cortical score was defined as follows: score 1: no callus; score
2: discontinuous callus; score 3: continuous bridging immature callus; score 4: continuous
remodelled callus (Figures 1,2). On the four analysed CT reformats, two fracture sites had
to be scored (one score for the anterior and one for the posterior cortex on the sagittal
reformats, one score for the medial and one for the lateral cortex on the coronal reformat).
When several fracture sites were detected, the least healed site was scored. Cortical scoring
was considered to be non-feasible when metal artefacts obscured the fracture or when the
reformat plane was identical to that of the fracture that was no more visible. The TUS was
the half of the sum of the four cortical scores obtained on the sagittal reformats and of the
four cortical scores obtained on the coronal reformats. The TUS ranged from four to 16. TUS
was considered to be feasible when at least one cortical score per area (anterior and
posterior areas on the sagittal reformats and medial and lateral areas on the coronal
reformats) in at least three of the four areas was available.

Two months later, all readers separately scored each set of radiographs on PACS
workstations by using the RUS (Radiographic Union Score) (Figures 1,2). Four cortical
segments had to be scored (one anterior and one posterior on the lateral radiograph and
one medial and one lateral on the antero-posterior radiograph). If the cortical segment was
visible, cortical scoring was performed by using the same score as described above. If the
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cortical segment was not visible, scoring was considered to be not feasible and the reader
had to select at least one of the three following explanations: (a) superimposed metal
hardware, (b) superimposed adjacent bone, (c) another reason such as blurring of the
radiograph or inadequate exposure. For each set of radiographs, the RUS was calculated by
adding the four cortical scores. The RUS ranged from four to 16. In fractures in which three
cortical scores only were available the cortical score of the not assessable segment was
calculated as the mean of the three other scores and the corresponding RUS was calculated.
In fractures in which less than three cortical scores were available, RUS was not calculated
and considered to be non-feasible. A second reading of all radiographs and CT examinations
were performed by R1 and R2 six months later without knowledge of the results of their
initial readings.

Figure 1: Left tibial fracture in a 50-year-old man 57 days after fracture. (a,b) Antero-
posterior and lateral radiographs demonstrated discontinuous callus (black arrow; score 2)
at medial and posterior fracture edges and no callus (white arrow; score 1) at lateral and
anterior fracture edges. RUS was 6. (c,d) Paramedian coronal and (e,f) sagittal CT reformats
demonstrated discontinuous callus (black arrow; score 2) and no callus (white arrow; score
1). TUS was 6,5. RUS and TUS are not statistically significantly different in early healing.
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Figure 2 : Left tibial fracture in a 46-year-old woman 121 days after fracture. (a,b) Antero-
posterior and lateral radiographs demonstrated continuous remodelled callus (black
arrowhead; score 4) at medial and lateral fracture edges and immature continuous callus
(black arrow; score 3) at anterior and lateral fracture edges. RUS was 14. (c,d) Paramedian
coronal and (e,f) sagittal CT reformats demonstrated no callus (white arrow; score 1 ),
discontinuous callus (black arrow; score 2 ), continuous immature callus (white arrowhead;
score 3 ) and continuous remodelled callus (black arrowhead; score 4 ). TUS was 8. In
advanced healing, TUS is statistically significantly lower than RUS.

8.2.3. Statistical analysis
Intra-observer and inter-observer agreement on RUS and TUS scores were

assessed using the Intraclass Correlation Coefficient (ICC) and its associated 95% confidence
interval [79]. Strength of agreement was interpreted as follows: < 0.20 = poor, 0.21-0.40 =
fair, 0.41-0.60 = moderate, 0.61-0.80 = good and > 0.81 = very good [51]. Kendall rank
correlation coefficient was used to assess statistical associations between TUS score
and RUS score, FIX-it score, type of bone, patient age, sex and fracture age. Strength
of association was interpreted as follows: strong (t, 2 0.9), substantial (0.7 <t,< 0.9),
moderate (0.5 < t, < 0.7) or weak (t, < 0.5)[80]. Finally, potential differences between RUS
and TUS scores were assessed according to different threshold values of RUS score, fracture
age (< 3 months and > 3 months), FIX-it score (< 7 and > 6) and type of bone (femur and
tibia) using boxplots and non-parametric Wilcoxon signed ranks test. A p-value < 0.05 was
regarded as statistically significant [81] . Statsdirect software
(https://www.statsdirect.com) was used for the statistical analysis.
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8.3. Results

8.3.1. Study population

Radiographs and CT examinations were obtained in 28 patients with tibial or
femoral nailed fractures at a delay between one and seven months after fracture. Four
patients (two tibial and two femoral fractures) showed non-union at nine months follow-up
and were excluded from the study. The study population consisted of 24 study participants
(17 men and seven women; median age (95%Cl)): 47,5 y.o. (95% Cl : 33-54)) with 19 nailed
tibial and five femoral fractures. The mean time delay (+/-SD) between fracture occurrence
and CT examination was 109 days (+/- 57, range: 42-204 days). There were twelve 42-A,
four 42-B, three 42-C tibial fractures and two 32-A, two 32-B and one 32-C femoral fractures
according to the AO classification [82]. Eighteen study participants answered the Fix-it
questionnaire.

8.3.2. Feasibility and agreement of semi-quantitative scores

The rate of feasibility of cortical scoring was 99% (95/96) for all readers on
radiographs and 100% (192/192), 99% (190/192) and 99.5% (191/191) for R1, R2 and R3
respectively on CT reformats. RUS and TUS were feasible in all cases for all readers. Intra-
and inter-observer agreement was very good for RUS and TUS (table 1).

Table 1: Intra and inter-observer agreement of TUS and RUS

Agreement TUS RUS
Intra-observer ICC for R1 0,90 0,94
[0,77-0,95] [0,87-0,98]
Intra-observer ICC for R2 0,91 0,97
[0,70-0,97] [0,94-0,99]
Inter-observer ICC (R1, R2, R3) 0.89 0.83
[0.76- 0.95] [0.57-0.93]
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8.3.3. Correlations between scores and clinical parameters

Imaging (RUS, TUS) and clinical (Fix-it) scores did not statistically significantly
correlated with sex, patient age or type of bone. Correlation between RUS and fracture age
was moderate for all readers (p=0.0002 for R1 and R2 and p=0.0005 for R3). Correlation
between TUS and fracture age was weak for R1 (p=0.001) and moderate for R2 and R3
(p=0.0007 and p=0.0004 respectively) (table 2). FIX-it score moderately correlated with
fracture age (p = 0.0003).

TUS substantially correlated with RUS (p<0.0001 for all readers). For R1 and R3,
RUS and TUS moderately correlated with FIX-it scores (p=0.0002 for TUS/R1, p=0.0003 for
RUS/R1, p=0.0004 for TUS/R3, p=0.002 for RUS/R3). For R2, RUS and TUS correlated
moderately (p=0.0003) and substantially (p<0.0001) with FIX-it scores (table 2).

60



Table 2: Correlations between TUS, RUS and clinical parameters

[NS for non- significant correlation. When significant correlation, the Kendall’s tau b value
(95% Cl) shows the strength of the association between variables. (* p<0,05, **p<0,001,
**%p<0,0001)]

TUSR1 RUSR1 |TUSR2 RUSR2 TUSR3 RUS R3

Sex NS NS NS NS NS NS
Patient NS NS NS NS NS NS
age

Fracture |b:0,46 |b:0,55 |b:0,51 b:055 |:052 |p:0,51
age
(0,21- (0,38- (0,31- (0,37-  [0,28- (0,32-0,71)**
0,71)*  [0,72)*  |0,71)** 0,73)**  [0,72)**

Type of NS NS NS NS NS NS
bone
Fix-it b:0,64 b:0,63 b :0,69 b :0,63 b:0,62 b:0,53
score
(0,41- (0,42- (0,51- (0,43- (0,35- (0,04-0,74)*

0,87)** [0,83)** |0,88)** 0,84)**  [0,80)**

RUS b:0,73 NA b:0,76 NA b:0,67 |NA
(0,54- (0,59-0,93) (0,22-
0,91) 0,84)%**

k% ok

k% k

8.3.4. Comparison between RUS and TUS according to different parameters

In fractures with RUS < 8, TUS was not statistically significantly different from RUS
(figure 3). In fractures with RUS>8 or >9, TUS was statistically significantly lower than RUS
for R2 and R3 but not for R1 (Figure 3). In fractures with RUS >10, TUS was statistically
significantly lower than RUS for all readers (figure 3). TUS was statistically significantly lower
than RUS for R2 and R3 but not for R1 in patients with Fix-it scores > 6 (figure 4) and in
patients with fracture age > 3 months (figure 5).
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Figure 3: Comparison between RUS and TUS according to different RUS threshold values.
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8.4. Discussion

Our study of 24 nailed tibial and femoral shaft fractures with normal healing
and three readers identified three important findings:

e Semi-quantitative assessment of fractures with normal healing is
feasible and reproducible.

e TUS and RUS correlated with clinical score at least moderately.

e Inlater phases of healing, TUS was statistically significantly lower than
RUS.

First, we demonstrated that semi-quantitative CT assessment of fracture healing
by using a callus-based scoring system was feasible and reproducible among three separate
readers, including one reader without previous experience in fracture scoring.

Second, the clinical score and the two imaging scores obtained in the current study
of fractures with normal healing statistically significantly positively correlated with fracture
age indicating that they enable to assess the normal healing process. The fact that TUS and
RUS only moderately correlated with the Fix-it score is in line with the general agreement
that both clinical and imaging data are necessary to assess fracture healing. A perfect
correlation between imaging and clinical data would have questioned their complementary
value.

Finally, TUS substantially correlated with RUS in the entire population, but
correlations differed when stratification was applied according to radiological score, clinical
score and fracture age. Actually, TUS was statistically significantly lower than RUS in
fractures with important callus formation (high RUS), with high clinical score (almost healed
fracture), and with fracture age >3 months. This observation most likely derived from the
fact that CT reformats better delineate the osseous architecture to a very fine degree, and
occasionally depict cortical discontinuity not seen on the x-ray thus downgrading a
radiological score of three (continuous cortex) to two (discontinuous cortex). On the
contrary, in patients with low RUS value, indicating limited callus formation without cortical
continuity, TUS was higher than RUS, but this difference was not statistically significant,
most likely partially due to the limited number of cases. Grigoryan et al. found that early
manifestations of healing, including blurring of fracture margins and formation of external
callus, were observed earlier with CT scan than with radiographs [45]. Compared to
radiography, CT overcomes the problem of potentially overlapping structures and enables
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a more sensitive detection of callus formation, therefore upgrading a radiological score of
1 (no callus) to 2 (presence of callus).

Most previous quantitative CT evaluations of fracture healing were based on callus
density or volume. Grigoryan et al [45] performed a quantitative assessment of CT density
changes (HU) in the fracture gap (medullary callus) in fractures without metal hardware
with good reproducibility and a statistically significant correlation to qualitative changes.
Callus density cannot be reliably determined in metalized fractures due to metal-related
artifacts. In addition, callus volume has been shown to be non-relevant with respect to
fracture healing as it can be important despite persistent cortical discontinuity as in
hypertrophic pseudarthrosis. TUS was based on callus presence and callus continuity which
most closely correlates with the biomechanical value of the callus [83; 84]. Experimental
studies comparing TUS with CT volumetry and histopathological findings would be useful in
order to validate the current semi-quantitative evaluation.

In the current study, nailed tibial and femoral shaft fractures that healed normally
were investigated by using radiographs and CT at different time delays after fracture to
evaluate bone changes that develop during normal healing. Further studies should be
performed to assess clinical situations in which CT may contribute to the better assessment
of fracture healing when healing is not reached within accepted time delays. By using a
qualitative approach to analyze CT data (complete healing: bone bridges with no gap; partial
healing: some bone bridges with gaps between; and no bridging, no osseous bridges),
Krestan et al [69] showed that MDCT altered the radiographic diagnosis by demonstrating
different degree of fracture healing than radiographs in 37% of cases in a series of 43
fractures. Our results suggest that CT is unlikely to add important information in atrophic
delayed or non-united fractures and is more likely to contribute to a better assessment of
fracture when hypertrophic non-union is suspected on radiographs.

Several limitations to the current study should be noted. First, only a limited
number of patients agreed upon participating to our study and our patient series was not
consecutive. Therefore, recruitment bias could have occurred as more symptomatic
patients could have been more inclined to participate in our study. Nonetheless, clinical and
radiological follow-up was obtained to include only patients with definite normal healing
process and four patients in whom healing was not obtained at nine months follow-up were
excluded. Second, readers analyzed only two sagittal and two coronal CT reformats per
fracture as a CT study performed in non-united fractures had demonstrated that analysis of
transverse reformats or of more than four longitudinal reformats was not mandatory [78].
We acknowledge that it has not been demonstrated that this alternative method could also
be applied to fractures during normal healing. Finally, there is no histological evidence that
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cortical discontinuity or continuity as seen on CT imaging actually correspond to continuous
callus at histology or at micro-CT imaging.

In conclusion, semi-quantitative CT assessment of fracture healing using a callus-
based score was feasible and reproducible in nailed shaft fractures and correlated positively
with fracture age. TUS yielded lower values than RUS in advanced healing suggesting that
more callus discontinuity is visible on CT than on radiographs.

66



9.  Part IV: Semi-quantitative CT assessment of tibial and femoral non-united
fractures: Comparison with semi-quantitative radiographic assessment

9.1. Introduction

Fractured bones have a tremendous potential for repair and regeneration to
restore osseous continuity and function. Non-union occurs in about 10% of fractures, mostly
in long bone shafts [8; 10; 11]. Radiographs contribute to the diagnosis of abnormal healing
[18] by depicting persistent fracture lines, absence of bony bridging, lack of progressive
healing on serial radiographs, progressive deformity and the presence of loose or broken
implants [30]. To overcome the poor contributive value of overall evaluation of radiographs,
a semi-quantitative assessment of radiographs by using a radiographic union score (RUS)
has recently been developed and was proven to increase the reproducibility and accuracy
in the assessment of abnormal fracture healing on radiographs [49; 57; 60-62; 75; 76].

Computed tomography (CT) can be used as a second-line imaging modality when
clinical or radiographic information are not conclusive. By using a qualitative approach to
analyze CT data (complete healing: bone bridges with no gap; partial healing: some bone
bridges with gaps between; and no bridging, no osseous bridges), Krestan et al [69] showed
that CT altered the radiographic diagnosis by demonstrating different degree of fracture
healing than radiographs in 37% of cases in a series of 43 fractures. However, the value of
CT remains debated [70]. A retrospective study of 32 non-unions [70] demonstrated that
the interobserver reliability of MDCT scan is not greater than conventional radiographs for
determining non-union indicating the need for a more rigorous analysis of CT images. In the
current retrospective study, we aimed at comparing semi-quantitative CT and radiographic
callus-based scores in a series of surgically proven tibial and femoral non-unions in which
radiographs and CT examinations had been obtained for clinical purpose.

9.2. Material and Method

9.2.1. Study population
Authorization of the institutional ethic committee for this retrospective study was

obtained and authorization from patients was waived. A search over a period of four years
was performed in our picture archiving and communication systems (PACS)(Carestream
Client version 11.3; Carestream Health, Rochester, NY, USA) by a musculoskeletal
radiologist (VP) with 4 years of experience to select patients. Inclusion criteria were (a)
patients aged between 18 and 65 years, (b) nailed tibial or femoral fracture without healing
more than five months after fracture, (c) availability of CT and radiographic examinations of
the fracture bone obtained within 30 days of delay and more than five months after
fracture, (d) subsequent surgical demonstration of abnormal healing. Patients with
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fractures that had been treated with allo- or auto-grafts, with imaging or biological signs of
infections or pathological fractures were not eligible. Pregnant women or women in a
reproductive age not using a contraceptive method were not considered for inclusion. The
study population consisted of 23 patients (14 men and 9 women; median age (95%Cl)): 49
y.0. (95% Cl: 28-56)) with 12 nailed tibial and 11 femoral fractures. The mean time delay (+/-
SD) between fracture occurrence and CT examination was 565 days (+/- 519, range: 180-
1983). CT examinations were obtained at a mean time delay after radiographs of seven +/-
10 days (range:0-30 days; median delay: 0 days). Surgery was performed at a mean +/-SD
delay of 178 +/- 171 days after CT performance (range: 2-451 days; median: 96 days).

9.2.2. Imaging protocols

All unenhanced CT examinations were performed on a 40-detector row CT scanner
(Somatom Definition AS; Siemens Healthcare, Forchheim, Germany), patients lying supine
with the feet first. Data acquisition was obtained over the entire fractured bone using the
following tube parameters: tube voltage, 120 kVp; reference tube current-time product,
275 mAs. Effective current time-product, 178-305 mAs by applying automated tube current
modulation (Care Dose 4D; Siemens Healthcare); detector configuration, 40X0.6 mm; pitch,
0.8; gantry rotation time, 1 s. The CT raw data were reconstructed by using a conventional
Feed-back retro-projection algorithm. The following image reconstruction parameters
were used: field-of-view, 12X12 cm to 20X20 cm; section/thickness increment, 0.75/.075
mm; soft tissue (B41s) and bone (B70h) convolution kernels. All reconstructions were
stored in our PACS. Between January and March 2018, we obtained sagittal and coronal
reformats in a standardized manner. In our previous study (part 2 [78]) we demonstrated
that short-axis reformats were not mandatory if the long-axis reformats were scored. We
therefore only used data from sagittal and coronal reformats. Each stack of reformats
contained nine 1.5 mm-thick reformats with variable slice intergap depending on the extent
of the fracture. The first (#1) and last (#9) reformats were placed in contiguity with the
target bone which was only depicted on reformats #2-8. A data manager anonymized all
the stacks in a random order per imaging plane and stored them in a dedicated research
PACS (Carestream Client version 11.3; Carestream Health, Rochester, NY, USA). For each
fracture, one A-P radiograph and one lateral radiograph was available for reading.
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9.2.3. Image analysis
In June 2018, two musculoskeletal radiologists with 24 (BV-readerl) and four (VP-

reader 2) years of experience independently scored the CT reformats on a PACS workstation
with adapted window width and level values. Coronal and sagittal CT reformats of each
fracture were read separately in a random order. The readers scored the two para-median
sagittal and coronal CT reformats according to a previously described method (part 2 [78]).
The other reformats of the same plane but not of the other planes were available while
scoring. Readers scored each cortical fracture site by using a Tomographic Union Score
(TUS). In July 2018, the same readers separately scored each set of radiographs on PACS
workstations using RUS (Radiographic Union Score).

On radiographs, readers scored the four cortical segments of the fracture at which
the X-ray beam was tangent on the medial, lateral, anterior and posterior cortices. If the
cortical segment with fracture was visible, cortical scoring was performed as follows score
1: no callus; score 2: discontinuous callus, score 3: continuous bridging immature callus;
score 4: continuous remodelled callus (Figures 1,2). If the cortical segment was not visible,
the reader had to select at least one of the three following explanations for non-feasibility:
(a) superimposed metal hardware, (b) superimposed adjacent bone, (c) another reason
such as blurring of the radiograph or inadequate exposure. For each set of radiographs, the
RUS was calculated by adding all four cortical scores. The RUS ranged from four to 16. In
fractures in which three cortical scores only were available due to lack of visibility of one
cortical segment, the cortical score of the not assessable segment was calculated as the
mean of the three other scores and the corresponding RUS was calculated. In fractures in
which less than three cortical scores were available, RUS was considered to be non-feasible.

On CT reformats, readers scored each cortical fracture site by using a Tomographic
Union Score (TUS) based on the callus appearance as previously described [78]. The cortical
score was defined as follows: score 1: no callus; score 2: discontinuous callus; score 3:
continuous bridging by immature callus; score 4: continuous remodelled callus (Figure 1,2).
On each CT reformat, two fracture sites had to be scored (one score for the anterior and
one for the posterior cortex on the two sagittal reformats, one score for the medial and one
for the lateral cortex on the two coronal reformat). When several fracture sites were
detected, the least healed site was scored. Cortical scoring was considered to be non-
feasible when metal artefacts obscured the fracture or when the fracture plane was parallel
to that of the reformat. The TUS was the half of the sum of the 4 cortical scores obtained
on the two sagittal reformats and of the four cortical scores obtained on the two coronal
reformats. TUS was considered to be feasible when at least one cortical score per area
(anterior, posterior for sagittal and medial, lateral for coronal reformats) in at least three of
the four areas was available.
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Figure 1: Paramedian (#4 and #6) coronal (a,b), sagittal (c,d) CT reformats and AP and lateral
radiographs (e,f) of a nailed tibial non-union with low RUS. The score-ratio between the sum
of the cortical scores and the maximum score obtained on the CT reformats (11/32) is equal
to that obtained on the x-rays (5/16).

Figure 2: Paramedian (#4 and #6) coronal (a,b), sagittal (c,d) CT reformats and AP and lateral
radiographs (e,f) of a nailed tibial non-union with high RUS. The score-ratio between the
sum of the cortical scores and the maximum score obtained on the CT reformats (11/36) is
lower than that obtained on the x-rays (10/16).
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9.2.4. Statistical analysis
Intra-observer and inter-observer agreement on RUS & TUS scores were assessed

using the Intraclass Correlation Coefficient (ICC) and its associated 95% confidence interval
[79]. Strength of agreement was interpreted as follows: <0.20 = poor, 0.21-0.40 = fair, 0.41-
0.60 = moderate, 0.61-0.80 = good and > 0.81 = very good [51]. Kendall rank correlation
coefficient was used to assess statistical associations between TUS score and RUS score,
type of bone (femur vs tibia), patient age, sex and fracture age. Strength of association was
interpreted as follows: strong (t, > 0.9), substantial (0.7 < t, < 0.9), moderate (0.5 < t, <0.7)
or weak (tp, < 0.5) [80]. Finally, potential differences between RUS and TUS scores were
assessed according to different threshold values of RUS score and the type of bone using
boxplots and non-parametric Wilcoxon signed ranks test. A p-value < 0.05 was regarded as
statistically significant [81]. Statsdirect software (https://www.statsdirect.com) was used
for the statistical analysis.

71



9.3. Results

9.3.1. Feasibility, agreement and mean score values

The rate of feasibility of cortical scoring was 99% (91/92) for both readers on
radiographs and 100% (184/184) for both readers on CT reformats. RUS and TUS were
feasible in all cases. Intra- and inter-observer agreement was good for RUS and TUS (table
1).

Table 1: Intra and inter-observer agreement (ICC) of TUS and RUS

Agreement TUS RUS
Intra-observer ICC R1 0,75 0,76
[0,25-0,91] [0,51-0,89]
Intra-observer ICC R2 0,73 0,78
[0,47 -0,87] [0,54 -0,90]
Inter-observer ICC (R1,R2) 0,70 0,72
[0,43-0,86] [0,44-0,87]

The mean value(+/-SD) for TUS was 7.1(+/-1.7) for R1 and 6.8(+/-1.5) for R2.

The mean value(+/-SD) for RUS was 8(+/-1.9) for R1 and 8.1(+/-2.2) for R2.

9.3.2. Correlations between imaging scores and clinical parameters.

TUS fairly correlated with RUS (p=0.003 for R1 and p=0.004 for R2). For R1, TUS
only weakly correlated with bone type (p= 0.007). There was no statistically significant
correlation between imaging scores and patient age, sex and fracture age for R1. For R2,
TUS weakly correlated with bone type (p=0.02) and fracture age (p=0.04) and RUS weakly
correlated with patient age (p=0.01) (table 2).
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Table 2: Correlations between TUS, RUS and clinical parameters

[NS for non- significant correlation. When significant correlation, the Kendall’s tau b value
(95% Cl) shows the strength of the association between variables.(* p<0,05, **p<0,001,

**%p<0,0001)]

(0,15-0,67)*

(0,03-0,70)*

TUSR1 RUS R1 TUS R2 RUS R2
Sex NS NS NS NS
Bone type b: 0,41 NS b: 0,35 NS
(-0,02-0,66)* (-0,14-0,60)*
Patient age NS NS NS b:-0,37
(-0,61- -0,06)*
Fracture age NS NS b: 0,30 NS
(0,12-0,55)*
RUS b: 0,45 b:0,43

9.3.3. Comparison between RUS and TUS according to different parameters

In fractures with RUS < 8, TUS was not statistically significantly different from RUS
(figure 3). In fractures with RUS 28, TUS was statistically significantly lower than RUS for R1

and R2 (figure 4). In tibial but not in femoral fractures, TUS was statistically significantly
lower than RUS for R1 and R2 (p<107?).
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Figure 3: Comparison between RUS and TUS according to different low RUS values
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Figure 4: Comparison between RUS and TUS according to different high RUS values
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9.4. Discussion

Our study of 23 nailed tibial and femoral non-unions by two readers identified three
important findings:

e TUS and RUS are feasible and reproducible imaging scores to assess nailed
fractures with abnormal healing.

e TUS only fairly correlated with RUS.

e TUS was statistically significantly lower than RUS in hypertrophic but not in
atrophic non-unions.

First, we demonstrated that semi-quantitative assessment of callus was feasible
and reproducible on CT reformats. Previous studies showed that the callus-based scoring of
radiographs by using RUS was reliable with substantial agreement among surgeons and
radiologists for semi-quantitative analysis of fractures [49; 57; 60-62; 75; 76] and to
determine union [49; 61]. To the best of our knowledge, this is the first study to evaluate
semi-quantitative CT scores in a cohort of patients with non-united shaft fractures. A more
quantitative CT evaluation of fracture healing based on callus absorptiometry (mineralized
callus volume and total callus volume) and callus volume measurements could not have
been performed as in animal models [84-86]. In a unique study comparing RUS and micro-
CT quantitative parameters in guinea pig femoral fractures stabilized by a radiolucent
polyetheretherketone non-locking plate, Fiset et al demonstrated that RUS statistically
significantly correlated with micro-CT parameters and with biomechanical parameters
indicative of fracture healing [87]. In humans, Grigoryan et al [45] demonstrated that
quantitative assessment of CT density changes in medullary cavity of fractures without
metal hardware statistically significantly correlated with qualitative changes. In our study,
metal artifacts associated with nails precluded the use of CT density measurements in
callus. Rather than callus volume, it could be its continuity and density that most closely
correlates with its biomechanical value [83; 84]. The potential of the TUS, a callus-based
score integrating callus presence and continuity should be assessed in experimental studies
comparing TUS with CT and biomechanical quantitative parameters.

Second, we demonstrated that TUS did not replicate RUS and only weakly
correlated with RUS. Limitations of radiographs in the assessment of fracture healing have
consistently been reported [21; 32; 46; 88]. CT was reported to show 100% sensitivity but
limited specificity for detecting nonunion with high inter-observer agreement among
readers [34]. CT delineates the osseous architecture to a very fine degree, and it can
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occasionally depict clefts in bone that are of uncertain clinical importance. This limitation
to CT may partially explain the weak correlation between RUS and TUS with a trend to lower
values for TUS than for TUS that did not reach statistical significance in our limited series.

Finally, comparison between RUS and TUS differed according to RUS values.
Actually, TUS was statistically significantly lower than RUS in patients with RUS>8 only and
not in patients with RUS < 8. Actually, fracture non-union is broadly divided into
hypertrophic non-union (with exuberant callus formation) or atrophic non-union (no callus
and bone resorption) [12]. In cases with important callus formation (high RUS), suggesting
hypertrophic non-union, CT tended to underestimate the degree of healing in comparison
to radiographs. Compared to radiography, CT overcomes the problem of potentially
overlapping structures, visualizes bone bridging directly, and enables a more sensitive
detection of clefts in callus, not seen on the radiographs. In other terms, CT could
downgrade a radiographic score of three (continuous callus) to a CT score of two
(discontinuous callus). On the contrary, in patients with low RUS value suggesting rather
atrophic non-union, TUS was not statistically different from RUS. Therefore, the role of a
second-line CT could be less contributive when there is little or no callus formation on the
radiographs. Krestan et al [69] analyzed coronal and sagittal CT reconstructions and
radiographs to determine bone healing using a semi-quantitative approach and showed
that MDCT altered the initial radiographic diagnosis by demonstrating different degree of
fracture healing than radiographs in 37% of cases in a series of 43 fractures [69].

The current study did not aim at assessing the contribution of CT in the detection
of abnormal healing as this would require a prospective study with another study
population and inclusion of additional clinical parameters. The results of the current study
pave the way to a more reliable evaluation of CT data whose added value in assessing
fracture healing remains to be assessed in comparison with radiographs.

Several limitations to the current study should be noted. First, a limited number of
patients with tibial and femoral nailed shaft non-unions were included. A study including
not only a larger number of patients, but also other fixation devices should be performed.
Actually, plates could interfere with the feasibility of the scoring and appearance of
periosteal callus in plated fractures could indicate instability rather than normal healing.
Second, readers knew they were analyzing non-united fractures as no control group was
added in this preliminary study. Third, readers analyzed only a limited number of coronal
and sagittal CT reformats according to our previous study (part Il). Finally, feed-back
retroprojection software without any additional postprocessing aiming at reducing metal-
related artifacts was used in this study. The consequence on CT scoring of the use of
iterative reconstruction and metal artifact reduction techniques should be assessed.
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In conclusion, semi-quantitative CT assessment of nailed non-united shaft
fractures by using a callus-based score is feasible and reproducible. TUS differ from RUS in
cases with important callus formation.
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10. Part V: Assessment of healing of surgically treated long bone fractures using a
radiographic score: Prediction of delayed union

10.1. Introduction

Non-union of a fracture represents a challenging clinical scenario for the
orthopaedic trauma surgeon and the radiologist. Diagnosis in itself can be difficult and
treatment consumes considerable time and resources. Currently, there is no reliable way to
predict which patients will suffer from nonunion. The development of a method to do so
would allow for early intervention to reduce the complications of nonunion and the
associated morbidity. Furthermore, such early intervention could shorten the recovery time
significantly, resulting in a significant impact on health care system costs and society.

Several published studies showed that non-unions can be diagnosed early in the
course of healing [89-91]. Bhandari et al [92] identified a set of three prognostic
variables that can assist surgeons in predicting reoperation following operative treatment
of tibial shaft fractures: the presence of an open fracture wound, lack of cortical continuity
between the fracture ends following fixation and the presence of a transverse fracture. Fong
et al. [93] retrospectively studied 200 patients treated with IM nails or plating and found
that less than 25% cortical continuity was the only factor predictive of nonunion in their
series. Lack etal [94] showed that any cortical bridging within four months was an excellent
predictor of final healing. Salih et al [95] described the callus fracture sign (extension of the
fracture line beyond the original cortical boundary but not to the periphery of the fracture
callus) as a useful radiological predictor of progression to non-union. A prognostic radiologic
scoring system capable of identifying fractures as likely or unlikely to progress to union
during the first few months after injury would be potentially more useful in clinical practice.
The RUST score proposed by Whelan et al. [49] in 2010 has drawn the attention of the
musculoskeletal community as indicated by the number of studies published on the subject
over the last few years [50; 57; 60-62; 75; 76; 96; 97]. In our previous studies we
demonstrated that a modified version of the score, the Radiographic Union Score (RUS),
was a feasible assessment tool of fracture healing with substantial interobserver agreement
among radiologists and surgeons.

The aim of this retrospective longitudinal study was assess changes in RUS value
over time during fracture healing in a series of surgically treated tibial and femoral shaft
fractures and to assess the accuracy of the RUS value in the early detection of fracture non-
union.
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10.2. Material and methods
10.2.1. Selection of patients

The authorization of the ethical committee of our institution had been obtained
for this retrospective study. In July-August 2015, a musculoskeletal radiologist with 3 years
of experience (V.P.) and a final year resident in radiology (A.C.) retrieved the radiographs of
thighs and legs obtained in our emergency department between January 2007 and January
2015 in patients aged between 18 and 80 years by using the keywords "thigh" and "leg".
The keywords “pelvis” and “hip” were not used to avoid detection of patients with possible
hip fractures in our search. They detected 482 patients in whom radiographs with femoral
or tibial fractures had been obtained at the emergency department. Subsequently, the
entire corresponding radiological files were examined by the same radiologists to select
patients according to the following inclusion criteria : (a) diaphyseal femoral or tibial
fracture, (b) surgical fixation by using an internal fixation hardware (nail or plate) and (c)
availability of at least 3 sets of antero-posterior and lateral radiographs obtained at baseline
after surgery until 6-months after fracture with at least one radiographic set obtained
between 15 and 24 weeks after fracture. Four hundred and four tibial or femoral fractures
were excluded because of conservative treatment (n= 35), associated epiphyseal fracture
(n= 277), multiple fractures (n=7), pathological fracture/ septic fracture/ pre-existing
metallic hardware (n= 36) and lack of 3 sets of radiographs (n= 49). Seventy-eight fractures
in 78 patients were eligible. In our PACS, there were 347 radiographic sets obtained at
follow-up in these 78 fractured bones according to our guidelines that recommend serial
radiographs at hospital discharge and at approximately 1-, 3- and 6-months after fracture.

10.2.2. Selection of radiographs

In September 2015, a data manager encoded the 347 radiographic examinations in
an excel spreadsheet and added a categorical variable according to the delay between the
fracture and the moment at which the radiographs had been obtained. The 6-month
follow-up time was divided in 7 periods defined as follows: 1-2 weeks after fracture (T0); 3-
4 weeks (T1); 5-7 weeks (T2); 8-10 weeks (T3); 11-14 weeks (T4); 15-18 weeks (T5) and 19-
24 weeks (T6). The 347 sets of radiographs were anonymized, re-identified after
randomization by an independent statistician (C.B.) and stored in our PACS. No quality
control was performed on the included radiographs. Radiographs that demonstrated
staples or casts were included despite the fact that these features could provide hints for
the fracture age.
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10.2.3. Clinical data

In February 2016, the orthopedic surgeon with 15 years of experience responsible
of the trauma section in the orthopedic department reviewed the files of the 78 patients to
determine for each patient the smoking habit, the fracture type according to the AO
classification, the type of fixation device and the clinical outcome. According to the AO
classification, there were 42 type A fractures, 15 type B fractures and 21 type C fractures.
The type of metallic hardware used for fixation was classified in two categories. Nailed
fractures were stabilized only by medullary hardware including intramedullary nails and
rods. Plated fractures were stabilized by material placed around or within the cortex
including plates and free screws. No fractures were stabilized simultaneously by plates and
nails.

The clinical outcome of the fracture was determined by the same orthopedist by
reviewing the medical files completed by the surgeon in charge of the patient at a mean
delay of 193 days +/- 35 days (range: 117-283 days) after fracture. Healing evaluation had
been performed according to standards of good practice based on clinical and radiological
findings at that time. Normal healing was defined by the ability of the patient to walk
without assistive device with any pain at the fracture site and by the overall estimation by
the surgeon of the presence of bridging callus on radiographs. Delayed union was defined
by the presence of pain when bearing weight or upon palpation on physical examination
and by the presence of unsatisfactory appearance of the radiographs. Delayed union was
also considered when surgical revision with screw ablation was performed during the first
6 months. Skin debridement was not considered as revision surgery.

10.2.4. Study population
The study population included 44 men and 31 women (mean age +/- SD: 49.73 +/-

17.51) including 21 smokers. There were 61 (81,3%) tibial (47 nailed and 14 plated
fractures) and 14 (18,7%) femoral fractures (11 nailed and 3 plated fractures). At clinical
follow-up, normal healing was noted in 61 (81.3%) fractures and delayed union was noted
in 14 (18.7%) fractures including 8 (17,9 %) nailed and 2 (14.2%) plated tibial fractures and
2 (18.2 %) nailed and 2 (66 %) plated femoral fractures. Mean age, sex ratio and frequency
of smokers in the group of patients with normal healing were not statistically significantly
different from those in the group of patients with delayed union.
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10.2.5. Analysis of the radiographs

The 347 radiographic examinations were read separately within a period of 4
weeks by three radiologists including the two radiologists (V.P., A.C.) who had included the
patients and a musculo-skeletal radiologist with 25 years of experience (B.V.). The readers
were blinded to all clinical information and they were asked not to discuss the cases within
the reading period. A unique reading was performed per reader. They were asked to score
each set of AP and lateral radiographs on a PACS workstation (Ecrans Eizo Radiforce RX240
21.3” (54 cm) 2MP (1200 x 16)). The readers had to analyse the automatic cropping of the
radiographic image without access to the zoom modality. They could adjust the window
level and width at their convenience. Similar luminance conditions were reproduced in the
reading room (20 lux). Each reader was asked to decide whether the scoring of each of the
4 cortical areas was feasible or not. If feasible, scoring was performed using the
Radiographic Union Score (RUS) as described in part 1. In fractures in which one cortical
score was not feasible, the RUS was calculated by adding the 3 determined scores and their
calculated mean as missing data. In fractures in which less than 3 cortical scores were
available, RUS was not calculated and was considered to be non-feasible. After this initial
reading session, we excluded patients in whom almost all radiographic sets were found not
assessable by at least two readers. We also excluded radiographic sets of included patients
in whom one or two radiographic sets were found not assessable by at least two readers.
Finally, in 12 cases, a radiographic set was found not assessable by only one reader; the
readers were asked by our data manager in charge of the study to perform a second reading
and to score the fracture, knowing that he/she was the unique reader who had considered
the corresponding radiographic set to be not assessable.
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10.2.6. Statistical analysis

All summary tables, data listings and graphs are produced using the statistical
software JMP v12. All statistical tests were conducted at the significance level of 5%, unless
otherwise stated. Descriptive statistics were done for each variable: continuous variables
are presented using the mean, standard deviation (SD), standard error of the mean (SEM)
and 95%-confidence interval. For categorical variables, the population size (N), the number
of events, the number of subjects with events (n) and the proportion of subjects with events
(p=n/N) are reported.

Differences in patient characteristics between the two clinical endpoints were
tested using 2- sided Mann-Whitney test for continuous variables and chi-squared test for
categorical variables. Mean RUS score between the two clinical endpoints were tested using
2-sided Mann-Whitney test.

The intra-class correlation coefficient (ICC) adapted to the random factorial design
was computed to assess the agreement between the three readers. The interobserver
agreement was interpreted according to Landis and Koch, with ICC values < 0.00 defined as
poor, 0.00-0.20 defined as slight, 0.21-0.40 defined as fair, 0.41-0.60 defined as moderate,
0.61-0.80 defined as substantial, and values of 0.81 -1.00 defined as almost perfect [51].

Binary logistic regression was used to estimate the probability of healing in order
to find a threshold for the total RUS value to predict healing. Threshold was evaluated using
a ROC (receiver operating characteristic) curve and the area under the curve (AUC) was
reported to evaluate performance of the prediction.

A two-way ANOVA with random effects was performed to assess (i) differences in
scores and, (ii) determine which factor (time after injury or type of fixation device) or
combination of factors (time * type of fixation device) was associated with the difference.
Both time (in days) and type of fixation device were considered to represent a fixed factor,
while readers were considered to represent a random sample drawn from a larger
population of observers (random factor). A third term was added to the ANOVA mixed
model to account for potential interaction between both factors. In case where the p-value
associated with that term were not statistically significant, the interaction term was to be
removed and the ANOVA mixed model to be repeated with only 2 main effects. In case
where the p-value associated with the interaction term were statistically significant,
individual effects would not be interpreted and their associated p-values given).
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10.3. Results

10.3.1. Feasibility of the scoring system

The three readers were able to score 323 of the 347 radiographic sets in 75 of the
78 patients. Three patients with plated tibial fractures were excluded because of non-
feasibility of the scoring on all their 14 available radiographic sets. Ten out of the 333
radiographic sets available in the 75 other patients were also excluded for the same reason.

10.3.2. Comparison of the mean RUS values between fractures with normal healing or
delayed union

For each reader, the mean RUS values calculated at each time point showed a
progressive increase over time for nailed and plated fractures with normal healing (figures
1,2,3) but not for those with delayed union at follow-up (figures 4,5) (table 1). For all readers
confounded, the mean RUS increased significantly over time for fractures with normal
healing (p<0.001) and was significantly higher for nailed than for plated fractures (p=0.0012)
(figure 6). Interobserver agreement for the RUS values varied from substantial to almost
perfect (ICC: 0.79 for all fractures, ICC: 0.81 for nailed and ICC: 0.72 for plated fractures).

In nailed fractures, the mean RUS values were statistically significantly higher in
fractures with normal healing than in fractures with delayed union at timepoints T4 (from
11 to 14 weeks after fracture) and timepoint T6 for all readers (p<0.032) and also at
timepoint T5 for reader 2 (p=0.01) (table 1). In plated fractures, there was no statistically
significant difference in the mean RUS values between the 2 groups of fractures, except for
reader 1 at timepoint T3 (p=0.04) (table 1).
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Table 1: Mean RUS values (+/- standard deviation) at each time point for the 3 readers
according to healing status at 6-months follow-up in nailed and plated fractures. [p-value :
* significant at p< 0.05, ** significant at p< 0.01, *** significant at p< 0.001, **** significant

at p<0,0001]

NAILS PLATES
TO Normal healing | Abnormal Normal healing | Abnormal
(n=36) healing (n=7) (n=16) healing (n=2)
Mean RUS 4 4
(+/-SD) (+/-0) (+/-0) 4 4
Reader 1 (+/-0) (+/-0)
Mean RUS 4,31 4,57
(+/-SD) (+/-0,72) (+/-1,13) 4 4
Reader 2 (+/-0) (+/-0)
Mean RUS 4,39 4
(+/-SD) (+/-1,02) (+/-0) 4 4
Reader 3 (+/-0) (+/-0)
T1 Normal healing | Abnormal Normal healing | Abnormal
(n=22) healing (n=4) (n=5) healing (n=2)
Mean RUS 4,36 4 4 4
(+/-SD) (+/-1,18) (+/-0) (+/-0) (+/-0)
Reader 1
Mean RUS 4,56 4,25 4 4,65
(+/-SD) (+/-1,23) (+/-0,5) (+/-0) (+/-0,92)
Reader 2
Mean RUS 4,95 4 4 4
(+/-SD) (+/-1,68) (+/-0) (+/-0) (+/-0)
Reader 3
T2 Normal healing | Abnormal Normal healing | Abnormal
(n=35) healing (n=9) (n=16) healing (n=4)
Mean RUS 4,8 4,11 4,22 5
(+/-SD) (+/-1,45) (+/-0,33) (+/-0,53) (+/-1,29)
Reader 1
Mean RUS 5,39 4,4 5,32 5,2
(+/-SD) (+/-1,49) (+/-0,89) (+/-2,21) (+/-1,90)
Reader 2
Mean RUS 5,43 4,33 5,14 5,25
(+/-SD) (+/-2,05) (+/-0,71) (+/-1,95) (+/-1,89)
Reader 3
T3 Normal healing | Abnormal Normal healing | Abnormal
(n=23) healing (n=3) (n=16) healing (n=1)
Mean RUS 55 4,33 4 6,7 *
(+/-SD) (+/-1,73) (+/-0,58) (+/-0) NA
Reader 1
Mean RUS 6,33 5,17 5,22 6,6
(+/-SD) (+/-1,92) (+/-1,61) (+/-1,60) NA
Reader 2
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Mean RUS 6,33 4,33 5,14 8

(+/-SD) (+/-1,82) (+/-0,58) (+/-1,77) NA

Reader 3

T4 Normal healing | Abnormal Normal healing | Abnormal
(n=35) healing (n=8) (n=28) healing (n=4)

Mean RUS 6,96 475 * 6,66 5,85

(+/-SD) (+/-2,51) (+/-0,89) (+/-3,72) (+/-1,28)

Reader 1

Mean RUS 7,43 5,08 * 7,29 6,3

(+/-SD) (+/-2,05) (+/-1,08) (+/-2,52) (+/-1,67)

Reader 2

Mean RUS 7,07 4,25 *** 5,63 5,75

(+/-SD) (+/-1,94) (+/-0,46) (+/-2,26) (+/-2,06)

Reader 3

T5 Normal healing | Abnormal Normal healing | Abnormal
(n=21) healing (n=4) (n=7) healing (n=2)

Mean RUS 7,71 5,25 5,86 6,65

(+/-SD) (+/-2,44) (+/-1,89) (+/-3,08) (+/-3,75)

Reader 1

Mean RUS 9,26 5,65 * 8,1 6,15

(+/-SD) (+/-2,69) (+/-1,68) (+/-3,03) (+/-1,20)

Reader 2

Mean RUS 8,12 55 8 6,5

(+/-SD) (+/-2,55) (+/-2,38) (+/-3,90) (+/-3,54)

Reader 3

T6 Normal healing | Abnormal Normal healing | Abnormal
(n=43) healing (n=9) (n=28) healing (n=3)

Mean RUS 10,35 5,67 ¥** 7,63 7,77

(+/-SD) (+/-3,34) (+/-1,35) (+/-3,85) (+/-1,66)

Reader 1

Mean RUS 10,66 5,83 ¥*** 9,51 7,7

(+/-SD) (+/-2,78) (+/-1,17) (+/-2,76) (+/-0,98)

Reader 2

Mean RUS 9,91 5,61 ¥*** 8,3 7,67

(+/-SD) (+/-2,70) (+/-1,45) (+/-3,86) (+/-0,58)

Reader 3
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Figure 1: Graph showing the mean RUS values determined in nailed and plated fractures
that are healed at 6-month follow-up at different timepoints (T0: 1-2 weeks after injury; T1:
3-4 weeks; T2: 5-6 weeks;T3: 7-9 weeks;T4: 10-13 weeks;T5: 14-17 weeks and T6: 18-24
weeks) by three readers.
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Figure 2: Normal healing: Serial radiographs of a nailed tibial fracture obtained a,b)3 weeks,
¢,d) 12 weeks and e,f) 23 weeks after injury demonstrate progressive appearance of callus.

The corresponding RUS values as determined by Reader 1/ Reader 2/Reader 3 were 4/4/4 in
T1,8/9/8 in T4 and 14/15/14 in Té6.
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Figure 3: Normal healing: Serial radiographs of a plated femoral fracture obtained a) 3
weeks, b) 12 weeks and c) 23 weeks after injury demonstrate progressive appearance of
callus. The corresponding RUS values as determined by Reader 1/ Reader 2/Reader 3 were
4/4/4inT1, 8/8/8 in T4 and 12/14/14 in Té.

¢ l
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Figure 4: Graph showing the mean RUS value determined in nailed and plated fractures with
delayed union at 6-month follow-up at different timepoints (T0: 1-2 weeks after injury; T1:
3-4 weeks; T2: 5-6 weeks;T3: 7-9 weeks;T4: 10-13 weeks;T5: 14-17 weeks and T6: 18-24
weeks) by three readers.
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Figure 5: Abnormal healing: Serial radiographs of a nailed tibial fracture obtained a,b) 3
weeks, c,d) 12 weeks and e,f) 22 weeks after injury demonstrate lack of appearance of callus.
The corresponding RUS values as determined by Reader 1 /Reader 2/Reader 3 were 4/4/4 in
T1, 4/4/4 in T4 and 4/6/5 in T6.
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Figure 6: Graph showing the evolution of the mean mRUS value for the three readers
confounded at different timepoints in nailed and plated fractures with normal healing at 6-
month follow-up.

1 = - = : = 3
type_of_fixation_device

* nail
10 e * plate
o 0=
8
» |
2
o
47 -
[
O
'_
6 I
5 1 I
o = =
3
TO T T2 T3 T4 T5 T6
timepoint

10.3.4. Definition of threshold RUS value for prediction of delayed union

The RUS threshold, sensitivity and specificity values for detecting delayed union in
nailed fractures at each timepoint were derived from ROC curves (Table 2). At T4 (from 11
to 14 weeks after injury), a RUS score lower than 7 (reader 1), 7.5 (reader 2) or 5.5 (reader
3) enabled detection of patients with delayed union with a sensitivity that ranged from 0.63
to 0.77 and a specificity of 1 (AUC: 0.77- 0.88).
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Table 2: Sensitivity, specificity and AUC derived from ROC curves to predict delayed union
for nailed fractures at each time point.

Delay Reader 1 Reader 2

RUS Se Spe AUC | RUS Se Spe AUC
TO 55 | 0.82 0.21 0.5 6 0.97 0.14 0.55
T1 8 0.09 1 0.55 53 | 0.18 1 0.51
T2 7 0.2 1 0.60 | 53 | 0.51 0.89 0.70
T3 55 | 0.43 1 0.67 8 0.39 1 0.67
T4 7 0.63 1 0.77 | 7.5 | 0.66 1 0.83
T5 53 | 0.81 0.75 0.79 | 5.5 1 0.75 0.90
T6 8 0.84 0.89 0.91 7 0.93 0.89 0.95
Delay Reader 3

RUS Se Spe AUC
TO 5 0.17 1 0.58
T1 6 0.27 1 0.64
T2 6 0.37 0.89 0.65
T3 7 0.57 1 0.79
T4 55 | 0.77 1 0.89
T5 6.5 | 0.81 0.75 0.77
T6 8 0.84 0.89 0.93

The RUS threshold, sensitivity and specificity values for detecting delayed union in plated
fractures at each time point were derived from ROC curves (Table 3) but no threshold value

could be proposed because of the insufficient number of plated fractures.
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Table 3: Sensitivity, specificity and AUC derived from ROC curves to predict abnormal
healing for plated fractures at each time point

Delay Reader 1 Reader 2

RUS Se Spe | AUC | RUS | Se Spe | AUC
TO NA NA NA 0,5 NA | NA | NA 0,5
T1 NA NA NA 0,5 4 1 05 | 0,75
T2 4 0,83 05| 069 | 93 | 0,17 1 0,46
T3 NA NA NA NA 6 0,83 1 0,83
T4 8 0,375 1 047 | 75 | 05 | 0,75 | 0,59
T5 8 0,8571 | 0,5 | 0,57 6 1 05 | 0,75

Delay Reader 3

RUS | Se | Spe | AUC
TO NA | NA | NA 0,5
T1 NA | NA | NA 0,5

T2 4 1071] 05 | 0,57
T3 5 0,86 1 0,86
T4 4 |1063] 05 0,5

T5 5 0,58 | 0,5 | 0,58




10.4. Discussion

Our study of 75 nailed and plated tibial and femoral shaft fractures by three readers
identified three important findings:

e The mean RUS increased significantly over time in fractures with normal
healing but not in fractures with delayed union.

e In nailed fractures only, the RUS values, determined on radiographs
obtained at about 3 months after injury ,were statistically significantly higher
in fractures with normal healing than in fractures with delayed union in F/U.

e For each of the 3 readers, the RUS value determined at approximately 3
months after injury enables to detect fracture with delayed union with a
sensitivity that ranged from 0.63 to 0.77 and a specificity of 1.0.

First, the RUS calculated in fractures with normal healing increased statistically
significantly over time. Little information on changes in score value over time was available
in fractures with normal healing up to now. In alongitudinal study of hip fractures, Bhandari
et al showed that there was an increase in the score values with time. The fact that readers
were allowed to score by comparing serial radiographs limits the robustness of that study
[61]. In a transverse study of 35 radiographs obtained at different time delays from injury
in 35 distal radius fractures with normal healing, Patel et al showed that mean RUS values
also increased with time [57]. To the best of our knowledge, the current study
demonstrated for the first time the evolution of the RUS values over time for tibial and
femoral shaft fractures with a robust methodology because there were 3 readers who were
blinded to all data including the other radiographs and the outcome at follow-up. In
addition, we showed that mean RUS values were higher in nailed than in plated fractures.
This difference is likely to be related with the use of a callus-based scoring system. Actually,
periosteal callus formation is expected to occur in nailed but not in plated fractures because
of different biomechanical environment [4; 63; 64; 98; 99]. The rigid plate fixation may not
result in callus formation due to the lack of micro-mobility between fracture edges. In plated
fractures, bridging occurs through direct cortical bone formation with limited, if any,
contribution from the periosteum.

Second, in nailed fractures only, the mean RUS values determined on radiographs
obtained within a time frame of 11 to 14 weeks after injury were statistically significantly
higher in fractures with normal healing than in fractures that developped delayed union at
follow-up. The possibility to predict fracture healing at about three months after surgery
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has already been suggested but not demonstrated in several studies. According to Bhandari
et al, surgeons tend to endorse early signs of non-union by the 14" week for tibial and
femoral shaft fractures [21]. In 2013, another study demonstrated that tibial nonunion can
be predicted at three months postoperatively using clinical and radiographic data including
mechanism of injury and absence of callus , however with a poor interobserver agreement
[90]. In our series, no difference in RUS values could be detected between the two groups
of fracture at a delay shorter than 11 weeks after injury. In the time frame of 15 to 18 weeks
after injury, mRUS valus were higher in fractures with normal than with abnormal healing
for the three readers but statistical significance was reached for only one reader probably
due to the small number of radiographs available in that time period. Lack et al
demonstrated in a retrospective study that any cortical bridging at 18 weeks after fracture
was an excellent predictor of normal healing (accuracy=99%, AUC = 0.995, p< 0.0001) [94].
The added value of a scoring system over an overall estimation of fracture healing on
radiographs should be further assessed but several studies have already demonstrated a
higher reproducibility by using a scoring system instead of an overall estimation [58; 61]. As
expected, in plated fractures, no statistically significant difference in RUS values was noted
between fractures with normal or abnormal healing except for one reader at a time delay
between 8 and 10 weeks after injury. The most likely explanation might be that, as indicated
earlier, this scoring system might not be appropriate to evaluate fracture healing in plated
fractures because of different biomechanical environment [4; 63; 64; 98; 99].

Finally, in the group of nailed fractures, we demonstrated the existence of reader-
dependent threshold RUS values that enabled with a high specificity the detection of
fractures that would later demonstrate delayed union. Other studies also aimed at defining
a threshold values in order to predict non-union. Frank et al [97] using the radiographic
union score for hip fractures (RUSH) suggested that a threshold score below 18 was
associated with 100% specificity and a positive predictive value of 100% for radiographic
non-union at 6 months post-injury. Litrenta et al [50] suggested that a standard RUST of 8.5
and a modified RUST of 11.4 correlated with union but they did not specify their time delay
after injury. To the best of our knowledge, the current study is the first to suggest a
threshold RUS value to predict abnormal healing in nailed tibial and femoral shaft fractures
at a delay of about 3 months after fracture. Patel et al [57] found RUS values
greater than or equal to 6 being predictive of fracture union in distal radial fractures but
they did not neither specify their time delay after injury. A recent study in 2019 by Oliver et
al [62] showed that RUS was a reliable and effective tool in identifying patients at risk of
developing nonunion at six weeks after injury, with a RUS of < 8 significantly predictive of
nonunion in a series of humeral shaft fractures with conservative treatment. To the best of
our knowledge, the current study is the first to suggest a threshold RUS value to predict
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abnormal healing in nailed tibial and femoral shaft fractures at a delay of about 3 months
after fracture.

Our study has several important limitations. First, it is retrospective and patients
may have been subjected to selection biases for the obtention of follow-up radiographs.
Patients in whom less than 3 sets of radiographs were available were not included. Second,
the healing status that is normal healing or delayed union was defined by an orthopaedic
surgeon based on files content including notes of the treating surgeon and the reports of
the radiographs. Subsequently, there was a large variation in the time delay at which the
outcome status was defined. Third, we could not avoid diagnostic review bias because the
imaging modality that we evaluated, a radiographic set, was also used in the determination
of the clinical outcome, standard of reference in our study. However, reporting radiologists
and treating surgeons used an overall estimation of the radiographs in clinical practice and
did not perform any scoring. Finally, two of the three readers were also involved in the
selection process based on X-rays and all readers belonged to the same radiological
department.

In conclusion, the RUS values determined on serial radiographs of surgically
treated tibial and femoral fractures increased during the first 6 months after injury in
fractures with normal healing. Threshold values of RUS enabled detection of fractures with
abnormal healing at approximately three months after injury. Our results await further
confirmation in larger prospective and multicentric studies. In addition, the added value of
this scoring system with respect to clinical evaluation remains to be determined.
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11.  SUMMARY OF RESULTS AND PERSPECTIVES

Musculoskeletal trauma represents an important global health burden with
approximately six million fractures each year in the United States. As many as 10% of these
may be complicated by non-union with a subsequent increase in medical costs and
productivity loss [100]. There is a need for an accurate and reliable assessment of
radiographic healing given the wide range of parameters used for fracture union and the
large body of research being conducted on novel fracture-healing therapies.

In part |, we addressed the limitations of conventional radiography for the evaluation
of healing in a series of surgically treated long bone fractures. We showed variable feasibility
rates for the Radiographic Union Score (RUS) depending on the type of stabilizing hardware,
with statistically significantly higher rates for nailed fractures. Interobserver agreement
when using RUS was substantial among radiologists and orthopedic surgeons.

In part Il, we proposed a CT scoring system (TUS) and showed that the analysis of a
limited number of long-axis CT reformats was a valuable alternative to the analysis of the
large number of CT reformats obtained in the three planes.

Third, we analyzed the utility and reliability of the scoring system in nailed tibial and
femoral fractures with normal healing (part Ill) and non-union (part IV) using radiographs
and CT scans. TUS and RUS were feasible and reproducible imaging tools of semi-
quantitative assessment of fracture healing in both cohorts of fractures. CT provided
different score values compared to x-ray in later phases of normal healing and in
hypertrophic non-unions.

Finally, in part V, we studied the predictive value of the radiographic scoring system

and demonstrated that RUS could contribute to detect fractures with delayed union at
about 3 months after injury in nailed fractures.
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The following questions remain to be answered and open new perspectives for
future research projects:

1) Isthere a place of other imaging modalities in the evaluation of fracture healing?

First, recent development in CT imaging using metal artifact CT techniques and
iterative reconstructions should be included in future studies.

Second, our results could pave the way to the use of digital tomosynthesis (DTS)
for quantitative fracture healing evaluation. DTS does not provide transverse tomographic
images, but according to our analysis, short -axis CT images were shown to be less accurate
or of uncertain interpretation in the evaluation of fracture healing.

Third, the role of texture analysis and arteficial intelligence in the quantitative
assessment of fracture healing could be adressed in future studies.

Six years later after the start of the current thesis, Artificial Intelligence (Al) is about
to disrupt the diagnostic field of imaging by introducing new ways to exploit imaging data.
By the end of March 2020, a pubmed research using the terms “fracture” “detection”
“deep” “learning” yielded 18 articles. What about a pubmed research using the terms
“fracture” “healing” “deep” “learning” ? Not a single article is retrieved, so far! “Fracture
detection” is a preliminary step of the Al adventure in trauma (diagnosis). “Fracture
healing” is definitely a limit-free domain where the potential of Al should be developed with
three main questions addressing:

(1) Prediction of slow or delayed healing at the onset of tibial fracture,
(2) Monitoring of healing,
(3) Determination of healing and of sequelae.

There is a general agreement on the predictive value for delayed union of several
parameters related to the fracture including (a) fracture anatomy, (b) adjacent soft tissue
damage, and (c) infection. Parameters related to the patient have also been identified
including (a) age, (b) smoking habit, (c) systemic disorders such as diabetus mellitus.
Definitely, Al is likely to add several parameters derived from a more extensive medical
history of the patient, from a complete recording of the trauma circumstances and from
photographs of the involved leg at the entrance of the emergency department. What if the
circumference of the contralateral uninvolved leg combined with the hypodermis thickness
was also a predictive parameter?
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Toillustrate the challenges that prospective studies will face, it is worth mentioning
a list of events that limit patient inclusion in a large monocentric study as performed by Ross
et al who attempted to develop a model to predict delayed union for tibial shaft fractures
[101]. A total of 987 patients with acute tibial shaft fractures were identified at the onset of
fracture. 664 (67%) patients were excluded from the study because of inadequate follow-
up (n=336), additional operative interventions (n=118), missing radiographs (n=58), age
below 18 (n=50), and miscellaneous events (premature death, amputations, definitive
fixation at an outside institution, missing chart data, pathological fractures, periprosthetic
fractures, pregnancy, indeterminate fracture healing, nonoperative treatment, stress
fracture). The remaining 323 patients were included in the study. Most likely, Al will
contribute to analyze prospective cohorts of patients without the need to exclude the vast
majority of them.

Monitoring of healing will most likely benefit from permanent recording of gait and
weight-bearing patterns through dedicated connected shoes, that is likely to reflect influxes
from deep bone pain originating from fracture site and adjacent soft tissue. What will be
the residual value of clinical and radiographic examination once remote patient monitoring
will become efficient?

Finally, definition of healing remains debated with limited data to determine when
a fracture is healed. Restauration of bone continuity on radiographs and lack of symptoms
are the most widely accepted criteria despite challenges in their evaluation. An Al definition
of fracture healing could be a restauration of normal lower limb function as assessed by
permanent patient monitoring. Once again, how will “normal” be defined?

Al and remote patient monitoring will definitely upgrade the collection and the
analysis of data derived from patients with tibial shaft fractures, most likely downgrading
the value of clinical and radiological examinations. Fracture scoring has only been one of
the desperate attempts of humans to understand fracture healing in the pre-Al era.

2) Are RUS and TUS validated imaging tools to quantify fracture healing and predict
delayed union?

Our results indicated that RUS and TUS were feasible and reproducible imaging
tools in the semi-quantitative evaluation of nailed tibial and femoral fractures in particular.
Moreover we determined the predictive value of RUS in identifying lower limb fractures
with delayed union.
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Further prospective longitudinal studies should be conducted with larger sample size to
correlate the imaging scores with clinical information, including lower and upper limb
fractures with surgical and conservative treatment.

Future experimental studies comparing TUS with CT volumetry and histopathological
findings would be useful in order to validate TUS in the monitoring of fracture healing.The
predictive value of TUS in identifying fractures with delayed union also needs to be
evaluated.

3) Can we establish a standardized imaging strategy for the assessment of fracture
healing?

Even if one chooses a specific fracture, there is no consensus within the orthopedic
community regarding the appropriate schedule for follow-up imaging. One multi-
institutional survey of 40 hand surgeons demonstrated a high degree of variability in the
number of radiographic series (ranging from 1 to 6 series per patient) obtained during the
course of postoperative follow-up of distal radial fractures. The study demonstrated a mean
of 2.6 radiographic series per patient (+ 1.0) with imaging obtained at 74% of visits [102].

The convention at many institutions for surveillance imaging of most internally
fixed fractures includes radiographs at the following postoperative intervals: baseline post-
op, 2 weeks, 6 weeks, 3 months, 6 months, and 12 months. Additional radiographs or CT
scan are obtained if there is clinical concern for complication or delayed union.

Our study demonstrated that RUS values increase over time after injury in fractures
with normal healing but not with delayed union and that RUS could predict delayed union
at about 3 months after injury in nailed fractures. If the predictive value of RUS is validated
in larger prospective studies with correlation to clinical data, the 3-month radiograph could
become a critical timepoint for the orthopedic surgeon in the evaluation of fracture healing.
In case of a low RUS value (threshold to determine in larger studies), a CT scan at 3 months
can be useful.
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12.  APPENDIX A: Summary of study population
Venn diagrams showing common number of patients between Part 1&5 and
between Part 2&4.

PART 1 (n=140) PART 2 (n=29)

84 long bones # n.ailed&plated 14 NU tibia&femur/ nailed&plated
X-rays /retrospective study X-rays /retrospective study

42 # tibia 9 # tibia
14 # femur 6 # femur

19 # tibia&femur/ nailed&plated 8 nailed NU tibia&femur
X-rays /retrospective study X-rays& CT/retrospective study

PART 5 (n=75) PART 4 (n=23)
PART 3

24 nailed # tibia&femur
X-rays& CT /prospective study

102



13.  APPENDIXB
Radiological semi-quantitative evaluation of fracture healing: review of the literature

The correlation between radiological appearances and mechanical strength of a
fracture was addressed early in experimental osteotomies by Panjabi et al in 1985 [55], who
reported that the best single predictor of mechanical strength was cortical continuity.
Hammer et al in 1985 [46] proposed a 5-point scale of fracture healing and aimed at
comparing the radiographic assessment with mechanical strength. Seven radiologists
evaluated 127 tibial fractures treated nonoperatively. The results of this study showed that
there was poor correlation between mechanical strength of the fracture and radiological
appearances across it. Conventional RX examinations as a means of assessing the stage of
union are generally inconclusive.

Hammer et al scoring system of fracture healing

Grade 1 homogeneous bone structure, fracture line obliterated, stage of union
achieved

Grade 2 | massive callus formation with bone trabeculae crossing fracture line (barely
discernible). Stage of union achieved

Grade 3 | apparent bridging callus, fracture line discernible, uncertain stage of union
Grade 4 | trace of callus, not bridging, fracture line distinct, union not achieved

Grade 5 no callus, distinct fracture line, union not achieved

Other authors [47; 103] have also produced similar scoring systems to evaluate
fracture healing, based on a combination of the presence of callus, bridging of callus, the
presence of lucent fracture lines and remodeling ,without assessing intra and inter-observer
reliability. Eastaugh-Waring in 2009 [48] assessed the validity of using serial measurements
of callus index as a measure of fracture healing in 45 patients with tibial fractures treated
by external fixation, intramedullary nailing, and casting. Callus index is defined as the ratio
of the maximum callus diameter to bone diameter at the same level as the callus. The results
of this study suggested that it is possible to identify an endpoint of healing by measuring
the callus index and that the time of occurrence of this end point will be different for
different fracture treatments.

Grigoryan et al [45] performed a qualitative and quantitative assessment of
fracture healing in a longitudinal prospective study using x-ray and CT imaging. Qualitative
assessment included fracture line, fracture margins, fracture gap, first appearance of callus
, bridging of involved cortices and fracture union based on bridging of at least % cortices.
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Quantitative assessment of CT density changes (HU) in the fracture gap was performed in
fractures without metal hardware. The study demonstrates that the evaluation of fracture
line and margins on x-rays was limited because of fixation hardware superimposition.
Overall, CT images allowed for more complete and detailed visualization of healing
compared to CR. Quantitative CT evaluation showed good reproducibility and a statistically
significant correlation to qualitative changes.

Whelan et al in 2002 [58] examined the inter- and intraobserver agreement of the
healing of tibial fractures among four orthopaedic trauma surgeons who, on two separate
occasions eight weeks apart, independently assessed the radiographs of 30 patients with
fractures of the tibial shaft which had been treated by intramedullary nail fixation. The
surgeons scored the radiographs using the scale by Hammer and then provided an overall
rating of fracture healing (healed, probably healed, indeterminate, probably not healed, not
healed) . Agreement was moderate in assessing fracture healing whether readers used the
criteria of Hammer or their general impression. Substantial agreement occurred when
surgeons recorded the number of cortices bridged by callus. The authors suggest that
measurement of the number of cortices (0 to 4) bridged by callus is the most reliable
method for assessing the progression of the healing of fractures after intramedullary
nailing.

The Radiographic Union Scale for Tibia fractures (RUST) was developed by Whelan
etalin 2010 [49] to aid in semi-quantitatively evaluating fracture healing using radiographs.
The study aimed at evaluating its inter and intraobserver reliability among seven orthopedic
surgeons in a series of 45 nailed tibial shaft fractures at various stages of healing.

The RUST system assigns a score to a given set of anteroposterior and lateral radiographs
based on the assessment of healing at each of the four cortices visible on these projections
(i.e., medial and lateral cortices on the anteroposterior X-ray, anterior and posterior cortices
on the lateral X-ray) . The individual cortical scores are added to give a total for the set of
films with 4 being the minimum score indicating that the fracture is definitely not healed
and 12 being the maximum score indicating that the fracture is definitely healed .

RUST according to Whelan et al

Score 1 fracture line visible, no callus
Score 2 fracture line visible , callus visible
Score 3 no fracture line, bridging callus
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Overall interobserver agreement among all reviewers was substantial, with ICC=0.86 (95%
Cl, 0.79 — 0.91). The overall intraobserver ICC for the group of reviewers was again
substantial (ICC= 0.88; 95% Cl, 0.80 — 0.96).

Several other studies have demonstrated substantial inter and intra-observer
reliability when using RUST in the evaluation of fracture healing [59; 96; 104; 105]. Leow et
al [96] showed that agreement (ICC) slightly increased from 0.75 to 0.79 when the
radiographs which are scored can be compared with the baseline post-operative
radiographs. RUST has also been evaluated in a series of 41 nailed tibial fractures and
showed significant correlation with widely used physical and pain scoring systems (SF-36,
VAS and Karlstrom-Olerud) [76].

Chiavaras et al in 2013 [60] developed the radiographic union score for hip (RUSH),
similar to RUST. Three radiologists and three orthopedic surgeons independently assessed
a total of 100 radiographs (blinded to the time interval after surgery) of intertrochanteric
fractures at various stages of healing treated with either sliding hip screw or intramedullary
nail (one set of x-rays per fracture). A random sample of 50 cases from the first assessment
was re-administered to the same reviewers at 4 weeks to evaluate intra-rater agreement.
Reviewers first assessed whether the fracture was healed (scored as “Healed” or “Not
Healed”) based upon their general assessment of the radiograph and then applied RUSH.
Inter-rater agreement for the overall subjective impression of fracture healing between
reviewer groups was only fair (intraclass coefficient [ICC] = 0.34, 95 % Cl: 0.11-0.52. Use of
the RUSH score improved overall agreement between groups to substantial (ICC=0.66, 95
% Cl: 0.53-0.75). Intra-observer agreement after 4 weeks was almost perfect across both
radiologists and surgeons for the RUSH score (ICC = 0.86 vs. 0.84, respectively).

In a following similar study in 2013 by Bhandari et al [61], the same panel of six
reviewers (three orthopedic surgeons and three radiologists) independently assessed
fracture healing using sequential radiographs from 100 patients with femoral neck fractures
and 100 patients with intertrochanteric fractures. Each patient had a baseline post-
operative radiograph and three to five radiographs at various time points within 18 months
of their hip fracture (longitudinal study). Reviewers first assessed whether the fracture was
healed (yes or no) based upon their overall assessment of the radiograph and then
performed RUSH evaluation. The agreement for the overall RUSH score was near perfect
between radiologists and orthopedic surgeons with little difference between the femoral
neck (ICC = 0.85, 95% Cl: 0.82-0.87) and the intertrochanteric fracture (ICC = 0.88, 95% Cl:
0.86-0.90) . Compared to the results of the previous study, the introduction of serial
radiographs in which the time from surgery was known significantly improved agreement
between the reviewers for both the overall impression of fracture healing and the RUSH
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score. The authors also observed an asymptotic increase in the RUSH score toward the
maximum score of 30 with increasing time from the post- operative baseline visit.

Frank et al in 2016 [97] sought to investigate the utility of the RUSH score to define
femoral neck fracture nonunion at 6 months post-injury. Two reviewers independently
assigned a RUSH score to the 6-month postinjury radiographs of 250 femoral neck fractures
surgically treated. Fracture healing was determined by two independent methods: (1)
concurrently by the treating surgeon using both clinical and radiographic assessments as
per routine clinical care; and (2) retrospectively by a Central Adjudication Committee using
complete obliteration of the fracture line on radiographs alone. A threshold score of < 18
was associated with a 100% specificity (95% Cl, 97%-100%) and a positive predictive value
of 100% (95% Cl, 73%-100%) for radiographic nonunion.

Patel et al in 2014 [57] evaluated the intra- and interobserver reliability of a scoring
system for distal radius fracture union (RUSS) . Two hand surgeons and 3 musculoskeletal
radiologists analysed two sets of 35 AP and lateral radiographs (one set for patients treated
non surgically and one set for those treated with internal plate fixation). Reviewers were
asked to provide an overall assessment of each case as united or not united and they also
applied RUSS. RUSS derives from RUST: Each cortex received a score of 0 points if there was
a fracture line with no callus formation, 1 point if there was callus present but a fracture
line was still visible, and 2 points if there was bridging callus with no evidence of a fracture
line. The results of this study were threefold:

-For nonsurgically treated fractures, substantial agreement in union scores was found with
regard to both intra- and interobserver reliability. For fractures treated with ORIF,
substantial agreement was found in union scores with regard to intraobserver reliability and
moderate agreement with regard to interobserver reliability.

-Mean RUSS scores increased with progressive time after fracture (p<0,001) for both
cohorts.

-When using the reviewers’ overall assessment of union as a reference standard, RUSS was
found to have a statistically significant predictive value in being able to differentiate
between united and not united fractures, with RUSS scores greater than or equal to 6 being
predictive of fracture union.

Litrenta et al [50] in 2015 aimed at determining the reliability of the Radiographic

Union Scale for Tibia (RUST) and a new modified RUST score in quantifying healing and at
defining a value for radiographic union in a large series of metadiaphyseal fractures treated
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with plates or intramedullary nails. This study proposed a modified RUST in which a fracture
with callus is further subdivided as simply present or bridging:

Modified RUST according to Litrenta et al

Score 1 no callus

Score 2 callus present

Score 3 bridging callus

Score 4 remodeled callus, fracture not visible

Initially, 12 orthopedic trauma surgeons evaluated 27 sets of AP and lateral radiographs of
distal femurs treated with either nail or plate fixation in various stages of healing (2-210
weeks). The reviewers scored each cortex with RUST and modified RUST and then made a
determination of whether the fracture was united or not at that time point. In the second
part of the study, data from two prospective studies were analyzed including 46 proximal
tibial fractures (22 plates and 24 nails) and 81 distal femoral fractures (37 plates and 44
nails). Radiographs were taken at 3, 6 and 12 months of F/U. Only the investigator at the
individual site scored the radiographs and provided an assessment of union.

The study demontrated a substantial and slightly higher agreement for the modified RUST
than the standard RUST in metadiaphyseal fractures. Score value for definite union would
be 10 on the RUST and 13 on the modified RUST with over 90% of reviewers assigning
union.

Two experimental studies evaluated the use of RUST and mRUST scores to assess
bone healing compared with the use of micro-CT scans and biomechanical tests:

-Cooke et al [106] showed that the mRUST and RUST score correlated strongly with several
biomechanical properties, such as callus bone mineral density (BMD) , bone volume fraction
,callus strength stiffness and rigidity. The reviewers considered all fractures with an average
RUST of at least 10 or mRUST of at least 13, to be healed.

-Fiset et al [87] showed strong statistical correlations of RUST and mRUST with micro-CT and
biomechanical parameters. Intraclass correlation coefficients (ICCs) were 0.89 (95%
confidence interval [Cl]: 0.78 to 0.94) for RUST and 0.86 (95% Cl: 0.74 to 0.93) for mRUST,
higher than those in almost all previous studies. A RUST score of 10 or an mRUST score of
15 may be considered the threshold above which a plated bone is “healed”.

At last, Oliver et al in 2019 [62] presented the Radiographic Union Score for

Humeral shaft fractures (RUSHU), based on RUST (Score 1: no callus; Score 2: Callus
present, non-bridging; Score 3: Bridging callus). A group of 60 patients (non operative
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management of #) with radiographs six weeks after injury (40 with fractures that united and

20 with fractures that developed nonunion at 6 months), were scored by two blinded

observers using RUSHU. RUSHU was proven a reliable and effective tool in identifying

patients at risk of developing nonunion at six weeks after injury, with a RUSHU of < 8

significantly predictive of nonunion.

The following table presents a summary of the studies on recent Radiographic Scoring

Systems:
Authors Year Number& Type of Readers Scoring | Aims of the | Results
of type of # treatmen system | study
study t
Whelan 2010 45 tibial IM nail 7 surgeons RUST Agreement Almost perfect inter
etal shaft # & intra-observer
agreement
Chiavaras | 2013 100 IM nailor | 3 RUSH Agreement Substantial inter &
etal intertrochan | hip screw | radiologists almost perfect intra-
teric # &3 observer agreement
surgeons
Bhandari 2013 100 femoral IM nailor | 3 RUSH Agreement -Higher agreement
etal neck & 100 hip screw | radiologists & score than previous study
intertrochan &3 values - RUSH values
teric # surgeons increase with time
(serial (same after injury
radiographs panel as in
for each previous
patient) study)
Patel etal | 2014 70 distal 35 casts 2 surgeons RUSS Agreement -moderate to
radial # & 35 & threshold | substantial
plates score agreement
values that - RUSS values
indicate increase with time
union after injury
-RUSS >6 predictive
of # union
Litrenta 2015 a)27 IM nail or | a)l12 Modifi a) a)higher agreement
etal femoral # plate surgeons ed of mRUST
b) 46 tibial b) 1 RUST Agreement (substantial for nails
& 81 surgeon (mRUS b) &moderate for
femoral # T) Threshold plates)
score b) RUST >10 &
metaphyso- values that | MRUST >13
diaphyseal # indicate predictive of #
union union
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Frank et 2016 250 femoral IM nail or | 2 surgeons RUSH Threshold threshold score of <
al neck # hip screw score 18 indicates NU
values
indicating
non-union
até
months
post-injury
Oliver et 2019 60 humeral cast 2 surgeons RUSHU | Agreement -Substantial inter &
al shaft # & almost perfect intra-
predictive observer agreement
value for -RUSHU < 8
non-union predictive of
at 6 weeks nonunion at 6
weeks post injury
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14. APPENDIXC

The Function IndeX for Trauma (FIX-IT) assessment by Bhandari et al [77] provides a simple

standardized approach to the measurement of weight-bearing and pain assessment in

patients with lower extremity fractures, specifically tibia and femoral fractures. The FIX-IT

score (table below) is a clinical outcomes measure ranging from 0 to 12 points in 2 domains:

the ability to bear weight (maximum 6 points) and pain at the fracture site (maximum 6

points) In their preliminary study in 2013 ,the FIX-IT score had high interrater agreement

across multiple examiners and it

questionnaire.

correlated with the physical scores of the SF-36

WEIGHTBEARING

weight on affected leg as
evidenced by ability to
stand on affected leg > 30

weight on affected leg
as evidenced by ability
to ambulate without

Score | Single leg stand score Actual | Ambulation score Actual
score score

0 Unable to bear full body Unable to bear any body
weight on affected leg weight on affected leg
(includes subjects as evidenced by
requiring assistive device requirement for
or support to stand) wheelchair or 2 crutches

to ambulate

1 Able to bear full body Able to bear modest
weight on affected leg as body weight on affected
evidenced by ability to leg as evidenced by
stand on affected leg ability to ambulate with
momentarily (< 10 one crutch, cane, or
seconds) walker

2 Able to bear full body Able to bear modest
weight on affected leg as body weight on affected
evidenced by ability to leg as evidenced by
stand on affected leg ability to ambulate
momentarily (10 to 30 without assistive device,
seconds) but with clear difficulty

(eg, abnormal gait, limp)
3 Able to bear full body Able to bear full body
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seconds

assistive device and
restoration of
prefracture gait

Total single leg stand score

Total ambulation score

Total score for ability to bear weight on fractured limb /6
PAIN
Score | Palpation score Actual | Stress score Actual
score score
0 Pain without palpation Pain without stress
1 Pain with light palpation Pain with mild stress
2 Pain with deep palpation Pain with strong stress
3 No pain with deep No pain with strong
palpation stress
Total palpation score Total stress score
Total score for pain at fracture site /6
TOTAL SCORE /12
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