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K CBEAEHHUIO ABTOPOB!
[Ipu HampaBIEeHUY CTAaTbH B PEAAKITUIO HEOOXOIUMO COOIONATh CISAYIONINE TIPABHIIIA;

1. CraTps nomkHa OBITH IPEJCTaBICHA B IBYX SK3EMIUIIPAX, HA PYCCKOM HMJIM aHTITUHACKOM SI3bI-
Kax, HaTrleyaTaHHas yepe3 MoJITopa HHTepBaJjia Ha OIHOI CTOPOHE CTAHIAPTHOIO JIUCTA € INMPHHOI
JIEBOTO NOJIsI B TPHM caHTHMeTpa. Mcnonb3yemblil KOMIIBIOTEPHBII WPUQT U1 TEKCTa Ha PYCCKOM U
aHnuickoM s3bikax - Times New Roman (Kupuiuna), 115 TeKcTa Ha TPy3UHCKOM S3BIKE CIIEAYeT
ucnoip3oBath AcadNusx. Pasmep mpudra - 12. K pykonrcu, HaneyaTaHHOW Ha KOMITBIOTEPE, JTODKEH
o5ITh IprtoskeH CD co crarbeit.

2. Pa3Mep craTbu TOTKEH OBITH HE MEHEe NeCsTH 1 He OoJiee 1BaALATH CTPAHUI] MAITHOIINCH,
BKJIIOYAsl yKa3areJlb JINTepaTypsl U Pe3loMe Ha aHIJIMIICKOM, PYCCKOM U IPYy3HHCKOM SI3bIKaX.

3. B crarbe 10KHBI OBITH OCBEIICHBI AKTyaIbHOCTh JAHHOTO MaTepHalla, METOIBI U PE3YIIbTaThI
UCCIIeIOBaHUs U X 00CYyKACHHE.

[Ipu npencTaBiIeHNHN B IIeYaTh HAYYHBIX SKCIIEPUMEHTAIBHBIX PA0OT aBTOPHI JOJIKHBI YKa3bIBATH
BHUJl U KOJMYECTBO SKCIIEPUMEHTANBHBIX KUBOTHBIX, IPUMEHSBIINECS METOABl 00e300MMBaHUS U
YCBHIJICHHUS (B XOJI€ OCTPBIX OIIBITOB).

4. K crarbe JOIKHBI OBITH MIPUIIOMKEHBI KpaTKoe (Ha MOJICTPAaHUIIBI) Pe3OMe Ha aHIIIUICKOM,
PYCCKOM M IT'PY3HHCKOM $I3bIKax (BK/IIOYAIOLIEE CIELYOLINE pa3aesbl: Liedb UCCIeI0BaHNs, MaTepHual U
METOJIBI, PE3YJILTATHI M 3aKIIFOUSHHE) U CIIUCOK KITtoueBBIX cioB (key words).

5. Tabnunp! HEOOXOIUMO NPENCTABIATE B Ie4aTHOH hopme. DoTokonuu He npuHUMaroTcs. Bee
nu¢poBbie, HTOTOBbIE H NPOLIEHTHbIE JaHHbIE B Ta0JIMIaX J0JIKHbI COOTBETCTBOBATH TAKOBBIM B
TeKcTe cTaThbU. Tabiuibl U rpaduKu TOJKHBI OBITH 03aryIaBIICHBI.

6. dotorpadun AOIKHBI OBITH KOHTPACTHBIMHU, (POTOKOIHHU C PEHTTEHOTPAMM - B IO3UTUBHOM
n300paxeHuH. PUCYyHKH, yepTeXu U IuarpaMmbl clIeoyeT 03ariaBUTh, IPOHYMEPOBATh U BCTABUTH B
COOTBeTCTBYIOIIEe MecTo TekcTa B tiff opmare.

B noanucsix k MukpogotorpadgusaM cieayeT yKa3plBaTh CTEICHb yBEIMUCHUS Yepe3 OKYISP HITH
00BEKTUB U METOJ] OKPACKU WJIM UMIIPETHALIMH CPE30B.

7. ®aMUIUU OTEYECTBEHHBIX aBTOPOB MIPUBOJAATCS B OPUTHHAIBHON TPAHCKPUIILIUH.

8. I[Ipu opopmnennu u HampaBneHun crared B xypHanm MHI mpocum aBTOpOB cobmronars
NpaBUIIa, U3JI0KEHHBIE B « EMUHBIX TpeOOBaHUSIX K PYKOMHUCSM, IPEACTABISIEMBIM B OMOMEIUIIMHCKHUE
JKypHAJIbD», TPUHATHIX MeXIyHapOAHBIM KOMHUTETOM PEIAaKTOPOB MEAMLMHCKUX KYpHAJIOB -
http://www.spinesurgery.ru/files/publish.pdf u http://www.nlm.nih.gov/bsd/uniform_requirements.html
B koHIIe Kax 101 OPUTHHATIBHOM CTaThU MPUBOAUTCA OnOIHOrpadguyeckuii cnucok. B cnmncok nurepa-
TYPBI BKJIFOYAIOTCSl BCE MaTepHalibl, HA KOTOPBbIE UMEIOTCS CCBUIKU B TeKcTe. CIHUCOK COCTaBIAETCs B
andaBUTHOM MOpsAKe U HymMepyeTcs. JIutepaTypHblii HCTOYHMK NPUBOAUTCS Ha sI3bIKE OpUrMHaia. B
CIMCKE JINTEPATyPhl CHavYajia IPUBOIATCS PabOThI, HAMCAHHBIE 3HAKaMU TPY3MHCKOTO andaBuTa, 3aTeM
Kupwuien u naruHuneidl. CChUIKM Ha IUTHUPYEMble pabOThl B TEKCTE CTAaTbH JAIOTCS B KBaIpPaTHBIX
CKOOKax B BUJI€ HOMEPA, COOTBETCTBYIOLIETO HOMEPY JaHHOH pabOoThI B CIIMCKE TUTEPaTypbl. bonbmmH-
CTBO IIUTHPOBAHHBIX UCTOYHUKOB JOJKHBI OBITH 3a IMOCTIEAHNUE S5-7 JIET.

9. ns momydeHus MpaBa Ha MyONMKAIMIO CTaThs OJDKHA MMETh OT PYKOBOIUTENSI pabOTHI
WIN YUPEXKJCHUS BU3Y U CONPOBOIUTEIHHOE OTHOLLICHNUE, HAIMCAHHBIC WJIM HAlledaTaHHbIE Ha OJIaHKe
Y 3aBEPEHHBIE MOJIHCHIO U NIEYATHIO.

10. B koHIe cTaThU NOJKHBI OBITH MOAMHCH BCEX aBTOPOB, MOJHOCTBHIO MPUBEAEHBI UX
(amMuInM, UIMEHa U OTYECTBA, YKa3aHbl CIIy>KeOHBIN M AOMAIIHUI HOMEpa TeJIe(OHOB U agpeca MM
uHble koopAuHaThl. KomuuecTBo aBTOPOB (COABTOPOB) HE NOHKHO MPEBBIMIATH IISATH YEJIOBEK.

11. Penakuus ocraBisiet 3a cO00i MpaBo COKpaIaTh ¥ HCIPaBIATh cTarhi. Koppekrypa aBropam
HE BBICBUIAETCS, BCS paboTa U CBEpKa IPOBOAUTCS 110 aBTOPCKOMY OPHTHHAILY.

12. HemomycTuMoO HampaBiieHHE B pelaklMIo padoT, MpeICTaBICHHBIX K MeYaTH B MHBIX
M3/1aTeNbCTBAX WIIM OMYOJIMKOBAHHBIX B APYTHX U3JAHUSX.

Hpﬂ HApYHNIEHUH YKa3aHHBIX IPABUJI CTATbU HE PAaCCMAaTPUBAIOTCH.
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compu-ter-printed on a single side of standard typing paper, with the left margin of 3 centimeters width,
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typed on a special signed form, certified by a stamp or a seal.

10. Articles must be signed by all of the authors at the end, and they must be provided with a list of full
names, office and home phone numbers and addresses or other non-office locations where the authors could be
reached. The number of the authors (co-authors) must not exceed the limit of 5 people.

11. Editorial Staff reserves the rights to cut down in size and correct the articles. Proof-sheets are
not sent out to the authors. The entire editorial and collation work is performed according to the author’s
original text.

12. Sending in the works that have already been assigned to the press by other Editorial Staffs or
have been printed by other publishers is not permissible.

Articles that Fail to Meet the Aforementioned
Requirements are not Assigned to be Reviewed.
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Abstract.

Introduction: The lack of standardization in the assessment
of healing potential of diaphyseal tibial fractures in the
early stages of treatment leads to late diagnosis of non-
union, which requires the development of prognostic
diagnostic criteria that take into account possible risk factors.
Objective: To analyze and evaluate the available scoring systems
for predicting union and non-union of diaphyseal tibial fractures.
Methods: We searched for publications in
Scopus (Elsevier), PubMed, Publons, Medline,
RSCI, Google, and Google Scholar databases.
Results: Six systems for predicting the risk of non-union
of tibial fractures were analyzed, 4 of which included
clinical and surgical risk factors for non-union. The
advantage of the scoring systems is the identification of
interventional thresholds for early detection of non-union.
Conclusions: The Radiographic Union Scale for Tibia (RUST),
the Tibia FRACTure prediction healING (FRACTING), the
Leeds-Genoa Non-Union Index (LEG-NUT), and the Non-
Union Scoring System (NUSS) are the most researched and
recommended for clinical use. The Non-union Determination
Score (NURD) and Tibial Fracture Healing Score (TFHS)
systems require further evaluation.

Key words. Diaphyseal fractures, diagnosis of non-union,
delayed consolidation, prognostic scoring systems.

Introduction.

The number of fractures is on the rise worldwide. In 2019,
this number reached 178 million cases, an increase of 33.3%
compared to 1990 [1]. According to the Swedish Fracture
Registry, the overall incidence of tibial fractures is 51.7 cases
per 100,000 per year, of which 15.7 cases per 100,000 per year
are tibial diaphyseal fractures (TDF), of which 17.7% are open
fractures [2]. At the same time, more than 450 million fracture
patients require re-treatment each year due to acute and chronic
complications.

Non-unions are a serious complication of long bone fractures,
with an incidence of 5 to 10% [3]. In the United States,
approximately 6 million fractures are reported each year, of
which 1.9% to 15% are non-unions [4]. Complications of TDF,
such as malunion, delayed fragment consolidation and non-
union, have been reported to occur in 4-16% of cases [5,6].
These complications are associated with significant socio-
economic aspects: healthcare costs, reduced quality of life of
patients due to prolonged treatment and unplanned surgical
interventions [7].

Currently, surgeons and orthopedic surgeons do not have a
universally accepted definition and timing of 'mon-union' of
a fracture; it remains controversial and varies widely [8,9].
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Based on a systematic review of 148 literature sources, the
authors found that only 50% of studies provided a definition
of non-union, making it difficult to standardize the approach to
diagnosis and treatment [9].

The FDA defined 'non-union' in 1998 as “...established when
a minimum of nine months has elapsed since injury and the
fracture shows no visible progressive signs of healing for three
months” [10]. However, insufficiently long intervals after initial
fracture fixation do not allow early prediction of the development
of non-union. In addition, this basic definition considers only
the time interval and does not take into account clinical and
objective radiological criteria of fracture healing, does not take
into account the peculiarities of bone callus formation and its
relationship with bone fragments, multiple fractures, large bone
defects, infection with bone loss, which pose a risk of non-union
much earlier than 9 months [9].

In a study based on a survey of surgeons and orthopedic
surgeons, 73% of respondents stated that there was a lack of
standardization in the definition of delayed consolidation and
55% felt that there was a lack of adequate definition of fracture
non-union, while 88% of specialists confirmed that the diagnosis
of delayed consolidation and non-union should be made in
a comprehensive manner, taking into account well-defined
temporal, radiological and clinical criteria [11]. A challenge in
clinical practice is the assessment of fracture healing potential
early in treatment, which often leads to a late diagnosis of
non-union [12]. Approaches to the diagnosis and management
of non-union and delayed consolidation fractures continue to
evolve. To date, prognostic diagnostic systems based on scoring
have been developed, some of which consider treatment options.

The aim of this review is to analyze and evaluate the available
scoring systems for the prediction of fracture union and non-
union in diaphyseal tibial fractures.

Methodology.

Publications were searched in Scopus (Elsevier), PubMed,
Publons, Medline, RINC, Google and Google Scholar
databases. We used the following key words: non-union of long
bone fractures, delayed union, scoring systems to assess fracture
union and non-union. The search depth was 15 years.

Prognostic systems for assessing fracture union and non-
union in scores: The Radiographic Union Scale for Tibia
(RUST) has been an important tool for predicting fracture
healing in TDF, with scores used to assess fracture healing [13].
The search for early predictors of fracture non-union has led to
the development of other scoring systems for the assessment
of TDF: The Non-Union Determination Score (NURD) [14,15],
The tibia FRACTure prediction healING (FRACTING) [16],
The Leeds-Genoa Non-Union Index (LEG-NUT [17], The
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Tibial Fracture Healing Score (TFHS) [18]. The Non-Union
Scoring System (NUSS) [19], based on patient-specific, clinical
and surgical risk factors.

The radiological assessment of tibial fracture healing
(RUST): was developed by specialists at the University of
Toronto (Canada) and its specific feature is the scoring of 4
regions of the cortex: lateral, medial, anterior and posterior
[13]. Each tibial cortical layer is scored from 1 to 3 depending
on the degree of fusion, with a minimum score of 4 (definitely
not healed) and a maximum score of 12 (completely healed)
(Table 1) [13]. If a fracture does not heal, there is no clinical
or radiological evidence of healing requiring reoperation, and
delayed fracture healing is defined as fewer than three bridging
calluses connecting the cortical layers 6 months after injury
[20]. It has been clarified that a fracture with a callus and a line
or crack in the callus is worth 2 points, whereas a bridging callus
without a crack is worth 3 points [21].

Table 1. Radiographic assessment (RUST) of tibial diaphyseal fracture
fusion in each of the 4 cortical regions [13].

Cortex score (lateral,
medial, anterior and
posterior), points

Bone callus  Fracture line

1 None Visible
2 Present Visible
3 Present No fracture line present

Validation of the RUST system was performed by
traumatologists, orthopedists and resident trainees on
radiographs of patients with TDF using the intraclass correlation
coefficient (ICC), and high levels of agreement were achieved:
0.86, 0.83 and 0.81 [13]. RUST scores ranged from 4 to 12 with
a mean score of (8.34£2.2) (median 8). High concordance scores
have also been reported by radiologists and orthopedic surgeons
[22-24]. The high intraclass correlation coefficient indicates the
strength of this system.

Studies have used the RUST to define fracture union, delayed
consolidation and non-union. A follow-up study showed that
the change in the RUST was greatest between 8 and 12 weeks
after surgery (RUST >8), and then the RUST values continued
to increase, with RUST >10 at 17-20 weeks being considered
fracture healing [23]. In another study, the mean radiographic
time for TDF fracture healing at RUST >10 was 16.4 weeks
[20], with consolidation of fragments in 3 cortical regions
[14,15,20,25]. Overall, the mean time to healing in the studies
is 20.4 weeks for segmental TDFs fractures and 21.2 weeks
for splinter fractures. In some studies, TDF were found to heal
at RUST=9 points [14,26]. Therefore, according to different
studies, RUST=9 points or >10 points are considered as an
indicator of fracture healing.

In a study by the authors of the developed scale [60], RUST
< 3 points had a sensitivity of 96% and a specificity of 90%
in predicting the need for additional surgery due to non-union,
with positive and negative predictive values of 75% and 99%,
respectively. Most studies consider RUST < 6 points as the
intervention threshold for predicting non-union [7,20,27].
At 14 to 27 weeks, RUST <6 was statistically significant in
differentiating non-union from delayed fragment consolidation
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[23]. At 6 weeks after TDF with intramedullary nailing, a
sensitivity of 75% and a specificity of 75% were found for RUST
< 6 in assessing non-union, with aseptic non-union observed in
72.3% of fractures [20].

Prospectively Evaluate Reamed Intramedullary Nails in
Patients with Tibial Fractures (SPRINT) and the Fluid Lavage of
Open Wounds (FLOW) trails in patients with TDF after fracture
fixation with intramedullary nails. In a multivariate logistic
regression model examining risk factors such as tibial fracture
type, gap size, and RUST=4 at 3 months, an open fracture was
associated with a 5.5-fold increase in the odds of non-union,
and RUST=5 or 6 was associated with a 7.7-fold increase in the
odds of non-union. An open fracture was associated with a 15.5-
fold increase in the odds of non-union, and a score of RUST=5
or 6 was associated with a 5.7-fold increase in the odds of non-
union at one year compared with a RUST score >7 [28]. Based
on a retrospective meta-analysis and case-control studies, a
RUST score <6 at 3 months post-fracture was associated with a
7.12-fold increase in the odds of non-union after intramedullary
fixation [27]. The meta-analysis also showed that RUST <6
at 3 months post fracture can be considered an interventional
threshold associated with a high risk of non-union. In the
delayed consolidation group with RUST <10 points at 6 months
after fracture, the median time to healing was 32.3 weeks [20].
Another study also found that patients with fractures with RUST
<10 points were classified as delayed consolidation at 25 weeks
and achieved healing in a mean of 31 (median 29) weeks [23].

The diagnostic value in tibial metadiaphyseal fractures has
been improved by the modification of the RUST to the mRUST
[29,30]. In addition to the position’s characteristic of the RUST,
the mRUST introduced the indicators 'visible bridging but
fracture line visible' (RUST position 3, 3 points retained) and a
new position 4 - absence of remodeling (Invisible Remodeled)
and fracture line, where a score of 4 is assigned. According to
the mRUST, a minimum total score of 4 indicates a fracture
that has not healed and a maximum score of 16 indicates
complete fracture healing [30]. In a comparative ROC analysis
of mRUST and RUST by area under the ROC curve (AUC), the
rates were higher for mRUST (0.986 vs. 0.889) when assessing
TDF in pediatric patients [31,32]. Furthermore, mRUST >12
points and RUST >9 points were identified as predictors of
union, whereas mRUST <7 points and RUST <9 points were
considered predictors of delayed fusion. The authors noted that
when radiologists and orthopedic surgeons were assessed using
the ICC, moderate agreement was found for RUST and mRUST
scores, with slightly increased rates of delayed fusion. Although
the RUST scale was developed for TDF in intramedullary
nail fixation, RUST and mRUST have been successfully used
to assess fracture healing in different anatomical regions and
fixation methods, fracture types and after osteotomy [30,33,34-
39].

The validation and effectiveness of the RUST scale has led to its
widespread use in clinical practice [20,21,26,27,40,41]. Based
on literature data, intervention thresholds have been proposed:
for fracture non-union <6 points, for delayed consolidation <9
points, and for fracture union >10 points. In addition to positive
predictive value, the RUST has some limitations due to the fact
that the risk of non-union cannot be predicted earlier than 3



months. A weakness of the RUST scale is that the assessment
of the fracture line “visible (yes) or not” after the formation of a
bridge-like bone callus has a certain bifurcation [30].

However, although RUST enhances the clinician's ability to
assess the degree of TDF consolidation, it may be a significant
addition to systems that take into account important risk factors
for non-union: infection, chronic disease, surgical features, etc.
[17,20,40,42].

The NURD scoring system: for predicting non-union of the
TDF after intramedullary nail fixation was developed in the
USA by specialists from the Universities of Minnesota and
Maryland based on a retrospective cohort study [14,15]. The
NURD system includes a scoring scale with 6 clinical and
3 radiological parameters (Table 2) and can be effective in
analyzing the risk of fragment non-union immediately after
surgery or at staging [43]. The authors of the developed the
NURD system presented a scale for predicting non-union.
According to the scale, the probability of non-union is 2% for
0 to 5 points, 22% for 6 to 8 points, 42% for 9 to 11 points, and
>12 points increase the risk of non-union by 61%. A NURD
score >9 points are recommended as the intervention threshold
for fracture non-union [14]. In another study, when comparing
the rates with the empirical incidence of non-union, it was found
that except for 0-5 points (3.8%), a lower rate of non-union was
found between 6-8 points with 9.3%, between 9-11 points with
up to 14.3%, and above 12 points with 16.7% [44]. Based on
this study, it was concluded that the NURD system does not
provide an intervention thresholds, i.e. it represents a range of
probabilities [44]. However, other studies have demonstrated
and recommended NURD > 9 points as a threshold for non-
union [8,43].

The validity of the NURD system was examined by comparing
theresultsofaSPRINT clinical trial of patients whohadundergone
intramedullary nail fixation of a fracture and the resulting non-
unions. In the initial comparative analysis, the NURD score
was shown to have a significantly worse discrimination score
than the SPRINT data (0.61 vs. 0.85, p < 0.01). However, in
a more detailed analysis, fractures in patients in the SPRINT
trial had less heterogeneity as assessed by the standard deviation
of the linear predictors (NURD 1.4 vs. SPRINT 0.4). After the
authors corrected for fracture homogeneity, the NURD score
showed the same strong discrimination with the SPRINT data
(0.81 vs. 0.85, p = 0.17) [46]. The authors concluded that
the susceptibility of the NURD was reliable; however, in our

opinion, the heterogeneity of fractures in real practice may
affect the reliability of the assessment in a given patient. In
addition, the weakness of the developed system was the lack of
an infection indicator and the fact that the validity of the system
was evaluated in a retrospective study.

To improve accuracy, the authors of the developed system
added the RUST scores to the NURD clinical fusion prediction
tool and took infection into account, allowing a more accurate
assessment by 6 weeks post-operatively [15], although this is
early for infection prediction. When the RUST and the NURD
scores were compared, RUST >10 was shown to accurately
assess fracture healing independently of the NURD score.
However, an additional the NURD score is important in the
intermediate RUST score group (6-9 points), with 25% of
patients with a the NURD score >7 having a non-union. In the
group with a low RUST score <6 and the NURD score >7 or
the presence of infection, 69% of patients had non-union. It
was concluded that infection, RUST and NURD scores had a
statistically significant association with non-union (odds ratio
> or < 1.0; p < 0.01), with a sensitivity of 82% and specificity
of 82% [40].

Assessing the risk of non-union using this system, but with
additional assessment of reliability testing and biomechanical
validity, will provide surgeons and orthopedic surgeons with
an improved ability to predict non-union and assist in patient
management [47].

Due to the ambiguous approach to existing versions of NURD,
improvements by the authors of this model are ongoing. A new
version of the NURD 2.0 has been created in which the risk
score for determining non-union has been expanded compared
to previous models by adding 6- and 12-week RUST scores
and introducing infection and smoking scores [48]. Using the
NURD 2.0, it is possible to predict TDF non-union immediately
after surgery or at any time within the first 3 months. This
model represents a significant improvement over previous
models and, according to the authors, allows surgeons to make
a timely decision about the need for early surgical intervention.
However, the NURD 2.0 has not been validated in other studies.

The FRACTING assessment system: was developed by
L. Massari and a group of specialists (42 people, 41 clinics
of orthopedics and traumatology) in Italy in 2018 [16]. The
basis for the development of the FRACTING system was the
previously created prognostic system ARRCO (Algoritmo
Rischio Ritardo Consolidazione Ossea) for fracture assessment

Table 2. Parameters used to calculate the NURD scores (adapted from [14]).

Clinical parameters (in points)
Flap coverage

ASA assessment of the patient's

i hysical conditi
Fracture Exposure Compartment requlremen.t Male physical condition Chronic discase
syndrome 3 % of cortical ASA
ASA 1 ASA?2

contact 34
2 4 5 1 1 2 3 3
Radiological parameters ( in points)

. % of cortical contact
Low-energy fracture ** Spiral Fracture ** lzg%cor feal comtac 75% 50% 5%
1 2 0 1 2 3

Note: *ASA is the American Society of Anesthesiologists [45]; **One point is deducted for spiral fractures and low energy trauma.
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Table 3. Parameters used for the FRACTING scores calculation [16].

Parameters Additional parameters
18-45
Age increase 46-60
>60
Malnutrition
Diabetes
Smoking
Use of NSAIDs**
Closed
Fracture exposure severity SSZE ii‘lji 5 cm
Open skin > 5 cm
Location: metaphysis or epiphysis
Nail 1
Synthesis device Plate 2

External fixation
Unstable Yes
Misalignment > 5

Points* Parameters Points*
1

2 Bone diastasis, >2mm 1

3

1 Length of surgery, >120 minutes 1

1 Fracture of tibia alone 1

1 Loss of bone substance 1

1 Bone graft 1

1

2 . .

3 Plate + diastasis 0,5
4

1 Angular stability plat 0,5
1

2 Plate + plaster cast -0,5
3

1 Blood hemoglobin before treatment < 10 g/dl 1

1 Blood hemoglobin after treatment < 10 g/dl 1

NOTE: * if the parameter is present, the corresponding score will be given, if it is absent - 0. **NSAIDs: nonsteroidal anti-inflammatory drugs.

in points based on retrospective analysis [49]. The improved
the FRACTING system, based on a prospective study, provides
the most complete representation of clinical and radiological
positions and the impact of surgical treatment (Table 3).

The FRACTING system includes an important risk factor
such as smoking, which increases the relative risk of non-union
(odds ratio, OR 2.42) and delayed consolidation of diaphyseal
fractures (OR 1.78) [20,50]. Information about the risk of non-
union can be provided to the patient to address this modifiable
risk factor.

Administration of non-steroidal anti-inflammatory drugs
(NSAIDs) <90 days after fracture fixation is associated with
non-union of TDF (OR 1.42) [51]. Non-union was observed in
5.18% and 7.79% of patients when NSAIDs were prescribed
acutely and chronically [52]. The risk of non-union was higher
in patients prescribed selective COX-2 inhibitors after fracture
(OR 1.84), but not in patients prescribed non-selective NSAIDs
(OR 1.07) [53]. However, if we consider NSAIDs in the context
of their importance in relieving pain and inflammation, the
practice guidelines of the Eastern Association of Surgeons
and Traumatologists and the Association for Orthopedic
Traumatology state that prescribing NSAIDs to patients after
fractures (effect on inflammation and pain) is superior to potential
risk factors for fracture non-union [54]. In all likelihood, the
different assessment of the effect of NSAIDs on fracture healing
has influenced the neglect of this indicator in the development
of other prognostic systems.

Diabetes is a major risk factor with a 1.6 to 2.0 fold increase
in the risk of non-union [40,50] therefore, its inclusion in the
system improves the accuracy of the assessment.

The validity of the FRACTING system has been demonstrated
by its developers in the evaluation of TDF fracture healing in
a prospective, multicenter, observational study in 41 Italian
orthopaedic and trauma centers [16]. It was based on the analysis
of 363 tibial fractures of different types (41-A and B, 42-A and
C, 43-A and B, according to the AO classification). It was found
that in 12% of patients with a score < 7, healing lasted more
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than 6 months compared to 43% of patients with a score > 7.
ROC analysis (AUC = 0.823) showed high reliability of the
score when dividing patients into groups before 6 and after 6
months after surgical treatment. In clinical practice, an effective
threshold for the assessment of delayed consolidation and non-
union is a score >7, with a sensitivity of 63%, specificity of 81%,
and positive predictive value of 53%, indicating fracture healing
in more than 6 months. In addition, the authors presented data
on the sensitivity, specificity and positive predictive value of the
FRACTING system from 3 to 12 points. For example, at a score of
7, the sensitivity of the method was 80%, the specificity was 65%,
and the prognostic value for fracture healing was 43% [16].

The FRACTING scale can predict fracture healing time and
identify patients at risk of non-union at six-time intervals:
immediately after surgery, < 3 months, 4 months, 5 months,
6 months and > 6 months [43]. We found that the mean the
FRACTING score (7.3+2.5) was positively correlated with the
number of days to healing r = 0.63 (p < 0.0001).

Thus, the strength of FRACTING is its evaluation in
retrospective and prospective studies, which improves the
accuracy of predicting nonunion, and its ease of use at any stage
after surgery. Patient-related risk factors have been introduced
into the system. The assessment of anemia in the patient is
important, as anemia is known to reduce bone regeneration.
The FRACTING has a proven interventional threshold for non-
union (>7 points) and can be used to predict and select patients
for fracture healing stimulation, such as the use of growth
factors, cell therapy, drugs that stimulate or optimize reparative
osteogenesis, and physical factors that influence the reduction
of the risk of non-union [16,55]. The system takes into account
different options for fracture stabilization. The weakness of
FRACTING is the presence of items such as malnutrition,
instability and bone loss, which can be interpreted differently,
the absence of an infection indicator, and the unspecific
representation of diastasis (> 2 mm).

The LEG-NUI Non-union Index: developed by E. Santolini
et al. in 2020, is based on the evaluation of tibial and femoral



diaphyseal fractures (100 non-unions and 100 control patients)
[17]. It is a clinical tool that includes eight risk factors, 4
clinical and 4 radiological, to predict fracture fusion or non-
union (Table 4). If a patient has a score <5, fracture fusion is
predicted; however, if the score is >5, the risk of non-union is
high [17]. The LEG-NUI scale includes an index of infection as
an important risk factor for non-union. The effectiveness of the
LEG-NUI system is increased if the calculation is performed at
12 weeks after surgery, as infection development and changes in
the indices are possible during this period.

Table 4. Parameters used to calculate the LEG-NUI score [17].
Points
Yes

Site of fracture—tibia 1

Soft tissue damage (internal degloving or

open fracture)

Indicators

Z
°©

1

Type of fracture (wedge or comminuted) |1
Displacement—>75% of shaft width 1
Method of reduction—open 1
Post-surgical fracture gap (>4 mm) 1
Mechanical stability—not optimum 1

1

SOOI 0 oo o o

Infection (superficial or deep)

The validity of the LEG-NUI prediction model was
demonstrated. With an optimal intervention threshold of >5
points using ROC analysis (AUC 0.93), the sensitivity of the
method was 86% and the specificity was 87%. The advantage
of the LEG-NUI is that it can be used with different methods of
diaphyseal fracture fixation [17].

The LEG-NUI scale has also been validated in a study of 319
open and 77 closed TDF [44]. Fracture non-union was noted
in 61 patients (6.7%). The rates of fracture non-union for each
score were tabulated by the author, with the highest percentages
for scores greater than 5 (20%) and up to 8 (40%). The sensitivity
of the method was 86.0%, which is in line with data from the
system developers [17], but the specificity was found to be
much lower (49.3% versus 87%). The low specificity obtained
by the author [44] may be due to the fact that the LEG-NUI was
validated by the developers for femoral and tibial fractures, which
may have influenced the assessment of specificity when analyzing
TDF only. In addition, a positive predictive value of 18.6% and a
negative predictive value of 96.3% were evaluated [44]. The LEG-
NUI system has been well evaluated in studies [8,14].

Thus, the strength of the LEG-NUI system is the clear definition
of its 8 indicators, including the infection indicator. However,
the absence of the smoking indicator can be considered a
weakness of this system.

For the clinician, a version of the LEG-NUI scale score (https://
apps. apple.com/ gb/ app/ leg- nui/ id150 42081 100) may be
convenient, but it is currently only available in the itunes store.

The TFHS system: was developed in 2020 by specialists at
the University of Virginia (USA) to identify patients at high
risk of non-union of TDF (OTA: 41A, 42A-C and 43-A) [18].
This system has advantages over the standard conventional
clinical and radiological examination of patients treated with
intramedullary osteosynthesis. The TFHS scores are based on 3
clinical parameters that are evaluated in a single score (Table 5).
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A prognostic assessment of the risk of non-union can be made
during routine postoperative visits.

Table 5. Parameters used to calculate TFHS scores [18].

Indicators Points
Clinical parameters

Pain. Patient complaints:

- pain (none/mild/decreased 1

- no change/increased 0
Function

- minimal limp/able to perform a single leg stance 1

- significant limp/unable to perform single leg stance |0

Patient examination:

- no/minimal pain with manipulation 1

- pain on manipulation 0
Radiological parameter

Adjusted Radiographic Union Scale in Tibial fractures (aRUST) [13]

The authors showed that TFHS score <3 at 12 weeks predicts
the risk of fracture non-union and the need for additional surgery
with high sensitivity (96%) and specificity (90%). At 3 months
after surgery, RUST scores (1 to 3) are also entered into the
system [18]. At this time, the sum of the three clinical TFHS
scores <2 points and RUST score <5 points indicate the risk of
non-union. TFHS score <3 points combined with RUST score
of 6 or 7 points is considered by the authors to be reliable for
identifying patients who require treatment.

The strength of this system is the combination of clinical and
radiologic indicators as a weakness of the TFHS system, we can
consider the position including “patient examination”, which
has an element of subjectivity. In addition, it has only been
evaluated in a retrospective study and is only shown in patients
with intramedullary fixation. Due to its recent development, this
system has not been well validated in the nvestigations. Only
one study is presented in a comparative analysis of the TFHS
with other scoring systems (see below) [8].

Comparative analysis of developed systems for the
assessment of fracture union and non-union: In a comparative
study of 15 patients with TDF, four available systems were
evaluated: LEG-NUI, NURD, FRACTING and TFHS [8]. The
following thresholds were used in the assessment of non-union
to calculate positive and negative predictive values: FRACTING
>7 and NURD >9 in the immediate postoperative period, and
LEG-NUI systems >5 and TFHS <3 at 12 weeks after surgery.
The positive predictive values for the development of non-union
were 80% for FRACTING, 100% for LEG-NUI and 40% for
NURD, and the negative predictive values were 60, 90 and 90%
respectively. In retrospective analyses, it was not possible to
calculate a reliable TFHS accuracy. The authors concluded that
LEG-NUI had the best combination of positive and negative
predictive values for the early detection of non-union [8].

In another multicenter study, a comparative analysis of three
systems FRACTING, NURD and LEG-NUI was performed to
predict the outcome of fusion and non-union of TDF, taking
into account the age and gender of the patients and the fracture
characteristics when using intramedullary nail fixation [43].
Based on this study, the authors used thresholds of FRACTING
> 8 and NURD > 9 in the immediate postoperative period. LEG-



NUI scores > 5 were calculated 12 weeks after fracture fixation.
The sensitivity values of FRACTING, NURD, LEG-NUI were
63.41%, 14.63% and 58.54 respectively, the specificity values
were 86.52%, 96.63% and 91.07% respectively, the positive
predictive values were only estimated for FRACTING 68.42%
and LEG-NUI 75.31%. The negative predictive values for
FRACTING, NURD, LEG-NUI were 83.7%, 70%, and 83.27%,
and the F-test (a measure of prognostic performance) was 67%,
18%, and 58.06%, respectively. Based on the data, the authors
concluded that FRACTING had the best ability to identify
patients at risk of non-union according to the highest sensitivity
and F-test scores. NURD had the lowest sensitivity. A study by
K. O'Halloran et al. also showed a low diagnostic accuracy of
NURD, while FRACTING and LEG-NUI scores were similar
(79.2%) [14]. The FRACTING system showed a prognostic
value (83.7%) and specificity (86.5%), whereas the LEG-NUI
score showed a better negative predictive value (85.3%) and
sensitivity (68.3%). These two systems are recommended to be
used in clinical practice to select the surgical approach and to
guide postoperative therapy [14].

A comparative analysis of LEG-NUI and NURD also showed
better performance of LEG-NUI in terms of discrimination
score (c=0.802 (0.709 -0.895), p = < 0.001 vs. c=0.693 (0.592
- 0.793), p < 0.001, 95% CI [44]). A score greater than 0.7
indicates a good model fit and a score greater than 0.8 indicates
a strong model fit.

No comparative analysis of the updated version of NURD 2.0
[48] with other prognostic systems was found in the available
literature.

NUSS fracture non-union scoring system: The NUSS scoring
system was developed for incipient non-unions [19,56] and
differs from other systems presented above in that it combines
predictors and features of non-union in the early postoperative
period (humerus, femur and tibia) and suggests management
tactics for patients [57-59]. Taking into account previously
developed prognostic systems, NUSS is the first multi-factorial
approach to non-union based on 15 different indicators grouped
into 3 blocks: bone status, fracture and surgical characteristics,
soft tissue status and patient health, with a total score ranging
from 4 to 100 points [56].

Patient-related factors such as chronic disease, smoking,
steroid and NSAID use are included as important risk factors
for non-union. In addition, the invasiveness of previous
procedures, type of non-union, soft tissue status (previous scars,
vascularization problems and skin defects, etc.), assessment of
the patient's condition according to the ASA scale, etc. (Table
6) [56,58].

The NUSS scale can be used at admission of patients with non-
unions, correlates with the clinical complexity of a particular
patient, and makes it possible to predict further outcome. On
this basis, for the first time, a therapeutic treatment protocol has
been created, represented by 4 classes depending on the score,
and the effectiveness of treatment options for non-union in each
class has been demonstrated (Table 7) [19,57-59].

Studies have shown that the proposed treatment strategy
corresponds well with the final treatment (%2 =29.963, 9 degrees
of freedom, p < 0.001) [57,60].
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The results of the validation of the NUSS system by G.M.
Calori et al. (300 long bone non-unions) showed that in patients
with clinically and radiologically confirmed non-unions after
NUSS treatment, 86% of patients had positive results in grade
1, 87% of patients in grade 2 and 82% of patients in grade 3,
and the mean time to clinical healing was (8.78 £ 2.04) months,
(9.02 + 1.84) months and (9.53 + 1.4) months, respectively [56].

In a retrospective study [61] to validate the NUSS system [19],
40 patients were divided into three groups. All class 1 patients
treated according to the NUSS guidelines achieved a fracture
fusion rate of 97.05%, class 2 patients achieved a fracture fusion
rate of 83.67% and in class 3 only 20% of patients achieved
fracture fusion. The authors [61] noted that they obtained similar
results to the study published by G.M. Calori et al. for patients
with scores of 0-25 and 26-50 [19].

Another study also investigated the effectiveness of the NUSS
system in treating patients with ununited fractures of the femur,
tibia and humerus [58]. In the evaluation of 39 (33.62%) patients
with TDF divided into grade 1 and grade 2, 100% fusion was
observed in 100% of patients and 16.66% in grade 3. The risk
of non-union in untreated patients was 28 times higher than in
patients treated according to the NUSS guidelines. The authors
believe that using the NUSS as a guideline for diagnosis and
treatment planning in patients with non-united fractures can
significantly improve the effectiveness of treatment [58].

The strength of the NUSS system is its comprehensive
multifaceted consideration of risk factors that have been
evidenced in the literature. It is the first classification that takes
into account bone and soft tissue status, type of nonunion,
fracture and surgical characteristics, and patient and patient-
related risk factors. However, the creators of the NUSS system
noted that it did not sufficiently reflect the influence of biological
factors [19,56].

Inalaterstudy, the NUSS scale was successfully used to evaluate
different treatment options for non-union of TDF: monotherapy
(bone autograft and secure fixation) and polytherapy (biological
therapy) [62]. A significantly higher NUSS score (48 vs. 38)
and success rate (95% vs. 58%) were found in the polytherapy
group of patients compared to the monotherapy group, but in
this group, ROC analysis with a high NUSS score showed a
high predictive performance (AUC=0.9143), and when the
threshold was set (at 48 points), the sensitivity was 100% and
the specificity was 70.0%. The NUSS is considered a reliable
and clinically valid system for prognostic assessment of fracture
healing and proposed treatment options [58,60,62].

Currently, the NUSS system can be considered as the most
effective tool for classifying and predicting the complexity
of nonunion and on this basis the practitioner can plan the
emergency treatment of a patient with TDF and nonunion.
The creation of a mobile application based on the risk factors
presented in the classification would be of great help to the
clinician and could greatly facilitate the use of this system.

Conclusion.

Some of the most important clinical and basic research in
traumatology and orthopedics are developments based on the
prediction of the risk of fracture non-union. Adequate diagnosis
based on a standardized definition of the criteria for fusion,



Table 6. NUSS scoring system for patients with non-unions [56].

Condition assessment Indicators Score Maximum score*
(points)
Bone Good 0

Moderate (e.g. mild osteoporosis)

P Poor (e.g. severe porosis or bone loss)

Very poor (necrotic, appears avascular or septic

Primary injury —open or closed

racture

Closed

Open 1 grade

Open 2-3 grade (a)

Open 3 grade (b—)

Number of previous interventions on

this bone to procure healing

None

<2

<4

>4

Invasiveness of previous interventions)

Minimally-invasive: closed surgery (screws, k-wires, etc.

Internal intra-medullary (nailing)

Internal extra-medullary

Any osteosynthesis that includes bone graftin

Adequacy of primary surgery

Inadequate stability

Adequate stability

Weber & Cech group

Hypertrophic

Oligotrophic

Atrophic

Bone alignment

Non-anatomical alignment

Anatomical alignment

Bone defect (gap)

0,5-1 cm

1-3 cm

>3 cm

NN =IO N W= = O WN = O R WN = WnW— O W~

Soft tissue

Status

Intact

Previous uneventful surgery, minor scarring

N O

Previous treatment of soft tissue defect (e.g. skin loss, local flap
cover, multiple incisions, compartment syndrome, old sinuses)

Previous complex treatment of soft tissue defect (e.g. free flap)

Poor vascularity: absence of distal pulses, poor capillary refill,
venous insufficiency

Presence of actual skin lesion/defect (e.g. ulcer, sinus, exposed
bone or plate)

The patient

Physical status of patients according to
the (ASA)**

l1or2

3or4

Diabetes

No

Yes (well controlled HbA1c** < 10)

Yes (poorly controlled HbAlc > 10)

Blood tests: FBC, ESR, CRP

FBC: white blood cell count (WCC) > 12

Erythrocyte sedimentation rate (ESR)> 20

C-reactive protein (CRP) > 20

Clinical infection status

Clean

Previously infected or suspicion of infection

Septic

Drugs

Steroids

NSAIDs***

Smoking status

No

Yes

no— [~ A~ ol—~—N~ol~o

The sum

50****

50

* The highest score in each group summarizes that it would be difficult to achieve fusion.
** ASA — American Society of Anesthesiologists [45].

***NSAIDs — non-steroidal anti-inflammatory drugs.

**%% Patient's total score is multiplied by two.
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Table 7. Patient management approaches based on the NUSS scoring system (adapted from [19,57]).

Distribution of

Non-union associated with a mechanical problem is amenable to standard treatment - improving

Correction of fixation, possibly using the same system. In addition, physiotherapy (pulsed

electromagnetic field, extracorporeal shock wave therapy) or biotechnology may be used to

Creation of mechanical conditions, if necessary - resection of non-unions, autograft may be used.

In addition, regenerative therapy methods (growth factors, mesenchymal stromal cells, etc.) are

patients by class NUSS score Treatment approaches for non-unions
I class 0-25 fixation stability, possibly by choosing a different system.
2 class 2650
stimulate regeneration.
3 class 51-75
indicated.
4 class 76-100

Depending on the anatomic location of the fracture and the amount of bone loss, amputation,

arthrodesis, prosthesis or megaprosthesis implantation may be possible.

delayed consolidation and fracture non-union is necessary
to accurately assess the optimal management of patients with
TDF and for research purposes. The search for and validation
of risk factors has led to the development of the RUST system
and other systems that reflect temporal, clinical and radiological
parameters in different ways, but which have the advantage of
being specifically patient- related factors, allowing prediction
of fracture status and timely application of the necessary
treatment measures. In most studies in adult patients, a RUST
<6 (no bone callus formation) at 3 months after fracture has
been confirmed as a predictor of high risk of non-union and is
considered a intervention thresholds. The fracture prognostic
systems described in this paper, such as LEG-NUIL, FRACTING,
NUSS, contribute to the risk stratification of non-union. The
intervention thresholds of the developed systems have been
selected as a result of the studies performed. NUSS additionally
offers of management strategy for patients with fracture non-
union. Future studies should aim to prospectively validate
the developed fracture union — non-union scoring systems to
identify their strengths and weaknesses and the management
options used.
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PAHHUE MHNPEJUKTOPBI HECPAIIIEHUSI
JTUAG®U3ZAPHBIX MMEPEJIOMOB BOJIBIIEBEPIIOBOM
KOCTU,OCHOBAHHBIE HA BAJIVIBHBIX CUCTEMAX

®. X. Ymapos', K.JK. Camaros’.

"Tocyoapcmeennoe yupesicoeHue «Pecnybnuxanckuii
CNeYUAnU3UPOBAHHBIU  HAYUHO-NPAKMUYECKUN  MeOUYUHCKULL
yenmp mpasmamonocuu u opmoneouu M3 Pecnyonuxu
Vabexucmany, e. Tawxenm.

’Camapranockuil unuan 20cy0apCcmeeHno20 yupesicoenus
«Pecnybnuxancrkozo cneyuanu3Upo8aHHO20 HAYYHO-
NPAKMUYECKO20 MEOUYUHCKO20 YEeHmpa mpasmamonocuy u
opmoneouu M3 Pecnyonuxu Y36exucmany, e. Camaprano.

Brenenne. OTCYyTCTBHE CTaHAAPTU3AIIMH B OIICHKE ITOTCHIHAJIA
3KUBJICHHUS THAPHU3APHBIX [TEPETOMOB O0JIBIICOCPIIOBOM KOCTH
Ha PaHHHUX dTarax JICUCHHs MPHUBOAUT K MMO3IHEH AUArHOCTHKE
HECpalleHUs. 4YTO TpebyeT pa3pabOTKH MPOTHOCTUYCCKUX
KPUTEPHUEB AUATHOCTHKH, YUUTHIBAIOIIMX BO3MOKHBIC (DaKTOPHI
pucka. Ilenb: TpPOAHATH3UPOBATh W OLCHHUTH HMEIOIIHECS
0a/UTbHBIC CHUCTEMbI ISl POTHO3MPOBAHHUS CpAIICHUS U
HeCpalieHuss auapu3apHBIX EPEIOMOB  OOJbIICOCPIIOBOM
xoctd. Metoposorusa. Ilouck nyOmukanuii MpPOBOIAMIN B
6a3zax Scopus (Elsevier), PubMed, Publons, Medline, PUHII,
Google, Google Scholar. Pe3ynbrarel. IIpoananusuposano 6
CHCTEM, IPOTHO3HMPYIOIIMX PHUCK HecpaiieHus nuapu3apHbIX
TepesioMoB O0JNBIIEOEepPIIOBON KOCTH B Oaniax, 4 U3 KOTOPBIX
BKJIIOUAIA KIMHUYCCKHE U XUPyprudeckue (akTOpbl pHCKa
Hecpamienus. [IpenmyiiecTBoM OajuIbHBIX CHCTEM SBISETCS
OMpEICIICHHE OTPE3HONM TOYKH Ui PAHHErO BBIIBICHUS
HecpalieHus. 3akjwdeHue. 3 MNPOrHOCTHYECKUX CHCTEM
HauboJIee UCCIICIOBAHBI U PEKOMEHIOBAHBI ISl HCTIOJIb30BAHUS
B KJIMHUYECKOU MPAKTHKE: PEHTTCHOIOTHYECKas IIIKaIa OICHKU
cpamenus OombiebepuoBoit koctu (RUST), mnpemukTopsl
HecpamieHuss  OompmebepuoBoit koctn  (FRACTING),
unaekc HecpamieHus Leeds-Genoa (LEG-NUT) u cucrema
Hecpamenus (NUSS), mpenHasHadeHHas JUisl  paHHEH
JUArHOCTUKH U Pa3pabOTaHHOW HA €€ OCHOBE TAKTUKHU JICUCHHUS.
B pononHuTEenbHOM OLIGHKE HYKIAIOTCS CHUCTEMBI: IIKaja
onpenenenusi HecpameHnus (NURD) u mkama 3axuBieHUs
niepesioMoB OombiedepiioBoit koct (TFHS).

KuioueBble ciioBa: nuaduszapHbie MEPENIOMbI, JUArHOCTHKA
HECPAIICHUs, 3aMEIJICHHAsS KOHCOJIHUAAIUS, POTHOCTHYCCKHE
OaJITbHBIE CUCTEMBI.
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