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Abstract

Introduction Avascular necrosis (AVN) after femoral neck fracture (FNF) is a rare and severe paediatric condition, but only
few studies described its prognosis and risk factors. The present study aimed to evaluate the outcomes and independent fac-
tors for poor prognosis of AVN after FNF in children and adolescents.

Method This retrospective study included children and adolescents with AVN after FNF who received conservative treat-
ment (CT group) or non-vascularized bone grafting (NVBG group) between 2000 and 2018. The primary outcomes were
the risk of hip arthritis (Tonnis grade) and hip deformity risk (Stulberg classification). All patients were followed for at least
two years to assess AVN progression.

Results Study included 81 patients. In the CT group, 23/43 patients (53.4%) developed hip arthritis, and 24/43 patients
(55.8%) showed hip deformity. In the NVBG group, 23/38 patients (60.5%) developed hip arthritis, and 34/38 patients (89.5%)
had a hip deformity. The multivariable analysis indicated that NVBG surgery had no significant effect on the outcomes. Post-
treatment femoral head collapse (P=0.05, OR=3.80, 95% CI=1.01-14.29) and post-treatment hip subluxation (P=0.01,
OR=2.85,95% C1=2.31-129.56) were independent risk factors for severe hip arthritis. Post-treatment femoral head collapse
(P<0.01, OR=17.64,95% CI=3.23-18.04) and pre-treatment hip subluxation (P=0.02, OR=7.33, 95% CI=1.44-37.41)
were independent risk factors for severe hip deformity.

Conclusion Neither CT nor NVBG have demonstrated superiority regarding long-term outcomes in patients with AVN
after FNF. Upon the disease progression to severe collapse with subluxation and severe arthritis, further hip preservation
attempts could be futile.

Keywords Hip fracture - Avascular necrosis - Children - Adolescents - Hip subluxation - Hip arthritis

Introduction

Femoral neck fracture (FNF) in children and adolescents is
mostly caused by high-energy trauma and has an incidence
of less than 1% [1, 2]. Due to the immature blood supply,
FNF can result in extensive avascular necrosis (AVN) of the
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deformity of the femoral head as well as hip subluxation
[1, 2]. The short-term prognosis of such patients is poor,
and progress to severe hip degeneration is not uncommon.
Due to the rarity of AVN after FNF, only a few studies have
compared the conservative or surgical treatments in chil-
dren and adolescents with AVN after FNF, with conflicting
results [16-18].

Based on the above, this retrospective study aimed to
examine the specific characteristics and prognosis of chil-
dren and adolescents with AVN after FNF, examine whether
non-vascularized bone grafting can improve the short-term
(arthritis) and long-term (deformity) outcomes, and investi-
gate the independent factors for poor prognosis in children
and adolescents with AVN after FNF.

Material and methods
Study design

This retrospective study used a database of out- and inpa-
tient clinical and radiographic information. The study was
approved by the ethics committee of the hospital. The
requirement for individual consent was waived by the
committee.

The diagnosis of AVN was based on the Japanese Inves-
tigation Committee (JIC) classification system [19] and the
Association Research Circulation Osseous staging system
[20]. The inclusion criteria were (1) < 16 years of age when
trauma-induced FNF occurred, (2) no history of corticoster-
oid use or alcohol abuse, (3) treated conservatively or surgi-
cally, (4) followed until skeletal maturity, and (5) follow-up
of > two years. The exclusion criteria were (1) other com-
plications of FNF (such as nonunion or infection) or other
diseases (such as dysplasia of the hip joint or rheumatoid
arthritis), (2) epiphysiolysis capitis femoris, (3) missing
clinical and radiographic data, or (4) history of treatments
at other hospitals.

The decision to perform surgery was made according to
the presence of progressive femoral head collapse. Patients
without progressive femoral head collapse received con-
servative treatments (CT group), while patients with pro-
gressive femoral head collapse underwent non-vascularized
bone grafting (NVBG group).

Examinations

Radiographic assessment was performed with standard
anteroposterior and frog-lateral radiographs. Magnetic
resonance imaging (MRI) was not used routinely due to
the distorted images resulting from internal metal fixation.
The AVN stage (I/II/III) was determined according to the
Association Research Circulation Osseous (ARCO) staging
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system [20]. The degree of collapse was also evaluated by
the concentric circle method on anteroposterior and lateral
radiographs using Image] (1.52a, National Institutes of
Health, Bethesda, MD, USA) [21]. Pre- and post-treatment
hip subluxation was defined as a break in Shenton’s line
[22].

The Japanese Investigation Committee (JIC) classifica-
tion system [19] was used to describe necrotic lesions and
femoral head collapse, according to the following crite-
ria: for type C, the necrotic lesions occupy more than the
medial two-thirds of the weight-bearing portion; for type
C2, lesions extend laterally to the acetabular edge and show
a higher risk of collapse than type C1 lesions [19]. In this
study, all lesions were type A, B, C1, or C2.

Management

As per routine practice at the authors’ center, conservative
management was suggested to patients in the pre-collapse
or mild collapse stage. The decision to perform surgery was
made in cases of progressive femoral head collapse. Non-
vascularized bone grafting was used to reconstruct the col-
lapsed femoral head using the Phemister [23] technique in
six cases, lightbulb [24] technique in six cases, and trapdoor
[25, 26] technique in 26 cases. Combined containment sur-
geries, such as extensive pelvic osteotomy [27] or Chiari
pelvic osteotomy [28], were performed in 13 and two cases,
respectively, and aimed at rectifying the hip joint subluxa-
tion. After surgery, restricted weight-bearing was maintained
with the use of crutches during the first six months. For the
following 6 months, partial weight-bearing using one crutch
was recommended. Then, full weight-bearing was allowed
when the patients were free of hip pain. Anti-osteoporosis
drugs were not used because of the unknown complications
and safety in children and adolescents. Symptomatic treat-
ments consisted of nonsteroidal anti-inflammatory drugs
(NSAIDs) or analgesics, as needed. Conservative treatment
only consisted of pain relief, restricted weight-bearing
(6 months bilateral, 6 months unilateral, for the same dura-
tion as in surgery patients), and physical treatment, within
the first two years after diagnosis of AVN.

Outcomes

The outcomes were evaluated using the Tonnis grade [29]
and the Stulberg classification [30]. Tonnis grade 0 indicated
the absence of degenerative changes; grade 1, mild joint-
space narrowing, mild sclerosis evidenced by the widening
of the sclerotic zone, and small marginal osteophytes; grade
2, moderate joint-space narrowing, moderate sclerosis of the
femoral head or acetabulum, and the presence of small sub-
chondral cysts within the femoral head or acetabulum; grade
3, severe joint-space narrowing (< 1 mm) or obliteration of
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the joint space and evidence of large subchondral cysts on
the femoral head or acetabulum. The Stulberg classification
[30] was used to describe the femoral head’s shape at skel-
etal maturity and to predict the long-term outcome. Class I/
II hips still maintain a spherical femoral head. Class III hips
have an ovoid femoral head. Class IV/V hips demonstrated
a flattened femoral head.

The secondary outcome was the progression of the fem-
oral head collapse [30]. The assessments of radiographic
factors and outcomes were conducted by two specialists in
paediatric joint surgery (Z.L. and Q.W.).

Follow-up

AVN progression was assessed during the follow-up. The
occurrence and progression of collapse were determined by
direct radiography with the hip joint in the orthotopic and
frog positions. The patients were required to return to the
outpatient department for imaging follow-up every three to
four months for one year after surgery, every six months in
the second year, and then yearly until skeletal maturity.

Statistical analysis

The continuous variables were evaluated using the Kol-
mogorov—Smirnov test. Those with a normal distribution are
presented as means =+ standard deviation and were analyzed
using Student’s 7 test; otherwise, there are presented as medi-
ans (interquartile ranges (IQR)) and were analyzed using the
Mann—Whitney U test. Categorical data are presented as n
(%) and were analyzed using Fisher’s exact test or the chi-
square test. Binary logistic regression models were used to
examine the potential variables associated with poor progno-
sis. The univariable analyses were conducted using the input
mode, and the multivariable analysis was performed using
the forward condition. P values < 0.05 were considered sta-
tistically significant. All statistical analyses were performed
using SPSS 22.0 (IBM, Armonk, NY, USA).

Results
Characteristics of patients

Between January 2000 and January 2018, 115 children and
adolescents with AVN after FNF were treated at the authors’
hospital, and of them 81 were included into the study (Table 1).
There were 54 boys and 27 girls, with a mean age at the time of
FNF being 13.3 + 1.9 years old (ranged from 6 to 16 years). All
patients were diagnosed with AVN 13.7+ 10.2 months after
FNF. The mean follow-up time was 56.8 +38.4 months. Forty-
three patients received conservative treatment (CT group), with
a mean follow-up of 57.0+40.0 months. Thirty-eight patients

underwent NVBG, including 23 who underwent NVBG only
and 15 who underwent NVBG with additional containment
surgery. The last follow-up was at 56.7 +37.1 months after
surgery. No significant difference of age, follow-up duration,
sex, and pathogenic site was found between the two groups
(P>0.05). More patients were symptomatic in NVBG group
(69.0%) than those in CT group (31.0%) (P <0.01).

Prognosis of children and adolescents with AVN
after FNF

Upon admission, 24 patients were in the pre-collapse stage
(ARCO stage II), and 19 patients had progressed to the col-
lapse stage (12 with stage IIIA, three with IIIB, and four
with ITIIC) in the CT group. Among the patients in the col-
lapse stage, four had hip subluxation. During follow-up, 21
of the 43 patients in the CT group displayed a progression
of the femoral head collapse, and 28 of 43 cases were in the
collapse stage. Among the patients in the collapse stage,
11 had hip subluxation after treatment (Fig. 1 and Table 1).

Among the patients in the CT group, 55.8% showed
various degrees of hip deformity. At skeletal maturity, 19
patients were defined as Stulberg type I/I1, 13 type III, and
11 type IV/V. Finally, 53.5% of the patients in the CT group
manifested various degrees of hip arthritis. At the last fol-
low-up, 13, 9, and one patients were Tonnis grades I, II, and
II1, respectively (Fig. 1 and Table 1).

Among the patients who underwent surgery (NVBG
group), only one patient was still in the pre-collapse stage
(ARCO stage II), and 37 patients were in the collapse stage
(eight in stage IIIA, seven in IIIB, and 22 in stage IIIC).
The ARCO stage in NVBG group before treatment, and the
JIC classification were significantly different from those in
CT group (P <0.01). Among the patients in the collapse
stage, 23 had hip subluxation. The proportion of patients
with hip subluxation in NVBG group before treatment was
significantly higher than that in CT group (P <0.01). During
follow-up, 14 of those treated surgically had a progression
of femoral head collapse, and 37 of 38 cases were in the
collapse stage. Among the patients in the collapse stage,
seven had hip subluxation (Fig. 2 and Table 1). There was
no significant difference in hip subluxation, severe hip
deformity, and severe hip arthritis after treatment between
CT group and NVBG group (P> 0.05). No intraoperative
complications were observed. After treatment, one patient
had a superficial incision infection, but it did not appear to
affect the clinical or radiographic evaluations.

Risk factors for poor prognosis in children
and adolescents with AVN after FNF

Non-vascularized bone grafting (NVBG) procedure has
not decreased the risk of severe hip deformity at skeletal
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Table 1 Demographic and radiographical characteristics of children and adolescent with AVN after FNF

Potential factors Total CT group (n=43) NVBG group (n=38) P
Age (medians, IQR) 14.0 (12.0-15.0) 13.0 (12.0-14.0) 14.0 (13.0-15.0) 0.06*
Follow-up (medians, IQR) 45.0 (25.0-64.0) 40.0 (29.0-64.0) 46.0 (28.8-65.2) 0.93*
Sex, (%)
Boy 54 28 (51.9) 26 (48.1) 0.75°
Girl 27 15 (55.6) 12 (44.4)
Side, n (%)
Left 35 17 (48.6) 18 (51.4) 0.48°
Right 46 26 (56.5) 20 (43.5)
Symptomatic, n (%) 42 13 (31.0) 29 (69.0) <0.01°
ARCO stage before treatment, n (%) <0.01°¢
1T 25 24 (96.0) 1 (4.0)
1A 20 12 (60.0) 8 (40.0)
1B 10 3 (30.0) 7 (70.0)
1c 26 4(154) 22 (84.6)
ARCO stage after treatment, n (%) 0.03¢
1T 16 15 (93.8) 1(6.3)
1A 32 13 (40.6) 19 (59.4)
1B 7 2 (28.6) 5(71.4)
1mc 26 13 (50.0) 13 (50.0)
JIC classification, n (%) <0.01¢
A/B 11 11 (100) 0(0)
Cl1 27 16 (59.3) 11 (40.7)
Cc2 43 16 (37.2) 27 (62.8)
Hip subluxation before treatment, n (%) 27 4(14.8) 23 (85.2) <0.01¢
Hip subluxation after treatment, n (%) 18 11 (61.1) 7 (38.9) 0.44°
Hip deformity 0.07°
Type /11 19 (82.6) 4(17.4)
Type 111 13 (40.6) 19 (59.4)
Type IV/V 11 (42.3) 15 (57.7)
Hip arthritis 0.72°¢
Grade I 13 (46.4) 15 (53.6)
Grade 11 9 (56.2) 7 (43.8)
Grade 1T 1 (50) 1 (50)

AVN avascular necrosis, NVBG, non-vascularized bone grafting. CT conservative treatment, PFNF pediatric femur neck fracture, /QR interquar-
tile ranges, ARCO Association Research Circulation Osseous, JIC the Japanese Investigation Committee

*Mann-Whitney U test; bchi-square test; “Fisher’s exact test

maturity. At skeletal maturity, four patients were Stulberg
type I/I1, 19 type III, and 15 type IV/V. After controlling
for potentially confounding variables such as sex, age, side,
symptom, JIC classification, pre- and post-treatment hip
subluxation, and pre- and post-treatment degree of femo-
ral head collapse, the multivariable analysis indicated that
NVBG (irrespective of additional containment surgery) did
not affect the occurrence of severe hip deformity (type [V/V)
and arthritis (grade II/IIT) (Tables 2 and 3).

The independent risk factors of poor prognosis (severe
hip deformity and hip arthritis) were identified through
multivariable analysis. Specifically, the occurrence of a

@ Springer

severe hip deformity was independently associated with
a higher degree of post-treatment femoral head col-
lapse (P <0.01, OR=17.64, 95% CI1=3.23-18.04) and
pre-treatment hip subluxation (P=0.02, OR=7.33, 95%
CI=1.44-37.41). The risk of severe hip arthritis was
independently associated with a higher degree of post-
treatment femoral head collapse (P =0.05, OR =3.80,
95% CI=1.01-14.29) and post-treatment hip subluxation
(P=0.01, OR=2.85,95% CI=2.31-129.56). Age, sex,
side, symptom, treatments, and JIC classification were not
associated with poor prognosis (P> 0.05).
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Fig.1 A 13-year-old girl with a
left femoral neck fracture in the
conservative treatment group.
A Pre-operative anteroposterior
radiograph in December 2006.
B Avascular necrosis (JIC C2,
ARCO II) was diagnosed in
June 2008. C-D Anteroposte-
rior radiograph at 14 months

of follow-up after conserva-
tive treatment, showing the
development of severe collapse
(>4 mm) and severe degenera-
tive changes (Tonnis grade 3)

Fig.2 A boy with left avascular
necrosis after femoral neck
fracture in the non-vascularized
bone grafting (NVBG) group.
A Pre-operative anteroposterior
radiograph showing a femoral
neck fracture in April 2012. B
Avascular necrosis (collapse
accompanied by hip subluxa-
tion) was diagnosed in January
2013. C-D Anteroposterior
radiograph at 6 months of
follow-up after NVBG showing
the development of a collapse.
The hip subluxation was not
rectified. E-F Anteroposte-
rior radiograph at 3 years of
follow-up after NVBG showing
a flattened femoral head, severe
collapse (>4 mm), and severe
hip arthritis (T6nnis grade 3)

a
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Table 2 Risk factors of severe hip arthritis in children and adolescent with AVN after FNF

Potential factors Univariable analyses”

Multivariable analyses”

OR (95% CI) p P OR (95% CI) p P
Age 0.93 (0.71 to 1.22) -0.07 0.60
Sex
Boy vs. girl 0.73 (0.25 t0 2.17) -0.31 0.57
Side
Left vs. right 1.42 (0.50 to 4.07) 0.35 0.51
Symptomatic
No vs. yes 4.38 (1.30 to 14.78) 1.48 0.02
ARCO stage before treatment
II, IIIA, IIIB, and IIIC 1.53 (0.98 to 2.40) 0.43 0.06
ARCO stage after treatment
II, IIIA, IIIB, and IIIC 10.73 (3.08 to 37.45) 2.37 <0.01 3.80 (1.01 to 14.29) 1.34 0.05
JIC classification
A/B, C1, and C2 3.71(1.27 to 10.86) 1.31 0.02
Hip subluxation before treatment
No vs. yes 1.85 (0.63 to 5.42) 0.62 0.26
Hip subluxation after treatment 17.30 (2.31 to 129.56) 2.85 0.01
No vs, yes 100.0 (18.32 to 546.00) 4.61 <0.01
Interventions
NVBG surgery vs. CT 0.88 (0.31 t0 2.52) -0.13 0.81
NVBG only vs. CT 0.70 (0.20 to 2.52) -0.36 0.58
NVBG with containment surgery vs. CT 1.20 (0.31 t0o 4.61) 0.18 0.80

OR odds ratio, CI confidence interval, AVN avascular necrosis, PFNF pediatric femur neck fracture, ARCO Association Research Circulation
Osseous, JIC the Japanese Investigation Committee, NVBG non-vascularized bone grafting, CT conservative treatment

L) . . . .
binary logistic regression model: input

#binary logistic regression model: forward condition

Discussion

As the most important finding, the present study accessed
a high risk of rapid progression of hip arthritis and hip
deformity during follow-up in children and adolescents with
AVN after FNF. The results are still insufficient to confirm
the superiority of one therapeutic strategy over the other
(between CT and NVBG), since the surgical or conserva-
tive methods have not significantly affected the prognostic
indexes in this study. Multivariable analysis showed that
the degree of femoral head collapse after treatment was a
risk factor for severe hip arthritis and hip deformity, and the
technique of bone grafting was not a significant factor for
better outcomes, despite the reports that trapdoor technique
has more benefits in the reconstruction of a collapsed head
compared to the Phemister and lightbulb techniques [25,
26]. Additionally, these surgical strategies such as extensive
pelvic osteotomy or Chiari pelvic osteotomy, aimed at rec-
tifying hip subluxation, did not result in a better prognosis
compared with CT. Delayed intervention and insufficient
rectification of hip subluxation might contribute to the fail-
ure of hip preservation.
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Nevertheless, the results suggested potential strategies
for hip preservation in children and adolescents with AVN
after FNF. Based on the multivariable analysis, the femoral
head’s post-treatment degree was the independent risk fac-
tor of both hip deformity and arthritis. In addition, pre- and
post-treatment hip subluxation was independently associ-
ated with the incidence of hip deformity and arthritis. Once
the femoral head collapse progressed to hip subluxation,
hip deformity was inevitable, regardless of whether it was
operated on or not. Therefore, reconstructing femoral head
collapse and rectifying hip subluxation as much as possible
might help improve both short- and long-term prognosis.
On the other hand, when the disease progresses to severe
collapse with subluxation and severe arthritis, further hip
preservation attempts might be futile.

AVN after FNF shows a strong tendency to become a
complex pathological condition, including severe deformity
and hip subluxation. It can rapidly degenerate the collapsed
areas’ cartilage due to the unstable hip joint and poor con-
tainment at the advanced stage. Femoral head collapse, hip
deformity, and subluxation can also be found in paediat-
ric AVN of other such as Legg-Calve-Perthes disease [30],
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Table 3 Risk factors of severe hip deformity in children and adolescent with AVN after FNF
Potential factors Univariable analyses” Multivariable analyses”
OR (95% CI) p P OR (95% CI) p P

Age 1.14 (0.87 to 1.48) 0.13 0.34
Sex

Boy vs. girl 0.72 (0.27 to 1.90) -0.33 0.50
Side

Left vs. right 1.50 (0.59 to 3.84) 0.41 0.40
Symptomatic

No vs. yes 3.78 (1.36 to 10.46) 1.33 0.01
ARCO stage before treatment

11, IIIA, IIIB, and IIIC 2.10 (1.36 to 3.25) 0.74 <0.01
ARCO stage after treatment

11, IIIA, IIIB, and IIIC 6.97 (3.30 to 14.74) 1.94 <0.01 7.64 (3.23 to 18.04) 2.03 <0.01
JIC classification

A/B, C1, and C2 5.30 (1.93 to 14.53) 1.66 <0.01
Hip subluxation before treatment

No vs. yes 6.40 (2.29 to 17.93) 1.86 <0.01 7.33 (1.44 t0 37.41) 1.99 0.02
Hip subluxation after treatment

No vs. yes 42.40 (8.40 to 213.80) 3.75 <0.01
Interventions

Surgery vs. CT 1.90 (0.74 to 4.88) 0.64 0.18

NVBG only vs. CT 1.03 (0.32 to 3.26) 0.03 0.96

NVBG with containment 4.36 (1.26 to 15.07) 1.47 0.02

surgery vs. CT

OR odds ratio, CI confidence interval, AVN avascular necrosis, PFNF pediatric femur neck fracture, ARCO Association Research Circulation
Osseous, JIC the Japanese Investigation Committee, NVBG non-vascularized bone grafting, CT conservative treatment

“binary logistic regression model: input
*binary logistic regression model: forward condition

sickle cell disease [31], slipped capital femoral epiphysis
[32], congenital hip dysplasia [32], or aneurysmal bone cyst
[33]. However, a collapsed femoral head is usually remod-
eled, and the degree of hip deformity is relatively mild, with
the secondary osteoarthritis occurring later, in the middle to
old aged individuals.

The high risk of progressive femoral head collapse is the
deciding factor for poor prognosis in children and adoles-
cents with AVN after FNF. With the progressing collapse,
the hip congruency and adequate acetabular coverage can
be lost. Instead, incongruency or even lateral subluxation of
the hip joint appears. Hip subluxation induces abnormally
distributed stress on the femoral head and exacerbates the
influence of stress on necrotic lesions [34], which rapidly
accelerates the collapse of the femoral head and cartilage
destruction.

Among other factors, influencing prognosis, poor con-
tainment, and acetabular coverage also tend to interfere with
femoral head repair and remodeling in paediatric osteone-
crosis, as observed in Perthes disease [30], as well as in
our study, where hip subluxation was considered to be the

key factor for the progression of AVN after FNF. Another
aspect that needed to be investigated in the future studies
is a doctor-patient relationship, which is essential for this
group of patients. Recent reports indicate that using most
novel methods, such as customized 3D printed models, helps
towards a more efficient communication and a better under-
standing of the treatment’s outcomes [35].

This study has several limitations. Firstly, due to the ret-
rospective nature, various biases were introduced, including
selection bias, loss to follow-up, and missing data. Among
the patients who underwent NVBG, different surgical tech-
niques were used, and the indication for additional contain-
ment surgery was unclear in many patients. Secondly, clini-
cal and functional outcomes could not be fully compared
due to the late diagnosis leading to inhomogeneity between
groups in ARCO staging. However, treatment choice was
based on the extent and location of necrosis, which helped to
correct selection bias to some degree. Finally, based on our
previous clinical experience, hip preservation therapy was
our first choice, because arthroplasty is generally not rec-
ommended for children [36, 37] and could be used only for
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patients with hip preservation therapy failure, severe arthri-
tis, and severely limited function due to severe subluxation.
It also carries a high likelihood for revision surgery during
the lifespan, and whether or not children and adolescents
with AVN after FNF benefit from arthroplasty should be
further investigated.

In conclusion, children and adolescents with AVN after
FNF have a poor prognosis, manifesting as a high risk of
hip arthritis and deformity. The optimal method of hip pres-
ervation remains unclear for such a population. The degree
of femoral head collapse after treatment is a risk factor for
deformity and arthritis. When the disease progresses to
severe collapse with subluxation and severe arthritis, further
hip preservation attempts could be futile.
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