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Developmental dysplasia of the hip: can contrast-enhanced MRI
predict the development of avascular necrosis following surgery?
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Abstract
Objective To investigate the performance of contrast-enhanced MRI for predicting avascular necrosis (AVN) of the treated
femoral head after surgical reduction for developmental dysplasia of the hip (DDH) using qualitative and quantitative methods.
Methods and materials This IRB-approved, HIPAA compliant retrospective study included 47 children who underwent same-
day contrast-enhancedMRI following unilateral surgical hip reduction between April 2009 and June 2018. Blinded to the clinical
outcome, 3 reviewers (2 pediatric radiologists and 1 pediatric orthopedist) independently categorized the enhancement pattern of
the treated femoral head. Signal intensities, measured using regions of interest (ROI), were compared between treated and
untreated hips and percent enhancements were compared between hips that developed and did not develop AVN. Post-
reduction radiographs were evaluated using Salter’s criteria for AVN and Kalmachi and MacEwen’s classification for growth
disturbance. Non-parametric tests and Fisher exact test were used to compare enhancement values between AVN and non-AVN
hips. Bonferroni correction was used for multiple comparisons.
Results Ten (21%) out of the 47 children (7 boys and 40 girls; mean age 9.0 ± 4.7 months) developed AVN. Age at surgical
reduction was significantly higher (p = 0.03) for hips that developed AVN. No significant differences were found in gender (p =
0.61), laterality (p = 0.46), surgical approach (p = 0.08), history of pre-operative bracing (p = 0.72), abduction angle (p = 0.18–
0.44), enhancement pattern (p = 0.66–0.76), or percent enhancement (p = 0.41–0.88) between AVN and non-AVN groups.
Conclusion Neither enhancement pattern nor percent enhancement predicted AVN, suggesting that post-reduction conventional
MRI does not accurately distinguish between reversible and permanent vascular injury.
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Introduction

Developmental dysplasia of the hip (DDH) is the leading
cause of hip disease in infants with an estimated incidence
ranging between 1.5 and 20 per 1000 newborns [1–3]. Early

detection and intervention are advocated by the American
College of Radiology, the American Academy of Pediatrics,
and the American Academy of Orthopedic Surgeons [4–7]
because unrecognized and untreated DDH can produce pain
and disability and lead to premature osteoarthritis [8]. While
Pavlik harness or abduction brace treatment is generally suc-
cessful for younger infants, surgical hip reduction followed by
rigid spica cast immobilization is necessary for older children
and those who have failed conservative treatment [9, 10]. The
goals of treatment are to improve hip joint congruity in order
to facilitate growth and remodeling of the developing hip
while minimizing the most concerning complication of treat-
ment, namely iatrogenic avascular necrosis (AVN) and per-
manent vascular injury [11].

The precise pathophysiology behind the development of
AVN remains unclear and the published rates vary between
4 and 47% [12–18]. This is because the unequivocal diagnosis
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of AVN is often delayed for months to years due to the abun-
dance of unossified epiphyseal cartilage of the immature fem-
oral head and the ossific growth that is necessary for growth
deformity to become apparent on follow-up radiographs [19].
The increasing use of same-day post-reductionMRI examina-
tions to confirm restored anatomic alignment without use of
radiation has led some authors to suggest the use of enhance-
ment images to detect abnormal tissue perfusion and the use of
abnormal enhancement patterns as surrogate markers for
predicting future development of AVN [16, 20–22].
However, the existing published literature used sample sizes
that contained only a small number of AVN-positive cases
that were diagnosed using predominantly short-term post-re-
duction radiographs [16, 20, 22]. Using a piglet model,
Jaramillo and colleagues demonstrated correlation between
abduction-induced ischemia on MRI and the absence of re-
gional red blood cells on histopathology, but the relative short
duration of the study period did not allow for the development
of osteonecrosis [23]. Therefore, it is uncertain whether en-
hancement on MRI reliably distinguishes between ischemia
(that is reversible) and AVN (that is permanent) as the latter
often leads to growth deformity and impacts long-term prog-
nosis and clinical outcome. Therefore, the purpose of this
study was to investigate the performance of contrast-
enhanced MRI for predicting the development of AVN of
the treated femoral head following surgical reduction for
DDH using qualitative and quantitative methods.

Materials and methods

Study group

This study was performed in compliance with Health
Insurance Portability and Accountability Act (HIPAA) regu-
lations with the approval from our Institutional Review Board
(IRB) at the Children’s Hospital of Philadelphia and with a
waiver of written informed consent. MRI examinations were
identified through two methods, a retrospective review of the
imaging database (Nuance®; Montage Healthcare Solutions;
Eden Prairie, MN) using the search term “spica” and a surgical
database query using the Current Procedural Terminology
(CPT) codes for closed and open reduction for DDH (27257,
27258, 27259). In total, the search yielded 108 patients, who
both underwent surgical reduction and same-day contrast-en-
hanced MRI examinations at our institution between April 1,
2009, and June 30, 2018. Patients who underwent surgical
reduction for both hips and those with neuromuscular or tera-
tological dislocations were excluded. Patients with a history of
prior hip surgery, incomplete or motion-degraded non-diag-
nostic MRI examinations, incomplete medical records, or
most recent post-reduction radiographs that were less than

11 months after surgical reduction were also excluded, which
produced the final study group of 47 children.

Electronic medical records were reviewed to collect demo-
graphic information, surgical approach, and clinical outcome.
The diagnosis of DDH was determined according to
established guidelines [4–7, 11]. Surgical reduction is the
standard of treatment at our institution for patients with
DDH who have failed conservative treatment with
harnesses/braces or who were diagnosed late (> 6 months of
age). In all cases, closed reduction is attempted first. If a con-
centric reduction cannot be achieved by closed means, then an
open reduction is performed. In either case, an adductor
tenotomy is almost always performed, and infants are
immobilized postoperatively in a one-and-a-half or a two-
legged spica cast. Abduction angle within the spica cast was
recorded using two methods: the traditional method [22, 23]
and a new adjusted method using the recently proposed trig-
onometric model [24]. Spica cast changes are maintained for
6–12 weeks depending on the surgical approach. The patients
are then transitioned into a nighttime abduction orthosis until
approximately 2 years of age [16].

MRI examination

At our institution, all same-day contrast-enhanced pelvic
MRI examinations were performed within 6 h after surgi-
cal hip reduction and preferentially on a 3.0-Telsa magnet
(Magnetom Prisma; Siemens Healthineers, Munich,
Germany; n = 40) over a 1.5-Telsa magnet (Avanto;
Siemens Healthineers, Munich, Germany, n = 7). All sub-
jects were imaged supine and within the spica cast using a
multi-channel phased-array posterior torso coil (Body 18;
Siemens Healthineers, Munich, Germany) that is centered
over the hips.

The MRI protocol included T1-weighed and T2-weighted
turbo spin echo pulse sequences, performed in axial and cor-
onal planes. Imaging parameters were as follows: field-of-
view of 16–20 cm, matrix of 256 × 256, slice thickness of 3–
4 mm and without an interslice skip. Repetition time and echo
time were 550–750 msec and 8–12 msec for T1-weighed im-
ages and 3500–5000 msec and 60-75 msec for T2-weighted
images, respectively. Contrast agent gadobenate dimeglumine
(MultiHance; Bracco Diagnostics, Monroe Township, NJ)
was given at a dose of 0.1 mmol/kg. If needed, the injection
volume was diluted with normal saline to a minimum volume
of 3 mL and injected at a rate of approximately 0.5 mL/s. Post-
contrast images were acquired following the complete injec-
tion of the contrast agent. Due to the relatively delayed en-
hancement of the unossified epiphyseal cartilage of the imma-
ture femoral head that occurs over 5–10 min [20, 25], a min-
imum of 3 post-contrast series were acquired, typically with
two series performed in the axial plane and one series per-
formed in the coronal plane.
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Qualitative assessment of enhancement pattern on
MRI

MRI enhancement patterns were assessed by three reviewers, who
were blinded to the clinical history and patient outcome.Twoboard-
certified pediatric radiologists, one with 7 years of clinical experi-
ence and onewith 6 years of clinical experience andwith additional
fellowship-training in musculoskeletal radiology and one board-
certified pediatric orthopedic surgeon with 10 years of clinical ex-
perience, independently reviewed the selected images from all pa-
tients. Due to the small size of the femoral heads, best visualization
was often on only a single image with adjacent consecutive images
containing volume-averaging effects. To ensure direct comparison
between qualitative assessment and quantitative measurements, the
pediatricmusculoskeletal radiologist selected themost representative
images for each hip (treated and untreated sides), which included the
pre-contrast and post-contrast T1-weighted images. Two sets of

post-contrast images were selected, one from the first series (early
enhancement) and the other from the last series (late enhancement)
(Fig. 1). The enhancement pattern of the treated femoral head was
classified into normal, globally decreased, focally decreased, or
near-absent enhancement [20, 22]. Normal enhancement was de-
fined as relatively symmetric enhancement between treated and
untreated femoral heads. Globally decreased enhancement was de-
fined as diffusely decreased enhancement of the treated femoral
head. Focally decreased enhancementwas defined as heterogeneous
enhancement with areas of focally decreased enhancement of the
treated femoral head. Near-absent enhancement was defined as es-
sentially no discernible enhancement of the treated femoral head
(Fig. 2). If there were disagreements among the independent re-
views, then the majority consensus was accepted as the final inter-
pretation.All pre-contrast imageswere reviewed by a pediatricmus-
culoskeletal radiologist to identify any signal abnormalities in the
regional cartilage and bone marrow.

Fig. 1 Time-dependent
progressive enhancement of the
dysplastic left femoral head in a 7-
month-old girl. a Axial T1-
weighted fat-suppressed pre-con-
trast, b first post-contrast (early
enhancement), and c last post-
contrast (late enhancement) im-
ages demonstrate progressive en-
hancement within the femoral
head from near-absent (b block
arrow) to focal enhancement (c
chevron). Note the enhancing
greater trochanter (triangles) and
partial contrast washout within
the metaphysis (circles). An ante-
rior soft tissue hematoma (stars) is
present

Fig. 2 MRI enhancement
patterns of the treated femoral
head. Axial contrast-enhanced
T1-weighted fat-suppressed im-
ages from 4 different patients
demonstrate normal enhancement
(a dashed arrow) in a 10-month-
old girl, globally decreased en-
hancement (b arrow) in a 15-
month-old girl, focally decreased
enhancement (c arrowhead) in a
6-month-old girl, and near-absent
enhancement (d block arrow) in
an 8-month-old girl

391Skeletal Radiol (2021) 50:389–397



Quantitative measurement of enhancement on MRI

Using the institution’s Picture Archiving and Communication
System (PACS; Philips IntelliSpace, Pleasanton, CA, USA),
regions of interest (ROI) was placed on both treated and un-
treated sides over the femoral heads, greater trochanters, and
proximal femoral metaphyses using the pre-contrast, early en-
hancement, and late enhancement images. The ROI was se-
lected to maximally include the area of interest while avoiding
volume-averaging effects and keeping the size of the sampled
regions constant between pre-contrast (PC) and contrast-
enhanced (CE) images and similar between treated and un-
treated sides. The percent enhancement was calculated using
the previously published formula [23]: Enhancement
(%) = (CE − PC) / PC × 100. The signal intensities were com-
pared between treated and untreated sides and the calculated
percent enhancements were compared between AVN and
non-AVN groups.

Reference standard for AVN

In consensus, two reviewers, a pediatric musculoskeletal radi-
ologist and a pediatric orthopedic surgeon, retrospectively
assessed all available post-reduction pelvic radiographs. In
patients who only had the 12-month radiograph (defined as
the post-reduction radiograph obtained at or around
12 months) AVN was diagnosed using the Salter’s criteria
[26]. In patients who had longer radiographic follow-up,
which is defined as the latest post-reduction radiograph after
the 12-month radiograph, AVN was diagnosed using a com-
bination of Salter’s criteria and the Kalmachi and MacEwen’s
Classification [19] (Fig. 3).

Statistical analysis

All data analysis was performed with SPSS Statistics (v.23.0,
IBM, Chicago, Illinois). Continuous variables were presented

as means ± standard deviation (SD). Categorical variables were
presented as percentages and counts. A Fisher exact test was used
to evaluate differences for categorical demographic variables and
Mann-Whitney U test for the continuous variables between pa-
tients who developed and did not develop AVN.

Chi-square was used to assess the MRI enhancement patterns
between AVN and non-AVN groups. This analysis was per-
formed initially using all four enhancement patterns described
in Table 1. A second analysiswas performed following themeth-
odology described by Tiderius and colleagues [20] as follows: all
MRI examinations that received normal, diffusely decreased, and
focally decreased enhancement patterns were grouped together
and compared against those that received a near-absent enhance-
ment pattern using a Fisher exact test. Fleiss’ kappa statistic was
used to assess inter-observer agreement between the 3 reviewers
on the determination of enhancement patterns. Agreement was
categorized as follows: less than 0.20, slight agreement; 0.21–
0.40, fair agreement; 0.41–0.60, moderate agreement; 0.61–0.80,
substantial agreement; and greater than 0.81, almost perfect
agreement [27].

Wilcoxon signed-rank test was used to compare signal inten-
sities between treated and untreated hips. Mann-Whitney U test
was used to evaluate the difference in the enhancement percent-
ages between hips with and without AVN. Bonferroni correction
was implemented if a significant p value was found in multiple
comparison. A p value < 0.05 was considered significant.

Results

Study group

The study group consisted of 47 MRI examinations from 47
children (7 boys and 40 girls; mean age at reduction, 9.0 ±
4.7 months; range, 3–23 months). All children had 12-month
radiographs (14.5 months + 3.5 from surgical reduction; range
11–24 months) and 36 (75%) children had longer

Fig. 3 Radiographic findings of avascular necrosis (AVN) and remodel-
ing in a boy who underwent right hip surgical reduction at 4 months of
age. At 14 months after surgical reduction, the right ossific nucleus (a
arrow) appeared small, irregular, and sclerotic (Salter’s classification for

AVN, grade 4). At 32 months after surgical reduction, there was only
mild residual flattening (b dashed arrow) of the right ossific nucleus with
relatively preserved morphology and alignment of the femoral neck
(Kalmachi and MacEwen’s criteria for growth disturbance, grade 1)
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radiographic follow-up (48.1 months + 24.0, range 17–
110 months). Ten (21%) hips (9 girls and 1 boy) developed
AVN, which consisted of 3 hips with abnormal 12-month
radiographs, 2 hips with abnormal later radiographs, and 5
hips with abnormal 12-month and later radiographs. As shown
in Table 1, there was significant association between older age
at surgical reduction (p = 0.03) and the development of AVN.
However, no significant differences were found in gender
(p = 0.61), laterality (p = 0.46), surgical approach (p = 0.08),
history of prior harness treatment (p = 0.72), and abduction
angle in spica cast (traditional method, p = 0.44; adjusted
method, p = 0.18) between AVN and non-AVN groups.

Qualitative assessment of enhancement pattern

Table 2 summarizes the distribution of enhancement patterns
using early and late enhancement images. No cartilage or
marrow signal abnormality was identified on the pre-contrast
images. Inter-observer agreement among the 3 reviewers was
substantial (early enhancement, κ = 0.74; late enhancement,
κ = 0.72). Between AVN and non-AVN hips, the distribution
in the enhancement patterns was also not significantly differ-
ent (early enhancement, p = 0.76; late enhancement, p = 0.66).
Near-absent enhancement pattern was uncommon and only

observed when early enhancement images were used.
Furthermore, when normal, globally decreased, and focally
decreased patterns were combined and compared to near-
absent enhancement pattern, the difference remained non-
significant (p = 0.40) between AVN and non-AVN hips.

Table 2 Qualitative assessment using MRI enhancement patterns

No AVN (n = 37) AVN (n = 10)

Early enhancement*

Normal (n = 22) 17 (50) 5 (50)

Diffusely decreased (n = 13) 10 (29) 3 (30)

Focally decreased (n = 7) 6 (18) 1 (10)

Near-absent (n = 2) 1 (3) 1 (10)

Late enhancement

Normal (n = 23) 17 (46) 6 (60)

Diffusely decreased (n = 20) 17 (46) 3 (30)

Focally decreased (n = 4) 3 (8) 1 (10)

Near-absent (n = 0) 0 0

Unless otherwise specified, values are presented as number (percentage)

*During early enhancement, 3 studied showed no apparent contrast en-
hancement and were excluded from analysis

Table 1 Patient demographics
Total (n = 47) No AVN (n = 37) AVN (n = 10) p†

Age (months) 9.0. ± 4.7 (3–23) 8.2 ± 4.3 (3–23) 12.1 ± 5.4 (6–21) 0.03

Gender 0.61

Girls (%) 40 (85%) 31 (84%) 9 (90%)

Boys (%) 7 (15%) 6 (16%) 1 (10%)

Laterality 0.46

Left (%) 32 (68%) 24 (65%) 8 (80%)

Right (%) 15 (38%) 13 (35%) 2 (20%)

Gestational age (weeks) 38.1 ± 2.4 38.0 ± 2.5 38.4 ± 1.9 0.40

Type of delivery (c-section, %)* 19 (40%) 14 (38%) 5 (50%) 0.72

Surgical approach 0.08

Closed (%) 38 (81%) 32 (86%) 6 (60%)

Open (%) 9 (19%) 5 (14%) 4 (40%)

Pre-operative brace (%) 23 (49%) 19 (51%) 4 (40%) 0.72

Brace treatment (months)* 2.2 ± 2.4 2.4 ± 2.5 1.8 ± 2.1 0.52

Abduction angle

Traditional method 50.1 ± 7.0 50.4 ± 7.4 49.3 ± 5.5 0.44

Adjusted method 60.8 ± 14.1 62.2 ± 14.8 55.5 ± 10.1 0.18

Radiographs

12 months 14.5 ± 3.5 14.9 ± 3.6 12.9 ± 2.5 0.07

Longer (n = 36) 48.1 ± 23.9 50.7 ± 24.2 37.1 ± 21.1 0.16

Unless otherwise specified, values are presented as mean + SD (range)

AVN avascular necrosis, SD standard deviation
†Mann-Whitney U test and Fisher exact test

*One patient was excluded from analysis due to incomplete medical records

393Skeletal Radiol (2021) 50:389–397



Quantitative assessment of relative enhancement

No significant differences were found in the percent enhance-
ment of the treated hips between those that developed and did
not develop AVN (early enhancement, p range = 0.41–0.88;
late enhancement, p range = 0.53–0.74) (Table 3).
Furthermore, as shown in Table 4, there were no significant
differences in the signal intensities between treated and un-
treated sides for both AVN (p range = 0.09–1.00) and non-
AVN groups (p range = 0.54–1.00). The mean ROI sizes for
the treated femoral head, greater trochanter, and metaphysis
were 0.57 + 0.21 cm2, 0.28 + 0.08 cm2, and 0.72 + 0.24 cm2,
respectively, and for the untreated side were 0.83 + 0.32 cm2,
0.30 + 0.09 cm2, and 0.77 + 0.26 cm2, respectively.

Discussion

We investigated the performance of same-day contrast-en-
hanced MRI to predict the future development of AVN in
surgically reduced hips in children with DDH. Between
AVN and non-AVN groups, we did not find a significant
difference in the enhancement characteristics using qualitative
or quantitative methods. While differences were observed be-
tween early and late enhancement images and between treated
and untreated hips, these enhancement characteristics did not
reach statistical significance. These results suggest that the
perceived enhancement patterns and measured signal intensi-
ties of the surgically reduced hip are influenced by post-
surgical changes in the regional hemodynamics (such as ve-
nous congestion) and imaging technique (timing of the post-
contrast image acquisition) and, thus, is not a specific marker
for predicting AVN.

Between AVN and non-AVN groups, we did not find a
significant difference in the distribution of enhancement

patterns. This finding is not in agreement with previously
published smaller case series that found global or near-
global decreased or absent enhancement to associate with
the development of AVN [20, 21]; however, these previously
published reports only provided limited information on the
imaging parameters pertaining to the acquisition of the post-
contrast images. We did notice that the enhancement pattern
can change over time and the single hip that initially appeared
as near-absent enhancement on early enhancement images
improved on the late enhancement images. This observation
is due to the unique vascular anatomy of the unossified carti-
lage where blood vessels run within vascular channels and
nutrients (and contrast agent) must diffuse from the vascular
lumen into the intracannalicular perivascular tissue and then
into the surrounding cartilage, a process that can take up to 5–
10 min [23, 25, 28]. This accounts for the slow uptake and
washout of the enhancement signal intensity curve of
unossified cartilage [23], making it the least enhancing struc-
ture in the region [25]. Therefore, in order to ensure adequate
cartilage enhancement, our study evaluated both early and late
enhancement images.

Our study used percent enhancement to quantify change
after injection of the contrast agent. This method was previ-
ously proposed by Jaramillo and colleagues to quantify en-
hancement of the femoral head using a piglet model [23].
Applying this method to treated hips in children, we found
that the enhancement of the unossified cartilage (femoral head
and greater trochanter) increased slowly between early and
late enhancement images, while the adjacent highly vascular
metaphysis demonstrated brisk enhancement with early wash-
out observed on the late enhancement images. These findings
reflect the differences in the underlying vascular anatomy,
which is relatively sparse within the cartilage and densely
packed within the metaphysis [25, 28].

Between AVN and non-AVN groups, we did not find a
significant difference in the percent enhancement for all three
anatomic locations (femoral head, greater trochanter, and
metaphysis) and on both early and late enhancement images.
Furthermore, no significant differences were found between
treated and untreated sides for both AVN and non-AVN
groups. The slight (non-significant) differences in the signal
intensities between treated and untreated sides likely reflect
alterations in the microenvironment as the result of the surgery
and changes in the regional hemodynamics. Since AVN is the
end product of irreversible vascular injury that depends on
both the severity of the hypoperfusion and the duration of
the insult, the findings from our study support the hypothesis
that the same-day (single time point) conventional MRI may
not adequately capture the underlying complex and dynamic
vascular anatomy or take into account the immediate post-
instrumentation venous congestion [16, 20, 21, 23].

The etiology and pathogenesis that underlie the develop-
ment of AVN remain unknown and thus, there is no consensus

Table 3 Quantitative assessment using percent enhancement

No AVN (n = 37) AVN (n = 10) p†

Early enhancement

Femoral head 12% ± 13 11% ± 11 0.88

Greater trochanter 15% ± 15 12% ± 6 0.78

Metaphysis 85% ± 35 97% ± 48 0.41

Late enhancement

Femoral heads 14% ± 15 17% ± 13 0.53

Greater trochanter 20% ± 16 21% ± 10 0.74

Metaphysis 70% ± 24 76% ± 29 0.67

Values reported as mean + SD

AVN avascular necrosis, SD standard deviation
†Mann-Whitney U test, Bonferroni correction was not used as none of
the comparisons showed a significant p value
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on the optimal timing for surgical correction. Some authors
advocate for delaying the surgical reduction until the second-
ary ossification center has formed as the latter can increase
tissue stiffness and allows the dysplastic femoral head to better
withstand the increased compressive forces during and imme-
diately after surgical reduction [19, 29–31]. However, the ap-
pearance of the secondary ossification center may be delayed
for up to 17 months in a dysplastic hip [20, 32]. Since the
potential for acetabular modeling progressively declines with
time, other authors have favored earlier surgical reduction in
order to avoid the need for future corrective acetabular surgery
[20, 32–34]. Our study found a positive association between
older age at surgical reduction and the development of AVN,
which supports previously published reports that advocated
for earlier surgical reduction [20, 35].

There were several limitations. One limitation is the retro-
spective nature of the study that prevented the standardization
of image acquisition after contrast material injection and did
not allow the collection of additional clinical information and
images, such as quantitative T1Rho or T2 relaxation time
maps. In particular, the timing of the contrast agent inject
was not recorded, which prevented more precise correlation
between enhancement characteristics and the timing of the
post-contrast images. Additionally, since the milder cases of
AVN may not be conspicuous until months to years later, it is
possible that we may be under-diagnosing these patients with
the cross-sectional design of our study; thus, future prospec-
tive studies are needed to validate our findings. Second is the
relatively small study size with only a minority of the children
who went on to develop AVN. The size limitation is due to the
overall low incidence of DDH that ultimately required surgi-
cal reduction and our use of stringent criteria to exclude

patients with incomplete medical records and those with con-
comitant bilateral hip reductions, with less than 11 months of
follow-up, and without immediate post-operative contrast-en-
hanced MRI. However, our overall study size remains large
when compared to the existing published reports [20–22].
Another limitation is the selection of the ROI, which is not a
volumetric inclusion of the entire structure of interest.
However, this method allows the comparison of relatively
equal sized sample regions between treated and untreated
sides, which are often slightly discrepant in size with the dys-
plastic hip smaller than the normal hip.

AVN of the proximal femur is one of the major
uncommon complications of treatment for DDH and the
resulting growth deformity of the proximal femur is an impor-
tant determinant of clinical outcome and long-term prognosis.
Although enhancement characteristics can reflect regional
changes in the hemodynamics, our study did not find a signif-
icant difference between hips that developed and did not de-
velop AVN using both qualitative and quantitative methods.
Thus, same-day post-reduction contrast-enhanced MRI could
not predict the development of avascular necrosis, suggesting
that conventional imaging parameters may not reliably distin-
guish between reversible and permanent vascular injury of the
treated femoral head. However, future prospective studies are
necessary to validate the results from this study, particularly as
it relates to the time-dependent changes in the perfusion of the
recently reduced dysplastic femoral head.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Table 4 Quantitative assessment
using signal intensities between
treated and untreated sides

No AVN (n = 37) AVN (n = 10)

Untreated Treated p† Untreated Treated p†

Pre-contrast

Femoral head 180.0 ± 67.7 194.0 ± 69.7 0.09 163.4 ± 46.1 182.7 ± 58.3 0.54

Greater trochanter 217.7 ± 72.9 205.2 ± 75.1 1.00 185.5 ± 29.4 200.3 ± 46.8 1.00

Metaphysis 146.8 ± 52.6 140.9 ± 52.3 1.00 123.5 ± 25.8 129.0 ± 35.9 1.00

Early enhancement

Femoral head 227.8 ± 73.7 215.1 ± 77.4 0.63 204.9 ± 44.2 202.3 ± 65.3 1.00

Greater trochanter 239.1 ± 75.7 235.0 ± 85.2 1.00 204.0 ± 33.3 224.6 ± 57.4 1.00

Metaphysis 266.9 ± 97.4 256.1 ± 99.3 1.00 239.4 ± 53.7 246.7 ± 62.7 1.00

Late enhancement

Femoral head 232.5 ± 73.5 218.6 ± 76.4 0.09 207.6 ± 45.4 212.9 ± 69.4 1.00

Greater trochanter 256.9 ± 78.6 241.4 ± 73.9 0.81 220.2 ± 36.8 241.6 ± 57.2 1.00

Metaphysis 239.0 ± 80.6 233.8 ± 75.1 1.00 201.4 ± 35.5 223.6 ± 59.6 1.00

Values reported as mean + SD

AVN avascular necrosis, SD standard deviation,
†Wilcoxon signed-rank test. Bonferroni correction was applied to all p values in this table
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participants were in accordance with the ethical standards of the
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