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A B S T R A C T

Avascular necrosis is the most devastating complication of slipped capital femoral epiphysis, leading to collapse of
the femoral head, increased risk of osteoarthritis and the requirement of early total hip arthroplasty. It is believed that
intraoperative femoral head perfusion assessment may be an accurate predictor of post-operative avascular necrosis
(radiographic collapse). At our institution, femoral head perfusion is assessed intraoperatively during all sub-capital re-
alignment procedures. We hypothesize that our method is accurate in predicting the risk of developing post-operative
avascular necrosis. In this retrospective study, we collected data from all patients that had intraoperative blood flow
measurements during sub-capital realignment procedures. We correlated this with long-term radiographs looking for
radiographic collapse. The intraoperative femoral head perfusion assessments during sub-capital realignment proce-
dures for slipped capital femoral epiphysis at our institution, between January 2015 and March 2020 inclusive were
assessed for reliability. In total, 26 of 35 patients had intraoperative femoral head perfusion present. Only 2 (8%) of
these patients developed radiographic collapse. In contrast, 7 (78%) of the 9 patients who did not have femoral head
perfusion present intraoperatively developed radiographic collapse, indicating that our method may be reliable in pre-
dicting a patient’s post-operative risk of developing avascular necrosis.

I N T R O D U C T I O N
Slipped capital femoral epiphysis (SCFE) is a condition
that most commonly occurs in adolescents [1]. It is charac-
terized by displacement of the femoral neck anterosupe-
rior, resulting in a posteroinferior femoral head position
relative to the neck. Multiple classification systems have
been developed for the assessment of SCFEs. The Loder
classification divides slips into stable or unstable based on
the patient’s ability to weight bear [2]. The Southwick clas-
sification classifies slip severity [3] and a chronological
classification based on a patient’s symptomatology are also
utilized [4]. The strong correlation between Loder’s classi-
fication of an unstable slip and femoral head avascular ne-
crosis [5] guides surgical treatment and informs surgeons
and patients of potential negative outcomes.

Avascular necrosis (AVN) is the most serious complication
of SCFE, leading to collapse of the femoral head, increased
risk of osteoarthritis and the requirement of early total hip
arthroplasty [6]. The rate of AVN with unstable SCFEs has
been described as high as 47% [2]. A more recent review art-
icle demonstrated the rate of AVN to be 23.9% in unstable
SCFEs [5]. Stable SCFEs have a near 0% risk of AVN [7, 8]
and are most commonly treated with in situ pinning [9]. The
treatment of unstable SCFE is more controversial and many
techniques have been described. These include in situ pin-
ning [10], reduction with decompression arthrotomy and
pinning [11], open reduction and pinning [12] and sub-cap-
ital realignment using the modified Dunn procedure [13].

It is believed that intraoperative femoral head perfusion
assessment may be an accurate predictor of post-operative
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AVN. Intraoperative assessment of femoral head perfusion
may allow for real-time adjustment of ostectomy and re-
duction in an attempt to restore perfusion and therefore
decrease the risk of development of AVN. Multiple techni-
ques of intraoperative assessment of femoral head perfu-
sion have been described in the literature [14–20].

At our institution, femoral head perfusion assessment is
performed intraoperatively during all sub-capital realign-
ment procedures. We will describe our method and out-
comes below. We hypothesize that the presence or
absence of intraoperative femoral head perfusion may pre-
dict the risk of developing post-operative AVN.

M A T E R I A L S A N D M E T H O D S
In this retrospective study, we collected data from all patients
that had intraoperative femoral head perfusion assessment
during sub-capital realignment procedures for SCFEs at our
institution. Data were collected from January 2015 to March
2020 inclusive. During this period, 41 patients had 43 sub-cap-
ital realignment procedures. Unfortunately, eight patients had
to be excluded, as six patients did not have any documentation
of intraoperative femoral head perfusion assessment and two
patients had probe issues that could not be resolved therefore
no assessment was possible. This resulted in 33 patients who
had 35 sub-capital realignment procedures with femoral head
perfusion assessment being included in our study.
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recorded or had probe issues where no 

assessment could be made 

At our institution, femoral head perfusion was documented
in two ways. First, the presence or absence of blood flow

from a hole drilled by a 1.5-mm drill was recorded pre-
and post-provisional fixation of the epiphysis. Second, an
arterial line monitoring system was used to record femoral
head perfusion (Fig. 1).

Our technique involved the use of an 18-gauge side
venting intraosseous needle that was connected to a luer
lock connector. This was attached to an arterial line, which
was then primed and connected to the anaesthetic arterial
line monitor. The needle was then placed into a 1.5-mm
diameter drill hole that was drilled superolaterally in the
femoral epiphysis. This drill hole did not penetrate the
physis. The arterial line waveform parameters were set to
central venous pressure settings to account for the narrow
pulse pressure to allow visualization of a waveform. The
presence of a waveform indicated the femoral head was
perfused and no waveform indicated a lack of femoral head
perfusion. Femoral head perfusion was recorded both pre-
and post-reduction of the epiphysis when possible. In a
subgroup of patients where vascularity was compromised
intra-operatively via our technique, perfusion imaging was
performed post-operatively either via MRI or bone scan to
confirm vascularity. Radiological collapse was the earliest
sign of AVN, and as such, AVN was defined by the pres-
ence of femoral collapse on post-operative radiographs
(Figs 2–4).

All procedures were performed by a combination of our
three-subspecialist paediatric hip preservation surgeons via
a Ganz surgical hip dislocation approach with a modified
Dunn procedure to achieve capital realignment. Weight-
bearing status and post-operative follow-up varied

Fig. 1. Bleeding from femoral epiphysis via 1.5 mm drill hole.
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depending on the surgeon involved and degree of the slip
but usually entailed 6–12 weeks of non-weight bearing on
the affected side, with gradual increasing in weight bearing
if deemed suitable at that follow-up appointment. Serial
radiographs were performed to look for development of
AVN, femoral head collapse, physeal closure and union of
osteotomies at follow-up clinic appointments. Follow-up
was continued until skeletal maturity.

R E S U L T S
In total, 35 sub-capital alignment procedures were per-
formed from 2015 to March 2020 that had intraoperative
femoral head perfusion assessment with arterial line moni-
toring. Of these, 20 (57%) were classified as unstable as
per Loder’s criteria, 21 (60%) were classified as severe
based on Southwick’s classification and 14 as moderate
with an average slip angle of 51 degrees.

Nineteen (54%) patients were female and sixteen (46%)
were male. The average age of the patients was 12 and the
average follow-up time was 2 years and 4 months (Table I).

Of the 26 (74%) patients who had documented wave-
form present intraoperatively, two of these patients devel-
oped AVN post-operatively (8%). Both of these patients
had perfusion only after reduction of the epiphysis.
Therefore, if an intraoperative waveform was present, the
positive predictive value of the patient avoiding AVN was
0.92. Of these 26 patients, three patients had a waveform
restored after reduction of the epiphysis that did not have
one prior. AVN developed in two of these three patients.

In total, 9 (26%) patients had no waveform present
intraoperatively both before reduction of the epiphysis and
post-reduction of the epiphysis. Of these, seven patients
developed AVN (78%). The positive predictive value, that
is if no waveform was present the chance of a patient
developing AVN was 0.78. In these patients where no
waveform was present, post-operative perfusion imaging

Fig. 3. Intraosseous needle placed into 1.5 mm drill hole in fem-
oral epiphysis to assess femoral head perfusion.

Fig. 4. Arterial monitor showing the presence of a pulsatile wave-
form (blue) indicating that the femoral head is perfused.

Table I.Patient characteristics

Patient characteristics

Age (years) 12

Sex (male) 16

Chronology (chronic) 12

Stability (unstable) 20

Severity (severe) 21

Slip angle average (degrees) 51

Follow up (years) 2.4

Fig. 2. Intraosseous needle before insertion into femoral
epiphysis.
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was performed either by bone scan or MRI. All 7 patients
that developed AVN had avascular post-operative perfu-
sion imaging whereas the two patients that did not develop
AVN, had vascular post-operative perfusion imaging. No
patients had a waveform present before the reduction of
the epiphysis which was then lost after reduction of the
epiphysis.

Out of 35 cases, 9 (26%) patients developed post-op-
erative AVN. Of these 9 patients, 7 had no waveform intra-
operatively and 2 had a waveform but only after reduction
of the epiphysis (Tables II–IV].

D I S C U S S I O N
AVN is a devastating complication of SCFEs. The exact
mechanism for the development of AVN is unclear.
Numerous causes and theories have been described.
Kinking or tearing of the retinacular vessels at the time of
the slip [5, 21], stretching of the vessels by posteromedial
callus of the femoral neck during reduction [22] or
increases in intracapsular pressure causing a tamponade ef-
fect [23, 24] have all been described to increase the risk of
AVN development. Timing of the slip [25–27], severity of
the slip as defined by the Southwick angle [3] and patient’s
age [27] have also been described as non-modifiable risk
factors for the development of AVN.

The modified Dunn technique described by Ganz in
2001 [13, 28] is an open surgical hip dislocation approach
with dissection and elevation of a retinacular flap contain-
ing and protecting the nutrient vessels to the femoral head.
It has revolutionized treatment algorithms for unstable and
severe SCFEs. The modified Dunn technique provides dir-
ect visualization of the femoral head, controlled reduction,
protection of the vascular retinaculum and allows assess-
ment of femoral head perfusion intraoperatively—poten-
tially predicting the risk of AVN [29]. However, results of
this technique are varied, with some studies suggesting that
there may be an increased risk of AVN in stable SCFEs
[30] and an increased risk of iatrogenic complications due
to the technical complexity of the procedure [16].

The intraoperative assessment of femoral head perfu-
sion is becoming increasingly common when treating
SCFEs [31, 32]. Many studies have now published results
suggesting that this may be a more accurate and easier way
to predict the development of AVN rather than previously
described methods such as MRI, bone scan or angiography
[14, 19]. It also has the benefit of real-time adjustment of
ostectomy and reduction position to ensure adequate head
perfusion is maintained. This therefore provides a real-time
assessment and the ability to change the patient’s outcome,
in contrast to waiting for a post-operative radiological
assessment.

The methods of assessing femoral head perfusion that
have been described are evaluation of bleeding by creating
a drill hole [16, 29, 33], the use of Laser Doppler
Flowmetry [17, 20] and intracranial pressure monitoring
(ICP) [14, 19]. Assessing bleeding via a drill hole is a sim-
ple way to assess femoral head perfusion but can only be
done with open surgeries. The use of ICP monitoring
requires the presence and use of specialized equipment
and can be utilized with both open and percutaneous tech-
niques. Both these techniques were compared in the treat-
ment of unstable SCFEs in 2016 by assessing femoral head
perfusion before and after reduction with the modified
Dunn technique. This study concluded that both methods
are effective at determining the patients who do develop
AVN [14].

A percutaneous approach with ICP monitoring to assess
femoral head perfusion by placing an ICP monitor through
a cannulated screw has also been described. Six out of their
26 patients had no measurable flow, but all regained flow
following a percutaneous capsular decompression. None of
these patients developed post-operative AVN [19].

Similar to our technique an epidural catheter attached
to an arterial pressure transducer has previously shown a
good correlation between a pressure wave intraoperatively
and femoral head vascularity [34].

Our proposed technique is inexpensive and easily repro-
ducible using an 18-gauge intraosseous side venting needle
connected to an arterial line that is placed into a 1.5-mm
drill hole in the femoral epiphysis. This allows visualization
and recording of a pulsatile waveform. Of our patient co-
hort, only 2 of 26 patients that had an intraoperative wave-
form present developed AVN. Both of these patients were
classified as having unstable SCFEs and having an acute
presentation of a chronic slip. They both had an intraoper-
ative waveform present, but only after reduction of the
epiphysis. Interestingly the two patients that did not de-
velop AVN, who did not have an intraoperative waveform
present both had chronic stable slips. This is consistent
with the rest of our data showing that no patient with
chronic or stable slips, developed AVN. One theory to ex-
plain this is that the femoral head develops a collateral
blood supply with chronic SCFEs, thus reducing the risk of
AVN. However, a recent study showed limited perforating
vessels in those with chronic SCFEs [35]. Another theory
is that an acute unstable SCFE can shear the vessels where-
as a chronic SCFE does not kink the retinacular vessels
and therefore reduces the risk of AVN developing.

Our results indicate that our technique may be an accur-
ate one at predicting the post-operative risk of AVN. Using
our technique if a waveform was present intraoperatively,
the post-operative risk of AVN is low. In contrast, if there
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Table II.Comparison of intraoperative and post-operative measures of femoral head perfusion and the devel-
opment of avascular necrosis

Age
(years)

Sex Chronology Stability Severity Slip angle (degrees) Drill hole Waveform AVN

11 F Acute on chronic Unstable Severe 52 Not bleeding No waveform Yes

7 M Acute on chronic Unstable Severe 53 Not bleeding No waveform Yes

10 F Acute on chronic Unstable Severe 74 Not bleeding No waveform Yes

11 F Acute on chronic Unstable Severe 61 Not bleeding No waveform Yes

12 M Acute on chronic Unstable Severe 58 Not bleeding No waveform Yes

8 F Acute on chronic Unstable Moderate 43 Not documented No waveform Yes

12 F Acute on chronic Unstable Severe 50 Not bleeding No waveform Yes

13 F Chronic Stable Moderate 39 Bleeding No waveform No

11 M Chronic Stable Severe 69 Not bleeding No waveform No

14 M Acute on chronic Unstable Severe 70 Bleeding Waveform present Yes

11 F Acute on chronic Unstable Severe 50 Not bleeding Waveform present Yes

13 F Acute on chronic Stable Severe 72 Bleeding Waveform present No

11 F Acute on chronic Unstable Moderate 35 Bleeding Waveform present No

18 M Acute Unstable Severe 55 Bleeding Waveform present No

12 F Chronic Stable Severe 60 Bleeding Waveform present No

14 F Chronic Stable Severe 51 Bleeding Waveform present No

13 F Chronic Stable Moderate 32 Bleeding Waveform present No

11 F Chronic Unstable Moderate 42 Bleeding Waveform present No

12 M Acute on chronic Stable Moderate 35 Not documented Waveform present No

13 F Chronic Stable Moderate 41 Bleeding Waveform present No

13 F Acute on chronic Stable Moderate 43 Bleeding Waveform present No

9 F Acute on chronic Unstable Severe 56 Bleeding Waveform present No

14 M Chronic Stable Moderate 43 Bleeding Waveform present No

12 M Chronic Unstable Moderate 44 Bleeding Waveform present No

12 M Chronic Unstable Moderate 43 Bleeding Waveform present No

12 M Acute on chronic Unstable Severe 54 Bleeding Waveform present No

15 M Acute on chronic Stable Severe 52 Bleeding Waveform present No

12 M Chronic Stable Moderate 32 Bleeding Waveform present No

13 F Acute on chronic Unstable Moderate 45 Bleeding Waveform present No

14 M Acute on chronic Unstable Severe 56 Bleeding Waveform present No

(continued)
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Table II. (continued)

Age
(years)

Sex Chronology Stability Severity Slip angle (degrees) Drill hole Waveform AVN

14 M Acute on chronic Unstable Severe 53 Bleeding Waveform present No

9 M Acute on chronic Unstable Severe 70 Bleeding Waveform present No

10 F Chronic Stable Moderate 44 Bleeding Waveform present No

13 M Acute on chronic Stable Severe 55 Bleeding Waveform present No

12 F Acute on chronic Stable Severe 57 Bleeding Waveform present No

Table III.Presence or absence of an intraoperative waveform based on sex and slip characteristics

Overall (n¼ 35) Waveform (n¼ 26) No waveform (n¼ 9)

Male (% of hips) 16 (46) 13 (50) 3 (33)

Female (% of hips) 19 (54) 13 (50) 6 (67)

Acute (% of hips) 1 (3) 1 (4) 0 (0)

Acute on chronic (% of hips) 22 (63) 15 (58) 7 (78)

Chronic (% of hips) 12 (34) 10 (38) 2 (22)

Stable (% of hips) 15 (43) 13 (50) 2(22)

Unstable (% of hips) 20 (57) 13 (50) 7 (78)

Severe (% of hips) 21 (60) 14 (54) 7 (78)

Moderate (% of hips) 14 (40) 12 (46) 2 (22)

Table IV.Post-operative perfusion imaging in those patients with absent intraoperative waveform

Age
(years)

Sex Chronology Stability Severity Slip Angle
(degrees)

Waveform Perfusion
Imaging

AVN

11 F Acute on chronic Unstable Severe 52 No waveform Avascular Yes

7 M Acute on chronic Unstable Severe 53 No waveform Avascular Yes

10 F Acute on chronic Unstable Severe 74 No waveform Avascular Yes

11 F Acute on chronic Unstable Severe 61 No waveform Avascular Yes

12 M Acute on chronic Unstable Severe 58 No waveform Avascular Yes

8 F Acute on chronic Unstable Moderate 43 No waveform Avascular Yes

12 F Acute on chronic Unstable Severe 50 No waveform Avascular Yes

13 F Chronic Stable Moderate 39 No waveform Vascular No

11 M Chronic Stable Severe 69 No waveform Vascular No
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was no waveform present, the risk of developing AVN is
high. If no waveform was present but pulsatile flow was
seen from the femoral epiphysis drill holes, it allows real-
time adjustment to attempt to restore evidence of femoral
head perfusion. First, technical factors with the use of the
arterial line are addressed. These include making sure the
arterial line is zeroed at the patient level, making sure the
needle is the correct size for the hole drilled or making
sure the needle bore is not stuck or blocked. After these
factors were addressed, if there was still no waveform is
present, iatrogenic factors were considered. This meant the
correction would be taken down and reassessed, any extra
posterior callus removed and potentially accompanied with
further shortening. Perfusion was then again reassessed fol-
lowing this. This real-time assessment helps us guide intra-
operative and post-operative care. It allows us to counsel
parents accordingly and more aggressively monitor those
who are at higher risk of developing AVN post-operatively
and therefore plan measures to delay or prevent the onset
of AVN such as longer periods of non-weight bearing. In
these patients who did not have an intraoperative wave-
form present, post-operative perfusion imaging was per-
formed to confirm vascularity.

These results are similar to previous studies that show
those with no perfusion intraoperative are at high risk of
developing AVN [15, 16, 20] and those who do have per-
fusion intraoperatively are at low risk of developing AVN
[18, 19]. In comparison to other techniques which have
used laser Doppler flowmetry or ICP monitoring, our
paper describes a novel, inexpensive, readily available and
reliable way to assess intraoperative perfusion using an ar-
terial line.

The main limitation of our study is that it is a retro-
spective study with relatively low numbers. Eight cases also
needed to be excluded due to no documentation of intrao-
perative arterial monitoring or probe issues that did not en-
able an assessment to be made. This reduced the total
numbers in our study, however, the numbers in our study
are comparable with the numbers in previous studies that
have assessed intraoperative femoral head perfusion and its
correlation with post-operative AVN [14, 19].

Our study does demonstrate a simple, cheap and reli-
able way to assess femoral head perfusion intraoperatively
during surgical hip dislocation and sub-capital realignment
procedures. It may be an accurate measure of predicting a
patient’s risk of developing post-operative AVN.

Further prospective studies would allow for improved
data to support the use of our technique of intraoperative
perfusion assessment and its accuracy in predicting a
patient’s post-operative risk of avascular necrosis.
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