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Abstract. Symptomatic avascular necrosis (AVIN) imposes a higher risk for acute care consumption in adults
living with SCD. Symptomatic AVN, have higher rates of visits to the emergency department, higher rates
of admissions, and longer lengths of stay in hospitals. Properly timed diagnosis and early interventions can
reduce morbidity and enhance the quality of life in these patients. Vaso-occlusion secondary to sickling leads
to osteonecrosis of the joint/bone (AVN, dactylitis) and invites infection (osteomyelitis and septic arthritis).
Understanding and awareness of the imaging features related to this major morbidity complication are es-
sential for early diagnosis and prompt management. In about half of the patients with SCD, AVN can lead to
chronic pain, particularly in the head of the femur and humerus. Humeral and femoral head AVN tend to be
linked with each other. Vertebral bone compression and collapse secondary to AVN have also been reported.
The diagnosis of AVN must be accurate, as the condition is complex requiring specific treatment according to
the grade of bone and joint involvement. There are several classifications or staging systems used for grading
bone and joint involvement. Knowledge of the image patterns and grade of affection in different joints and
bones and the degree of progression of AVN lesions can markedly improve management decisions on AVN-
specific surgical versus non-surgical interventions and improve patient outcomes. The aim of this report is
to summarize the different imaging techniques and their role in the proper/early diagnosis and follow up of
patients with AVN with detailed examples of the common sites involved. (www.actabiomedica.it)
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Introduction

Sickle cell disease (SCD) is a genetic red cell dis-
ease that affects the shape of red blood cells (RBC).
Sickle hemoglobin (HbS) polymerizes upon deoxy-
genation, resulting in sickling of RBC. Major clini-
cal manifestations of SCD include hemolytic anemia
and vaso-occlusive phenomena resulting in ischemic
tissue injury and organ damage. Chronic sequelae of
the anemia and vaso-occlusive processes involving the
musculoskeletal system include complications related
to extramedullary hematopoiesis, osteonecrosis, my-
onecrosis, and osteomyelitis. Alertness and awareness
about the imaging features of SCD complications are

critical for timely diagnosis and swift management.
Musculoskeletal complications of SCD are com-
mon and are often the main causes of their acute and
chronic morbidities. Acute manifestations include
bony infarcts with vaso-occlusive crises and osteomy-
elitis, while osteoporosis and osteonecrosis are chronic
problems (1,2).

AVN can be asymptomatic in SCD patients for
a long time. The natural history of asymptomatic os-
teonecrosis of the femoral head in patients with SCD
is progression to collapse. Early identification of AVIN
would help in screening and placement of appropri-
ate measures to prevent osteonecrosis in high-risk
patients. This is very important because most patients
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with osteonecrosis present very late when the only
treatment option is total hip replacement with its
attendant unsatisfactory results in this group of pa-
tients. (3-7) Moreover, in patients with SCD, the ra-
diological manifestations of AVN may be intriguing
as it can be mixed and mingled with those for bone
infections and bone marrow hyperplasia (8,9). Recog-
nizing the appearance of osteonecrosis, which reflects
the underlying pathology, improves clinical-radiologic
assessment and is important to guide optimal patient
management.

In this updated manuscript the authors tried to
review and update knowledge about the different radi-
ological appearance using different imaging techniques
(in the past 30 years) that help to investigate and grade
the severity of AVN lesions in patients with SCD. An
algorithm for imaging evaluation of AVN is suggested
to facilitate the clinical appraisal of these cases.

Background
Pathology, pathogenesis and classification

Bone infarction is a debilitating and significant
complication of SCD, and it may occur anywhere in
the skeleton. It results directly from the sickling of red
blood cells in the bone marrow, which causes stasis of
blood and sequestration of cells, Ischemia and tissue
hypoxia are the consequences and, in turn, worsen the
sickling process. The eventual result is cell death. In-
farcts typically occur in the medullary cavities and in
the epiphysis. They occur in a subchondral location.
most common in the femoral head, likely a result of
increased mechanical pressure related to weight bear-
ing and often are the source of painful bone crises and
can result in greater morbidity owing to its effect on
the adjacent joint although they also may be clinically
silent and discovered incidentally at radiography (10).
Medullary bone infarcts are far more common than os-
teomyelitis in patients with sickle cell disease (11) but
clinical differentiation can be difficult (12). The conse-
quences of the blood vessel occlusion within the bones
lead to the development of osteosclerotic strands, bone
marrow edematous changes, bone loss and collapse, re-
active neovascularity, and fibrotic changes.

The pathophysiology of AVN in SCD entails
during hypoxic conditions (infection, physical ex-
ercises, acidosis, cold, and dehydration) Sickle Hb
(HbS) polymerizes, leading to initial reversible struc-
tural changes. After repeated deformation, the RBC
membrane is completely damaged. Following deoxy-
genation, HbS becomes fragile with marked decreased
solubility and elasticity. After the restoration of oxy-
gen tension, these abnormal sickle cells fail to return
to normal shape (13,14).

The loss of deformability leads to vascular ob-
struction and ischemia. The membrane damage dimin-
ishes the life span of the RBC causing hemolysis, both
intra- and extravascular. The destroyed red cells have
an irregular surface that leads to increased adherence
to and damage to the vascular endothelium. This pro-
cess enhances vascular obstruction and provokes in-
flammatory reactions involving white cells, cytokines,
and coagulation proteins. Abnormalities in coagula-
tion, white cells, vascular endothelium, and damage to
the membranes of red cells share in the pathophysiol-
ogy of this disease. Increased leukocyte adherence to
endothelium also plays a role in the pathogenesis of
vascular occlusion. (13,14). A reduction in subchon-
dral blood supply (secondary to vaso-occlusion) pro-
duces a state of hypoxia, causing loss of integrity of cell
membranes and necrosis of cells. Osteocytes undergo
apoptosis; however, phagocytosis cannot occur. Thus,
osteocytes are not replaced. This weakens bone remod-
eling and leads to osteosclerosis.

Macroscopically this induces subchondral collapse
and subsequent joint degeneration. (15,16). Histopa-
thology of osteonecrosis is classified into four stages
(Table 1). All four stages might be present simulta-
neously. At early stages, marrow necrosis occurs, and
medullary spaces are replaced by granular, eosinophilic

Table 1. Four stages of histopathologic classification of femoral
head osteonecrosis (Ref: 17, 18,19).

Type 1, disappearance of hematopoietic marrow and
presence of foam cells (nondiagnostic for bone necrosis)

Type 2, necrosis of the fatty marrow in an eosinophilic
reticular pattern and presence of oil cysts

Type 3, complete medullary and trabecular necrosis

Type 4, complete necrosis with dense medullary fibrosis and
new bone formation.
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necrosis, edema, hemorrhages, fibrous reticulosis, and
hematopoietic necrosis, with the progressive extension
of focal lesions (2,10). At late stages, the death of 50%
of osteocytes occurs (trabecular necrosis, bone loss)
with fibrosis (fibrotic changes) and collapse (11,12).
In patients with SCD, the radiological manifesta-
tions of AVN may be challenging as it can be mixed
and intermingled with the changes of bone infections
and associated bone marrow hyperplasia which are se-
rious and common complications caused by SCD. In
Bahebeck et al. (20) study 7% of patients with SCD
were diagnosed with septic arthritis, and 18% with os-
teomyelitis. Asplenia, impaired complement activity,
and phagocytosis are hypothesized to be important fac-
tors that predispose patients with SCD to infection of
the bone and joints. In addition, infarcted areas of the
medullary bone can be a good medium in which bac-
teria can grow, as reduced blood flow in these regions
can result in Jocally impaired immunological response.
Osteomyelitis usually affects the diaphysis of the long
bones, but other bones including vertebrae can be sites
of infection (8). Patients with sickle cell anemia have
reduced height (21). This is believed to be due to bone
marrow hyperplasia (8) and bones are generally shorter
due to epiphyseal changes subject to ischemia/infarc-
tion and vascular compromise to the growth plate with
subsequent premature closure of growth plates.

Review

There are many radiological grading and staging
classifications for quantifying the extent of AVN in-
volvement in the bone and joint mainly used for AVN
of the femoral head. The most used is the Mitchell
classification of AVNs (22,23) which is based on MRI
signal characteristics within the center of the lesion on
T1 and T2-weighted images. The lesion is classified
into four stages with stage A representing early disease
and stage D representing late disease (Table 2), how-
ever, the signal intensity of more than one stage can be
found in a single lesion (Figures 1-7).

Second classification is Steinberg staging (24)
of femoral head avascular necrosis (Table 3) and
quantification of involvement extend is necessary for
stages I to V (Table 4), which is the commonly used
system similar to the Ficat and Arlet staging and the

Association Research Circulation Osseous classifica-
tion (ARCO) (25-29) which are more simple but with
no precise prognostic outcomes, while the Steinberg
staging is more concise and delineates the progression
and extent of AVN involvement more accurately, it is
based on the radiographic appearance and location of
the lesion. It primarily differs from the other systems by
quantifying the involvement of femoral head changes
which allows direct comparison between series. Seven
stages of involvement are identified. Following stag-
ing, the extent of involvement of the femoral head is
recorded as mild, moderate, or severe. This staging sys-
tem has achieved much recognition by the orthopedic
community. Plain radiographs, CT, and MRI can be
used in staging and are positive from stage II Steinberg
or Ficat classifications while the early stages are essen-
tially categorized by MRI.

The degree of progression of AVN is varjable
from one patient to another and several factors are
influencing the progression, the amount of Hbs, fre-
quency, and severity of associated infective changes,
exposure to trauma, and general life still with more
physical stresses all are affecting the progress of the
AVN and patients with high physical stresses should
be handled carefully and bony crises should be evalu-
ated well and followed up frequently as the progression
of AVN, especially of the hips can be rapid in these
patients (Figure 16) (25,30). Imaging modalities used
to diagnose and quantify the degree of affection (grad-
ing) and differentiate AVN from other pathologies as-
sociated with SCD include mainly conventional plain
radiographs, MRI, CT, US, and isotope studies. Each

of these modalities had its advantages and limitations.

Table 2. Stages of chronological activity of AVN according to
Mitchell classification of avascular necrosis showing the dif-
ferent T1-w and T2-w characteristic signal according to tissue
present in osteonecrosis area (Ref: 22).

Stage A: T1 Hyperintense, T2 Intermediate, Signal
analogous to that of fat (Hyper acute)

Stage B: T1 Hyperintense, T2 Hyperintense, Signal
analogous to that of subacute blood (acute)

Stage C: T1 Hypointense, T2 Hyperintense, Signal
analogous to that of fluid/edema (chronic)

Stage D: T'1 Hypointense, T2 Hypointense, Signal
analogous to that of fibrosis (late chronic)
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Figure 1. Plain Xray Rt hip AP (A) views for patients with severe pain in Rt hip show only very subtle density changes in the femoral
head no subchondral lucent (crescent) line could be identified while (B) and (C) are MRI T1 and T2 with fat suppression for the
same hip showing subchondral hypointense crescent line around a small area of relative T2 hyperintensity and T1 intermediate to low
signal intensity representing stage ¢ AVN (Mitchell’s MRI staging classification ) and stage II Steinberg (stage II Ficat) classifica-
tion by plain radiography while the staging is upgraded by MRI to Stage IIlc according to Steinberg classification and still stage II
Ficat classification, this is an example of the MRI merits over plain radiography in diagnosis and staging of early bone necrosis and
highlighting the advantage of Steinberg in the quantification of the femoral head involvement over Ficat classification.

Figure 2. A T2 fat suppressed coronal sequence for the pelvis and upper thighs demonstrating elongated hyperintense medullary
lesion within the upper shaft of both femora (arrows) denoting early bone marrow necrosis with marrow edema stage A/B Mitchell
classification, note the AVN changes within both femoral heads, (B)T'1 coronal without fat suppression and (C)T2 tirm coronal with
fat suppression for pelvis and upper thighs after one year showing the same areas of osteonecrosis within the bone marrow of upper
femora but with variable degrees of chronic changes appearing as bizarre areas of irregular mosaic hypo and hyperintensity in both T'1
and T2 sequences representing areas of necrosis fibrosis and marrow edema with relatively more hyperintense appearance in T2 and
relative hypointense appearance in T1 which denote mixed stages B,C and D (mainly C) Mitchell classification, together with vari-
able degrees of AVN and irregular collapse of both femoral heads about stage Ve-VI according to Steinberg classification (Ficat IV).
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Figure 3. Rt shoulder (A) T2 blade fs coronal and (B) T1 fat sat coronal showing subarticular band-like areas of hy-
perintense T'1 and T2 appearance involving about 30% of the humeral head with no associated humoral head collapse
or flattening appearance is that of AVN stage II Ficat/stage IIIb Steinberg classification and hyperintense appear-
ance of the central parts of both infarcted areas in T1 and | T2 denoting stage B Mitchell classification, (C) sagittal
PD blade FS coronal (D) T2 blade FS and (E) T1 coronal for the same patient but 2 years later demonstrating more
increase in the size of the subarticular necrotic area and there is the development of mild irregularity of the articular
surface of the humeral head together with the change of the T1 signal to hypo intensity denoting more progression
of the AVN from stage IIIb to IVc Steinberg and from II to III Ficat, and according to Mitchell classification it is
progressed to stage C.
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Figure 4. Sagittal T1 FS and coronal T2 PD FS sequence for the Rt hip, and upper femur in a patient with sickle cell anemia showed
the serpiginous medullary intermediate and low signal intensity lesion in T2 FS with surrounding markedly hypointense rim and
more peripheral hyperintense zone while in T1 the central medullary lesion appears markedly hypointense and the surrounding rim
is more hypointense with surrounding zone showed marked hyperintensity, appearance consistent with medullary infarcts represent-
ing mixed C and D stages of the central part of the lesion and recent extension of the osteonecrosis around the older one (stage B
peripheral part) according to Michell classification for AVN while the markedly hypointense line in-between presenting fibrosclerotic
rim separating the relatively recent from the relatively old infarcted areas.
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Figure 5. Plain X ray left shoulder AP (A) and lateral oblique (B) as well as MRI (C) T1, (D) T2 blade with fat suppression, (E) PD
blade with fat suppression showing heterogeneous density with ill-defined patchy lytic and sclerotic small foci (snowstorm appear-
ance) involving the left humeral head with preserved contour of the articular surfaces, no collapse or crescent sign and no glenoid
involvement in plan X rays corresponding to stage Iic Steinberg classification (stage II Ficat) while MRI showed subarticular band
of AVN involving more than 30% of the circumference of the humeral head which appear as variable hyperintense in both T2 and
PD fat suppressed sequences and hypointense in T'1 with no flattening or gross irregularity of the articular bony surfaces appearance
is consistent with stage IIlc Steinberg classification, stage II Ficat classification and stage C Mitchell classification (hypointense T'1
and hyperintense T2 lesions) so MRI did upgrade the degree of involvement of the humeral head AVN.
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Figure 6. T'1 FS precontrast (A), T1 postcontrast (B), and T2 STIR (C) showing small focal hypointense T2 lesion appearing hy-
pointense in T1 with no enhancement and surrounding hyperintense rim in T1 and T2 sequences with no post-contrast enhancement
denoting tiny focus of AVN stage D Michell surrounded by another focal area of stage B AVN, there is another linear subarticular
lesion showing intermediate to hyperintensity in T2 and is to subtle intermediate intensity in T1 and showed postcontrast enhance-
ment denoting revascularization of subchondral linear AVN stage A Mitchell classification, no subchondral crescent sign and intact
articular surface of the femoral head so it is graded as Steinberg stage I B, plain X-ray for this hip was normal.

| G2 A0 L0

Figure 7. MRI Coronal T2 fat suppressed sequence (A) and T1 post-contrast sequence with fat suppression (B) for both femora
showing considerable bone marrow edema involving the medullary cavity of the left femur with associated periosteal reaction and
mild edema of the soft tissues around the periosteal reaction and postcontrast enhancement of the same areas in a patient with SCD
denoting rather acute osteomyelitis, note associated AVN changes within both femoral heads with different stages of involvement ac-
cording to Mitchell classification (stage D involvement in Rt femoral head (hypointense T1 and T2) while the left hip showed mixed
stage D and stage B (hyperintense T'1 and T2) areas.
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Table 3. Steinberg staging classification (Ref:24). (Figures
8-15).

Stage 0: normal or non-diagnostic radiographs, MRI and
bone scan of at-risk hip (often contralateral hip involved, or
patient has risk factors and hip pain).

Stage I: normal radiograph, abnormal bone scan and/or
MRI (Figure 6)

Stage II: cystic and sclerotic radiographic changes (Figures
1 ’5 ’8)

Stage III: subchondral lucencies or crescent sign (Figures

3,5,9,10,11)

Stage IV: flattening of femoral head, with depression graded
into (Figures 3,9,10,12)

* mild: <2 mm

* moderate: 2-4 mm

* severe: >4 mm

Stage V: joint space narrowing with or without acetabular
involvement (Figures 2,10,13,14,15)

Stage VI: advanced degenerative changes (Figures 2,13,14)

Table 4. Quantification of the extent of involvement of the joint
(Stages I to V).

Stage I and II

* A, mild: <15% head involvement as seen on radiograph
or MRI

* B, moderate: 15% to 30%

* C,severe: >30%

Stage III

* A, mild: subchondral collapse (crescent) beneath <15% of
articular surface

* B, moderate: crescent beneath 15% to 30%

» C, severe: crescent beneath >30%

Stage IV

* A, mild: <15% of surface has collapsed, and depression is
<2 mm

* B, moderate: 15% to 30% collapsed or 2-4 mm depression

G, severe: >30% collapsed or >4 mm depression

e Stage V

A, B or C: average of femoral head involvement, as
determined in stage IV, and estimated acetabular
involvement.

Figure 8. Plain radiograph of the Rt hip AP view
showing early patchy sclerosis and lucencies of the
right feral head with no collapse or crescent sign
(snow storm appearance for femoral head) and as-
sociated patchy sclerosis of the hip bone and upper
femur consistent with early avascular necrosis stage
IT Steinberg classification and Ficat classifications.
Sclerosis indicates areas of new bone on dead tra-
beculae. Lucency indicates the resorption of dead
marrow and trabecular meshwork.

Figure 9. Plain radiograph of the Rt hip lat-
eral oblique view showing early patchy scle-
rosis of the right feral head with no collapse
but there is identifiable subchondral lucent
(crescent) line appearance consistent with
early avascular necrosis stage IIIa Steinberg
classification (stage II Ficat classification).
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Figure 10. Plain X-ray shoulder AP and lateral views 2017 (A and B) revealed a subarticular lucent line
(crescent sign) within the humeral head which revealed AVN Stage I1Ia Steinberg classification (Ficat Stage
IT) with heterogenous patchy sclerosis and lucencies, one year later (2018) AP and lateral radiographs (C and
D) showed progression of the AVN to stage IVb Steinberg (stage III Ficat) and another year later(2019)
AP and Axial views (E and F') the condition progressed to stage V¢ Steinberg classification (only narrowing
of joint space and no gross glenoid involvement or gross degenerative OA changes of the shoulder identi-
fied (still stage III Ficat), thus stressing the advantage of Steinberg classification in the quantification of the
degree of AVN involvement.
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Figure 11. MRI T2 fat suppressed axial sequence showed double line which is com-
posed of a hypointense peripheral border and a hyperintense inner border, staging of
the lesion according to Steinberg classification is stage IIIc (Ficat II).

Figure 12. A and B Lt shoulder X-rays for two different patients with SCD (one adult and one before epiphyseal closure)
showing destruction flattening and irregular sclerosis involving more than 30% of the humeral heads denoting AVN stage Ivc
Steinberg, stage III Ficat classifications.
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Figure 13. Plain X-ray AP both hips (A) and Rt hip lateral view (B) demonstrating stage IV AVN in
both hips according to Ficat classification while according to Sheinberg classification Rt hip showed
stage VI AVN with considerable deformity and subluxation of the Rt femoral head and associated
acetabular involvement, while the left hip showed stage Ve.

Figure 14. A, B, C, and D : Plain X-ray of both hips AP view (A) (2018) demonstrating irregular
contour of the articular surface with deformity and irregular subarticular Iytic and sclerotic areas with
relative narrowing of the joint space and mild acetabular involvement corresponding to stage Ve to VI
Steinberg classification (stage IV Ficat) within both right and lefts hips, (B) three year later (2021) The
patient underwent Rt hip total replacement while the left hip showed more progressive course with
extensive deformity and development of degenerative OA changes (stage VI Steinberg classification),
(C and D, AP and frog leg positions ) one year later (2022) total replacement of the Lt hip was per-
formed as the definitive line of treatment for the progressive AVN involvement of the Lt hip.
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Figure 15. Series of plain X-ray shoulder A&B AP and lateral oblique for Rt shoulder 2017,
C and D 2019, and E and F 2021 demonstrating marked deformity, flattening, and irregularity
of the head of the right humerus with subarticular sclerosis and cyst-like changes together with
intramedullary calcification in the neck of the humerus which are more progressed in 2019 exami-
nations and representing AVN stage Ve Steinberg classification (Ficat IV), and the examination
was done in 2021 after shoulder replacement. Note old fracture Rt clavicle with pseudoarthrosis.
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Steinberg V c

Figure 16. (A) Plain X-ray Rt hip AP views showing a healthy hip joint, in a few months (B) osteonecrosis has progressed to
collapse flattening and fragmentation of the femoral head Stage IV Ficat classification and stage V¢ Steinberg classification.

A. CONVENTIONAL PLAIN RADIOGRAPHY

It is the most frequently accessible modality at a
lower cost. This modality does not identify the early
acute bony changes (like bone marrow edema) that oc-
cur in osteonecrosis. However, it is a good modality
for following the progression of osteonecrosis. With
time, the infarcted areas develop centrally lucent and
peripherally sclerotic areas with serpiginous wavy mar-
gins forming patchy heterogenous lucencies within the
involved metaphysis, diaphysis, and epiphysis (Figures
1,8,9,10,16). This is followed by the appearance of
subchondral/subarticular lucent lines signifying the
border of the infarcted area (crescent sign) that can be
identified by good quality plain X-rays (Figures 9,10).
Later, chronic changes can be identified as patchy bony
sclerosis and linear osteosclerotic strands parallel to
the cortical margin (these can lead to a “bone within
bone” appearance) (8). Eventually, the progression of
AVN leads to subarticular bone resorption with subse-
quent depression of the articular surfaces, collapse, and
fragmentation of the region (Figures 10,12).

These pathological changes cause degenerative
osteoarthritic changes and deformities of the affected
joint which are well recognized by conventional radio-

graphs (Figures 13,14).

Therefore, conventional plain radiography has
no rule in the early detection of AVN but is good for
follow-up of AVN evolution, for evaluation of post-
interventional therapeutic effects, for the staging of
AVN (Figures 10,12,14,15,16,17) and for documen-
tation of late chronic bony changes and deformities
(Figure 13). These chronic consequences often neces-
sitate joint replacement (Figure 14,15). During the
acute bone crisis in SCD patients, the main and dif-
ficult encounter is to differentiate clinically and radio-
logically between the medullary bone infarcts (more
common) from osteomyelitis (31,32), as the initial
radiographs are usually normal in the early develop-
ment of both infarctions and infection (33) Later bone
infarction can be diagnosed in films that display patchy
latencies, sometimes with periosteal reaction and later
by the appearance of bony sclerosis and or collapse
(Figures 6, 16) (13). Associated osteomyelitis can be
diagnosed by the appearance of periosteal reaction se-
questrated bone fragments, involucrum, and cloaca ap-
pearance as well as associated soft tissue swelling and
later by the occurrence of irregular bony sclerosis.

Other modalities such as ultrasonography (US),
MRI (Figures 7,18), and isotope scanning are more
informative in the differentiation between acute bone
infarction from acute osteomyelitis. (31,32)
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Figure 17. AP both hips A and follow up 6 months B after drill therapy showing AVN Involvement of the immature Rt femoral
head epiphysis resulted in partial flattening and collapse of Rt femoral head, epiphysial-metaphyseal overlap, a wide relatively short Rt
femoral neck (A) and mild mushroom deformity of the more mature femoral head with residual drill holes identified and the degree
of head collapse decreased (relative re-expansion) in follow up exam (B), the articular surface and joint space are generally preserved

and little or no disability resulted.

Figure 18. Patient with sickle cell anemia complaining of pain in the lower thighs, A coronal T1 sequence without fat suppression
for both thighs and knees demonstrating elongated mixed heterogenous serpiginous outlined hyper and intermediate signal intensity
within the medullary cavities of middle and lower thirds both femora with intact cortex while in (B) Coronal T2 sequence with fat
suppression the same areas appear heterogenous markedly hyperintense denoting early bone marrow necrosis and edema, no peri-
osteal fluid or soft tissue involvement around the bones (no signs of osteomyelitis), C and D are Plain X ray both thighs and knees
AP and lateral views demonstrating no obvious bony abnormality within the med and lower femora, according to plain X ray there
are no signs of AVN while according to MRI there are AVN lesions stage B Michell classification of AVN, example illustrative for

the advantage of MRI over plain X ray in identification of acute osteonecrosis of medullary cavities of long bones.
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B. MRI

It is the modality of choice in the evaluation of AVIN
it plays a crucial role in the early detection and staging of
osteonecrosis; it allows clear quantification, staging; and
evaluation of lesions that are undetectable on plain ra-
diographs with excellent anatomical depiction, it is very
valuable in follow up with no radiation hazards.

MRI can be useful for illustrating infarction
which manifests as edema with increased T2 signal in
the acute phase (Figures 6,9,18) and as a fibrotic and
sclerotic pattern with low signal on all sequences in the
chronic phase (Figures 4,7). The T2 weighted images,
specifically, illustrate areas of increased signal intensity
because of bone marrow edema. Initially, the signal in
the center of the infarction usually resembles that of
normal marrow, and acutely (6), an ill-defined area of
the high signal may be present (Figure 18), and the
peripheral borders may enhance in post-contrast se-
quences. Over time, a low T'1 serpiginous rim develops.
A double line which is composed of a hypointense pe-
ripheral border and a hyperintense inner border is often
visible on the T2 weighted image (Figure 11). This cen-
trally increased T2 signal represents granulation tissues
surrounded by dark lines representing the sclerotic bone
with chronicity of the lesions the heterogenous appear-
ance of the area of necrosis increases with increased fi-
brosis and bony sclerosis which appear hypointense in
both T1 and T2 sequences (Figures 7, 4).

MRI can be a useful tool in the differentiation of
osteonecrosis from osteomyelitis but with some limi-
tations, important MRI differentiating points of os-
teomyelitis from osteonecrosis of long bones include
extensive marrow edema with associated serpiginous
and tubular marrow enhancement in metaphysis/dia-
physis with extensive associated periosteal reaction/
subperiosteal collection (Figure 7) and adjacent soft
tissue swelling and edema while the diffuse low signal
of the vertebral bodies and medullary cavities of long
bones in MRI examinations are consistent with hyper-
plastic hematopoietic red marrow and in some cases
associated hemosiderin/iron deposition replacing the
normal bright fatty marrow, especially in the vertebrae
(13,31,33,34).

The disadvantage of MRI modality includes lim-

ited availability, rather high cost, sometimes requiring

anesthesia (in claustrophobic patients and young chil-
dren) as well as the potential hazards of MR contrast.

c. CT EXAMINATION

It offers a respectable anatomical description of the
lesions and can detect very small changes, and visual-
ize areas invisible to plain radiography, in addition, it is
more valuable in the quantifications and staging of the
bony involvement (35). Its accuracy is equivalent to that
of MRI even though some authors found that CT iden-
tifies subchondral fractures and femoral head collapse
better than MR imaging (Figure 13). High-resolution
CT is a valuable tool for precise grading of the degree of
involvement of the femoral head (36). CT is also valu-
able in the evaluation of spinal involvement (Figure 19).

A meta-analysis provided strong evidence of
the high diagnostic eflicacy of single photon emis-
sion computed tomography/computed tomography
(SPECT/CT) in patients with avascular necrosis
(AVN) of the femoral head (37). However, the dis-
advantages of using CT modality is mainly due to the
considerably higher dose of radiation hazards so it is
not suitable for a follow-up examination and it is still
more expensive and less available compared to conven-

tional radiographs (38).
p. UrTrASONOGRAPHY (US)

It can be a useful modality in differentiating oste-
onecrosis from osteomyelitis and septic arthritis from
AVN, It has the advantage of being quick, portable,
noninvasive, and more acceptable to children.

The high-resolution US allows the characteriza-
tion of soft-tissue changes, (soft tissue induration, fat
necrosis, and hematoma), fluid collections, periosteal
elevation, and subperiosteal collection can be targeted
at the sites of greatest pain. It also allows guided diag-
nostic and therapeutic intervention, such as percuta-
neous drainage (25,39,40). However, there are no US
characteristic signs for identification of AVN.

Its main value is to identify or exclude other le-
sions mainly osteomyelitis, septic arthritis, and to some
extent post-traumatic sequelae which are the main dif-
ferential diagnosis in acute bone crisis. In addition, it
is a useful means for guided aspiration.



Acta Biomed 2023; Vol. 94, N. 3: ¢2023177 17

Figure 19. Plain x-ray lumbar spines AP and lateral views (A and B), coronal and sagittal reconstructed CT images (C and D) show-
ing marked osteopenia of the lumbar and lower dorsal vertebrae with prominent linear trabeculation 2ry to bone marrow hyperplasia
central endplate compression in almost all the lumbar vertebral bodies resulting in H -shaped vertebral bodies with step like the central
depression of the articular end plates more identified at L3 Intervertebral disc, calcification noted within 12-L1 disc. No definite fea-
tures of vertebral osteomyelitis. No paravertebral soft tissue lesions were identified, CT images are more informative and more clear-
ing up the nature and extent of the AVN of the articular end plates of lumbar vertebrae than plain radiography (as accurate as MRI).

E. ISOTOPE sTUDY

For the cases of AVN, it is very sensitive in the
detection of abnormality, especially in early (acute)
cases which appear as areas of low intake but unfortu-
nately have relatively low specificity, still can be used
to diagnose associated osteomyelitis and in follow-up
evaluation.

The appearances of infarction at scintigraphy with
99mTc methylene diphosphonate (MDP) vary with
time and may be difficult to interpret if the duration
of symptoms is not known at the time of scanning. In
the first few days after infarction, decreased or normal
radiotracer uptake is seen (25). Subsequently, revascu-
larization, primarily from periosteal vessels, produces
increased uptake that extends with remodeling. The
appearance of old bone infarcts depends on whether an
adequate blood supply returns to the affected area. In
areas of adequate revascularization, the scintigraphic
appearance may return to normal after a few months;
in contrast, areas of avascular bone are seen as photo-
genic foci.

Knowledge of the varied scintigraphic appear-
ances of infarction is important, particularly if scin-
tigraphy is performed because of clinical indications
of acute osteomyelitis. Combined isotope bone scans
and labeled white cell scans may be helpful, with tri-
ple-phase bone scans showing increased activity in all
3 phases. Labeled white cell scans can show increased
uptake in infection with reduced uptake in areas of in-
farction, but the diffuse marrow abnormality present
can hinder interpretation (25,41-44).

The combined use of scintigraphy and ultrasonog-
raphy (US) can also be helpful in differentiating os-
teomyelitis from bone infarction. The scintigraphic
studies are useful in locating all areas of suspected
osteomyelitis while the role of the US is to confirm
the presence of a subperiosteal fluid collection and to
guide aspiration with analysis of the aspirate distinct
between a hematoma and an abscess (25).

Detailed examples of the radiological manifes-
tations of the common sites complicated with AVN
and osteonecrosis in SCD are illustrated below (head
of the femur, shoulder joint, vertebrae, and others).
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Contrary to the AVN that can occur in other dis-
eases, AVN in SCD can present diffusely, and lesions
seen on MRI usually appear bigger. In most cases of
avascular necrosis in SCD, the initial radiographic im-
ages can have a normal appearance, and the first evi-
dence of this complication can be seen on MRI.

Osteonecrosis involving epiphyseal regions of
long bones is generally termed avascular necrosis. The
most common locations involved are the heads of the
femur and humerus. AVN may be of gradual onset and
silent or run a more acute course with severe pain and
limping. The infarcted portions of the medullary bone
eventually evolve into regions of reactive sclerosis and
new bone formation (25,45-49).

A. AVN or TtHE H1P (UFCE)

Two broad patterns of involvement of the hip re-
gion were discernible according to the age of onset.
Involvement of the immature femoral head epiphy-
sis resulted in a flattened femoral head, epiphysis-
metaphyseal overlap, a wide femoral neck, and a
mushroom deformity of the mature femoral head. In
these lesions, the articular surface and joint space were
generally well preserved, and little or no disability re-
sulted (Figure 17) (25).

In adult patients, involvement of the mature
femoral head was typically segmental, most com-
monly anterosuperior, and with continued weight,
bearing resulted in the collapse of the head and dis-
ruption of the articular surface. These lesions caused
pain, limitation of movement, and common changes
to osteoarthrosis. The radiological change occurred,
by definition, in the femoral head of all hips, and
occurred in the acetabulum in 72% of hips, femoral
head migration occurred in 9% of hips, and periosteal
new bone formation in 32% of hips (47,49) (Figures
1,2,6-9,11,13,14,16).

Multiple small-diameter drilling decompressions
can be performed as a line of treatment for the AVN
and followed up regularly for assessment of the pro-
gression and healing of the lesions by pre and postoper-
ative X-ray and or MRI examinations (Figure 17) (50).
Advanced cases of AVN femoral heads necessitate
hip replacement as a definite line of management
(Figure 14) (51).

B. AVN AFFECTING THE SHOULDER JOINT

It is as frequent or slightly less than the frequency
of hip involvement and the classifications used in hip
joint quantification can be applied to the shoulder, the
degree of disability of the shoulder can be severe and
may require shoulder replacement in some patients

(Figures 3, 5,10,12,15) (11,29,52,53).

c. AVN INVOLVING THE LONG BONES
AND KNEE REGIONS

Osteonecrosis of long bones and knee; Both in
children and in adults the long bones are the more
common sites of bone infarction and medullary bone
infarcts are far more common than osteomyelitis in
patients with sickle cell disease (25,34), metaphyseal
or diaphyseal osteonecrosis leads to a characteristic
appearance of irregular linear serpiginous areas of in-
tramedullary signal intensity changes mainly edema
followed by sclerosis prior to or 2ry to bone infarct
(Figures 2,4). Later, intramedullary lucencies and scle-
rosis become evident with a patchy distribution. If the
cortical bone is also infarcted, subperiosteal new bone
may form either through incorporation into existing
cortical bone (thickening of the cortex) or through
layered deposits along the inner surface of the cortex
(25,34).

AVN of the knee regions are relatively com-
mon and initial plain radiographs, in early-onset
are usually negative but the lesions are more/mainly
identified by MRI examinations with the serpigi-
nous hyperintensity in T2 as well as mosaic hypo
and hyperintensities in both T1 and T2 sequences
according to the chronicity and severity of the in-
volvement (Figure 18), while bone scintigraphy
may show initial photopenia (low intake), but as the
bone revascularizes uptake may return to normal
or even be increased. This makes interpretation of
the radioisotope imaging difficult as the relevance
of the imaging findings is related to the length of
time since the infarction evolve, while the changes in
plain radiographs appear relatively later and are usu-
ally heterogeneous patchy sclerotic and lytic areas
with less frequently periosteal reaction (Figure 20)
(29,52-54).
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Figure 20. Plain X-ray knee region (AP and lateral views) of four different patients with SCD showed variable degrees of irregular
sclerotic and lytic areas involving epiphysis, metaphysis, and diaphysis of lower femora and upper tibiae 2ry to avascular bone necrotic
changes with no obvious articular surfaces involvement, no bone collapse or obvious periosteal reaction.

D. AVN VERTEBRAE

Vertebral endplate infarction causes cortical
thinning and softening of the bone, the interverte-
bral disks can then compress the weakened endplates,
giving the vertebral bodies a biconcave or H-shaped
appearance, which is the cardinal manifestation of
vertebral endplate infarction in SCD (25,29,46,54).
Central endplate depression can be differentiated
from marrow hyperplasia and other causes of end
plate depressions by its specific and characteristic
step-like appearance (34). As a result of this endplate
depression, vertebrae that are adjacent to the H-
shaped vertebrae may exhibit lengthening to compen-
sate for the change in shape and to support the spinal
column. This deformity should be differentiated from
the smooth concavity of the vertebral endplates at
multiple levels which occurred from bone softening
2ry to bone marrow hyperplasia (fish vertebra). Bone

marrow expansion secondary to increased production
of red cells also contributes to thinning of cortical
bone and osteopenia, this weakening of the bone can
result in vertebral body compression or collapse with
resultant kyphosis (31).

In cases of associated discitis and vertebral body
osteomyelitis MR scanning is the preferred method
of assessment (25,46) which showed high signal on
T2 weighted images in the affected disc or vertebral
body and in T1 sequences osteomyelitis is of low sig-
nal intensity (although areas of red marrow will also
be of low signal intensity) post-contrast enhancement
of the abnormal areas tend to be more diffuse in in-
fection than in infarction, rim enhancement may also
be seen but is not specific as it is also seen in bone
infarction (13). Soft tissue enhancement is again not
specific for infection and can be seen in both. Plain X-
ray can identify the H-shaped vertebrae and the step
central end plate depressions (Figures 19,21) as well
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as the vertebral collapse (Figure 22) but CT recon-
structed images in the bone window (Figure 19,23)
and MRI sagittal and coronal sequences showed
more precise diagnostic accuracy (Figure 23) espe-
cially in initial diagnosis and provide more informa-
tion about the other findings like osteoporosis, bone
marrow hyperplasia and hemosiderin/iron deposition
within the vertebral bodies as well as the associated
other complications like discitis/osteomyelitis of the
vertebrae (Figure 22).

E. RiBs AND PELVIS

Other bones, such as the pelvis and ribs, may be-
come markedly sclerotic because of medullary infarc-
tion as dystrophic medullary calcification occurs and
new bone is laid down on infarcted bone (Figure 24).
Infarction of the ribs in patients with sickle cell disease

Figure 21. AP and Lateral views of lumbar vertebrae for a patient
with SCD demonstrating the typical articular end plate AVN with
step-like depression of the central portion of most lumbar and
lower dorsal vertebral articular end plates and 2ry H shaped verte-
bral bodies which is characteristic for AVN of articular end plates.

(Figure 25) may contribute to painful chest crises with
resultant hypoventilation and pulmonary infiltrates

(Figure 26) (34).
F. DACTYLITIS “HAND—FOOT” SYNDROME

Infarction of small tubular bones of the hands
and feet in children causes dactylitis, also referred to
as hand-foot syndrome. This is the most familiar site
between in children between 6 months and 6 years
of age because their red marrow is abundant in the
small bones. Dactylitis is rare in children older than
6 years because of the regression of red marrow in
these areas.

This syndrome occurs in half of the chil-
dren with sickle cell anemia. The child will pre-
sent with tender and swollen hands or feet and a
fever. On radiographs, there is patchy lucencies
with periosteal reaction early in the process fol-
lowed by sclerosis with possible bone destruction
and deformity over time. MRI will show osseous
and soft-tissue edema and contrast enhancement,
along with periosteal reaction. In more severe cases,
bone destruction and resultant deformity may be

seen (55 -57).

In summary

Based on the previous review, we suggest a key
algorithm to be followed in the radiological evaluation
and or follow up of patients with AVN or suspected
AVN (Table 5).
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Figure 22. Plain X-ray lumbosacral region lateral view (A), MRI sagittal T2 with fat sat (B) and Sagittal T'1 without fat sat (C) for a
patient with SCD demonstrating old subtotal destruction and collapse of the body of L5 vertebra (A) later follow up with MRI showing
the L4-5 and L5-S1 intervertebral discs appears now as a single disc space between the L4 and S1 vertebrae evidence of residual bone
marrow edema and fatty infiltration within L4 and S1 vertebrae and in the residual part of L5 vertebra with minimal fluid in the anterior
part of the wide L.4-S1 intervertebral disc likely effects of chronic discitis together with central depression within the inferior end plate
L4 and superior end plate S1 due to AVN of the end plates, no epidural or paravertebral fluid collections or abscess formation is detected.

Figure 23. Dorsolumbar vertebrae A T2, B T1 and C T2stir sequences demonstrating the H-shaped vertebrae 2ry to AVN of the
articular end plates of lower dorsal and upper lumbar vertebrae with central step-like depression of the articular end plates (typical
for AVN) D and E are coronal and sagittal CT reconstructed images for another patient with H shape vertebrae and F focused
sagittal CT reconstruction demonstrating typical H shaped vertebrae).
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Figure 24. A reconstructed coronal CT scan for pelvis and hips

revealed patchy sclerosis of the pelvic bone and upper femora Figure 25. Multiple rib infarctions. Posteroanterior chest ra-

with necrosis of the left femoral head (Grade III Ficat stage diograph demonstrates dense sclerosis of the rib cage with rela-

IVa Steinberg) caused by medullary infarction and dystrophic tive expansion effects of bone marrow hyperplasia 2ry to SCD,

calcification. with areas of lucency (arrows) in multiple ribs representing focal
osteonecrosis.

Figure 26. CT Chest and abdomen sagittal reconstructed images bone window (A and B) and lower chest axial cut lung window
(C) for a patient with SCD revealed: Patchy sclerotic and small lytic changes within the sternum and ribs while dorsal and lum-
bosacral vertebrae showed, in addition, multiple articular end plates depressions with variable patchy sclerosis and prominent 1ry

bone trabeculae 2ry to mixed bone marrow infarcts and hyperplasia of hemopoietic system, Note pneumonic patch at left posterior
basal segment.
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Table 5. Algorithm for imaging evaluation of AVN.

examinations.

1. Patients known to have SCD and AVN in certain location followed up with no new complaint or further complication:
a. In early low grade AVN no rule for plain radiography, no need for CT, follow up with MRI.
b. Inlate and high grades of AVN: plain radiographs are enough + or - MRI/CT if significant changes from previous

examinations.

2. Patients known to have SCD and AVN in certain locations with relative clinical excerption of their AVN location.
a. In early low grade AVN Plain radiograph may have limited rule and MRI or CT still advised.
b. In late and high grades of AVN: plain radiographs may be enough + or - MRI/CT if significant changes from previous

3. Patients Known to have SCD with previous history of AVN but having a new location for bone crisis. a-Isotope bone scan

and or MRI + or -US if clinically indicated grossly no rule for plain radiographs.

4. Patient known to have SCD with no previous history of AVN presenting with acute bone crisis.
a. Isotope bone scan and or MRI + or -US if clinically indicated grossly no rule for plain radiographs.

a. exclude SCD by lab investigation.

b. US examination for joint or bone involved.

d. MRI or CT if plain X ray is negative.

5. Patients not known to have SCD are presented with acute bone crisis.

c. plain X ray for area of interest if US is grossly negative or if fracture is suggested by US.
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