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Abstract

Purpose of review Chronic non-bacterial osteomyelitis (CNO) is an autoinflammatory bone
disease most prevalent in children. In this review, we seek to highlight the most recent

advances in the understanding of the pathophysiology, treatment, and outcomes of CNO.
Recent findings Recent observations support a pathophysiologic framework involving

imbalanced expression of pro-inflammatory versus anti-inflammatory cytokines, thereby
inducing increased differentiation and activation of osteoclasts. Although no medication
nor protocol is yet specifically indicated in the treatment of CNO, there exists an
expanding body of evidence for agents exerting their effects via interference with these
pro-inflammatory pathways (namely non-steroidal anti-inflammatory drugs, disease-

modifying anti-rheumatic drugs, bisphosphonates, and biologics), highlighted herein.
Summary With an incidence rivaling that of bacterial osteomyelitis, childhood CNO

represents an important and growing field of study. Once thought to be benign and
self-limiting, CNO is now recognized to follow a relapsing and remitting course in the
majority of children, and to carry substantial risk of irreversible growth and bone sequelae.
Perhaps of greatest importance to the study of CNO treatment is the recent development of
the Childhood Arthritis and Rheumatology Research Alliance (CARRA) consensus treatment
plans, the implementation of which will allow for prospective comparative effectiveness
studies and, ultimately, the development of standardized treatment protocols.
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Introduction

First described in 1972 by Gideon et al. as “subacute and
chronic symmetrical osteomyelitis,” chronic non-
bacterial osteomyelitis (CNO) is an autoinflammatory
bone disease most prevalent in children [1]. While ter-
minology remains inconsistent across the literature, we
apply CNO to describe a spectrum of sterile bone in-
flammation irrespective of chronicity and lesional dis-
tribution, with chronic recurrent multifocal osteomyeli-
tis (CRMO; implying chronicity and/or recurrence and
multiple sites of involvement) as its most severe form
[2e, 3ee].

Primarily affecting the metaphyses of long bones,
clavicles, mandible, pelvic bones, and (of particular clin-
ical importance) vertebral bodies, CNO generally pre-
sents with localized bone pain and imaging findings of
osteolysis, sclerosis, and hyperostosis on plain radio-
graphs and bone marrow edema on magnetic resonance
imaging (MRI) [2e, 4, 5]. One recent study suggests two
predominant radiographic patterns of disease— “tibio-
appendicular multifocal” and “claviculo-spinal
paucifocal.” In their cohort, only 14% were found to
have concomitant involvement of the clavicles and tib-
iae [6]. Additional extraosseous inflammation, most
commonly involving the skin (palmoplantar pustulosis
[PPP], acne, psoriasis), joints, and gut, is frequently
associated [2e, 3ee, 5, 7]. SAPHO (synovitis, acne,
pustulosis, hyperostosis, and osteitis) syndrome is
sometimes considered the adult form of CNO, although
this constellation also occurs in adolescence [2e, 3ee, 4,
8]. Furthermore, well-described associations with sys-
temic inflammatory illnesses (e.g., inflammatory bowel
disease, spondyloarthropathy) likely represent varying
phenotypes along the same disease spectrum [4].

Considered an orphan disease with a cited incidence
of 0.4 per 100,000 children, recent data suggest that
CNO is far more common than previously appreciated:
one study of 105 children with osteomyelitis (bacterial
and non-infectious) determined near-identical inci-
dences of CNO and bacterial osteomyelitis [9, 10]. This
discrepancy likely arises from an increased awareness of
inflammatory bone disease and related conditions, as
outlined above, and an evolving appreciation of
autoinflammation as a whole.

Described complications of CNO include pathologic
fracture (most commonly of the vertebral bodies), ky-
phosis, leg-length discrepancy and other local deformi-
ty, and growth impairment secondary to premature
epiphyseal fusion. As in many systemic inflammatory

illnesses, amplified musculoskeletal pain may be an
important comorbidity or complication with significant
psychosocial impact [4].

Published in this journal in 2017, Zhao et al. provide
a comprehensive overview of treatment options in CNO
[4]. In this review, although we present the historical
context for and previously reported experience with cur-
rent therapies, we aim primarily to highlight the most
recent advances (subsequent to 2017) in the under-
standing of the pathophysiology, treatment, and out-
comes of CNO.

Making the diagnosis

Much as our ability to detect sterile bone inflammation
grows, bolstered chiefly by the widened availability of
advanced imaging techniques such as whole-body short
tau inversion recovery (STIR) MRI, CNO remains a di-
agnosis of exclusion. Principal alternative considerations
include infectious osteomyelitis, malignancy (e.g., leu-
kemia, lymphoma, primary and metastatic osseous tu-
mors), and Langerhans cell histiocytosis [2e, 11ee]. Tra-
ditionally, clinicians have been reliant on bone biopsy
to confidently exclude these possibilities.

There exist a number of proposed diagnostic criteria
for pediatric CNO, two of which we highlight below.
None has yet been universally adopted in clinical prac-
tice. In 2007, Jansson et al. delineated major (radiolog-
ically proven osteolytic/sclerotic bone lesion; multifocal
bone lesions; PPP or psoriasis; sterile bone biopsy with
signs of inflammation and/or fibrosis, sclerosis) and
minor (normal blood count and good general state of
health; C-reactive protein [CRP] and erythrocyte sedi-
mentation rate [ESR] mildly-to-moderately elevated; ob-
servation time longer than 6 months; hyperostosis; as-
sociated with other autoimmune diseases apart from
PPP or psoriasis; first or second degree relative with
autoimmune or autoinflammatory disease, or with
CNO) criteria; the threshold for diagnosis set at two
major or one major and three minor criteria [12].
Roderick et al. have since proposed a simplified set of
criteria, at times referenced as the “Bristol Criteria”: pres-
ence of typical clinical findings (bone pain with or
without localized swelling without significant local or
systemic features of inflammation or infection) and
typical radiographic findings (plain x-ray [showing com-
bination of lytic areas, sclerosis and new bone forma-
tion] or preferably STIR MRI [showing bone marrow
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edema with or without bone expansion, lytic areas, and
periosteal reaction]) and either more than one bone (or
clavicle alone) without significantly raised CRP (<30 g/
L); or, if unifocal disease (other than clavicle) or CRP >
30 g/L, with bone biopsy showing inflammatory chang-
es (plasma cells, osteoclasts, fibrosis, or sclerosis) with-
out bacterial growth while not on antibiotic therapy)
[13].

Perhaps of greatest clinical impact, Jansson et al. later
suggested a clinical score for patients with suspected
CNO to discriminate those for whom clinical diagnosis
is sufficient from those requiring histopathologic evalu-
ation. In their development cohort, CNO was associated
with normal blood cell count (13 points); symmetric
bone lesions (10 points); lesions with marginal sclerosis
(10 points); normal body temperature (9 points); a
vertebral, clavicular, or sternal location of lesions (8
points); presence of > 1 radiologically proven lesion (7
points); and CRP > 1 mg/dL (6 points). A score of > 39
yielded a positive predictive value of 97%. Bone biopsy
is recommended in patients with unifocal disease and a
score of <28, or in the context of negative bone scintig-
raphy [14].

Pathophysiology and monogenic CNO

It is now clear that immune dysregulation is central to
the development of CNO. In keeping with an
autoinflammatory model of disease (idiopathic inflam-
mation with primary involvement of the innate immune

Treatment

system in the absence of high-titer antibodies and
autoreactive lymphocytes), disruption in cytokine and
chemokine expression is most apparent in monocytes
and macrophages [2e]. At present, however, no single
causative mechanism has been identified. While in-
depth discussion of the immune pathways thus far im-
plicated in CNO is beyond the scope of this review (see
Table 1), the following summative framework is sup-
ported by recent observations: imbalanced expression of
pro-inflammatory (interleukin [IL]-1, IL-6, tumor necro-
sis factor [TNF]-«, IL-20) versus anti-inflammatory (IL-
10 and IL-19) cytokines may induce increased differen-
tiation and activation of osteoclasts via enhanced inter-
action of receptor activator of nuclear factor-xB (RANK)
and its soluble ligand RANKL [2e, 15, 16, 17e, 18-20].

Compatible with the above model, the familial
monogenic disorders Majeed syndrome (involving
LPIN2), deficiency of interleukin-1 receptor antagonist
(DIRA; involving ILIRN), and pyogenic arthritis, pyo-
derma gangrenosum, and acne syndrome (PAPA; in-
volving PSTPIP1) all display increased IL-1 signalling
and inflammasome activity and result in severe sterile
osteomyelitis [2e, 20]. Recently, mutations in the
FBLIM1 gene, the expression of which is implicated in
the balance between osteoclast bone resorption and
osteoblast bone formation, were reported in two fami-
lies affected by CNO [21e].

Diet and lifestyle

The influence of environment on cytokine production and circulating media-
tors of inflammation represents a rapidly evolving field of study. Interindividual
differences in cytokine responses can in part be attributed to interactions
between the human immune system, microbial organisms, and their metabo-
lites [22, 23]. Diet and microbiome have long been implicated as putative
mediators of the global rise in chronic inflammatory disease. Specifically rele-
vant to inflammatory bone disease, mice deficient of proline-serine-threonine
phosphatase-interacting protein 2 (Pstpip2) develops sterile bone inflamma-
tion, inflammatory skin disease, and elevations in neutrophil-attracting
chemokines and IL-1B, a phenotype strongly resembling CNO [24]. Lukens
et al. suggest that dietary modification of the microbiome (namely via diets rich
in fat and cholesterol) in Pstpip2-deficient mice may be protective against
osseous inflammation via regulation of IL-1p maturation [25]. Moreover,
pro-IL-13 production was observed to be decreased in Pstpip2-deficient mice
treated with antibiotics, potentially via alteration of the gut microbiome; this



Pediatric Rheumatology (G Martini, Section Editor)

208

03 spea),, sandull &

9seuabAx0012Ad xp) ‘€ uordudsuel) J0 103eALDY puy Jaonpsuel] eubls €7y ‘T utejold WI butpulg utwe) Iwrig74
‘gX-1012.} 1ES)INU JO 10JRALIDR 103ddR. YN VY ‘sbnup Alojewwe)ul-ue jepLossisuou grysy ‘awoipuAs sude pue wnsouasbueb ewsspoAd ‘siuyie dwwsboAd vy ‘astuobejue 1oydadas
T-upynapiajul Jo AHusyap yyIg ‘€ bututequo) utewogq uuhg Ajrweq 103dadsy 9LIT-PON E4YTN ‘gX-103108) Jed)INU gx4N ‘utsjosd buneubis ds ‘aseuy pajeinbai-jeubls sejnyjeoesixe
Y7 ‘seseury utejoid pajeA3de-usbollw ydyjy 410308} SIS0Jd9U Jowny b4 ‘Opueyddeshjododl) §47 ‘& 103ddau a)-110) Fy7/ ‘SIIRAWO093SO 1ELISIIRG-LOU JLUOIYD ON) ‘UlNSMSIUL 7T
(/1) woJj papualIXe pue payLpow S3uUIU0I J)qe]

UOIJPALJIE 3SB)2033SO UL PIA|OAUL

‘sisayuhs utpuelbejsoud Jiqryut (uoniqiyut Ty asedyoydsoyd
BLA) SPL012}S0013400 pue (uoniqiyut swAzuUS X0) eIA) SQIVSN
f31a130e 3581209350 JiqLyut :sazeuoydsoydstg

sawosewwe)ut Aq T-71 40 uoLssaidxe-1an0
10 S3094J9 ajege :(qewnuwjeued ‘esujeue 6+a) syusbe T--Buy
SOWOSBWIWE)UL U0 303D dALssaiddns 1axa SQIYSN

1-11 40 uoissa1dxa-19A0
40 530349 9jeqe :(qewnuwjeued ‘elupyeue b°3) syusbe T-1I-3uy
0-4N1 JO uoLssaidxa-19A0
40 s13ys 91eqe :(vay ‘X4I ‘N13 "69) sjuabe p-4N1-Buy

D-4NL pue ‘9-71 ‘-1 butpnput ‘sauy03fd Arojewweput-oad
po3eLpaw-gy4N 4O uoLssaidxa adnpal :SpLoIa]S0d110)

suorje1apisuod d1nadesay) pajejay

UOL]BALIOE PUE UOLIRIIUBIBHLP ISB]I091S0 € UoLssaldxd TIWI1gd
paJa)|e € UOLIBALIIR €]V]S palledull € uolssaidxa QT-1I padnpai
‘21042193 {0T-11 Aq pa3eaoe €]v1S pue ‘€| V1S Aq patenbal TWI1g4
uoLeAldR THNVY 40 uoenbas elA a)ndsjow Alojewweput-ijue
se s1oe TWITg14 ‘OND YIm SaljLuiey z ut papiodal Iyyr7g4 ul suoljeiny
Ss0]
auoq Alojewwe)uL € UOLJRALIIR PUB UOIIRLIUSISHLP ISB)I09)S0
& SI5B)209350 UO THNVYY pueby) a1gmos syt pue Jojdadal INVY
UIMID] UOLIIBISIUL PRDUBYUD & UOLSSRIdXD auwj03hd pasuejequi]
T-I PoSea.dUL PUB UOLJBALIIR SWOSEWWEuUL
amonut yed ([IdId1Sd] Vdvd ‘[NYTTI] v¥Ia ‘[2NId7 Butajoaut]
awolipuAs paslel) ONJ Ym pajeLoosse siaplostp dLusbouow jerjiwe
6T-1I 40 OT-7I 3UBULGWOI34 Y3Lm 21nJ)N2-03 Aq pasianal sjuatied ON)
woJ} se3foouow woiy uodaidas YT-1I pue AJALOe Swosewweug
sjuatjed
OND wol} sa3foouow ul uolssaidxa YNYW T-1I PUB E4YIN pasessou]
S0LW JUSLYSP-OT-TI Ul Uohewwejjut
9U0q €« JT-7I 40 U01IINPOId € UOLIPAIIOR SWOSBLIWEIUL E4YTN
6T1-1I Pue OT-11 40 uoLssaidxa-1opun & siv3owoid
6I7I pue 0I77 3e syuswsa)s Aiojenbas 03 T-ds Jo JuswiLnIdLL
pasea1dsp & 1-ds 103084 uodudsuel] jo uogejlioydsoyd
paitedwl € 2)Y3 PUB THYI YW SY3 JO UOLRALIIR PIINPY
D-4NL1 pue 9-]1 Jo uoissaidxa-19A0 pue uoissaidxa QT-71 paJteduit
<€ sjuaed ON) woy sspfoouow ul 547 Aq »¥11 Jo uonenwys
syuatied ON)
uL (6T-7I pue OT-1I) SauL|03Ad Alojejnbal-sunwiiL pasealdsp pue
(0-4NL “02-11 “9-11 ‘T-11) sauwjo3ha Alojewweyut-oid paseaiou]

9JUIPIAI Y2183S3I |RUOLIRISURI] PUE |BILUL)I PAJRLIOSSY

UOLJBLIUDIBHLP
pue uoleAidR
15E1209350 paseasdu]

uoLjeAide
aLIOSBWWEUL
pasea.nu]

uotssaldxe
auwy03Ad pasuejequ
wsLueyaw
s1bojorsAydoyzed
pasodo.d

suorjelapisuod d1nadelay) pajejas pue si3L)aAwoa)so jeLaldeg-uou dtuolyd jo AbojoisAydoyied Jejndajow ayy Jo marIaAQ *°T 31qel




Characteristics, treatment options and outcomes of chronic non-bacterial osteomyelitis in children  Kraus and Laxer 209

may inform the partial, albeit transient, effectiveness of antibiotic therapy in
CNO [25-27]. Unfortunately, no compelling data exist to support specific
dietary intervention in the treatment or prevention of human inflammatory
bone disease. This warrants further study.

Pharmacologic treatment

Although our understanding of disease pathogenesis continues to evolve, cur-
rent pharmacologic treatment strategies for CNO remain empiric, based largely
on clinician experience, expert opinion, and non-experimental studies—there
remains of definitive lack of clinical trials (Table 2) [2e]. Perhaps of greatest
importance to the ongoing and future study of CNO treatment is the recent
development of the Childhood Arthritis and Rheumatology Research Alliance
(CARRA) consensus treatment plans (CIPs) for CNO refractory to non-
steroidal anti-inflammatory drugs (NSAIDs) and/or with spinal lesions, the
implementation of which will allow for prospective comparative effectiveness
studies [11ee]. Therefore, when relevant and available, recommended dosing
within this review will refer to that delineated in the CARRA CTPs (Fig. 1). Note
that the dosing of disease-modifying anti-theumatic drugs (DMARD) and
biologic therapies is inferred from standard dosing regimens in juvenile idio-
pathic arthritis (JIA) [11ee].

Paralleling the lack of consensus diagnostic criteria, there exists no
established definition of response to therapy in CNO [3ee]. No single stan-
dardized disease monitoring or assessment tool is yet broadly applied in the
clinical setting. Derived from the American College of Rheumatology (ACR)
Pediatric Core Set Measures for JIA, itself a derivation of a composite measure of
treatment response in rheumatoid arthritis, Beck et al. propose the PedCNO
score, calculated from a core set of outcome variables: ESR, number of radio-
graphic lesions, severity of disease estimated by the physician, severity of disease
estimated by the patient or parent, and the childhood health assessment
questionnaire (CHAQ). Response is defined as follows: PedCNO 30 (50, 70)
implies at least 30% (50%, 70%) improvement in at least three core set variable
with no more than one of the remaining variables decreased by greater than
30% (50%, 70%) [28]. Zhao et al. propose an MRI-based scoring tool com-
prising the number unique inflammatory lesions, bone edema severity, total
lesion number with periosteal reaction, total lesion number with hyperostosis,
bony bar severity, vertebral compression severity, soft tissue inflammation
severity, and number of joints with arthritis [29].

The CARRA CTPs define treatment failure at 3 months when a patient fails
to improve in > 4/6 of the following criteria or in > 50% of applicable criteria (if
not all available): patient pain as measured by visual analog scale (VAS); total
number of clinically active lesions (defined as a body part with focal tenderness,
and/or swelling, and/or warmth in addition to patient’s report of pain at a
known CNO lesion sit); number of radiologic lesions by whole-body MRI or
bone scintigraphy; size and degree of bone marrow edema of CNO lesions and/
or presence of soft tissue swelling/inflammation related to CNO lesion on
imaging; physician VAS; abnormal ESR (=20 mm/h) and/or CRP (=1 mg/dl)
level after exclusion of other potential causes [11ee]. Of note, the CHAQ,
included in the PedCNO core set, is deliberately excluded as it exhibits a floor
effect at 3 months [11ee, 28]. Treatment success is defined by the CARRA CTPs
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as resolution of pain, normalization of inflammatory markers, and resolution
of bone marrow edema on MRI [5, 11ee, 30].

At present, no medication is specifically approved for use in CNO. Despite
this, the pharmacologic landscape of CNO treatment is encouraging. Although
limited by its retrospective nature and reliance on registry (and therefore at
times incomplete) data, the Eurofever international registry database study,
published in 2018, is the largest reported case series of CNO to date (486
patients). Within this expansive group, positive response (as elaborated below)
was observed with bisphosphonates, NSAIDs, glucocorticoids, and
sulfasalazine in 91, 91, 92, and 87%, respectively (3, Class IV).

- |

Non-steroidal anti-inflammatory drugs
NSAIDs remain the most commonly employed first-line agents for patients
without active spinal lesions. In a recent survey of CARRA members, 95% of
treating physicians reported using NSAIDs as first-line treatment in patients
newly diagnosed with CNO [11ee]. Although primarily exerting their anti-
inflammatory effects via cyclooxygenase (COX) inhibition, NSAIDs have re-
cently been shown to suppress inflammasome activity, and therefore pro-
inflammatory cytokine production implicated in CNO's pathogenesis, inde-
pendent of COX enzymes [2e, 31].

In the Eurofever study, 74% received NSAIDs, 39% of whom achieved
complete remission (denoted as resolution of pain, and normalization of
inflammatory markers [ESR and CRP] and imaging abnormalities [allowing
for 1-2 foci of asymptomatic bone marrow edema on MRI]). Fifty-two percent
achieved partial response, and 9% were classified as non-responders [3e®].

Wipff et al. previously described 178 patients with CNO, 97% of whom
received NSAIDs as first-line therapy. Improvement in symptoms was noted by
the treating physician in 71% (30, Class IV). The effectiveness of NSAIDs in
alleviating symptoms is well documented, with most studies reporting pain
relief within 1 month of treatment (response rate ranging from 51 to 100%)
[4]. Tt is important to note, however, that symptomatic relief does not neces-
sarily imply resolution of subclinical inflammatory disease and the prevention
of resultant osseous damage. Carr et al. described the radiographic pattern of
healing in 22 pediatric patients with CNO treated with NSAID (in addition to
antibiotic) therapy and found variable residual bone sclerosis, expansion, and
vertebral body collapse (with one patient developing progressive kyphosis)
[32]. Moreover, Beck et al. reported a case series in which 2/7 patients with
vertebral disease treated with naproxen developed pathologic fractures [28].

Overall, NSAID monotherapy has been less successful in inducing complete
remission as defined above (range 13 to 77%) [4, 33]. Via the lone published
prospective treatment study of CNO, in which 37 patients were treated with
naproxen continuously for 6 months (following which sulfasalazine and short-
term corticosteroids were added to continued naproxen for an additional
6 months if progressive disease or no further improvement were noted), Beck
et al. found that naproxen at doses of 15 mg/kg/day induced symptom-free
status in 43% at 6 months. However, only 14% were found to be in radiologic
remission (absence of lesions on MRI) at the same time point (28, Class IV).
The authors appropriately conclude that most children show a favorable clinical
course in the first year of treatment with NSAIDs, although 30-40% may
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CNO refractory to NSAIDs and/or with spinal lesions

l

v v v
Treatment Plan A Treatment Plan B Treatment Plan C
Nonbiologic DMARDs TNF-a inhibitors +/- MTX Bisphosphonates
e MTX or; e ETN or; e Pamidronate or;
e SSZ * [FXor; e Zoledronic acid
e ADA or;
e Other
|
v

|

r’ Follow-up at 3 months
J ‘

IMPROVED UNCHANGED or WORSENED
Continue current regimen Consider switching to or adding another
treatment (may switch to another agent
Re-assess in 3 months within same plan)
e Ifimproved, follow IMPROVED Re-assess in 1-3 months
e [funchanged or worsened, follow
UNCHANGED or WORSENED e If improved, follow IMPROVED
e Ifunchanged or worsened,

consider another treatment or
reconsider diagnosis if necessary

Fig. 1. Childhood Arthritis and Rheumatology Research Alliance (CARRA) consensus treatment plans for chronic non-bacterial
osteomyelitis refractory to non-steroidal anti-inflammatory drugs and/or with spinal lesions (reference [11]). CNO chronic non-
bacterial osteomyelitis, NSAID non-steroidal antiinflammatory drug, DMARD disease-modifying anti-rheumatic drug, MTX metho-
trexate, SSZ sulfasalazine, TNF tumor necrosis factor, ETN etanercept, IFX infliximab, ADA adalimumab

require additional therapies.

Regarding the specific choice of NSAID, there exists a dearth of comparative
studies between commonly employed agents. Naproxen is most frequently
used, although no data exists to support this preference. As noted by Zhao
et al., small cohort studies suggest similar efficacy between indomethacin and
diclofenac [4, 34, 35].

Of note, per the CARRA consensus treatment plan, a patient is defined to be
refractory to NSAID therapy if he or she remains symptomatic following a
minimum of 4 weeks of therapy, at which point second-line treatment, the
options for which are outlined below, is considered [11e¢].

Glucocorticoids

As with NSAIDs, corticosteroids suppress prostaglandin production (via phos-
pholipase A1 inhibition). Additionally, corticosteroids diminish nuclear factor-
kB (NFxB)-mediated pro-inflammatory cytokine (namely IL-1, IL-6, TNF-a)
production [2e, 18]. While effective in rapidly abating inflammatory disease
activity, their use is generally limited to short oral bursts (e.g., 2 mg/kg/day
prednisone equivalent for 5-10 days) for acute disease flare or to low-dose
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prednisone equivalent (e.g., 0.1-0.2 mg/kg/day) as bridging therapy until al-
ternate steroid-sparing agents are successfully employed [2e]. Note that the
CARRA CTPs limit such “bursts” to a maximum of 6 weeks with or without
tapering [11ee]. In considering the myriad of potential adverse effects of
prolonged corticosteroid exposure (namely decreased bone mineral density,
avascular necrosis), particular caution is warranted when treating patients with
CNO, wherein osteoclast overactivity is central to pathogenesis.

Regarding their efficacy, complete response to corticosteroids was found in
37% and partial response in 54% of patients within the Eurofever study; no
response was noted in 8% [3ee]|. Borzutzky and colleagues also describe a
clinical remission rate of 37%, although detailed follow-up information for
this cohort is lacking (5, Class IV).

- |
Disease-modifying anti-rheumatic drugs

Methotrexate (MTX)

Sulfasalazine (552)

As noted in the CARRA CTPs, use of DMARD therapies is reported with variable
success and is limited to level IV evidence [11ee]. Generally, these treatments
are reserved for those with inadequate response to NSAIDs. Overall, remission
rate is relatively poor (below 40%), and intolerance to methotrexate (largely
due to gastrointestinal adverse effects) is broadly reported [4]. The CARRA CTPs
will be critical to the development of standardized studies evaluating the
efficacy of DMARDs in CNO.

Complete remission using MTX was achieved in approximately 40% of
patients with CNO in a recent study, notably higher than previously re-
ported (20% by Borzutzky et al., 22% in the Eurofever study); however, the
authors note that this may be explained by a high prevalence (67.3%) of
concomitant systemic rheumatologic disease, namely arthritis, in their
cohort [3ee, 5, 36].

Importantly, in comparing the relative effectiveness of available therapies
in inducing disease remission, Girschick et al. found statistically significant
differences between glucocorticoids and MTX, as well as between
bisphosphonates and MTX, suggesting perhaps a lesser relative therapeutic
effect of MTX. Further supporting this, the rate of non-response was lower
with glucocorticoids and bisphosphonates as compared with MTX [3ee].

Sulfasalazine (SSZ), although included in the CARRA CIPs, is less fre-
quently employed relative to other DMARD or bisphosphonate
therapies—in 9.6% of patients in the Eurofever registry, 31.4% in the
Borzutzky cohort, and most recently 13.5% observed by Kostik et al. —and
is most commonly chosen in the context of comorbid inflammatory bowel
disease or enthesitis-related arthritis, influenced perhaps by a presumed
common pathophysiology [3ee,5, 33]. In Kostik's 52 patients, 57.1%
achieved complete remission (as previously defined) with SSZ, as com-
pared with 52.6% with NSAID, 44.4% with methotrexate, 88.8% with
pamidronate, and 73.3% with TNF-« inhibitors [36]. This is significantly
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greater than the remission rate (38%) achieved with SSZ in the Eurofever
study [3ee]. Once more, the high prevalence of associated arthritis (in-
cluding enthesitis-related arthritis, inflammatory bowel disease, and pso-
riatic arthritis) among Kostik’s cohort must be considered.

Bisphosphonates

Pamidronate binds to bone and is internalized by osteoclasts, reducing their
activity via induction of apoptosis and interference with regulatory protein
signalling [37]. Pamidronate has also been demonstrated, in vitro, to inhibit
macrophage function and pro-inflammatory cytokine secretion (particularly IL-
1p, IL-6, and TNF-a), thereby exerting anti-inflammatory effects [38]. Interest-
ingly, despite these in vitro findings, no significant clinical effect on CNO-
associated arthritis/synovitis has been observed [39¢].

Despite its preferential application in patients with more severe disease
(particularly that affecting the spine), pamidronate has been noted in some
studies to be the most effective of available treatments (88.8% complete remis-
sion demonstrated by Kostik et al., 83% by Schnabel et al.) [33, 40]. This is in
slight contrast to the Eurofever study, in which 51% of patients treated with
bisphosphonates achieved complete response, 46% partial response, and 3%
no response [3ee].

There is also some suggestion that early and sustained use of pamidronate
may improve clinical and radiologic disease activity in multifocal and NSAID-
resistant CNO. In their 2019 study, Andreasen et al. studied treatment with a
standardized regimen of intravenous pamidronate 1 mg/kg/day (maximum
60 mg/day) for 3 consecutive days every 3 months (first dose in the first series
0.5 mg/kg/day) continued for 2 years in all patients with extended CNO,
defined as symmetric multifocal or spinal bone inflammation on MRI and
poor clinical response to NSAID therapy. Of note, use of additional immuno-
modulatory therapies was permitted. Thirty-eight percent achieved clinically
inactive disease (asymptomatic, normal ESR) at 1 year; however, 42% experi-
enced clinical relapse at year 2 following medication discontinuation, and 67%
experienced flare during the follow-up period. Thirty-two percent attained
radiologic remission at 2 years (39, Class IV). More recently, Sutko et al. report
a series of 41 NSAID-resistant patients with CNO treated with pamidronate
(1 mg/kg/day for 3 days every 3 months). Thirty-two (78%) achieved remis-
sion (resolution of symptoms and radiologic lesions) following a mean of 7
infusion cycles (range 1-17) over 20 months. No adverse effects are described
(41, Class IV).

Concerning alternative bisphosphonate agents, Zhao et al. found that a
single dose of zoledronic acid (ZOL; approximately one hundredfold more
potent than pamidronate) as an adjunct to combination infliximab (IFX) and
MTX in patients with spinal involvement resulted in clinical and radiographic
improvement. Importantly, the study was not designed to address the individ-
ual efficacy of ZOL (29, Class IV). There remains insufficient evidence, limited
to case reports, to support the use of alendronate in CNO, despite the pragmatic
allure of oral bisphosphonate formulations [42].

Reported adverse effects include bone pain, headache, fever, and electrolyte
abnormalities (particularly hypocalcemia; patients should be calcium replete
prior to therapy). Due to the rare complication of osteonecrosis of the jaw,
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which has not been reported in the pediatric population, it is advised that all
patients be assessed by a dentist prior to treatment, and that no dental extrac-
tions be performed within 4 months of receiving bisphosphonates [41].

Biologics

Anti-TNF-a

Anti-IL-1

Although the use of biologics in CNO has become increasingly common, there
remains a paucity of published data to support their use. Once more, the
Eurofever study provides perhaps the most robust information.

TNF-a blocking agents, most often initiated following inadequate response
to NSAIDs and possibly bisphosphonates and/or DMARDs, are the most
common biologic medications used in CNO. Their prevalence of use
reported by CARRA physician members was 26% for both adalimumab
(ADA) and IFX and 17% for etanercept (ETN)—all three are included in the
CARRA CTPs [11ee]. Of Eurofever registry patients, 3.5% received ETN,
followed by IFX (1.8%) and ADA (1.6%) [3ee].

Borzutzky et al. included 11 children treated with TNF-« inhibition (7
ETN, 2 ADA, 5 IFX) in their cohort. Collectively, 46% achieved clinical
remission, an efficacy greater than that of NSAIDs (13%), glucocorticoids
(37%), MTX (20%), and SSZ (18%). Perhaps more notable, 10/11 dem-
onstrated partial or complete response [4, 5].

Within the Eurofever study, 41% of patients treated with ETN (total 17
patients) demonstrated complete response, 29% partial response, and 29%
no response. With IFX (total 9 patients), 33% achieved complete response,
44% partial response, and 22% no response. Lastly, with ADA (total 8
patients), 50% attained complete, 50% partial, and zero no response [3ee].
Overall, TNF-a blockade has been quite successful in the treatment of
NSAID-resistant CNO, most notably in patients with concomitant
extraosseous inflammation (e.g., arthritis, inflammatory bowel disease,
psoriasis) for which anti-TNF-a medications are otherwise indicated [36].

Data regarding the use of anti-IL-1 therapy in non-familial CNO are gen-
erally limited to case reports with mixed response. Pardeo et al. report a
cohort of 9 patients with refractory CNO (unsatisfactory response to
NSAIDs and bisphosphonates) treated with anakinra, 5 of whom were
deemed to exhibit favorable response (physician global assessment from
none to minimal based on fever, number of active bone lesions detected by
bone scintigraphy, inflammatory marker elevation, and presence of pain
and functional impairment) within the first 6 months of therapy [43]. The
Eurofever registry includes four patients (0.8% of the total cohort) treated
with anakinra, 2 of whom attained remission, 1 achieved partial response,
and 1 demonstrated no response [3ee]. It is not clear that early response to
anti-IL-1 therapy is sustained—Eleftheriou et al. describe a 6-year-old girl
with multifocal disease refractory to NSAIDs and pamidronate treated with
anakinra, initially with resolution of symptoms and normalization of
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inflammatory markers at 6 weeks, who subsequently re-developed active
disease at 12 months [44].

In contrast to the above, the central role of IL-1 blockade in the treatment
of monogenic CNO directly involving dysregulated IL-1 production
(Majeed syndrome, DIRA) is well established [4, 45, 46].

There does not yet exist substantive evidence to support the use of anti-IL-6
agents in CNO. Sato et al. report improvement in symptoms, inflammatory
markers, and imaging abnormalities using tocilizumab in 2 adult patients
with CNO, polyarthritis, and lower extremity myositis [47].

Antibiotics

The role of antibiotic therapy in the treatment of CNO has waned consequent to
the recognition of its non-infectious nature. An early case series of 13 patients
with CNO treated with azithromycin documented rapid clinical and radio-
graphic improvement; however, symptoms recurred following discontinuation.
The beneficial effect was postulated to be secondary to the drug’s anti-
inflammatory and immunomodulatory (rather than antimicrobial) effects
[27]. Subsequent studies have failed to demonstrate sustained benefit of long-
term antibiotics [4, 26].

Interventional procedures and surgery

Beyond the diagnostic utility of bone biopsy, there is currently no routine role
for interventional nor surgical procedures in the treatment of CNO. Surgical
debridement and even mandibular reconstruction following non-response to
medical therapy is described in the adult literature [48].

Other treatments

Both a- and +y-interferon have been used with success in limited case reports
[49, 50]. There is insufficient evidence to support their use.

Emerging therapies

Denosumab

Given the apparent central role of RANK and its ligand RANKL in the prevailing
pathophysiologic framework of CNO, denosumab (a fully human, high-spec-
ificity, and high-affinity monoclonal antibody against RANKL) represents a
promising therapeutic option. Few case reports in adults with mandibular
CNO (referenced as “diffuse sclerosing osteomyelitis of the jaw”) demonstrate
positive results [51, 52]. Thus far, there exist no studies of its use in childhood
CNO.

Outcomes

CNO is generally characterized by a polycyclic course with fluctuating periods
of inflammatory disease activity. Early literature suggested that the natural
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Conclusion

history of CNO was one of eventual spontaneous resolution [2e]. The disease is,
in fact, self-limiting in some—in limited CNO (single site of involvement),
Andreasen et al. observed that 53% of children had clinically inactive disease
(asymptomatic, normal ESR) on medication at 1 year from diagnosis, while
63% maintained clinically inactive disease off medication at 2 years [39¢].
However, Wipff et al. suggest that the vast majority of children (upward of
90%) with CNO develop multifocal disease within 4 years [30].

Furthermore, a substantial number of patients display ongoing clinical or
subclinical disease at long-term follow-up. In 2002, Huber et al. described a
cohort of 23 patients with CNO, of whom more than 25% had persistent
disease activity (typical signs of bony lesions on clinical examination or clear
history of typical symptoms in the 6 months preceding evaluation) at a median
of 12.4 years from diagnosis [55]. The broadest data of clinical outcomes stem
from the Eurofever study, wherein 52% of patients continued to display active
inflammatory disease (clinical manifestations or abnormalities on laboratory
or imaging studies) after follow-up of 22-68 months [3ee].

As noted above, the absence of clinical symptoms does not preclude ongo-
ing osseous inflammation. Voit et al. performed a long-term imaging follow-up
study (greater than 10 years) and found that, despite being asymptomatic, 24%
had persistent radiologic abnormalities on MRI [56].

Therefore, cognizant of CNO's potential irreversible sequelae of fracture,
bony deformity, and growth impairment, long-term follow-up is required. Per
the CARRA CTPs, patients should be assessed at a minimum every 3 months for
the first year. In addition, STIR or T2-weighted fat saturation MRI (preferably
whole body, although regional is acceptable in unifocal disease or if whole-
body MRI is unavailable) is strongly recommended at 6 and 12 months fol-
lowing any adjustment in therapy, and should otherwise be obtained on an
annual basis [11ee].

CNO, an autoinflammatory bone disease with an incidence rivaling that of
bacterial osteomyelitis, represents an important and growing field of study.
Once thought to be benign and self-limiting, CNO is now recognized to follow
a relapsing and remitting course in the majority of children, and to carry
substantial risk of irreversible growth and bone sequelae. As our understanding
of the pathophysiologic mechanisms implicated in CNO evolves, so too does
our ability to effectively treat this important condition.
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