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KEY POINTS

e Vasculitis is defined as inflammation of blood vessel walls for at least some time during the
course of the disease, and affects arteries and veins of varying caliber.

e Two Chapel Hill Consensus Conferences, 1 in 1994 and the other in 2012, provide

consensus on nosology and definitions for the commonest forms of vasculitis.

The category of single-organ vasculitis, suggesting the limited expression of a systemic

vasculitis, includes primary central nervous system vasculitis and nonsystemic peripheral

nervous system vasculitis.

The historical aspects of systemic and limited forms of vasculitis are reviewed in 11 rele-

vant themes.

NOMENCLATURE

Vasculitis is defined as inflammation of blood vessel walls for at least some time during
the course of the disease, and affects arteries and veins of varying caliber. Two Chapel
Hill Consensus Conferences (CHCCs), one in 1994" and the other in 2012,? provided
consensus on nosology and definitions for the commonest forms of vasculitis. The
revised CHCC nomenclature serves as a guide for the categorization of diverse forms
of vasculitis based on the vessels involved, and provides a scheme for the neurologic
aspects thereof (Box 1).

HISTORICAL THEMES

Theme One: The early history of vasculitis is debatable but one fact is clear, the earliest
patients with systemic vasculitides had prominent neurologic involvement.
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Box 1
Childhood and adult vasculitides with nervous system involvement

Large vessel vasculitis
Giant cell arteritis
Takayasu arteritis
Idiopathic aortitis (IgG4)

Medium vessel vasculitis
Polyarteritis nodosa
Kawasaki disease

Small vessel vasculitis
ANCA-associated vasculitis
Microscopic polyangiitis
Granulomatosis with polyangiitis (Wegener)
Eosinophilic granulomatosis with polyangiitis (Churg-Strauss)
Immune-complex vasculitis
Cryoglobulinemic vasculitis
IgA vasculitis (Henoch-Schénlein purpura)
Hypocomplementemic urticarial vasculitis (IgA vasculitis)

Variable vessel vasculitis
Behcet disease
Cogan syndrome

Primary CNS vasculitis

Vasculitis associated with collagen vascular disease
Systemic lupus erythematosus
Rheumatoid arthritis

Vasculitis due to substance abuse
Amphetamines
Cocaine
Opioids

Vasculitis and infection
Bacteria
Viruses
Neurosyphilis
Mycoses
Parasites
Human immunodeficiency virus—AIDS

Kussmaul and Maier® provided the first complete gross and microscopic descrip-
tion of a patient with leg pains, cramps, and tenderness so prominent that trichinosis
was considered in an article entitled, “A Hitherto Undescribed Peculiar Disease of the
Arteries Which is Accompanied by Bright’s Disease and a Rapidly Progressive General
Paralysis of the Muscles.” At postmortem examination, there was widespread arteritis
that resembled syphilitic periarteritis. The disorder was named periarteritis for the
inflammation around blood vessels. In 1908, Longcope” described the first American
patient with periarteritis, a 35-year-old man with constitutional symptoms and sub-
acute leg pains. Postmortem examination showed widespread necrotizing arteritis
and nodules along small-sized and medium-sized vessels of the heart, liver, kidney,
pancreas, testicles, brain, nerves, and skeletal muscles, sparing the lungs and spleen.
The histologic lesions consisted of mononuclear cell infiltration, necrosis of internal
and external elastic lamina of the media, fibrin deposition, aneurysmal dilatation, peri-
vascular inflammation of the adventitia, and intimal proliferation resulting in narrowing
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of arterial lumina. Kernohan and Woltman® summarized the clinical and neuropatho-
logic aspects of adult polyarteritis nodosa (PAN), and Krahulik and colleagues® re-
ported the postmortem neurologic findings of fulminant childhood PAN (cPAN). The
dominant neurologic picture of both adult PAN and cPAN was a peripheral neuritis
that occurred in one-half of patients early in the illness with a predilection for the
legs. At postmortem examination, all had arteritic lesions along nutrient arteries of
the peripheral nerves, and three-quarters had lesions in arteriae nervorum. The com-
bination of acute and chronic lesions correlated with known exacerbations. Involve-
ment of the central nervous system (CNS) was estimated to occur in 8% of cases,
evident by clinically apparent brain infarcts resulting from occlusion of cerebral ves-
sels, which was often insidious in its progression. In PAN, as in the other systemic
necrotizing arthritides, the vasculitic lesion proceeded in a characteristic manner,
commencing with invasion of the intima, media, and adventitia by polymorphonuclear,
plasma cells, eosinophils, and lymphocytes, leading to swelling of the media, and fibri-
noid necrosis that clusters around the vasa vasorum, with fragmentation of the internal
elastic lamina. There was focal deposition of perivascular connective tissue, vascular
necrosis, and denuding of the endothelium, followed by vascular thrombosis,
ischemia, aneurysm formation, rupture, and hemorrhage. Healed lesions coexisted
with active lesions. Harry Lee Parker conceptualized nerve and muscle biopsy in a dis-
cussion of the paper by Kernohan and Woltman® commenting, “It occurs to me that in
any case in which polyarteritis nodosa may be suspected, it is advisable to take a bi-
opsy from a peripheral nerve, muscle or artery.” There are no published series con-
firming the correlation of the extent of systemic necrotizing arteritis that may be
predicted by the singular finding of vasculitis in a cutaneous nerve biopsy specimen.
A variant of PAN was recognized in very young children with mucocutaneous lymph
node syndrome.”-8 Although early publications used the term infantile PAN,®'° Kawa-
saki disease (KD) is the preferred term to describe this childhood syndrome with
worldwide occurrence, affecting children of all ages and races. Both PAN and KD
are prototypical examples of medium vessel vasculitides.

Theme Two: Contemporaneously, small vessel vasculitis (SVV) syndromes were
recognized and differentiated from PAN.

First described by Wohlwill'" in 1923, Davson and colleagues'? and Wainwright and
Davson'® later described microscopic polyangiitis (MPA) in 34 patients that differed
from PAN due to selective involvement of small microscopic arteries, arterioles, cap-
illaries, and venules, including glomerular and pulmonary alveolar capillaries. Fever,
arthralgia, purpura, hemoptysis, pulmonary hemorrhage, abdominal pain, and gastro-
intestinal bleeding likewise preceded the explosive phase of systemic necrotizing
vasculitis that affected the kidney and lungs, with rapidly progressive glomerulone-
phritis and pulmonary capillaritis. Two of 5 deaths were attributed to CNS involvement
by vasculitis during periods of disease, respectively at 4 and 8 months; however, that
could not be confirmed because postmortem examinations were not performed. The
disorder was later reclassified by the CHCC as a necrotizing SVV, with little or no
immune-complex deposition that primarily affected the kidney and lungs. Medium-
sized arteries might be involved even though the disease was predominantly consid-
ered to affect small-sized arteries, arterioles, capillaries, and venules of the 2 organs
most affected, with variable systemic necrotizing vasculitis.

The first patient with eosinophilic granulomatosis with polyangiitis (EGPA) was prob-
ably Case 1 of Lamb,' reported in 1914 under the heading of PAN. That patient, a
26-year-old man with 2 years of worsening asthma, developed fever, palpable pur-
pura, nodular skin lesions, hemoptysis, vomiting, urinary difficulty, and granular urinary
casts. He died 1 month later and postmortem examination showed necrotizing arteritis
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of small arteries, with dense collections of extravascular eosinophils and tissue eosin-
ophilia in the heart, stomach, and kidney. Decades later, Churg and Strauss'®
described the clinical and postmortem findings of 13 patients with asthma, fever,
and hypereosinophilia, accompanied by eosinophilic exudation, fibrinoid change,
and granulomatous proliferation, that constituted the so-called allergic granuloma,
that was found within vessels walls and in extravascular connective tissue of major or-
gan systems, leading to cardiac, pulmonary, gastrointestinal, skin, peripheral nervous
system (PNS), and CNS manifestations. In 1977, Chumbley and colleagues'®
described 30 asthmatic patients from the Mayo Clinic, over the period 1950 to
1974, with necrotizing vasculitis of small arteries and veins, with extravascular granu-
lomas and infiltration of vessels, and perivascular tissue with eosinophilia. The lungs,
peripheral nerves, and skin were most frequently involved, and renal failure was
encountered in only 1 patient. Corticosteroids seemed to confer long-term survival.
In 1984, Lanham and colleagues'’ emphasized that the combination of necrotizing
vasculitis, tissue infiltration by eosinophils and extravascular granulomas suggested
by Churg and Strauss'® occurred contemporaneously in only a few patients. More-
over, such histologic findings could also be encountered in other granulomatous, vas-
culitic, and eosinophilic disorders in the absence of clinical asthma, allergic rhinitis,
sinusitis, pulmonary infiltrates, and cardiac involvement pathognomonic of EGPA.
The investigators described a phasic pattern of EGPA in which allergic disease pre-
ceded systemic vasculitis and eosinophilic tissue infiltrates might occur in the absence
of peripheral blood eosinophilia. Pulmonary infiltrates and upper respiratory tract and
gastrointestinal disease often preceded the vasculitic component of the syndrome,
leading to cardiac, cutaneous, nervous system, renal, bone, and muscle involvement.
In 1990, the American College of Rheumatology'® developed criteria for the classifica-
tion of EGPA that included ascertainment of 4 or more of the following: asthma, eosin-
ophilia of greater than 10%, mononeuropathy or polyneuropathy, nonfixed pulmonary
infiltrates on chest radiograph, paranasal sinus abnormality, and extravascular eosin-
ophils on tissue biopsy that included an artery, arteriole, or venule. These criteria were
inadequate in differentiating the various clinicopathological expressions of SVV and a
patient with asthma and paranasal sinusitis could fit the designation of EGPA. The
1994 CHCC' characterized EGPA as an eosinophil-rich and granulomatous inflamma-
tory process that involved the respiratory tract, with necrotizing vasculitis that affected
small-sized to medium-sized vessels, such as capillaries, venules, arterioles, and ar-
teries, with associated asthma and eosinophilia.

The syndrome of granulomatosis with polyangiitis (GPA), which included granuloma
in the nasopharynx, sinuses, and lower respiratory tract with focal segmental glomer-
ulonephritis and disseminated SVV, was described in 1954 by Godman and Churg."®
Nervous system involvement in GPA was found in up to one-half of patients according
to Drachman,?® who also described a patient with 1 month of headache that awak-
ened him from sleep followed by rhinitis, nasal obstruction, epistaxis, mononeurop-
athy multiplex, confusion, and hypertension. Active arteritis and necrotizing
granuloma were found in the brain, not in peripheral nerves. Two decades later, Fauci
and colleagues®’ and Hoffman and colleagues,?? at the National Institutes of Health
(NIH), respectively reported a prospective series of 85 patients with GPA and a retro-
spective assessment of 180 patients followed for 6 months to 24 years, describing
nervous system involvement in up to 23% of patients. There was a preponderance
of mononeuritis multiplex with CNS abnormalities in 8% to 10% of patients. CNS
involvement included stroke, cranial nerve abnormalities, and diabetes insipidus.
Fauci and colleagues?®’ established the efficacy of cyclophosphamide and prednisone
in achieving complete remissions in 93% of patients, as well as the tendency of
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patients to relapse and accrue additive mortality from both disease and treatment;
however, alternative immunosuppressive regimens were not equally effective.?? In a
landmark article, Godman and Churg'® concluded that MPA, EGPA, and GPA were
related to one another yet distinct from PAN. This astute conclusion was based mainly
on pathologic features and was later substantiated by their common association with
antineutrophil cytoplasmic antibody (ANCA) but not so for PAN.

Theme Three: There ensued a renaissance in the understanding of primary sys-
temic vasculitis with convincing clinical evidence to support an important role for
ANCA-associated vasculitides (AAVS).

Early observations of ANCA were provided by van der Woude and colleagues?® in
1985, and Falk and Jennette,?* followed by progress in the differentiation of these sub-
types and understanding of the eponymous manifestations.?® Proteinase 3 (PR3) is a
serine protease found in the azurophilic granules of neutrophils and peroxidase-
positive lysosomes of monocytes. Myeloperoxidase (MPO), which constitutes about
5% of the total protein content of the neutrophil cell, is localized to the same cellular
compartment as PR3. However, PR3, in contrast to MPOQ, is also found on the plasma
membrane of resting neutrophils and monocytes in many patients. Autoantibodies
directed against PR3 and MPO are directed against multiple epitopes. Although
sera from different patients may recognize different epitopes, all ANCA recognized
restricted epitopes of PR3 involving its catalytic site. The AAV classification seems
to better recognize ANCA disease and predict prognosis than other any existing clin-
ical classification systems.?® However, as with other autoimmune disorders, the etio-
logic factors and pathogenesis seemed multifactorial, involving the interplay of
initiating and predisposing environmental and genetic factors. Important contributing
factors to the mediation of vascular and extravascular inflammation included a loss of
regulatory T-cell and B-cell function, acute neutrophilic cell injury with release of
ANCA-antigens, cytokine priming of neutrophilic cells, subsequent complement acti-
vation by fragment crystallizable (Fc) and fragment antigen-binding 2 (Fab2) engage-
ment, and enhancement of complement-dependent cytotoxicity with release of
ANCA-antigens into the microenvironment. The ANCA lesion typical of GPA includes
both vasculitic and granulomatous features in lung, with focal segmental glomerulone-
phritis typified pathologically by lysis of glomerular tufts, basement membrane disrup-
tion, accumulation of fibrinoid material, thrombosis of glomerular capillary loops,
acute tubular necrosis, and cant deposition of immunoglobulin and complement.

There are genetic distinctions between MPO and GPA suggested by the strong as-
sociation of PR3-ANCA disease with antigenic specificity of HLA-DP and the genes
encoding al-antitrypsin (SERPINAT) and PR3 (PRTN3), and HLA-DQ for MPO-
ANCA.?” An immunofluorescence technique (IFT) has been standard method for
routine determination of ANCA in vasculitis, using ethanol-fixed human neutrophils
as substrate. Two main immunofluorescence patterns are distinguished, a cyto-
plasmic ANCA and perinuclear ANCA. The 1999 “International Consensus Statement
on Testing and Reporting anti-neutrophil cytoplasmic antibodies (ANCA)”?® required
laboratories to screen for ANCA by IFT and to confirm the specificity of fluorescent
sera by enzyme-linked immunoassay (ELISA) for PR3 and MPO-ANCA. However, con-
ventional ELISA using PR3 immobilized to the surface of the ELISA plate shows great
variation in performance and often lacks sensitivity. Capture ELISA is superior in over-
all diagnostic performance to direct ELISA®®; however, the sensitivity of capture ELISA
may be reduced by the capturing antibodies hiding relevant epitopes. High-sensitivity
PR3-ANCA ELISA, which immobilizes PR3 via a bridging molecule to the plastic plate
and preserves nearly all epitopes for the binding of ANCA, was superior to direct and
capture techniques in GPA.%°
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Theme Four: Hypersensitivity vasculitis leading to cutaneous vasculitis was concep-
tualized as an immunologic response to antigenic material associated with clinically
evident purpura and small vessel inflammation affecting arterioles, capillaries, and
postcapillary venules.

Between 1948 and 1952, Zeek®'®? separated hypersensitivity vasculitis from
allergic granulomatous angiitis, rheumatic arteritis, PAN, and giant cell arteritis
(GCA). Hemorrhage into the skin or palpable purpura was noted in virtually all patients,
resulting from extravasation of erythrocytes, pronounced endothelial swelling, poly-
morphonuclear, and later mononuclear cell infiltration; followed by fibrosis, necrosis,
fibrinoid deposits, and visible polymorphonuclear debris, termed leukocytoclasia.
Zeek®® likened hypersensitivity vasculitis to the anaphylactoid Arthus reaction pro-
duced by the experimental injection of horse serum into rabbits.** Osler®® first appre-
ciated the relation of purpuric attacks to cerebral manifestations in the report of a
patient with transient hemiparesis and 3 others with potentially fatal cerebral hemor-
rhages. Gairdner®® described Henoch-Schénlein purpura (HSP) among 12 patients
with anaphylactoid purpura, including 1 child who developed rash, colic, melanotic
stools, intussusception, and hematuria, followed by a typical exanthema and convul-
sion. She died 3 months later and postmortem examination showed scattered cortical
hemorrhages associated with cerebral necrotizing arteriolitis. Levitt and Burbank®”
described the clinicopathological findings in 2 previously nonallergic patients with
recurrent fatal attacks of HSP after injection of penicillin and ingestion of strawberries,
respectively, that included glomerulonephritis alone or with systemic arteriolitis.
The finding of IgA deposits in cutaneous blood vessel walls and in glomerular mesan-
gial biopsies of patients with HSP and IgA nephropath®®® was circumstantially
convincing enough to substitute the term IgA vasculitis for HSP.

Wintrobe and Buell*® described cryoglobulinemia in a patient with progressive fron-
tal headache, facial pain, Raynaud symptoms, recurrent nosebleeds, exertional dys-
pnea, palpitation, and changes in the eye grounds due to central vein thrombosis.
Postmortem examination showed infiltrating myeloma of the humerus and lumbar
vertebra, and splenic enlargement. A unique plasma protein was detected that spon-
taneously precipitated with cold temperature and solubilized at high temperature and
differed from the Bence-Jones proteinuria of other myeloma patients. Lerner and Wat-
son*' noted the association with purpura and, later, Lerner and Watson“? described its
occurrence in 10% of pathologic sera. Gorevic and colleagues*® described mixed
cutaneous vasculitis in 40 patients, the clinical features of which included palpable
purpura in all patients; polyarthralgia in three-quarters; kidney involvement in slightly
more than one-half; and deposits of IgG, IgM, and complement, or renal arteritis in
a third of patients.

Recurrent attacks of erythematous, urticarial, and hemorrhagic skin lesions that last
24 hours at a time, associated with recurrent attacks of fever, joint swelling, abdominal
distress, and low serum complement, indicate hypocomplementemia urticarial vascu-
litis (HUV) were described by McDuffie and colleagues** in 1973; however, small
amounts of cryoglobulin were present at 1 time or another in the serum of each patient.
When tested by immunodiffusion against purified preparations of rheumatoid factor
and human C1q, 2 patients consistently produced bands against the former and 2
others reacted strongly with purified C1q. Skin biopsies showed leukocytoclasia char-
acteristic of necrotizing vasculitis in 1 patient, anaphylactoid purpura in 2 others, and
mild nonspecific perivascular infiltration another. Immunofluorescence of skin speci-
mens performed in 3 patients showed fixation of immunoglobulin in the patient with
necrotizing vasculitis, whereas in 2 others with a pathologic picture of anaphylactoid
purpura or nonspecific dermal infiltrate, immunofluorescence was negative. Renal
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biopsy in 2 patients showed mild to moderate glomerulonephritis indistinguishable for
those seen in other forms of chronic membrane-proliferative glomerulonephritis. The
differences from systemic lupus erythematosus (SLE) included more urticarial and
purpuric skin lesions, with relatively mild or absent renal and other visceral involve-
ment in the patients with HUV, which was atypical for SLE. Moreover, serum speckled
antinuclear and anti-DNA antibodies, and basement membrane immunoglobulin de-
posits, were absent in those with HUV, also atypical for SLE. An etiopathogenesis
related to chronic vascular inflammation, resulting from deposits of immune com-
plexes in small vessel walls seemed likely. Zeiss and colleagues*® characterized
C1q lgG precipitins from HUV sera that precipitated C1q in agarose gel among 4 addi-
tional patients. Wisnieski and Naff*® showed C1q binding activity in IgG from HUV
sera, which suggested a relation to SLE but that view was later amended.

Theme Five: The historical account of the category of large vessel vasculitides (LVV)
spanned more than a century, with notable advances in the past several years.

Hutchinson*” provided the first clinical description of temporal arteritis, followed by
a pathologic description by Horton and colleagues.*® Temporal arteritis was named
for the site of granulomatous giant cell inflammation and vessel involvement.*® Those
with biopsy-proven temporal arteritis and associated blindness due to vasculitis
involvement of ophthalmic and posterior ciliary vessels were classified as having cra-
nial arteritis.>° The occasional finding of giant cell lesions along the aorta, its branches,
and in other medium-sized and large-sized arteries at autopsy in other patients war-
ranted the additional diagnosis of generalized GCA.>" The pathologic heterogeneity
of temporal arteritis was further demonstrated by the finding of intracranial granuloma-
tous arteritic lesions.®>°” The earliest lesions of GCA consist of vacuolization of
smooth muscle cells of the media, with enlargement of mitochondria, infiltration of
lymphocytes, plasma cells, and histiocytes. With progression, there is extension of
inflammation into the intima and adventitia, leading to segmental fragmentation and
necrosis of the elastic lamina, granuloma formation, and proliferation of connective tis-
sue along the vessel wall. This eventuates in vascular thrombosis, intimal proliferation,
and fibrosis.

One other LVV, described in the Japanese literature, was change in the central ves-
sels of the retina in the absence of peripheral arterial pulses, typically in women.*8 This
pulseless disease, also known as occlusive thromboaortopathy, or Takayasu arteritis,
manifested constitutional complaints of malaise, fever, stiffness of the shoulders,
nausea, vomiting, night sweats, anorexia, weight loss, and irregularity of menstrual
periods weeks to months before the local signs of vasculitis were recognized in up
to two-thirds of patients. It is the commonest large vessel vasculitis among Asian
women.

Theme Six: One other form of inflammatory aortic disease, or aortitis, came to light in
the surgical literature with equally broad and far-reaching implications for concepts of
autoimmunity.

In 1972, Walker and colleagues® noted that 10% of 217 patients presenting with
abdominal aneurysms at Manchester Royal Infirmary between 1958 and 1969 for
resection showed excessive thickening of aneurysm walls and perianeurysmal adhe-
sions at operation. Subsequent histologic examination of the walls of the aneurysms
showed extensive active chronic inflammatory changes, including plasma-cell infiltra-
tion. The clinical features of patients with inflammatory aneurysms differed from those
with atherosclerotic disease owing to generally younger age by a decade, lower inci-
dence of rupture, lack of claudication of intermittent the limbs and presence of periph-
eral pulses, less likelihood of unusual presenting features, elevated erythrocyte
sedimentation rate, and lack of calcification on preoperative abdominal radiographs.
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In 1985, Pennell and colleagues®® reported inflammatory aortic or iliac aneurysms in
4.5% of 2816 patients undergoing repair for abdominal aortic aneurysm from 1955
to 1985. Ultrasound and computed tomography imaging suggested the diagnosis in
13.5% and 50% of patients, respectively; the former showing a sonolucent halo
with clear definition of the aortic wall posterior to the thickened anterior and lateral
aortic walls. In 2000, Rojo-Leyva and colleagues®' noted idiopathic aortitis in 43%
of 1204 aortic specimens gathered over a period of 20 years. In 96% of the patients
with idiopathic aortitis and aneurysm formation, aortitis was present only in the
thoracic aorta. In 2001, Hamano and colleagues® noted a high concentrations of
IgG4 associated with sclerosing pancreatitis characterized by obstructive jaundice,
infrequent attacks of abdominal pain, irregular narrowing of the pancreatic duct, sono-
lucent swelling of the parenchyma, lymphoplasmacytic infiltration, fibrosis, and a
favorable response to corticosteroid treatment. One year later, Hamano and col-
leagues®® noted the association of sclerosing pancreatitis with raised concentrations
of IgG4 among those with concomitant hydronephrosis that caused ureteral masses,
which were later diagnosed as retroperitoneal fibrosis (RPF). Histologic examination of
ureteral and pancreatic tissues revealed abundant tissue infiltration by IgG4-bearing
plasma cells. In the same year, 2008, 3 important observations were made. First,
Sakata and colleagues® concluded that inflammatory abdominal aortic aneurysm
(IAAA) was related to IgG4 sclerosing disease. Second, Kasashima and colleagues®®
concluded that IAAA was an IgG4-related disease (RD) together with RPF. Third, Ito
and colleagues®® described a patient with IAAA, hydronephrosis caused by RPF,
and high levels of IgG4, in whom treatment with corticosteroids led to clinical improve-
ment and reduction in IgG4 levels. Histologic inspection of the aortic wall specimen
showed lymphoplasmacytic infiltration. Immunohistochemical analysis of the tissue
showed IgG4-positive plasma cells. The findings suggested that IAAA had an etiopa-
thogenesis similar to autoimmune pancreatitis and that some cases of IAAA and RPF
may be aortic and periaortic lesions of an IgG4-RD. One year later, in 2009, Khosrosh-
ahi and colleagues®” described thoracic aortitis due to IgG4-RD with marked elevation
of the serum IgG4 levels, with progression to autoimmune pancreatitis. Stone and col-
leagues®® described IgG4-related thoracic aortitis with a media-predominant pattern
of aortic wall infiltration and marked elevation of serum IgG4 levels, unequivocally link-
ing IgG4-RD with thoracic lymphoplasmacytic aortitis.

Theme Seven: Two forms of variable vessel vasculitides: Behget disease (BD) and
Cogan syndrome (CS), were recognized with very different clinical presentations and
systemic involvement.

Adamantiades® recognized the disorder of relapsing aphthous ulcers of the mouth,
eye, and genitalia, the clinicopathological details of which were later described in
detail by Behcet’®”" in 2 Turkish patients. Nervous system involvement of a 28-
year-old Yemenite, with relapsing oral, genital, and oral eruptions over 4 years, was
accompanied by severe headache, memory loss, dizziness, lethargy, fatal seizures,
and coma. Postmortem examination showed perivascular inflammatory cell infiltration
of the meninges, brain, central retinal artery, and optic nerve, with necrotic cerebral
lesions. Encephalomyelopathy was detailed at postmortem examination in 2 Austra-
lian patients with BD.”> One presented with hemiparesis, whereas the other patient
presented with pseudobulbar affect, vertical gaze palsy, nystagmus, and spastic para-
plegias. Postmortem examination showed widespread lesions in cortical and brain-
stem white matter and hypothalamus, corresponding to small blood vessels,
including arterioles and veins that showed perivascular mononuclear cell infiltration.
The first well-documented American patient with nervous system involvement of BD
was described by Wolf and colleagues.”® She was a 22-year-old woman with a
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5-year history of recurrent oral and genital ulceration, and a 2-year course of progres-
sive visual loss, headache, hemiparesis, ataxia, tremor, dysarthria, cranial nerve palsy,
cerebellar and corticospinal tract disease, and mental deterioration, which responded
to prednisone therapy. Mogan and Baumgartner’* described a 26-year-old man with
recurrent pain, spasm, redness of the left eye with photophobia, excessive tearing,
and marked conjunctival injection, followed by severe attack of dizziness, tinnitus, ver-
tigo, nausea, vomiting, ringing in the ears, profuse perspiration, and deafness. A diag-
nosis of recurrent interstitial keratitis (IK) and explosive Meniere disease was made. In
retrospect, he was probably the first reported patient with CS of nonsyphilitic IK.

Vestibuloauditory symptoms were later described by Cogan.”® Haynes and col-
leagues’® set forth diagnostic criteria for typical CS according to the definitions estab-
lished in a review of 30 patients seen at the National Eye Institute of the NIH by
Cogan’®"" and Norton and Cogan.”® Symptoms of IK developed abruptly and gradu-
ally resolved, associated with photophobia, lacrimation, and eye pain, which may be
unilateral or bilateral. Such symptoms tend to recur periodically for years before
becoming quiescent. Vestibuloauditory dysfunction was manifested by sudden onset
of Meniéere-like attacks of nausea, vomiting, tinnitus, vertigo, and (frequently) progres-
sive hearing loss that characteristically occurred before or after the onset of IK. How-
ever, within 1 to 6 months of the onset of eye symptoms, auditory symptoms
progressed to deafness over a period of 1 to 3 months, certainly no longer than 2 years.
Cody and Williams® provided a description of atypical CS if another significant inflam-
matory eye lesion in addition to or instead of IK, such as scleritis, episcleritis, retinal
artery occlusion, choroiditis, retinal hemorrhage, papilledema, exophthalmos, or
tendonitis. Haynes and colleagues’® defined acute CS as the presence of acute eye
disease within 2 weeks of hearing loss, whereas inactive CS was applied to patients
without active eye disease or vestibuloauditory dysfunction of greater than 2 weeks
before the study. With less than 100 reported patients with this rare childhood and
young adult disorder, most reported patients with typical CS appeared as single
case reports or patient series, often without pathologic confirmation or evidence of
systemic vasculitis in a biopsy or at postmortem examination.

Theme Eight: The concept and clinicopathologic expression of diverse syndromes
associated with isolated or nonsystemic peripheral nerve vasculitis (NPNV) intrigued
generations of morphologists who later found compelling evidence for distinctive clin-
icopathologic syndromes associated with inflammatory damage of peripheral nerve
microvessels, termed microvasculitis (MV).

The very concept of NPNV, which presumes that the necrotizing vasculitis process
is widespread within the PNS and not elsewhere in the body, may yet be called into
question for 3 reasons. First, there are reports of equally silent lesions in medium-
sized muscular arteries in patients with clinically isolated vasculitic neuropathy.®®
Vasculitis in muscle tissue is included in the definition of nonsystemic vasculitic neu-
ropathy (NSVN),8" supporting use of the term PNS vasculitis (PNSV) over NPNV. Sec-
ond, the varied long-term follow-up in cases series ranged from 6 months to
22 years.®? Third, the presence of only 2 proposed cases from clinicopathologic series
have been used as examples of isolated PNSV, both with foci of vasculitis outside the
PNS in a visceral organ® or the temporal artery,®® making them anomalous examples
of systemic vasculitis, at best.

Contemporaneously, investigators studied patients with inflammatory plexopathy or
diabetic neuropathy, elucidating clinicopathologic syndromes characterized by MV in
a cutaneous nerve biopsy in peripheral nerve microvessels with a diameter less than
70 um®" but with ischemic consequences for the peripheral nerves. Historically, in
1968, Raff and colleagues® documented infarctive lesions in a newly diagnosed
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noninsulin-dependent diabetic, with mononeuritis multiplex and acute asymmetrical
leg pain and weakness. Postmortem examination showed a multitude of unilateral
small ischemic infarcts of the proximal major nerve trunks of the leg and lumbosacral
plexus. In 1984, Bradley and colleagues®® delineated the syndrome of painful lumbo-
sacral plexopathy with elevated erythrocyte sedimentation rate among 6 patients, 3 of
whom were diabetic, including 1 newly diagnosed, with PV in sural nerve biopsies.
Johnson and colleagues® noted focal fascicular lesions distributed in proximal
lumbosacral plexus trunks of 18 out of 32 samples obtained at autopsy from diabetic
patients, a quarter of whom were insulin-dependent, using epoxy-embedded and
teased nerve fiber sections. These findings suggested a possible propensity for the
spontaneous evolution of lumbosacral plexopathy in patients with diabetic neuropa-
thy. Said and colleagues®” studied 10 noninsulin-dependent diabetics with painful
proximal neuropathy and reported ischemic nerve lesions due to necrotizing vasculitis
in 3 biopsies of the intermedius cutaneous nerve of the thigh, and 4 others with iso-
lated mononuclear cell inflammation. In 1996, Younger and colleagues® character-
ized microvascular inflammatory lesions in 12 patients with proximal diabetic
neuropathy and stepwise or slowly progressive proximal weakness, wasting, and
pain, as well as axonopathy, on electrodiagnostic studies. Six nerves showed epineu-
rial MV (Fig. 1) composed of cytotoxic-suppressor T cells with activated endoneurial
lymphocytes that expressed immunoreactive cytokines, major histocompatibility
class Il antigens, and endoneurial and epineurial complement C3d and C5b-9. In addi-
tion, the nerve tissue of 2 patients with MV had focal pathologic findings indicating
ischemia. Dyck and colleagues®°° characterized lumbosacral radiculoplexus neu-
ropathy (LSRPN) with and without diabetes. At present, diabetes has not been consid-
ered a factor related to vasculitis®' but there is consensus support for designating
nondiabetic LSRPN as a variant of NSVN.®"

There has also been support for the role of diabetes in both diabetic LSRPN
(DLSRPN) and variant forms of diabetic neuropathy. Younger and colleagues® re-
ported the clinicopathologic and immunohistochemical findings of sural nerve biopsy

Fig. 1. Peripheral nerve MV in a diabetic. A focal-intense collection of CD3+ T cells efface
the wall of a small epineurial blood vessel (arrowheads) in a patient with proximal diabetic
neuropathy (lumbosacral radiculoplexus neuropathy). In deeper sections (not shown),
the same structure stains red in double-labeling with antiactin smooth muscle antigen, a
marker for the blood vessel wall (immunoperoxidase, original magnification x400). (From
Younger DS, Rosoklija G, Hays AP, Trojaborg W, Latov N. Diabetic peripheral neuropathy:
a clinicopathologic and immunohistochemical analysis of sural nerve biopsies. Muscle Nerve
1996;19:722-27; with permission.)
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tissues in a cohort of 20 patients with heterogeneous forms of diabetic neuropathy that
was continued to a total of 107 patients,? of which 3 (3%) showed MV, and 3 (3%)
showed necrotizing arteritis (including 2 patients with distal symmetric polyneuropathy
and 1 with DLSRPN). The following year, Younger®® affirmed the existence of DLSRPN
in a living case. Despite treatment with 2 g/kg intravenous immunoglobulin for 5 days,
followed by 750 mg of intravenous cyclophosphamide and 1000 mg of methylprednis-
olone intravenously for 3 additional days, the patient died of acute tubular necrosis,
increasing lethargy, unresponsiveness, and aspiration pneumonia 4 weeks after
admission. General autopsy showed no evidence of systemic or peripheral nerve
vasculitis. There was no evidence of systemic vasculitis. Sections of extradural lumbar
plexus, sciatic, and femoral nerve tissue showed perivascular epineurial inflammation
with infiltration of adjacent endoneurium (Fig. 2).

Theme Nine: Diverse clinicopathologic and radiographic syndromes of potentially
fatal adult and childhood primary CNS vasculitis have been described; however,
none has stood the test of time as well as granulomatous angiitis.

It has been said that efforts to define a disease are attempts to understand the
concept of the disease. In no other vasculitis disorder has this been more evident
as in granulomatous angiitis of the CNS. No other vasculitis syndrome has captured
the attention of so many neurologists and neuropathologists over the decades, and
captured the focus of such vigorous debate. In 1922, Harbitz®* described 2 patients
with a previously unrecognized cerebral vasculitis. At age 26 years, a woman noted
worsening headaches, mental change, and ataxia, culminating 2 years later in stupor,
spastic paraparesis, coma, and death. The other patient, a 46-year-old man, devel-
oped hallucinations and confusion, progressing to gait difficulty, stupor, coma, and
death in 9 months. At postmortem examination, both had granulomatous vasculitis
of the meninges, composed of lymphocytes, multinucleate giant cells, and epithelioid
cells, with vessel necrosis and extension into the brain along involved veins and ar-
teries of varying caliber. Over the ensuing quarter century, additional patients reported
under the rubric of allergic angiitis and granulomatosis,®® GCA,®® and sarcoidosis®’
were described. In 1959, Cravioto and Fegin®® delineated the clinicopathologic syn-
drome of granulomatous angiitis, and so named it for the distinctive CNS pathologic
findings. For 2 more decades, rare affected patients were identified; however, there
was no effective treatment.

Several achievements of the 1980s further transformed the concept of the disorder.
In 1983, Cupps and colleagues®®'°° influenced by their advances in the classification,
diagnosis, and treatment of systemic vasculitis, advocated cerebral angiography for
the diagnosis of isolated CNS angiitis, and prednisone and oral cyclophosphamide
therapy for those affected. The angiographic pattern of beading (in 2 patients) or the
sausage appearance (in 1 patient) of lesioned vessels, had previously been noted
by Hinck and colleagues'®' in a case of giant cell granulomatous angiitis. In 1988,
Younger and colleagues'®? analyzed pathologically verified cases of granulomatous
angiitis related to herpes zoster virus (HZV) infection, lymphoma, and sarcoidosis,
with idiopathic cases. Fever, headache, and mental changes, often leading to focal
cerebral signs, with cerebrospinal fluid (CSF) pleocytosis, elevation of the protein con-
tent, and normal or nonspecifically abnormal angiographic findings, were found in
most patients. In the same year, Calabrese and Mallek'%® reported on so-called pri-
mary angiitis of the CNS (PACNS)'® and isolated angiitis of the CNS (IACNS),®®
emphasizing the restricted nature of the vasculitis, rather than the granulomatous his-
tology, even though antemortem leptomeningeal biopsy of Case 5 of Calabrese and
Mallek'%® showed granulomatous SVV affecting meningeal veins (Fig. 3) with prolifer-
ation of epithelioid cells along vascular walls, sparing the cortex. Cerebral angiography
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Fig. 2. Postmortem histopathology of patient with lumbosacral radiculoplexus neuropathy.
(A) Transverse section of the left sciatic nerve shows perivascular chronic inflammation sur-
rounding small blood vessels of the epineurium. (B) Transverse section of the left femoral
nerve in addition shows perivascular chronic inflammation in the subperineurial area. In-
flammatory cells infiltrate the adjacent endoneurium (paraffin, hematoxylin-eosin, original
magnification x200). (From Hughes T, Ture-Ozdemir F, Alibaz-Oner F, et al. Epigenome-wide
scan identifies a treatment-responsive pattern of altered DNA methylation among cytoskel-
etal remodeling genes in monocytes and CD4+ T cells from patients with Behcet's disease.
Arthritis Rheumatol 2014;66:1648-58; with permission.)

in that patient was negative, showing only tortuosity and some irregularity of the lumen
of intracranial vessels without segmental or alternating stenosis and ectasia typical of
arteritis. Patients with angiographically negative small-vessel PACNS closely resem-
bled the childhood equivalent, small-vessel (SV)-childhood PACNS (cPACNS),'%4
with the difference being that patients with SV-cPACNS are rarely investigated for pro-
totypical granulomatous disease. The prevailing rationale for ignoring the significance
of granulomatous disease has been that giant cells and epithelioid cells, usually found
at autopsy, were an inconsistent finding in a meningeal and brain biopsy and, there-
fore, not necessary for antemortem diagnosis.

To illustrate the problem, Younger and colleagues'®“ reported that 10 patients with
granulomatous angiitis diagnosed antemortem by brain and meningeal biopsy were
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Fig. 3. Section of the leptomeninges (Case #5) showing focal, often eccentric, granuloma-
tous Vasculitis predominantly around veins. Note focal proliferation and collection of
epithelioid cells (arrowheads) along the vascular walls. (From Calabrese HL, Mallek JA. Pri-
mary angiitis of the central nervous system: report of 8 new cases, review of the literature,
and proposal for diagnostic criteria. Medicine 1988;67:20-39; with permission.)

improved for up to 7 months, whether treated with prednisone, alone (in 3 patients) or
with cyclophosphamide (in 3 patients) or azathioprine (in 3 patients); or cyclophospha-
mide alone (in 1 patient). Similarly, in a historical survey of 54 pathologically proven
cases (Table 1),'%° 17 of 94% of untreated patients died, indicating that without ther-
apy the disease was usually fatal. Treatment with corticosteroids, alone or in combi-
nation with cyclophosphamide, was associated with a considerable reduction in
mortality; with the 70% so treated surviving either improved (50%) or clinically
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Table 1

Outcome of 54 patients with granulomatous angiitis of the nervous system

Outcome CS CS + CYT CS + AZA None Total
Improved 8/0 9/0 1/0 0 18/0
Same 3/0 4/0 0 1/0 8/0
Died 0/6 31 0 117 4/24

Abbreviations: AZA, azathioprine; CS, corticosteroids; CYT, cyclophosphamide.

Patients diagnosed antemortem in the numerator and postmortem in the denominator.

From Weiss N, Miller F, Cazaubon S, et al. The blood-brain barrier in brain homeostasis and
neurological diseases. Biochim Biophys Acta 2009;1788:842-57; with permission.

unchanged. The achievements of the 1980s proved to be the lessons of the 1990s for
2 reasons. First, enthusiasm for the empiric treatment of cerebral vasculitis waned
because of the recognition of the unreliability of cerebral angiography in its diagnosis.
Several similar patients with beading on cerebral angiography had a benign course
without immunosuppressive therapy. Calabrese and colleagues'®® found so-called
benign angiopathy of the CNS among young women with the prior diagnosis of
PACNS who differed in the onset with a focal cerebral deficit, normal CSF, beading
or other previously suggestive features of vasculitis on a cerebral angiogram, lack
of progression, and spontaneous resolution. A second factor that lessened interest
in empiric therapy with cyclophosphamide for CNS vasculitis, was the recognition
of permanent side effects in up to 40% of patients treated with oral cyclophosphamide
for GPA. With increasing interest in the etiopathogenic basis of granulomatous angiitis
disease, there has been general acceptance for the inclusion of associated disorders;
for example, GCA, sarcoidosis, HZV, and lymphoma; and others are emerging.

Commensurate with the refinement in clinical trials methods, the literature reflects a
move away from small or single-case series to the experience of larger cohorts of CNS
vasculitides, with 1 retrospective series from the Mayo Clinic,'®” a multicenter pro-
spective cohort from the French Vasculitis Study Group, French NeuroVascular Soci-
ety, and the French Internal Medicine Society,'%® and the PedVas Initiative of AAV
(GPA) and PACNS (NIH identifier, NCT02006134). The approach to diagnosis and
management of CNS vasculitides in children differs from adults in that suspected
cases of cPACNS are first placed into the larger group of inflammatory brain diseases,
and then differentiated by angiography and other blood and CSF biomarkers,
rarely leptomeningeal and cortical biopsy, to exclude angiography-positive and
angiography-negative, brain biopsy-positive mimickers.'%® Notwithstanding, the
empiric management of cPACNS with cytotoxic therapy was set back by the early
outcome results of the PedVas Initiative, using corticosteroids, cyclophosphamide,
methotrexate, or rituximab for remission-induction of childhood GPA,""° that showed
a remission status of 42% and visceral organ damage in 63% of cases so treated.

Theme Ten: Vasculitis due to drug abuse captured the interest of successive gener-
ations of investigators.

The earliest reports of misuse of amphetamine sulfate occurred in 1937 when it was
used by students to avoid sleep during examination periods.’"" This was followed by
reports of death by those who ingested the drug repeatedly as a stimulant for the same
purpose’'? in a suicide attempt that resulted in a fatal intracerebral hemorrhage,''® or
accidentally, when dexamphetamine and phenelzine were fatally ingested together
decades later.'* During the Second World War, amphetamine and methamphet-
amine was used clinically and illicitly but its abuse soared in San Francisco after
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1962, wherein it was illegally produced and distributed.’'® By 2009, the United Nations
Office on Drugs and Crime estimated that 16 to 51 million persons between the age of
15 and 64 years consumed amphetamine drugs, with more than half using metham-
phetamine,’'® exceeding the combined consumption of all other drugs of abuse
except cannabis.'” Such drugs agents comprise a large spectrum of agents available
in powder, capsule, tablet, and injectable fluid form that can be swallowed, snorted or
taken intranasally, smoked, or injected with highly variable purity and dosage equiva-
lence. Histologically confirmed cerebral vasculitis due to amphetamine, methamphet-
amine, and related agents is exceedingly rare, which is surprising given the number of
substances that could cause this disorder if there was a true association.

Theme Eleven: Finally, there has been extraordinary research in the blood-brain
barrier (BBB) over the past decade.

Once considered a static anatomic barrier to the traffic of molecules in and out of the
CNS when fully developed in adults, and otherwise irrelevant to neuroscience and dis-
ease, the BBB is now known to be fully functional in development, and vital in cerebro-
vascular angiogenesis.’'®-122 First postulated as a barrier at the level of the cerebral
vessels by Bield and Kraus,'?® and later by Goldman'?* and Lewandowsky,'?° at
the turn of the twentieth century, the cellular components and other molecular constit-
uents of the BBB are contained in a neurovascular unit (NVU) protecting the CNS from
injury and disease by limiting the passage of toxins, pathogens, and inflammatory ef-
fectors of the immune system. In essence, the NVU of the BBB is composed of capil-
lary vascular and neural cells, extracellular matrix components, and a variety of
immune cells that mediate local immunity. The schematized and electron microscopic
appearance of cerebral capillaries in the BBB shown in Fig. 4 demonstrate layers of
pericytes adherent to the abluminal or parenchymal surface of endothelial cells,
together surrounded by a layer of basal lamina composed of proteins and molecules
of the extracellular matrix. The endfeet of the neighboring astrocyte processes
ensheathe the blood vessels. Monolayers of adjacent endothelial cells that form tight
junctions connect adjacent endothelial cells by adhesions of transmembrane occlu-
din, claudin, and junctional associated molecules across the intercellular space,
whereas cytoplasmic scaffolding and regulatory proteins, such as zona occludens
types 1 and 2 provide linkage to the actin cytoskeleton and initiate several signaling
mechanisms via protein—protein interactions. Endothelial BBB cells are also linked
by adherens junctions composed of vascular endothelial (VE)-cadherin, which

AE T
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Fig. 4. Human BBB. (A) Schematic of a capillary in the human BBB over an endothelial tight
junction (left). Molecular composition of tight and adherens junctions (right). AE, astrocyte
endfeet; BL, basal lamina; EC, endothelial cells; PC, pericytes; JAM, junctional associated
molecule; VE, vascular endothelial; ZO, zona occludens. (B) Electron micrograph of a capil-
lary in the adult murine BBB in which endothelial cells are held together by tight junctions
(red arrows). (From United Nations Office on Drugs and Crime. UNODC 2009 world drug
report. Vienne (Austria): United Nations; 2009; with permission.)
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mediate cell-cell adhesion interactions, linking adherens junctions to the actin cyto-
skeleton via catenins. Perivascular and resident macrophages that reside between
astrocyte endfeet and the vessel wall act as antigen-presenting cells where novel an-
tigens stimulate naive autoreactive T cells in in the trimolecular complex in the pres-
ence of class Il main histocompatibility complex molecules, otherwise known as the
body’s immune playbook. Circulating leukocytes that penetrate the intact BBB via in-
teractions with endothelial cell adhesion molecules that mediate bidirectional cross-
talk between immune cells and endothelium for normal surveillance, thereby
constituting the extended NVU. Disruption of the BBB is recognized as an important
factor in a variety of primary neurologic diseases; however, such disturbances,
although common to primary and vasculitis of the CNS, have yet to be critically
analyzed but remain a critical element in the search for more effective chemothera-
peutic interventions and the establishment of a more favorable metabolic milieu for
health and disease in clinically affected patients with vasculitides.

The past several years have witnessed an explosion in the number of genetic and
epigenetic association studies respectively termed genome-wide and epigenome-
wide association studies (EWAS). Genome-wide association studies investigate
the entire genome using single-nucleotide polymorphisms in contrast to specifically
testing a small number of specified genetic regions, whereas EWAS analyze the her-
itable molecular modifications that are independent of the primary DNA sequence.
Epigenetic modification occurs at various developmental stages throughout the life-
span and is analyzed by using DNA methylation (DNAm) as a marker for the pertur-
bation that has taken place, whether causally or consequential to the disease
phenotype under investigation. The main type of DNAmM occurs at cytosines within
5’-cytosine-phosphate-guanine-3’ (CpG) dinucleotides, known to be involved in
gene expression regulation. Many human diseases, including the vasculitides, arise
from genetic and environmental factors and thus the interplay between genes and
environment. An EWAS of patients with BD'2° studied 383 CpG sites in blood mono-
cytes, and 125 sites in CD4+ T cells, showing differential methylation between pa-
tients and controls. Bioinformatic analysis supported a pattern of aberrant DNAmM
among genes that regulate cytoskeletal dynamics, suggesting a contribution to
BD pathogenesis. Treatment modified these differences with widespread reversal
of the direction of DNAm. By studying the epigenome in well-characterized cohorts
of vasculitides, it should be possible to discover novel genes and pathways by
which genetic factor and environmental exposures influence disease development.
Properly performed and with a careful consideration of the characteristics of sam-
ples, study design, and key research questions, spurious associations due to con-
founding and reverse causation can be eliminated from these analyses, leaving the
challenge to relate them to accurate epidemiologic data. Genetic research of the
vasculitides, integrating multiple phenotypic determinants and biobank data from
discrete populations within well-defined geographic boundaries, is the next frontier
to uncover novel aspects of disease pathogenesis, and the identification of new tar-
gets for monitoring and treatment.
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