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CORRELATIVE STUDIES ON ENHANCED MAGNETIC RESONANCE

IMAGING AND THE HISTOPATHOLOGY OF TEMPOROMANDIBULAR

JOINT ARTHRITIS

Blair A. Kirk, D.D.S., M.S.

ABSTRACT

Rheumatoid arthritis (RA) is a systemic autoimmune disease characterized by

chronic synovitis, formation of pannus, presence of inflammatory infiltrate, and destruction

of bone and cartilage. Both the etiology and pathogenesis of RA are poorly understood,

making it difficult to recognize and treat this disease appropriately. Diagnosis of RA is

made by a spectrum of clinical signs and symptoms as well as with a number of laboratory

and imaging investigations. These diagnostic evaluations are frequently subjective, and

because of their limited sensitivity, often detect the arthropathy only in the later and

irreversible stages of the disease. With recent improvements in spatial resolution and tissue

contrast capabilities of magnetic resonance imaging (MRI), and increased versatility of new

gadolinium- (Gd) based contrast agents, enhanced MRI offers a powerful tool with which

to noninvasively and serially evaluate pathologic changes in the arthritic joint. However,

the clinical utility of these techniques has been limited by the unavailability of any

controlled studies that examine what histopathologic changes these images really represent.

The overall purpose of this study was to evaluate the validity of quantitative parameters

derived from enhanced MRI in predicting the histopathologic severity of

temporomandibular (TMJ) arthritis. We tested the hypothesis that positive correlations

exist between objective histopathologic changes in arthritis of the TMJ and quantitative

enhanced MRI criteria.

Arthritis was induced by intrarticular injection of ovalbumin in the TMJs of 10

previously sensitized New Zealand white rabbits. Sham-treated and untreated rabbits were

used as controls. At the time of imaging and retrieval of joints the right and left joints of

each rabbit represented 3 and 7 day post-injection joints, respectively. Dynamic T1
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weighted images of the rabbit head were taken immediately preceding and for 30 minutes

following the intravenous administration of albumin-gadolinium-DTPA30. The rabbits

were then sacrificed and the TMJs retrieved en bloc, processed and sectioned. Every

fortieth section of each joint was quantitatively scored for the severity of arthritis by 4

histopathologic criteria, villous hyperplasia, synovial lining hyperplasia, mononuclear cell

infiltration, and pannus formation. Changes in signal intensity (SI) in the precontrast and

postcontrast coronal sections of the rabbit head were derived for the synovium of both

TMJs, a major blood vessel and muscle by tracing the respective regions of interest. The

SI values derived from blood vessels was used as an internal standard, while SI values

from muscle served as negative controls. The MRIs were evaluated quantitatively by a

linear kinetic model estimating plasma volume (PV), permeability surface area (PS), and

fractional leak rate (FLR) from the delta signal intensities of the post-Gd enhanced joints

over time. The arthritic scores and MRI parameters were compared between sham-treated

and antigen-treated joints by unpaired t-test. Regression analysis was done to determine

the relationship between the histopathologic indices of arthritis and the MRI parameters.

All histopathologic indices of arthritis were significantly greater in antigen

challenged joints than in sham-treated joints. Of the MRI indices, only PS demonstrated

significant differences between the antigen- and sham-treated joints. Regression analysis

between histologic and MRI indices revealed moderately strong positive correlations

between PV and all histologic indices of joint inflammation. PS demonstrated a strong

positive relationship with all histologic indices of inflammation, indicating its utility in the

diagnosis of severity of the joint inflammation. This study is the first to show that specific

quantitative parameters derived from dynamic enhanced MRI provide substantial insights

into the histopathogenesis of arthritis, and will aid in delineating more accurate and

Sensitive methods for diagnosing the early stages of joint inflammation. The availability of

these reproducible imaging diagnostic criteria may also provide the opportunity to

noninvasively assess the efficacy of various anti-arthritic therapeutic regimens.
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(a) Coronal section of a T2*-weighted 3D-GRASS image of the rabbit
craniofacial skeleton showing both the left and right TMJs and clearly
demonstrating the anatomic features of the joint. (b) Three
dimensional T1-weighted spoiled GRASS MRI of the rabbit head
demonstrating the anatomy of the joint. MC=mandibular condyle;
CC=condylar cartilage; D=articular disc; T-temporal articular surface;
MR=mandibular ramus; MP=medial pterygoid muscle; LP=lateral
pterygoid muscle; MM=masseter muscle; Cr=cranium; Z=zygomatic
arch; B=brain; E=eye.
Optimization of intrarticular injection. (a) Coronal section from T1
weighted spoiled-GRASS MRI image of the rabbit craniofacial
skeleton with albumin-Gadolinium (Gd) and normal saline (S) injected
into the right and left TMJs, respectively. (b) Higher power view of
the right (R) TMJ demonstrating some extravasation of gadolinium
from the TMJ. (c) Higher power of the left (L) TMJ showing
successful intrarticular injection of normal saline. Both medial clearly
define the superior joint space. Brabrain; MC-mandibular condyle;
D=disc; Z=zygomatic arch; Cr-cranium.
Low-power photomicrograph of a sagittal section of the rabbit TMJ
showing anatomic structures and division of joint into four quadrants
for purposes of determination of the arthritic score (original
magnification x 10). TB=temporal bone; SL=synovial lining;
SS=Synovial stroma; D=disc; AF=articular fibrocartilage;
MC=mandibular condyle; SJC=superior joint cavity; IJC=inferior joint
cavity.
a-d: Histology of the sham-treated and antigen-treated TMJs. Low

power photomicrograph of normal (a) and pathologic (b) TMJs
(original magnification x 10). (c) and (d) higher power
photomicrographs of boxed areas in (a) and (b), respectively showing
normal and inflammatory pannus (original magnification x 100).
TB=temporal bone; SC=synovial capsule; D=disc; MC-mandibular
condyle; P=pannus.
e-h: High power photomicrograph of the normal (e) synovium and
arthritic (f) synovium (original magnification x 100).
Photomicrograph of inflammatory (g) synovial lining (SL) and (h)
mononuclear cell infiltrate and fibroblast hyperplasia (Mn/Fb) (original
magnification x 200). SS=Synovial stroma; Vi=villous hyperplasia.
Histogram of mean (+SD) of individual histologic indices and total
arthritic score for all sham-treated and antigen treated joints. (*p <
0.004; **p < 0.001).
T1-weighted, multi-slice sequence of a sham-treated animal,
immediately prior to the administration of Gd-DTPA (a) and 30
minutes following the administration of this contrast agent (b)
showing no enhancement of the TMJ synovium. Arrows indicate area
of the TMJ. R=right and L=left.
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Plots of graphs of change in signal intensity over time during Gd
uptake in sham-treated animal. (a) represents raw signal intensity
values for vessel, right synovium, left synovium and muscle. (b)
represents signal intensity of right synovium, left synovium and
muscle corrected for variations in intravascular Gd concentration by
dividing by the vessel signal intensity.
T1-weighted, multi-slice sequence of antigen-treated animal showing
signal enhancement in area of TMJ before the administration of
albumin-Gd-DTPA (a), and at 2 minutes (b), 10 minutes (c), 15
minutes (d), 20 minutes (e), and 30 minutes (f) following the
administration of the enhancing agent. Arrows indicate the
temporomandibular joints. R=right and L=left.
Plots of graphs of change in signal intensity over time during Gd
uptake in antigen-treated animal. (a) represents raw signal intensity
values for vessel, right synovium, left synovium, and muscle. (b)
represents signal intensity of right synovium, left synovium, and
muscle corrected for variations in intravascular Gd concentration by
dividing by the vessel signal intensity.
Histograms displaying means (+SD) for MRI indices, PV (a), PS (b)
and FLR (c) in all sham-treated and antigen-treated rabbits.
(*p-0.001).
Histograms comparing values for PS derived from enhanced MRIs
(Y) and those predicted (Predicted Y) from the magnitude of villous
hyperplasia (a), synovial lining hyperplasia (b), mononuclear cell
infiltration (c), pannus formation (d), and total arthritic score (e).
Figures (c), (d) and (e) are presented on the next two pages.
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I. BACKGROUND, SIGNIFICANCE AND SPECIFIC AIMS

A. INTRODUCTION

Rheumatoid arthritis (RA) is a disease of unknown origin involving the

musculoskeletal system and affecting most body joints. It is the most common and well

known of the inflammatory disorders and afflicts approximately 4.5% of people over the

age of 55 years in the United States (McDuffie, 1985). Its incidence increases with age,

with women more frequently afflicted than men.

RA is typically characterized by inflammation of the articular tissues and loss of

joint matrix components. It is chronic by nature, but characteristically has an acute onset

followed by a progressive course, eventually resulting in complete destruction and

ankylosis of the joints involved. The progression of RA is typified by periods of

exacerbation and remission with a potentially wide range of manifestations that can severely

impact a patient’s life. RA generally involves the small joints of the body, particularly the

metatarsophalangeal, proximal interphalangeal, and metacarpophalangeal joints (Harris,

1989; Larsen, 1978). The etiology and pathogenesis of RA remain poorly understood.

Despite the high prevalence and debilitating nature of RA, it is frequently only

identified when clinical symptoms of joint pathology, including pain and limited range of

motion, become apparent. Furthermore, current diagnostic and imaging methods fail to

identify this disease early or lack adequate sensitivity for accurately defining the severity of

the disease. As a consequence, therapies to alleviate joint destruction and symptoms are

often implemented late with a resultant poor prognosis. In these studies we have evaluated

the efficacy of a new enhanced magnetic resonance imaging (MRI) method in predicting the

Severity of inflammatory joint disease in an animal model of antigen-induced arthritis of the

temporomandibular joint (TMJ). Correlations between histopathologic changes and

changes in signal intensity on enhanced MRI were derived in order to obtain objective

imaging criteria that predict the severity of joint pathology. In order to better comprehend
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the basis for these studies, an overview and pathogenesis of RA, particularly that of the

TMJ, and current imaging methods are provided in the ensuing discussion. This is

followed by an outline of the significance, hypothesis and specific aims of this study.

B. PREVALENCE, ETIOLOGY AND PATHOGENESIS OF RA

1. Prevalence

RA is ubiquitous with a 0.3-1.5% worldwide distribution that affects all races

(Kellgren, 1966; Lawrence, 1977). Among Caucasian adults in the United States, Canada,

and throughout Europe, RA has been identified in approximately 1% of the population.

Prevalence rates vary within similar ethnic groups as determined in studies of Native

Americans with some populations exhibiting greater percentages of RA than others

(Spector, 1990). Females have a three to four times higher prevalence than males, peaking

between the fourth and sixth decades of life, though both sexes exhibit increasing

prevalence with age (McCarty and Koopman, 1993).

The incidence of RA differs across populations (Spector, 1990). Some studies
suggest that the incidence of RA may be changing, citing comparisons made between

similar British populations in 1960 and 1993 where the latter group experienced a 52%

decrease in prevalence in persons aged 45-64 years (Spector et al., 1993). Decreases in the

age-adjusted incidence in women have also been demonstrated by studying comparable

groups of women at two, five year intervals (Linos et al., 1980).

The pattern of RA may also differ across populations. In a comparison between

British and Greek patients of similar population size, the Greeks exhibited more sicca

manifestations and less severe radiologic joint damage than the British (Drosos et al.,

1992).

2. Etiology

Familial aggregation of RA is greater than that expected to occur purely by chance.

Studies on familial inheritance patterns have established a genetic link for recurrence risk in
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families. First degree relatives of patients with RA manifest a three to four fold higher risk

of disease than unrelated individuals (Spector, 1990). Although RA is manifested in
related individuals, its penetrance is low, as most relatives of afflicted individuals are not

similarly afflicted (McCarty and Koopman, 1993). Studies of concordance for RA in twins

have had varied results. Where one monozygotic twin is affected with RA, results have

shown a 12.3% (Aho et al., 1986) and 30% (Lawrence, 1977) likelihood the other twin

will be similarly affected, as compared to only a respective 3.5% and 5% chance in

dizygotic twins. Other studies evaluating hospital-based findings have shown greater

concordance among monozygotic twins that are more severely afflicted with RA (Del

Puente et al., 1989).

Recently, a primary susceptibility factor has been identified, helping to elucidate the

genetic role in RA. This factor appears to be associated with the D region gene products

related to the class II major histocompatability complex (MHC). The human leukocyte

antigen (HLA) -DR4 haplotype is most commonly associated with patients testing

seropositive for immunoglobulin-M (IgM) rheumatoid factor (Winchester, 1981). The

association between HLA-DR4 and RA is variable between populations. Among

Caucasians, a four-fold risk for RA is generally associated with this haplotype. However,

not all DR4-positive individuals show equal susceptibility to RA and not all patients

afflicted with RA test DR4 positive. In addition, studies utilizing monoclonal antibodies

have demonstrated that different classes of HLA-D share similar epitopes which are

associated with even higher risk of RA in DR4-negative individuals (Boki et al., 1992;

Silman, 1992; Gao et al., 1990, Gregersen et al., 1986). One study involving

immunogenetic mapping in 50 Chinese RA patients detected a strong association between

the disease and Bw36, DRw53 and DQ3, but no association with DR4 (Boey et al., 1992).

Studies on aminoacid sequencing and restriction endonuclease analysis of the genes

coding for DR alleles have shown that all DR4 haplotypes susceptible to RA share a similar

five amino-acid sequence in the third allelic hypervariable region of the DRB1 chain. These
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shared sequences, located at position 70-74 in the binding groove of the MHC heterodimer

of the B1 chain, could affect the binding specificity for peptides (Nepom, 1987; Gao et al.,

1990; Gregersen et al., 1986). The development of RA could be dependent upon the

ability of the MHC to bind and present particular peptides of either host or microbial origin.

This close association between gene products related to immunity and RA implies

that exogenous pathogens or autoantigens might share RA susceptibility epitopes causing

increased immune response or that tolerance to pathogens within the host allows them to

persist undetected (McCarty and Koopman, 1993). However, opponents of the idea that

RA is an autoimmune disease cite studies showing similar correlations between HLA-DR

and pathology in infectious diseases such as leprosy (De Vries, 1991). These findings

have led some researchers to investigate the striking similarities between RA and the slow

bacterial infections.

Epidemiological studies do not generally support the idea of an infectious etiology

for RA (Lawrence, 1970). However, other studies indicate that RA may be only about

30% genetic in origin (Silman, 1991). Potentially, some unknown microbacterial organism

may cause a persistent chronic infection within the joint, or this organism may only be

present during the acute phase of infection, but a primed immune response may perpetuate

the inflammatory response. Multiple identifiable similarities have been found between RA

and chronic mycobacterial infections that have led researchers to more closely examine this

relationship (Shoenfeld and Isenberg, 1988; Rook and Stanford, 1992). It has been shown

that an overt infection, generally thought to be absent in RA, is seen in reactive arthritis

accompanying slow mycobacterial infections, and even in the absence of replicating

organisms (Moreland and Koopman, 1991). Heat shock proteins are produced by and

highly conserved among mycobacteria, providing a potential for cross-reactivity with host

antigens. In addition, during extremely slow growth, mycobacterium exhibit a "stationary"

phase, expressing new proteins not normally seen during the "log" phase of bacterial

replication. These antigens could be the driving force for RA. Studies examining
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immunoreactivity to "log" phase bacterial proteins may be entirely missing the main

etiologic agent (McCulloch et al., 1993). Research in this area is difficult because

mycobacterial organisms are relatively undetectable by standard histological techniques due

to their small size, slow replication and weak uptake of stain.

Some researchers have suggested that RA may be a chronic form of reactive

arthritis resulting from either a specific infection or an abnormal response to a subset of the

normal flora. They hypothesize that microbial antigen and primed T-cells may enter into

the peripheral circulation through damaged basement membrane of the gut, lungs, or skin

nodules, resulting in the "seeding" of articular sites. Synovial macrophages are then

activated with an inflammatory sequela following (McCulloch et al., 1993).

Some studies suggest the idea of a causative environmental agent for RA and

involve the examination of pre-Columbian skeletons dating from 6000 to 6500 years ago.

Paleopathologic evidence of symmetric bone erosions can be seen in these specimens

which have a skewed geographic distribution, localized to the upper west part of the

Mississippi basin (Rothschild et al., 1992).

Another variable which may be related to the etiology of RA involves the cytokine

hypothalamo-pituitary-adrenal (CHPA) axis. In studies of autoimmune diseases, defects in

the CHPA axis have been noted (Derijk and Berkenbosch, 1991; Chikanza et al., 1992).

Human studies of RA patients demonstrate decreased plasma cortisol levels when

compared to control inflammatory disorders (Barnes et al., 1989; Ellis and Tayoub, 1986;

Sarma et al., 1990). A resultant decrease in the immunosupression capability could

interfere with normal regulation of T-cell activity.

3. Pathogenesis

The pathogenesis of RA is not fully understood. One hypothesis proposes that an

unknown initiating agent accesses the joint and potentiates an inflammatory sequelae, the

initial result of which is capillary damage and subsequent mononuclear cell accumulation.

Localized antibody production follows T-cell presentation of pathogenic materials



phagocytosed and processed by macrophages. Antigen-antibody aggregates initiate the

complement cascade which increases extracellular exudate of serum proteins and cellular

blood elements due to an increased capillary permeability. These aggregates are

phagocytosed by polymorphonuclear leukocytes stimulating elaboration of lysosomal

proteinases capable of degrading collagen and matrix constituents and activating other

biological mediators potentiating cellular damage. Phagocytosis also stimulates the

production of oxygen-free radicals and arachidonate metabolites which lead to further

destruction (McCarty and Koopman, 1993).

The presence of rheumatoid factor autoantibodies and their subsequent deposition in

the joint were initially thought to be the cause of synovitis by triggering synovial

macrophages. This belief led to the conclusion that RA was based on a humoral response.

Current thinking suggests that synovitis results from a T-cell infiltration (Panayi et al.,

1992) which targets various autoantigens, the most widely studied of which include heat

shock protein 60 (hsp60) and type II collagen.

Some studies have shown that autologous target cells pulsed with hsp60 are lysed

by T-cell clones from RA inflammatory sites (Li et al., 1992). Other studies indicate that

human (Hermann et al., 1991) and murine (Koga et al., 1989; Steinhoff et al., 1990) cells

stressed in vitro are targeted by T-cells specific for bacterial hsp65. Heat shock proteins

are highly conserved, major immunogenetic antigens among mycobacterium and show

50% sequence homology with human hsp60 (Jindal et al., 1989; Dudani and Gupta,

1989). They pose a potential for cross-reactivity with autoantigens, which can be

recognized by T-cells (DeGraeff-Meeder et al., 1991). Collagen type-II specific T-cell

clones have also been identified from the synovium of individuals with RA (Londrei et al.,

1989) and reactive T-cells of healthy individuals have also been found (Elkayam et al.,

1991).

The early exudative stage of RA involves microvascular changes within the joint

which are relatively indistinguishable from other acute inflammatory joint conditions. In
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patients receiving synovial biopsies during the initial weeks of what was later confirmed as

classic RA, tissue samples showed mildly hypertrophic synoviocytes with interstitial

edema. The synovial blood vessels were hyperemic and the perivascular infiltrates were

composed of aggregations of lymphocytes, plasmacytes, histiocytes and

polymorphonuclear leukocytes (Kulka et al., 1953; Schumacher, 1975). This is

characterized as the initiation of synovitis.

During the chronic inflammatory stage the synovium appears edematous with

diffuse infiltrates predominantly composed of plasmacytes and fibrin exudates. The

subsynoviotic tissues are hypercellular and composed of proliferating fibroblasts,

fibrocytes and mononuclear cells, forming ramified villi projecting into the joint cavity.

Polymorphonuclear cells are rarely seen now. Synoviocytes are hyperplastic and layered

6-10 cells thick, resulting from the influence of inflammatory mediators, interleukin-1,

fibroblast growth factors, prostaglandins and platelet-derived growth factors. The layers

are occasionally interspersed with giant cells. Vascular changes include endothelial

swelling, obstructions, thromboses and perivascular hemorrhage. (Gardner, 1972; Harris,

1989)
-

The chronic inflammatory stage is followed by the formation of granulomatous

tissue or pannus which, in conjunction with the enzymes within the synovial fluids and

tissues, contributes to the destruction of articular cartilage, ligaments, tendons and bone.

Pannus destroys cartilage by enzymatic degradation and by interfering with cartilage

nutrition (Kobayashi, 1975). Specific aspects of this pathogenesis, including synovial

lining and villous hyperplasia, mononuclear cell infiltration and pannus formation have also

been reported previously in animal studies on the primary diarthrodial joint of the

craniofacial skeleton, the temporomandibular joint (TMJ) (Kapila, 1994; Kapila et al.,

1995).



C. RHEUMATOID ARTHRITIS OF THE TMJ

Bilateral involvement of the TMJ occurs in 43-70% of patients with RA, with

women generally outnumbering men (Ericson and Lundberg, 1968; Franks, 1969; Crum

and Loiselle, 1970; Ogus, 1975). Symptoms of RA usually develop in other joints before

becoming evident in the TMJ, although the TMJ may be affected early in the course of the

disease. The clinical features of TMJ involvement include pain and stiffness in the

morning, decreasing with moderate activity and increasing with inactivity. Strenuous

activity generally results in increased discomfort. These manifestations are characterized by

periods of exacerbation and remission (Larheim, 1993). Signs of this disease often include

tenderness to palpation over the joint, restricted mandibular movements, swelling, and

crepitus. Alterations in normal dental occlusion may also be associated with TMJ

involvement and include loss of occlusal support, occlusal interferences and anterior bite

opening (Larheim, 1993). In addition, fibrous or bony ankylosis may result. Evidence of

TMJ involvement in RA has been demonstrated in surgical procedures (Haanaes et al.,

1986; Bjornland et al., 1992), autopsy specimens (Blackwood, 1963), and by a variety of

imaging modalities.

Although little information is currently available on the pathogenesis of RA of the
TMJ, this is likely to be similar to that of other joints discussed previously. However,

because of several unique structural and functional features of the TMJ, subtle but

important differences in the clinical presentation of this disease may exist in this joint as

compared to other joints. The TMJ is the only diarthrodial joint of the craniofacial skeleton

and is anatomically and functionally unique due to the discordant or incongruent articular

surfaces comprised of the temporal bone and the condyle of the mandible (Kubein et al.,

1993). Furthermore, the joint space is divided into two cavities by an intervening

fibrocollagenous or fibrocartilaginous disc not found in other joints. The articular surfaces

of the glenoid fossa superiorly and the mandibular condyle inferiorly are covered by

fibrocartilage, as opposed to hyaline cartilage found in other joints. Other anatomic
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features of the TMJ are similar to those of other joints. This includes the attachment to and

encapsulation of the disc, mandibular condyle and glenoid fossa by a synovial capsule

comprised of the synovial lining and synovial stroma (Oberg and Carlsson, 1979;

Christensen and Ziebert, 1986). The synovial lining lies adjacent to the joint cavities and is

made up of 1 to 2 layers of synoviocytes. Beneath this is the synovial stroma made up of a

thin layer of loose connective tissue, composed of synovial fibroblasts, interdigitating

dendritic cells, a few mononuclear cells, blood vessels, lymphatics, and nerve fibers. The

Synovial fluid which lines the joint is a viscous liquid composed of a vascular transudate

admixed with hyaluronic acid. This joint also undergoes unique rotatory and translational

motion and functions in mandibular movements involving mastication, deglutition, and

speech.

D. CURRENT DIAGNOSTIC PROCEDURES AND THEIR LIMITATIONS

1. Clinical Procedures

The American College of Rheumatology established criteria for the diagnosis of RA

in 1987. Features include morning stiffness of at least one hour duration, arthritis of three

or more joint areas, arthritis of hand joints, symmetric arthritis, rheumatoid nodules, serum

rheumatoid factor positive, and typical radiographic changes in the hand and wrist. The

sensitivity of these criteria ranges from 91-94%, with 89% specificity for RA as compared

to control subjects (Arnette, et al., 1988). These diagnostic criteria, however, lack the

ability to detect the disease in its earlier stages and also are open to subjective interpretation.

2. Laboratory Tests

Laboratory tests for RA involve the evaluation of immunologic and cellular markers

of RA in serum and synovial fluid. Serum of patients is found positive for IgM rheumatoid

factor in approximately 75-80% of the patients at some time during the disease course

(Milgrom, 1992). Positive serologic tests for IgM rheumatoid factor are most commonly

associated with the class II major histocompatability complex haplotype, HLA-DR4,
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determined from studies on white, black African, and Chippewa Indian populations

(Sastny et al., 1988; Morel and Fathman, 1989). In patient populations where DR4 is

negative, DR1 has been found with increased frequency (Sastny et al., 1988), although

other factors previously mentioned (Bw,46, DRw53, DQ3) support the idea that RA is

clearly an immunogenetically heterogeneous disease. The typical patient Seropositive for

rheumatoid factor is female, has symmetric joint and tendon involvement, synovial

thickening, joint inflammation "in phase," nodules, weakness, systemic reaction, erosions

on radiograph, CH50 level (a measure of the functional activity of all complement

component proteins in synovial fluid), depression in joint fluid that has 5,000 to 30,000

white blood cells/mm3, and approximately 50-80% neutrophils (McCarty and Koopman,

1993). The heterogenous nature of immunologic markers associated with RA, however,

complicates the ability to precisely diagnose the condition in those patients who lack these
markers.

The synovial fluid may also demonstrate rheumatic changes, becoming more of an

exudate while maintaining acute characteristics. This exudate is primarily comprised of

polymorphonuclear leukocytes with a small number of associated lymphocytes. The

consistency of the synovial fluid approaches that of serum as a decrease in hyaluronic acid

content causes the fluid to become less viscous.

Although these diagnostic criteria are helpful to the clinician, they often do not

provide an accurate picture of the actual disease process occurring within the joint itself.

Indeed, it has been shown that clinical, radiological, and arthroscopic grading of disease

severity do not correlate well with severity of histological features observed from synovial

biopsy specimens (Henderson, 1975). This indicates the need for studies which compare

the histologic severity of the disease with contemporary and sensitive diagnostic

procedures.

- : .
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3. Hi hologic Findi

The histopathology of RA in the TMJ is likely to be consistent with changes

observed in other joints of the body. The characteristic histologic findings in both clinical

specimens and animal models of RA include the presence of inflammatory mononuclear

cells, hyperplasia of the synovial lining and villous, and invasion of bone and cartilage by

mononuclear cells and proliferative fibroblasts forming a pannus (Hollister, 1979; Vischer,

1982; Krane et al., 1986; Harris, 1989; Kapila et al., 1995). The destruction of bone and

cartilage results from a net loss of extracellular matrix macromolecules, and together with

pain, may produce some of the more significant clinical symptoms of joint pathology.

Biopsies taken from most human joints primarily include only the synovial tissue and as

such may lack information representative of the whole joint. Furthermore, since the

histopathologic features of the synovium may vary in different parts of the joint, these tests

may not provide reliable diagnostic information of disease severity. Ideally, information

obtained from the whole joint, for example with sensitive imaging techniques, would

provide useful information on the degree of joint involvement. Such findings if correlated

with histopathology would be useful in defining sensitive diagnostic criteria on severity of

joint pathology.

4. Imaging Methods

Various imaging modalities have been utilized to complement the clinical exam and

to help understand the effects of RA on joints, which show a great range of variation in

joint destruction. For the severely pathologic joint demonstrating cortical bone

abnormalities which occur late in the progression of RA, computed tomography (CT)

provides the greatest value in detecting these changes, followed in relative descending

efficacy by hypocycloidal tomography, MRI, and plain film or panoramic radiography

(Larheim, 1993). However, another study disputes this ranking. Chan et al. (1991)

concluded that MRI is superior to CT for depicting these abnormaities.

- : .
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X-ray-based modalities image on the basis of atomic number, thereby, inherently

limiting soft-tissue contrast. The late, irreversible joint changes detected with these

modalities are preceded by early, reversible soft-tissue changes associated with synovial

proliferation and cartilaginous matrix loss. In order to obtain information about soft-tissue

changes in the early stages of RA, arthrotomography and MRI are indicated. Although

both modalities demonstrate disk abnormalities or destruction, arthrotomography is

Superior in identifying disk perforations and irregularities of the joint compartment. MRI

has shown to be superior in identifying bone marrow abnormalities, fibrous ankylosis, and

joint effusion (Larheim, 1993).

The ability to distinguish inflammatory pannus from joint effusion can be achieved

through the use of Gd-based contrast agents and other new MRI techniques. Recent

Studies utilizing 3D imaging with fat supression or saturation transfer subtraction

techniques have shown good discrimination between cartilage and synovium (Peterfy et al.,

1994). Thus, contemporary MRI offers a powerful tool with which to noninvasively and

Serially evaluate pathologic changes in the arthritic TMJ.

E. IMAGING OF THE TMJ

Several studies on the TMJ have evaluated the utility of these imaging methods for

the diagnosis of joint pathology. Bony changes associated with RA may extend from

minor cortical erosions to severe and complete destruction of the condyles, resulting in

posterior rotation of the mandible with subsequent anterior open bite. Occasionally

Osseous ankylosis may be the end result (Larheim, 1993). Although erosive and

proliferative changes of bone are well seen on radiographs, cartilaginous and ligamentous

destruction can only be indirectly inferred from the observation of articular-space

narrowing and development of joint malalignment, respectively. Moreover, these changes

occur relatively late in the course of RA, being preceded by synovial proliferation and

cartilaginous matrix loss, which cannot be visualized by radiographs (Brooks and Corbett,

==
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1977). Progression of radiographic changes can also be subtle and slow, requiring

protracted observation.

Larheim et al. (1988) compared the efficacy of panoramic, transcranial, and

transpharyngeal radiographs with oblique sagittal hypocycloidal tomography in the ability

to detect bony abnormalities in the TMJs of RA and other patients. He found that

approximately 80% of these bony changes were identifiable with plain radiography.

However, due to the position of the TMJ within the cranium, superimposition of bony

structures limits the diagnostic accuracy of plain films. Such techniques are only useful as

screening views for detecting gross bony abnormalities within the TMJ.

In order to systematically survey the TMJ while avoiding overlapping structures,

tomography has proven to be more precise than plain radiographs. Tomographs provide a

better representation of the joint by blurring the image of overlapping osseous structures

that normally would make the joint more difficult to assess utilizing conventional

radiography. However, this blurring decreases image sharpness, potentially concealing

small bony changes (Pharoah, 1992). On tomographs, larger bony abnormalities are often

characterized by "punched-out" areas of bone at various locations throughout the joint

(Blackwood, 1963). Soft-tissue contrast utilizing these modalities is poor.

CT has also been shown to demonstrate bony details. Westesson et al. (1987a)

correctly identified all but 25% of bony lesions directly observed in autopsy specimens by

utilizing CT. Larheim (1990a) compared hypocycloidal tomography with CT and found

increased information about subtle bony details with CT due to its superior contrast and

spatial resolution. In the same study, osseous ankylosis that was not readily visualized by

hypocycloidal tomography was best demonstrated through the use of CT. Planar

tomography and CT provide crossectional images of the TMJ diminishing the problem of

overlapping structures, but are still X-ray-based modalities that image primarily on the

basis of atomic number, and thus embody the same limitations in terms of soft-tissue

contrast as does plane radiography.
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Arthrotomographic TMJ studies have given more information regarding soft tissue

changes accompanying RA. This procedure involves injecting a radiopaque contrast

medium into the joint space, creating an indirect image of the articular surfaces.

Perforations, discontinuities within the joint capsule, and adhesions can be detected by

observing the flow of contrast media within the joint capsule (Pharoah, 1992). Synovial

proliferation and/or pannus formation may be inferred by irregularities in the outline of

contrast media and small joint compartments. In addition, 40% of chronic RA patients

exhibit leakage of contrast media from the lower into the upper compartment of the TMJ,

indicating the present of disc perforations (Larheim, 1989). However, the need for

defining more sensitive, specific,and objective methods for evaluating disease activity and

response to treatment in the arthritic TMJ is indicated.

Joint Scintigraphy with technetium-99m pyrophosphate has been shown to be more

Sensitive than physical examination or radiography in identifying articular involvement in

patients with osteoarthritis and RA (Mottonen et al., 1988). The technique allows objective

evaluation of all joints in the body simultaneously and carries little risk of significant

adverse effects. However, joint scintigraphy with bone-seeking agents such as technetium

99m-methylene diphosphate lacks spatial resolution and is somewhat nonspecific for

Synovitis. While gallium-67 citrate and indium-111 chloride are more specific markers for

the inflammatory compartment of the joint, poor spatial resolution with these high-energy

radionucleotides compounded by low target-to-background activity ratios limit their utility,

particularly in evaluating small joints such as the TMJ.

F. MAGNETIC RESONANCE IMAGING OF THE TMJ

1. Conventional MRI

Increased soft tissue information can be gained with the application of MRI

techniques to the arthritic TMJ. This is due to the multiplanar capability of MRI, coupled

with its excellent soft-tissue contrast and high spatial resolution. The appearance of
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inflamed tissue on conventional MRI is dominated by its high water content. Water in this

tissue is manifested as low signal intensity on T1-weighted images, and high signal

intensity on T2-weighted images.

The MRI signal is derived from hydrogen proton spin. In the body, the source of

these protons primarily comes from water and fat. Tissues with few hydrogen protons,

such as calcified tissues (cortical bone) appear black on MRI. An MR magnet produces a

magnetic field which causes the protons in fat- or water-containing tissues to align their

magnetic moments longitudinally along the magnetic field. The magnitude of these

moments is the essential parameter measured in the MRI signal.

The spin-echo pulse sequence has been the most widely used technique in MRI.

Utilizing this sequence, T1- and T2-weighted images may be obtained which provide

different information about the tissues being examined. Substances which show increased

signal intensity on T1-weighted images are typically fat, methemoglobin in subacute

hematomas, and substances exposed to Gd-containing contrast agents. In T2-weighted

images, free water in tissues is primarily responsible for high signal intensity. However,

these images generally require longer imaging time and provide a poor signal-to-noise ratio,

therefore limiting spatial resolution.

MRI is rapidly becoming the imaging method of choice, surpassing arthrography

and CT. MRI is noninvasive, does not utilize ionizing radiation, directly depicts disk and

joint structures, and provides multiplanar imaging which helps in interpretation (Katzberg,

1989). Signs of an inflammatory process such as joint effusion and condylar marrow

edema can be visualized utilizing conventional MRI which is superior to plain radiography,

scintigraphy, and computed tomography (Chan et al., 1991; Lang et al., 1991a and b; Lang

et al., 1992; Larheim et al., 1990b; Stoller et al., 1989; Vitale et al., 1990). However,

early rheumatic changes involving synovial thickening, joint effusion and articular cartilage

alterations may remain undetectable with conventional MRI. Thus far, conventional MRIs



have been used primarily to evaluate late changes in morphology and position of the

condyle and disc (Larheim et al., 1990b, 1992; Vitale et al., 1990).

Information regarding the disc demonstrates a range of variation including

flattening, fragmentation, heterogeneity, poor delineation and even complete destruction.

Small disc perforations may yet be undetectable with current techniques. These changes in

the disc imply that active inflammatory processes have, or are currently taking place,

indicating the proliferation of synovium and/or pannus formation (Larheim, 1990b). In

addition to changes in the character of the disc, other studies have shown that RA patients

with TMJ involvement may exhibit changes in disc location. Although most patients have

normally positioned discs, some patients have discs that are displaced anteriorly (Bjornland

et al., 1992).

The capacity of MRI to detect osseous lesions has also been studied utilizing

autopsy specimens (Westesson et al., 1987a). In this study, sagittal MRIs were taken of

15 autopsy specimens and then compared directly to the observed lesions. This plane of

orientation was accurate in depicting only 50% of the lesions, with 29% of the joints

showing false lesions on images. In a similar autopsy study, a greater sensitivity (0.83)

and specificity (1.00) of detecting bony lesions has been reported utilizing coronal MRI

(Katzberg et al. 1988). These investigators noted that coronal views more accurately

predicted the number of bony lesions than did the sagittal views or plain radiographic

examination.

Other studies have confirmed that joint surface irregularities are equally detected by

MRI and tomography, but they also show MRI to be superior to hypocycloidal tomography

in its ability to demonstrate areas of suspected inflammatory marrow edema in the condyle

(Larheim et al., 1990a; Schellhas and Wilkes, 1989). For minor cortical erosions,

hypocycloidal tomography appears more accurate than MRI (Larheim et al., 1992;

Westesson et al., 1987b).
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Some other manifestations of RA which are detectable utilizing arthrotomographic

examination are not seen utilizing conventional MRI. Small joint compartments,

irregularity in outline of contrast medium, disc perforations, and fibrous adhesions are

included in this list (Schellhas et al., 1988; Ponlon and Moon, 1987). In addition, some

authors suggest that it is impossible to distinguish synovitis and pannus formation from

synovial fluid (Beltran, 1987) and bony erosions (Yulish, 1987) with conventional MRI.

Terrier et al. (1985) showed that soft-tissue granulomatous and inflammatory changes

could be identified utilizing unenhanced, T2-weighted, spin-echo images, but the ability to

distinguish specific tissue characteristics was impossible. These studies may not be

definitive, as this area of interest is highly controversial Contemporary MRI techniques

utilizing fat-supression andpulsed subtraction transfer techniques(Peterfy et al., 1994) or

contrast agents have been more successful in differentiating synovium from cartilage.

The comparison of the sensitivity of detecting inflammatory lesions has been made

in a previous study between T2-weighted unenhanced images and enhanced postcontrat T1

weighted images in an model of adjuvant induced arthritis of the rat (Terrier et al., 1986).

Although both methods of imaging demonstrated the presence of periarticular

inflammation, enhanced T1-weighted MRIs showed no superiority over unenhanced T2

weighted images. Histological confirmation of typical RA inflammatory changes was

established, although characterization was limited to collective grouping of all changes into

one category: absent, mild, moderate, or severe, thereby limiting the sensitivity of the

histologic evaluation. Furthermore, the study did not utilize dynamic changes in signal

intensity for deriving sensitive indicators of joint inflammation, nor was any attempt made

to statistically correlate histopathology to the MRI findings.

The lack of tissue specificity in the examination of the arthritic joint has been a

major deterrent to the wide-scale use of MRI in the study of arthritis and its treatment.

Adjacent synovial effusion and hyaline articular cartilage have very similar signal

characteristics and are difficult to differentiate from the arthritic pannus. Contemporary MR

º
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imaging techniques may increase the ability to differentiate these tissues and provide the

additional information needed to understand the pathogenesis of RA.

2. Enhanced Magnetic Resonance Imaging

Tissue-specific contrast agents have been investigated and found to be useful in

magnetic resonance imaging for distinguishing between hypervascular pannus and adjacent

joint effusion or cartilage. Due to its high magnetic moment, long electron spin relaxation

time and ability to form stable, non-toxic chelates, Gadolinium (Gd) has proven to be the

element of choice for in vivo studies of enhanced MRI (Weigers et al., 1992). An element

of the rare earth group, free Gd3+ is toxic and accumulates in the liver and spleen. It must

necessarily be bound to a chelate complex, dimeglumine gadopentetate (DTPA), with a

very high stability constant to be utilized as a contrast agent. The Gd atom is strongly

paramagnetic, carrying Seven unpaired electrons, and has 658 times as much moment as a

proton. Gd chelates have been found to produce good clinical results with acceptable

tolerance and minimal side effects (Engel et al., 1990). Gd-DTPA is usually administered

intravenously and, with the exception of the brain, distributes rapidly into the intravascular

and extracellular spaces. Gd-dDTPA can be administered intra-articularly, but questions

regarding the likelihood of a missed injection or the potential of introducing infection into

the joint have been raised (Engel et al., 1990). Gd-DTPA is rapidly cleared by the liver

(Wedeking and Tweedle, 1988). Gd-DTPA is useful as a contrast agent in detecting RA

due to its accumulation at sites of synovial hyperplasia (Larsen, 1975).

Enhanced MRIs can be used to noninvasively calculate quantitative measures of

capillary permeability to macromolecular contrast media such as albumn-Gd-DTPA. When

Gd is not chelated to a large macromolecule such as albumin, it can easily leak from normal

vessels into the surrounding tissues. By adding albumin, the molecular weight and size of

the macromolecule is increase, preventing leakage except from hyperpermeable vessels

such as in inflamed tissues. By monitoring the change in signal intensity over time utilizing

albumin-Gd-DTPA, one can quantify various parameters related to capillary permeability.

* -
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Estimations of the plasma volume (PV), permeability surface area (PS) and fractional leak

rate (FLR) of albumin-Gd from the plasma to the interstitial water can be derived according

to a mathematical model developed by Shames et al. (1993). This technique is applicable to

any pathologic condition where altered capillary permeability is characteristic, such as in

arthritically inflamed joints.

G. ENHANCED MRI OF THE RHEUMATIC JOINT

A number of studies have utilized Gd-DTPA to study joint enhancement in the

knees and wrists of patients suffering from RA and other related maladies. The

interpretation of the MRIs in these studies is, however, confounded by a relative lack of

corroborative histopathological verification of the changes observed in arthritis.

Enhanced T1, Sequential, gradient- and spin-echo images show marked increases in

signal intensity of synovial proliferations and pannus when compared to joint effusion and

other surrounding structures and precontrast T1- and T2-weighted, spin-echo images

(Reiser, et al., 1989; Adam, et al., 1991; Yanagawa, et al., 1993). No direct comparisons

to histology were made with these studies. The authors inferred that synovitis was present

if the synovium showed marked enhancement and that pannus was present if enhancing

soft-tissue masses were seen within the joint on MRI.

On enhanced, spin-echo, T1-weighted images, Kursunoglu-Brahme et al. (1990)

reported a slight increase in collections of homogeneously low signal intensity which they

concluded was joint effusion in the rheumatoid knee. In conjunction with a bright signal

from what was thought to be pannus, the authors proposed in the absence of histologic

confirmation, that both effusion and pannus were distinguishable utilizing Gd.

König et al. (1990) compared signal intensity enhancement factor and maximum

enhancement time on enhancing T1-weighted images with histological evidence of pannus

type. Although no statistical analysis was performed, he concluded that fibrous pannus

could be distinguished from hypervascular pannus, based on the above criterion. Utilizing

19



two histological samples taken from rheumatoid knees, Yamato et al. (1993) found

evidence of thickened synovial tissue, villous proliferation, inflammatory cell infiltration,

chondroid metaplasia, fibrin deposits, lymphoid follicles, granulation tissue, vascular

proliferation and bony debris. One specimen with little villous proliferation corresponded

with thinner synovial tissue and smaller maximal enhancement ratio (E ratio (%) = 100 x

[(Sit-SIO)/SIO) where Sit is the signal intensity obtained tseconds after contrast injection,

and SIO is the signal intensity in the first non-enhancing image on dynamic, enhanced

MRI. The other specimen with obvious villous proliferation had a higher maximal

enhancement ratio and thicker synovial tissue on MRI. Since this study examined only two

biopsy specimins which exhibited a full thickness of synovium, no statistical correlations

were made between histology and MR findings.

In an effort to determine whether signal intensity in dynamic Gd-enhanced MRI is

dependent upon the severity of pathology in RA, Tamai et al. (1994) obtained synovial

biopsy specimens from knees of 9 affected patients following imaging. Tissues were

examined for fibrin exudation, polymorphonuclear cell infiltration, mononuclear cell

infiltration, multiplication of synoviocyte lining layer, villous hypertrophy of synovial

surface, proliferation of blood vessels, formation of granulation tissue, and fibrosis. Five

microscopic fields were examined per tissue and scored ranging from 0–3, depending upon

the percentage of fields exhibiting the separate inflammatory change previously noted.

Enhancement ratios were calculated from tissues showing low microscopy grades and were

compared to those with high grades. The authors found that high-grade changes in

polymorphonuclear cell infiltration, mononuclear cell infiltration, villous hypertrophy of

synovial surface, proliferation of blood vessels and formation of granulation were

significantly correlated with large E ratios. No correlations were found with fibrosis or

multiplication of synovial lining.

Only one study has utilized enhanced MRI techniques on the arthritic TMJ. Smith

et al. (1992) examined eleven patients with evidence of rheumatic disease in joints other

-
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than the TMJ. Moderate or intense soft-tissue enhancement was shown along the articular

surfaces and disc. The author concluded that this technique may effectively depict the

proliferating synovium in rheumatic TMJs, but no biopsy specimens were obtained to

correlate signal intensity and histopathologic changes.

All these studies confirm the utility of enhanced MRI in better recognizing arthritis.

Nevertheless, there is limited if any validation of the MRI findings to the actual severity of

the disease by detailed histopathologic evaluations or other sensitive methods.

H. HYPOTHESIS, SPECIFIC AIMS AND SIGNIFICANCE

Most clinical, laboratory and imaging approaches for the diagnosis of RA remain

subjective and often detect the disease in its relatively advanced stages. The introduction of

new enhanced MRI techniques offer a powerful tool for the objective and early detection of

inflammatory joint disorders. Furthermore, these techniques may also offer a means to

quantitate the severity of disease activity. However, in order for the quantitative

parameters from enhanced MRIs to become clinically acceptable over other current

diagnostic imaging methods, they need to be validated against measurable levels of disease

severity. This can be achieved by examining the relationship between the changes in signal

intensity from enhanced MRIs and histopathology of arthritis. To date, the concept of

using enhanced MRI techniques with histopathologic quantitation of an animal model of

arthritis in order to search for statistical correlations has not been fully examined. The

purpose of the present study was to determine the validity of enhanced MRI parameters in

predicting the histopathologic severity of TMJ arthritis.

We tested the hypothesis that positive correlations exist between objective

histopathologic changes in arthritis of the rabbit TMJ and quantitative enhanced magnetic

resonance imaging criteria. The specific aims of this study were to:

1) Develop techniques for MRI of the rabbit TMJ and to optimize methods for

intrarticular injection into the rabbit TMJ.

.
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2) Descriptively and quantitatively evaluate histopathologic changes in the antigen

challenged rabbit TMJ and to compare these findings with those in the sham-treated

and untreated rabbit TMJ.

3) Derive and compare quantitative parameters for changes in signal intensity,

namely plasma volume (PV), permeability surface area (PS) and fractional leak rate

(FLR), in the arthritic and non-arthritic rabbit TMJs.

4) Evaluate whether correlations exist between specific quantitative MRI

parameters and histopathologic indices of disease severity in order to determine

which quantitative MRI parameters are the best indicators of the histologic severity

of TMJ arthritis.

These studies will provide insights into the diagnostic value of enhanced MRIs for

arthritis and the information gained will compliment what is known about RA from other

imaging modalities and clinical and laboratory findings. These studies will also enable the

development of objective and reproducible imaging criteria of disease activity during

arthritis of the TMJ and other joints. The comparison of histopathology with MR images of

the arthritic TMJ would subsequently be directly applicable to the non-invasive, early

diagnosis of the disease, and for longitudinal evaluations of the response of joints to anti

arthritic therapies.

II. MATERIALS AND METHODS

A. SELECTION AND MANIPULATION OF ANIMALS

1.
-

ing a Rabbi 1 for T hriti

The rabbit was the animal of choice for these studies since its TMJ has been well

characterized (Scapino, 1983; Mills, et al., 1988; Nagy and Daniel, 1991, 1992; Kapila et
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al., 1995). Furthermore, the rabbit has also been stated to serve as an appropriate

anatomic, histochemical and functional analog for the human TMJ (Weijs and Dantuma,

1981; Weijs and Van der Weilen-Drent, 1982; Scapino, 1983; Mills, et al., 1988; Nagy and

Daniel, 1991, 1992). Finally, a model of antigen-induced arthritis has been developed and

characterized previously (Kapila et al., 1995), thereby providing the necessary background

for the present study.

Since the rabbit TMJ has not been previously imaged, we did preliminary studies in

order to define appropriate imaging procedures, coil and machine configurations, rabbit

position, and anesthesia in order to obtain optimal images. For optimization of imaging we

explored several different technical options, including trials on two different MRI units and

construction of a new coil. Both a 1.5 Tesla Signa clinical scanner (General Electric,

Medical Systems, Fremont, CA) and a 2.0 Tesla (Bruker Instruments, Fremont, CA)

research MRI units were utilized. While the 1.5 Tesla system provided “turn-key” ease of

use and was significantly faster than the 2.0 Tesla system, it had a high signal-to-noise

ratio. On the other hand, with the use of high resolution sequences and a prototype

imaging coil, the 2.0 Tesla magnet provided images of good quality (Fig. 1).

In order to reproducibly image the rabbit TMJ and increase image quality over that

obtained with a standard coil, a specially designed birdcage radiofrequency coil was

fabricated to accommodate the rabbit and place the TMJ in proper relation for imaging.

This was also necessary because of the small size and anatomy of the rabbit TMJ. The

animal was placed supine in the magnet with the head in dorsoflexion. An axial localizer

image was taken followed by two acquisitions. We also evaluated the plane of imaging that

best suited the purposes of our study. Using both T1- and T2-weighted images it was

determined that coronal sections were more useful than Sagittal Sections since images in the

sagittal plane can only localize one joint at a time. This would necessitate the evaluation of
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two sections in each animal for analysis of the two joints, thereby increasing the time

needed for analysis. Furthermore, sagittal images provided only one section from each

joint because of the small medio-lateral dimensions of the joint. On the other hand, with

the correct positioning of the rabbit within the radiofrequency coil, coronal sections

provided simultaneous images of both right and left joints (Fig. 1) and images of up to 3 or

4 Sections of the TMJs could be retrieved from each sequence.

Movements of the mandible during the dynamic imaging sequences provided a

significant problem. The rabbits frequently demonstrated involuntary masticatory

movements under light anesthesia which degraded our MRIs. This was further

complicated by the long periods of time required for imaging. The mandibular movements

were minimized by optimizing the anesthetic dose. An anesthetic dose of 40 mg/kg body

weight of ketamine hydrochloride (Ketalar, Parke-Davis, Morris Plains, New Jersey) and

2.5 mg/kg body weight of acepromazine maleate (Fermenta Animal Health Company,

Kansas, MO) was used to maintain immobility of the TMJ. Over sedation was carefully

avoided by monitoring the animals during and after imaging.

These preliminary studies provided the necessary background for us to eventually

utilize thin-partitioned 3-dimensional imaging sequences and a volumetric imaging coil

specially designed for the rabbit head to generate high-resolution images that delineated the

articular disc, cartilage, and general anatomy of the rabbit TMJ (Fig. 1).

In order to determine the location of the joint space for optimal intrarticular

introduction of the arthritogenic antigens, the TMJs of two separate rabbits were utilized in

a pilot study. Utilizing a 27 gauge needle, either 0.05 ml saline or 0.15 ml albumin-Gd

DTPA was injected into the joint space which could be palpated in the anesthetized rabbit
under manual vertical movement of the rabbit's jaw. After injection, the rabbits were

subject to MR imaging to observe the distribution of saline and Gd on T2-weighted or T2*-

weighted 3D-gradient-recalled acquisition in the steady state (GRASS) images and on T1

weighted spoiled-GRASS images (Fig. 2). The right joint showed extravasation of
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Figure 2: Optimization of intrarticular injection. (a) Coronal section
from T1-weighted spoiled-GRASS MRI image of the rabbit
craniofacial skeleton with albumin-Gadolinium (Gd) and normal
saline (S) injected into the right and left TMJs, respectively. (b)
Higher power view of the right (R) TMJ demonstrating some
extravasation of gadolinium from the TMJ. (c) Higher power of the
left (L.) TMJ showing successful intrarticular injection of normal
saline. Both media clearly define the superior joint space. Br=brain;
MC=mandibular condyle; D=disc; Z=zygomatic arch; Cr=cranium.
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gadolinium from the TMJ, whereas the left joint demonstrated an accurately placed saline

injection. The information we gained from these images helped us to more accurately

define the techniques for reliably introducing antigen into the TMJs.

3. Induction of Arthritis

Adult male New Zealand white (NZW) rabbits (Oryctolagus cuniculus) were

obtained from Nita Bell Laboratories (Hayward, CA) and housed individually in metal

cages with food and water available ad libitum. All procedures were performed according

to accepted protocols for animal welfare and after the approval of the Committee on Animal

Research at the University of California, San Francisco.

A total of seventeen rabbits were used in this study. The animals were randomly

divided into three groups, 10 animals in the antigen-treated group and 5 animals in the

sham-treated group and 2 in the untreated group. Arthritis was induced by methods

modified from those described previously by Kapila et al. (1995). The rabbits in the

antigen- and sham-treated groups were sensitized by an intradermal injection of 1.0 ml of

1.0 mg/ml of ovalbumin (ovalbumin, Sigma Chemicals, St. Louis, MO) suspended in

equal volumes of normal saline and complete Freund's adjuvant (CFA, Sigma Chemicals)

administered intradermally over 7-10 sites on the animal’s back. Two weeks later a second

sensitizing dose of equal amount and concentration of ovalbumin in equal volumes of

normal saline and incomplete Freund's adjuvant (IFA, Sigma Chemicals) was administered

as before. One week following the second dose, the rabbits were tested for sensitization by

a subcutaneous injection of 100 pil of 20 mg/ml of ovalbumin in normal saline administered

into a shaved area of the animal’s back, distant from the sites of Sensitization. At 4 and 24

hours following this injection, the area was examined for the presence of erythema,

induration and warmness. All animals exhibited signs of a delayed hypersensitivity to the

ovalbumin when compared to the saline-injected site. One week following confirmation of

systemic sensitization, ten randomly selected animals were placed under light anesthesia

using intramuscular injections of 40 mg/kg body weight of ketamine hydrochloride
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(Ketalar, Parke-Davis, Morris Plains, New Jersey) and 2.5 mg/kg body weight of

acepromazine maleate (Fermenta Animal Health Company, Kansas, MO). The left TMJ of

each sensitized animal was injected intra-articularly with a challenge dose of 0.1 ml of a

solution of 10 mg/ml ovalbumin in saline. Four days later, the right TMJ was injected in a

similar manner. These animals represented the antigen-treated group. The remaining 5

animals were also anesthetized and injected intra-articularly with 0.1 ml of normal saline

under the same conditions and in the same manner. These animals were designated as

sham-treated controls. Two additional animals served as untreated controls. At the time of

imaging, the left TMJ was seven days post-injection and the right TMJ was three days

post-injection for both the antigen-treated and sham-treated groups.

B. TECHNIQUES FOR MAGNETIC RESONANCE IMAGING

At 3 and 7 days after intrarticular injection into the right and left TMJs, respectively,

antigen-treated and sham-treated animals were anesthetized as described previously, and an

ear vein was cannulated with a 21 gauge butterfly needle attached to a saline-containing 5

ml syringe. With the rabbit under optimal anesthesia, imaging was performed on a 2.0

Tesla imager. The rabbits were placed in supine position into a “bird-cage” radio frequency

volume coil with a length of 12 cm and an inner diameter of 8 cm. A gadolinium

containing phantom was placed in the field of view. Coronal multi-slice, T1-weighted Spin

Echo (SE) images were obtained through both TMJ's with the following parameter

settings: TR 300 msec., TE 10 msec., 2 nex, section thickness of 2 mm, FOV 50 x 50

mm, matrix = 256 x 256. Images were acquired before and dynamically for 30 minutes

after an IV bolus injection of albumin-(Gd-DTPA)30 (Contrast Media Laboratory of the

University of California, San Francisco). The technique for preparation of albumin-(Gd

DTPA)30 has been described previously (Ogan et al., 1987). Albumin-(Gd-DTPA)30 was

administered in a dose of 0.03 mmol/kg body weight and its pharmacokinetic and MRI



properties have been described previously in this paper (page 18). Untreated controls were

similarly anaesthetized, cannulated and subjected to the same MRI procedures.

2. Determination of Quantitative MRI Parameters

Signal intensities of the regions of interest (ROIs) positioned in the phantom,

muscle, carotid vessel, and synovium were measured for each time interval on a SUN

workstation (SUN Microsystems, Mountain View, CA). Selected rois included at least 25

pixels in the vessel and 70 pixels each in the synovium and muscle. All ROIs were traced

by a single blinded observer whose error of method had been previously determined (see D

below). The dynamic signal responses from the muscle, carotid vessel, and synovium

were corrected for temporal spectrometer variation over the time of the experiment by

dividing by the signal from the phantom in the field of view. The “delta” dynamic signal

responses of synovium [Ss(t)], muscle [Sm(t)], and vessel [Sv(t)] at time t were

determined by subtracting the pre-contrast signal intensities of each ROI from the post

contrast signal intensity of that data set. Each of these delta signal responses is

proportional to the concentration of albumin-Gd-DTPA in the corresponding tissue when

an injection dose of 0.03 mmol kg." of albumin-Gd-DTPA is used as proposed by Shames

et al. (1993). Data fitting was performed from the delta signal intensities of each joint,

which yielded values for FLR, PV and PS. The underlying mathematical principles for

these derivations are based on the Renkin-Crone model (Renkin, 1959; Crone, 1963), as

modified by Johnson (1966) and are shown in Eq. 1. This model implies that for a given

tissue, i,

FLR = F/Pvix (1-e "º")
(Eq. 1)

where FLRi = fractional leak rate, Fi = plasma flow rate, PVi = plasma volume, and PSi =

permeability surface area product for the tissue i. The units for PV, FLR, and PS are ml

Q.N.
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ccº'', hr' and ml hr' cc-1 of tissue, respectively. The underlying assumptions and ”,

mathematics used to derive these values have been detailed elsewhere (Shames, 1993;

Brasch, 1994). Eq. 1 reduces to Eq. 2 when the PS for a given tissue (i) is much smaller

than the plasma flow ratewhen the flow from the interstitium back into the vessel is much Q. Yº

greater than the flow rate from the vessel to the interstitium. ! -

PViFLRiº PSi

(Eq. 2)

C. PROCEDURES FOR HISTOLOGIC ASSESSMENT OF TMJS

1. Retrieval. Processing, and Sectioning of TMJs

Immediately following MR imaging, animals were sacrificed with an overdose of a

saturated sodium pentobarbital solution administered into the ear cannula. TMJs were

exposed, dissected free, retrieved en bloc, and placed in 4% paraformaldehyde in

phosphate buffered saline for 24 hours at 4°C. The joints were decalcified using a solution

of equal parts of 20% sodium citrate and 50% formic acid at 4 °C for a period of 2 to 4

weeks. The joints were then bisected parasagittally, dehydrated through graded alcohol * R Y

washes and each half embedded in paraffin with an orientation that provided for sectioning J sº
- S

along the Sagittal plane of the joint. Tissue sections (6 pum) were cut and placed on poly-L- sº

lysine-coated slides and air dried. Every 40th section was routinely stained with

hematoxylin and eosin for quantitative scoring of arthritis.
. . . . "

2. Quantitative Scoring of Arthritis ~/* º

The severity of arthritis was scored by a single blinded observer, whose error of º *

method had been previously determined (see D below). An average of 5 sections per joint,

representing the entire medio-lateral width of the TMJ were evaluated. The severity of

arthritis was scored using a criteria modified by Kapila et al. (1995) from that proposed by º

others (Pelletier et al., 1985; Martel-Pelletier et al., 1986). For purposes of scoring, the l *
, 2
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TMJ was divided into four quadrants, namely antero-superior, postero-superior, postero

inferior and antero-inferior (Fig. 3). Each quadrant contained a portion of disc, synovium

and the superior or inferior articular surface and was scored independently according to the

following histologic criteria: 1) synovial lining hyperplasia (SLH) graded 0 to 3 (0 = 1 to 3

layers of synoviocyte cells; 1 = 4 to 6 layers of cells; 2 = 7 to 9 layers of cells; 3 = 10 or

more layers of cells) and measuring from the surface of the membrane to the subsynoviotic

tissues; 2) villous hyperplasia (VH) graded from 0 to 3 (0 = not present; 1 = few, scattered,

and short; 2 = marked and finger-like; 3 = marked and diffuse); 3) inflammatory cell

infiltrate as the degree of infiltration by mononuclear cells (Mn) graded from 0 to 4 (0=

normal; 1 = mild; 2 = moderate; 3 = Severe; 4 = marked cellular infiltration mixed with

lymphoid follicles); 4) pannus formation (Pan) graded from 0 to 3 (0 = absent; 1 = mild to

moderate synoviocyte proliferation and invasion into disc, cartilage, or bone; 2 = Severe

synoviocyte and some inflammatory cell invasion into disc, cartilage, or bone; 3 = marked

synoviocyte and inflammatory cell invasion into disc, cartilage, or bone). The mean score

for each histologic criteria and total arthritic score per section was then calculated from the

individual scores per quadrant. Finally, the mean score of all the sections from each joint

was used to determine the arthritic score for the whole joint.

D. STATISTICAL METHODS

1. Error of Method

The reliability of measuring the arthritic score and quantitative imaging parameters

were determined from two repeated measurements of the arthritic score and quantitative

imaging parameters made approximately two weeks apart. Thirty-six randomly selected

sections, with at least one section representing each joint, were scored twice. Similarly, the

ROIs in the right and left TMJs from 3 antigen-treated, 2 sham-treated and 1 untreated

rabbit which numbered 126 in total were retraced, measured and the quantitative parameters

of signal intensity calculated. Both the histologic and imaging data were subjected to
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Figure 3: Low-power photomicrograph of a sagittal section of the rabbit TMJ
showing anatomic structures and division of joint into four quadrants for
purposes of determination of the arthritic score (original magnification x 10).
TR = temporal bone; SL = synovial lining; SS = synovial stroma; D = disc; AF
= articular fibrocartilage; MC = mandibular condyle; SJC = superior joint
cavity; IJC = inferior joint cavity.
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analysis by interclass correlation coefficients. The results presented in Table 1 show a high

degree of reliability in determining the histologic and imaging measures. The histologic

variables measured demonstrated r-values of 0.91 or more, while raw signal intensity

Scores were correlated at r=0.92.

Table I: Interclass correlation coefficients for measured histologic and MRI parameters.

Variable Interclass Correlation

E Coefficient (r)
Histopathology Villous hyperplasia (VH) 0.92

Synovial lining hyperplasia (SLH) 0.91

Mononuclear Infiltration (Mn) 0.98

Pannus (Pan) 0.97

Total arthritic Score 0.94

MRI ******** 0.92

2. Statistical Analysis

Untreated control joints were used primarily for the purpose of qualitative

comparisons with sham-treated control joints. For all statistical analysis the sham-treated

controls were used as the true controls for the antigen-treated joints. Descriptive statistics,

namely the means and standard deviations, were determined for all quantitative measures

and displayed as histograms. Unpaired t-tests were used to determine any differences

between the 3 and 7 day post-injection arthritic scores and MRI parameters within each of

the antigen-treated and sham-treated groups. Since these tests revealed no significant

differences in any of the measured variables between the 3 and 7 day post-injection joints,

statistical comparisons between the antigen-treated and sham-treated joints were made by

combining the data from the two post-injection time points. The histologic and imaging

data from all the sham-treated joints were compared with the data from antigen-treated

joints by unpaired t-test. Finally, regression analyses were done between each of the

histologic measurements as independent variables and the 3 MRI parameters as dependent
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variables to determine which of these imaging indices provide the best indicator of the

histologic severity of arthritis.

III. RESULTS

A. HISTOPATHOLOGY OF ANTIGEN-INDUCED ARTHRITIS OF THE TMJ

Histologic examination of antigen-challenged joints revealed successful induction of

arthritis in all but one antigen-challenged joint. One day-7 joint could not be sectioned

which reduced the total number of antigen-treated joints to 19. All inflamed joints

demonstrated the characteristic histologic features of arthritis including synovial lining and

villous hyperplasia, mononuclear cell infiltration and pannus formation (Fig. 4). The

sham-treated joints, with the exception of one joint, demonstrated no to mild levels of

inflammation when compared with TMJs from the two untreated control rabbits.

Histopathologic examination demonstrated no clear distinction in the severity of arthritis

between the 3 and 7 day post-challenge joints. This observation was further confirmed

statistically in comparing the arthritic scores for the 3 and 7 day post-challenge joints (Table

II). In the sham-treated rabbits, no statistically significant differences were observed

between the 3 and 7 day post-injection joints. Since all variables in both antigen-treated

and sham-treated rabbits were not significantly different between the 3 and 7 day post

injection joints, the data from these two time-points were combined for subsequent

comparisons between the two groups of animals.

When arthritic scores of all the sham-treated joints were compared with all antigen

treated joints, the severity of all individual histologic criteria as well as total arthritic score

were significantly greater in the antigen-challenged joints (Table III and Fig. 5). In

:
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general, the predominant features of the pathology were moderate to severe pannus *.

formation which was densely populated with inflammatory cells, and marked mononuclear – º,

cell infiltration within the synovial stroma. Synovial lining and villous hyperplasia was C.
also frequently observed, but was less marked than the inflammatory cellular infiltration of tººls J.

bone, cartilage and synovium. A ■ º Y
*

**

*

~ *

Table II: Means, standard deviations and t-test of arthritic scores in 3 and 7 day post
injection joints from sham-treated and antigen-treated rabbits. N for each time-point is 5
for sham-treated joints, and 10 for 3 day and 9 for 7 day antigen-treated joints.

Variable Sham-treated Antigen-treated
3 day 7 day p-value 3 day 7 day p-value

E Mean (SD) | Mean (SD) Mean (SD) | Mean (SD) E

VH 0.212 0.256 NS 0.960 0.931 NS
(0.415) (0.314) (0.286) (0.511)

SLH 0.216 0.019 NS 0.678 0.600 NS
(0.261) (0.215) (0.325) (0.427)

Mn 0.446 0.434 NS 2. 160 1.920 NS

(0.742) (0.348) (0.501) (1.07)
Pan 0.324 0.178 NS 1.430 1.390 NS

(0.626) (0.215) (0.616) (0.864)
Total arthritic 1.200 1.050 NS |. 5.220 4.840 NS
SCOTC (1970) (1.000) (1.460) (2.690)

Table III: Means, standard deviations and t-test of arthritic scores in joints from all sham
treated and antigen-treated rabbits. N is 10 for sham-treated joints and 19 for antigen
treated joints.

Variable Sham Treated Antigen-treated p-value
Mean (SD) Mean (SD)

Villous hyperplasia 0.234 (0.348) 0.946 (0.396) <0.001

Synovial lining hyperplasia 0.201 (0.226) 0.641 (0.396) <0.004

Mononuclear cell infiltration 0.440 (0.547) 2.040 (0.807) <0.001

Pannus 0.251 (0.448) 1.410 (0.722) <0.001

Total arthritic Score 1.126 (1.480) 5.03 (2.080) <0.001
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Figure 5: Histogram of mean (+SD) of individual histologic indices and total arthritic score
for all sham-treated and antigen treated joints. (*p < 0.004; **p < 0.001).

B. QUALITATIVE AND QUANTITATIVE MRICHANGES IN ANTIGEN-INDUCED

ARTHRITIS OF THE TMJ

Successive images of the rabbit head revealed little or no enhancement of sham

treated or untreated TMJs after the administration of albumin-Gd-DTPA (Fig. 6). The

expected enhancement of the blood vessels and the cavernous sinus was noted in these

images. With the exception of slight enhancement of the marrow of the condyle, the level

of signal in the synovium was of similar magnitude as the brain and muscle, indicating that

little of no inflammation is present (Fig. 7a and b). The blood vessels show enhancement

indicating the presence of albumin-Gd in the plasma. In contrast to most sham-treated

joints, 18 of the 19 antigen-challenged joints demonstrated significant enhancement of the



Figure 6:
animal, immediately prior to the adminstration of Gd-DTPA (a)
and 30 minutes following the administration of this contrast agent
(b) showing no enhancement of the TMJ synovium. Arrows
indicate area of TMJ. R = right and L = left.

synovium of the TMJ over time following the administration of albumin-Gd-DTPA (Fig.

8).

The changes in signal intensity in TMJ synovium, blood vessel, and muscle

evaluated by tracing and measuring specific ROIs demonstrated characteristic patterns

(Figs. 7 and 9). Muscle did not show substantial enhancement, while the blood vessel

enhanced immediately following the IV administration of the contrast agent and the signal

decreased slowly thereafter. The changes in signal intensity of the muscle represents

control values where no leakage of albumin-Gd is occurring. The synovium from all

untreated joints, 8 of the 10 sham-treated joints and 1 antigen-treated joint showed an

enhancement profile similar to that of muscle (Fig. 7). In contrast, most antigen-challenged

joints demonstrated varying degrees of enhancement observed as a gradual increase in

signal intensity over time (Figs. 8 and 9). The profile of change in signal signal intensity in

the region corresponding to the arthritic TMJ synovium is indicative of leaky capillaries.
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Figure 7 Plots of graphs of change in signal intensity over time during Gd uptake in a Sham
treated animal. (a) Represents raw signal intensity values for blood vessel, right
synovium, left synovium and muscle. (b) Values for right synovium, left synovium
and muscle corrected for variations in intravascular Go concentration by dividing
by the blood vessel signal intensity.



5.

Rºº.º
T1-weighted,multi-slicesequence
of

antigen-treatedanimalshowingsignal

enhancement
inareaofTMJbeforethe
administration
of

albumin-Gd-DTPA
(a),andat2
minutes (b),10minutes(c),15minutes(d),20minutes(e)and30minutes(f)

followingthe
administration

oftheenhancingagent.Arrowsindicatethe
temporomandibularjoints.
R=rightandL=left.



1.80E4-05

1.6OE+05 *** * *-----......
1.40E*05 . . [.. = ... vessel T * : *---------...- ...m. . . .

= 1.20E+05 : —e—right synovium
- - ---

*

# 8.00E-04 ||
——

§ 6.00E-04 ||
- - - - - - - - - - - --

4.00E+04 ~~~~ *-t-t-t-tº-3- :I;
2.00E+04

------ - - - - - - - - - - - - - --- - - --

0.00E+00 || H i H.

0 4.8 9.6 14.4 19.2 24 28.8 33.6 38.4

Time (minutes)

1.2

—e—right synovium/vessel
– A – left synovium/vessel
– º – muscle/vessel0. 8| O 6 A

– a – Ar - A - Ar T
--~#:4::... ... •.. •.------------

0 * I I i --- * I

0 4.8 9.6 14.4 19.2 24 28.8 33.6 38.4

Time (minutes)
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The plots of delta signal intensity / time for all joints were subjected to a curve

fitting program in order to determine PS, PV and FLR as outlined by Shames et al. (1993).

This modification in the dynamic changes in signal intensity of the synovium was done by

standardizing to the signal intensity of the blood vessel in order to minimize the effects of

intravascular variations of albumin-Gd concentration over the course of the dynamic phase

of imaging. Figures 7b and 9b show curve fitting for information gained from TMJs

showing little and substantial enhancement in the area of the TMJ synovium, respectively.

The slope of the line in the raw and modified plots is likely to correspond to the degree of

leakiness of albumin-Gd-DTPA from blood vessels into the surrounding tissues (Wedeking

et al., 1992; Shames et al., 1993); presumably the greater the slope, the greater the amount

of capillary permeability and inflammation as observed in most of the antigen-challenged

joints. This modification of the signal intensity plots provided a more distinct assessment

of changes in the enhancement profile of the synovium and enabled the calculation of the

quantitative MRI parameters, PS, PV and FLR.

Statistical comparisons for all three quantitative MRI parameters between the 3 and

7 day post-injection joints from both the sham-treated and antigen-treated animals did not

reveal any significant differences (Table IV). As such, the data from the 3 and 7 day post

injection joints were combined for comparisons between the two groups of rabbits. These

comparisons revealed that PS was significantly higher in antigen-treated joints than in

Table IV: Means, standard deviations and t-test of quantitative MRI parameters in 3 and 7
day post-injection joints from sham-treated and antigen-treated rabbits. N for each time
point is 5 for sham-treated joints, and 10 for 3 day and 9 for 7 day antigen-treated joints.

Variable Sham-treated Antigen-treated
3 day 7 day p-value 3 day 7 day p-value

Mean (SD) | Mean (SD) - Mean (SD) | Mean (SD)
PV 0.017 0.023 0.78 0.031 0.036 0.55

(0.029) (0.040) (0.016) (0.017)
PS 0.010 0.018 0.58 0.082 0.065 0.41

(0.018) (0.025) (0.033) (0.052)
FLR 0.227 0.450 0.54 5.1.13 1.700 0.15

(0.314) (0.733) (6.660) (1.440)



sham-treated joints (Table V and Fig. 10b). Although FLR was close to being significantly

greater (p = 0.064) in antigen-challenged than in sham-treated joints, the high degree of

variability in determining this variable minimized the statistical differences (Table V and

Fig. 10b). PV was not significantly different between sham-treated and antigen-treated

joints (Table V and Figure 10a).

Table V: Means, standard deviations and t-test of quantitative MRI parameters in joints
from all sham-treated and antigen-treated rabbits. N is 10 for sham-treated joints and 19
for antigen-treated joints.

Variable -sm: Antigen-treated p-value
Mean (SD) Mean (SD)

Plasma volume (PV) 0.020 (0.033) 0.033 (0.017) 0.15

Permeability surface area (PS) 0.014 (0.021) 0.073 (0.042) <0.001

Fractional leak rate (FLR) 0.339 (0.544) 3.490 (5.110) 0.064

C. RELATIONSHIPS BETWEEN MRI AND HISTOLOGIC INDICES IN ANTIGEN

INDUCED ARTHRITIS OF THE TMJ

The MRI and histopathologic indices of inflammation were compared by regression

analysis to determine what MRI parameters are the best indicators of histologic severity of

arthritis (Table VI). FLR did not show a strong correlation with any of the histologic

indices. On the other hand, PV demonstrated moderately strong correlations with villous

hyperplasia (r=0.59, p<0.001), synovial lining hyperplasia (r=0.45, p<0.02),

mononuclear infiltration (r=0.58, p<0.001), pannus formation (r=0.59, p<0.001) and total

arthritic score (r=0.60, p<0.001). The strongest positive relationships were found between

all histologic criteria including total arthritic score and PS, indicating the potential for this

parameter to serve as a viable indicator of the severity of joint inflammation. The total

arthritic score (r=0.88), villous hyperplasia (r=0.86) and mononuclear cell infiltration

(r=0.85) demonstrated the strongest correlations to PS.
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Figure 10: Histograms displaying mean (+SD) for MRI indices, PV (a), PS (b) and FLR
(c) in all sham-treated and antigen-treated rabbits. (*p <0.001).



Table VI: Regression analysis between all measured histologic parameters and quantitative
MRI criteria. The correlation coefficient and p-value (in parenthesis) are provided for each
comparison. (N = 29).

Variable Plasma volume FTT, mº■ -Fºrm■■ ºr.
*—l—“tº-l-‘Hºl

Villous hyperplasia 0.86
(VH)

-

Synovial lining 0.45 0.82 0.24
hyperplasia (SLH) (<0.02) (<0.001) (0.20)
Mononuclear cell 0.58 0.85 0.40

infiltration (Mn) (<0.001) (<0.00 1) (<0.05)
Pannus (Pan)

Total arthritic score

Because of the high degree of correlation between PS and all histologic criteria,

further analysis on the predictability of the severity of arthritis by this MRI parameter were

performed. This involved testing the measured value of PS against that value of PS

predicted by each of the histologic criteria individually as well as the total arthritic score as

represented in Figure 11. This analysis revealed that at very mild histologic levels of

arthritis, the measured PS was usually lower than the predicted PS, while at histologically

severe arthritis, the measured PS generally exceeded that predicted PS. However, the

measured PS approximated the predicted PS for a majority of the joints, indicating its

potential suitability as a diagnostic aid for the severity of joint inflammation. Care must be

taken regarding the predictive value of these MRI parameters for histopathology. The

predicted and actual values of the MRI parameters are representative of this population of

animals and do not necessarily validate the association between these indices and

histopathology.
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Figure 11: Histograms comparing values for PS derived from enhanced MRIs (Y) and
those predicted (Predicted Y) from the magnitude of villous hyperplasia (a), synovial lining
hyperplasia (b), mononuclear cell infiltration (c), pannus formation (d), and total arthritic
score (e) for 10 sham-treated and 19 antigen-treated joints. Figures (c), (d) and (e) are
presented on the next two pages.
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IV. DISCUSSION

In these studies we demonstrated, for the first time, that specific enhanced MRI

parameters provide sensitive information about the histologic severity of inflammatory

diseases of the TMJ. To our knowledge, this is the first attempt to obtain images of the

rabbit TMJ using MRI and the first study done utilizing albumin-Gd-DTPA enhancement

methods. This investigation provides important insights into the potential uses of enhanced

MRI techniques for the early and sensitive detection of inflammatory joint diseases.

In these studies several obstacles related to the characteristics of the rabbit joint

needed to be overcome in order to obtain images that were of acceptable quality for

quantitative purposes. In contrast to the commonly imaged human and animal knee and

wrist joints for such studies (Terrier et al., 1986; Reiser et al., 1989; Kursunglu-Brahme et



al., 1990; König et al., 1990; Adam et al., 1991; Yanagawa et al., 1992; Yamato et al.,

1993; Winalski et al., 1993; Tamai et al., 1994), the rabbit TMJ poses greater challenges to

imaging in terms of spatial resolution; the condylar head measuring approximately 3 mm in

its medio-lateral dimension and 5 mm anterioposteriorly. In addition, since our study was

designed such that the right TMJ had been exposed to either antigen or saline for 3 days

and the left joint for 7 days, concurrent visualization of the two joints was important. In

order to measure albumin-Gd-enhancement, this necessitated imaging the right and left

TMJs simultaneously via coronal MRI sections. Furthermore, the orientation of the

animal’s head, positioning of the animal within the magnet and slice thickness were

variables that needed to be carefully controlled to obtain acceptable images. To help

achieve this, a custom-made coil was fabricated to accommodate and orient the rabbit head

and help standardize images from one animal to the next.

Other difficulties encountered during this investigation associated with dynamic

NMR imaging of the rabbit TMJ were also addressed. During the Gd uptake phase of

imaging which lasted 30 minutes, the animal needed to be completely immobile to avoid

image deterioration from motion artifacts. Because rabbits experience involuntary chewing

Imovements particular under light anesthesia, the anesthetic dose had to be titrated

<lifferently for each animal to eliminate all movement, yet prevent the respiratory arrest

Nwhich appears to occur at high doses.

Histologic evaluation of antigen-challenged TMJs revealed features characteristic of

rheumatoid arthritis, namely synovial lining and villous hyperplasia, mononuclear cell

infiltration and pannus formation. Since the 3 and 7 day post-challenge time-points utilized

in this study are in the relatively early stages of the inflammatory disease, the most

prominent histologic features observed were mononuclear cell infiltration and invasion of

bone and cartilage by inflammatory cells. Synovial lining and villous hyperplasia were

observed in fewer animals and were not frequently very severe. The lack of established



synovial lining and villous hyperplasia, which are generally associated with more advanced

stages of the disease, indicates the acute nature of the arthritis in the present study.

Evaluation of the sham-treated joints revealed arthritis in 3 of the 10 joints with 2 of

these joints having a mild inflammatory response while the third TMJ demonstrated a

substantial degree of inflammation. This inflammatory sequelae may have resulted from

the process of intra-articular challenge which may have inadvertantly introduced an

irritating or antigenic agent (Engel et al., 1990) into the joint and may explain the mild

levels of arthritis present in some joints. However, the moderately severe inflammation

observed in 1 joint may have resulted from contamination of the needle or saline solution

resulting in introduction of bacteria into this joint. Similarly, all but one antigen-challenged

joint demonstrated an inflammatory response, with 16 of the 19 joints having moderate to

severe arthritis with an arthritic scores greater than 4. The lack of inflammation in the 1

TMJ may have resulted by the injection inadvertently missing the joint during challenge. It

has also been noted in a previous study that the induction of arthritis by intra-articular

challenge of a joint may be unsuccessful for this reason (Engel, et al., 1990).

No significant differences were observed in the arthritic scores of the 3 and 7 day

post-challenge joints partly because the two time-points were relatively close together and

represented similar stages of arthritis, and partly because of the substantial level of

individual variability in response to the antigen. The lack of temporal differences in

antigen-induced arthritis even over longer periods of time have been reported previously

(Boissier et al., 1988; Edwards et al., 1988; Kapila et al., 1995), and have largely been

ascribed to potential differences in response to the antigen between individual animals.

Furthermore, it has also been shown that the severity of ovalbumin-induced arthritis in the

rabbit knee joint depends on the amount of antigen in the challenging dose, with substantial

individual variability being pronounced at low doses of 0.05 and 0.5 mg ovalbumin. In the

present study the rabbit TMJ, a substantially smaller joint than the knee joint, challenged

with 1 mg of ovalbumin demonstrated moderate to severe arthritis in the majority of the
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joints. Nevertheless as noted in the present study and those of previous investigators

(Boissier, 1988; Edwards et al., 1979; Kapila et al., 1995), individual variability in

severity of arthritis appears to be the rule rather than the exception in animal models of

experimental arthritis, often negating the ability to detect progressive changes with

chronicity of the disease. This complicates the analysis due to the reliance on pooled data

for interpretation of results and argues for the monitoring of individual animals. Other

variables that may impact on the severity of arthritic response include the site of

sensitization (Zamma, 1983) and the particular joint being studied (Zamma, 1983).

In comparing the individual histologic criteria and total arthritic scores between

antigen-challenged and sham-treated joints, statistically significant differences were found

for all the measured variables. Antigen-challenged joints demonstrated a large degree of

pannus formation with a dense mononuclear cell infiltration, and to a lesser extent villous

hyperplasia and synovial lining hyperplasia were also present. The acute inflammatory

response in the 3 and 7 day antigen challenged joints in the present study compare well

with those described previously (Kapila, 1994; Kapila et al., 1995) during the early phases

of pathology in a similar model of antigen-induced annis of the TMJ. Additionally, since

the previous study was done over a period of 55 days post-challenge, villous and synovial

lining hyperplasia were noted to become more pronounced at 10 and 15 days post

challenge. Because the present study did not examine long-term chronic stages of antigen

induced arthritis, it likely missed the establishment of these histopathologic features of

arthritis. In general, however, the histopathologic features in the arthritic joints in the

present study demonstrate similarities to those seen in human RA (Ziff, 1983; Schumacher

and Kitridou, 1972), adjuvant-induced arthritis in rats (Burstein, 1981; Waksman, 1960),

and antigen-induced arthritis in the rabbit knee (Edwards et al., 1981; Beesley et al., 1992).

As with the arthritic score, the 3 quantitative MRI parameters, PS, PV and FLR,

revealed no statistically significant differences between the 3 and 7 day post-injection joints

in both the antigen- and sham-treated animals. In addition, only one variable, PS, was
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significantly greater in antigen-treated than in sham-treated joints. The lack of significant

differences in PV and FLR between the antigen and sham-treated joints probably arose

from the high level of variability in these parameters. This could be attributed to the small

size of the rabbit TMJ and therefore on the small number of pixels sampled per image. The

small size of the joints also places limitations on the resolution of the images thereby

potentially increasing the variability of measurements. It is, however, very likely that both

PV and FLR would show important differences between arthritic and non-arthritic joints if

a bigger joint was imaged or if higher resolution images are taken of small joints.

The quantitative MRI parameters measured were derived from a linear kinetic model

which was developed for the noninvasive assessment of capillary permeability to albumin

Gd-DTPA (Shames et al., 1993). The authors conclude that adequate estimates of the

plasma volume of a particular tissue, the fractional leak rate from the plasma to the

interstitial water, and the permeability surface area of the tissue can be made utilizing this

technique. The validity of this model has been confirmed in a study (Kuwatsuru et al.,

1993) estimating the plasma volume in vivo in the myocardium, lung, liver and skeletal

muscle of normal rats. These measurements were compared in vitro to the same tissues in

normal rats whose plasma volumes were derived by intravenously administered "Indium

labeled transferrin, a conventional means of estimating plasma volume. The findings

indicated that under appropriate experimental conditions, enhanced imaging with MRI

provides reliable estimates of tissue plasma volumes. Further confirmation of this model

has come from a study examining changes in capillary permeability in experimental

mammary adenocarcinomas (Brasch et al., 1994). Altered permeability in tumor

microvessels with respect to macromolecules following a single exposure of the tumor to x

irradiation was noninvasively demonstrated utilizing this linear kinetic model. It has been

postulated that this technique may be useful in animal or human studies where abnormal

capillary permeability is present, such as in inflamed tissues. For this reason, we have

utilized this model to determine if enhanced MRI parameters of capillary permeability are
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indicative of histopathologic changes associated with inflammatory conditions such as RA.

Our results confirm the validity and predictive quality of this mathematical model by

correlating the MRI indices, PS and PV, of increased capillary permeability with

histopathological indices of inflammation. Indeed, this model may be applicable to and

predictive of any pathologic condition characterized by altered capillary permeability but

needs to be validated for these pathologies by studies similar to the present one which

utilize albumin-Gd-DTPA.

The MRI enhancement dynamics in our study compare favorably with studies on

RA of the wrist, knee and finger, and also to other related inflammatory disorders studied

utilizing Gd-DTPA (Terrier et al., 1986; Kursunglu-Brahme et al., 1990; König et al.,

1990; Adam et al., 1991; Yanagawa et al., 1992; Yamato et al., 1993; Winalski et al.,

1993; Tamai et al., 1994). Reiser et al (1989) compared the signal intensity characteristics

of patients with RA, juvenile RA, psoriatic arthropathy, systemic lupus erythematosis,

ankylosing spondylitis, and septic arthritis and found no difference in contrast enhancement

following administration of Gd-DTPA. Similar results have also been obtained from

studies of malignant bone tumors (Erlemann, 1988). However, despite the obvious

advantages of imaging with enhanced MRI, limitations related to the need for no movement

by the animal of patient during the uptake phase and the potential high cost of imaging need

to be considered carefully by the clinician or researcher.

Proliferative synovitis is considered to be characteristic of RA, yet it is relatively

unidentifiable during its earlier, more reversible stages utilizing conventional radiography

(Makela and Virtama, 1978). Planar tomography and CT provide more information than

plain radiography and corrected tomograms, but do not provide adequate Sensitivity to soft

tissue contrast. MRI has proven to be useful not only in more reliably depicting bony

erosions than conventional radiography (Beltran, 1987), but due to its increased soft-tissue

contrast, is also capable of detecting periarticular soft-tissue changes. Conventional MRI is

Superior to plain radiography, Scintigraphy, and CT in directly imaging soft tissue and
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bony changes in arthritis (Chan et al., 1991; Lang et al., 1991a and b, 1992; Larheim et al.,

1990a; Stoller et al., 1989; Vitale et al., 1990). However, difficulties in distinguishing

between early proliferative changes within the rheumatoid joint, namely inflamed synovial

tissue, joint effusion and articular cartilage alterations have limited the application of MRI

(Peterfy et al., 1994). Similarly in the TMJ, although late manifestations of arthritis related

to changes in morphology and position of the disc and condyle have been identified

utilizing conventional MRI (Larheim et al., 1990a and b, 1992; Vitale et al., 1990), the lack

of tissue specificity of this technique has limited the wide-scale use of MRI in the study of

early arthritis and its treatment. However, as noted in our study and those of others on the

rheumatic TMJ (Smith et al., 1992), enhancement of signal intensity utilizing paramagnetic

contrast agents such as albumin-Gd-DTPA in conjunction with MRI provides greater

contrast between hypervascular pannus and adjacent joint tissues. These techniques on the

human TMJ clearly reveal diffusely enhancing tissues on both sides of the disc and filling

the joint space, suggesting the presence of thickened synovium or pannus (Smith et al.,

1992). These features were difficult to identify on unenhanced images. However, such

human studies do not provide a definite indication about what the images obtained with

MRI really represent. By concurrently evaluating the MRIs and histology of the same

joints, our study provides the first evidence of the high degree of correlations that exist

between specific quantitative MRI parameters and the severity of joint inflammation. Such

data provides critical information for devising contemporary and sensitive methods for

diagnosing arthritis early. Furthermore, the findings of this study also has important

implications in monitoring the efficacy of anti-arthritic therapies both in animal models and

in human disease.
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