
(19) United States 
US 20020007121A1 

(12) Patent Application Publication (10) Pub. N6.= US 2002/0007121 A1 
JACKSON ct al. (43) Pub. Date: Jan. 17, 2002 

(54) DIAGNOSIS OF RHEUMATOID ARTHRITIS 
IN VIVO USING A NOVEL SPECTROSCOPIC 
APPROACH 

(76) Inventors: MICHAEL JACKSON; WINNIPEG 
(CA); MICHAEL G. SoWA, 
WINNIPEG (CA); JAMES R. 
MANSFIELD; WINNIPEG (CA); 
HANS H. EYSEL, WINNIPEG (CA); 
HENRY H. MANTSCH, WINNIPEG 
(CA); HANI EL-GABALAWY; 
WINNIPEG (CA); JAN M. CANvIN, 
WINNIPEG (CA) 

Correspondence Address: 
ADRIAN D BATTISON 
ADE & COMPANY 
1700 360 MAIN STREET 
WINNIPEG RCC3Z3 (CA) 

( * ) Notice: This is a publication of a continued pros 
ecution application (CPA) ?led under 37 
CFR 1.53(d). 

(21) Appl. No.: 09/334,661 

(22) Filed: Jun. 17, 1999 

Publication Classi?cation 

(51) Int. Cl.7 ..................................................... .. A61B 6/00 

(52) US. Cl. ............................................................ .. 600/475 

(57) ABSTRACT 

A novel near infrared spectroscopic technique Was used to 
characterize the joints in arthritis With comparison against 
normal joints. A beam of near infrared light Was passed to 
joints through a ?ber optic cable. Scattered light Was col 
lected by the same ?ber bundle and a spectrum of the joint 
computed. Multivariate pattern recognition techniques iden 
ti?ed regions of the spectrum Which alloWed discrimination 
betWeen healthy and affected joints. Linear discriminant 
analysis resulted in correct classi?cation of 74% of the 
joints. 
The high degree of similarity betWeen mean spectra repre 
senting the early; late and control groups along With the 
signi?cant betWeen—subject variability in the data make 
diagnosis based on visual assessment of the spectra impos 
sible. Linear discriminant analysis Was therefore applied to 
spectra to determine if spectra could be classi?ed by statis 
tical methods as arising from early or late RA. Application 
of LDA resulted in correct classi?cation of 74% of the joints. 
Interestingly; the spectral regions in Which diagnostic dif 
ferences Were found by the multivariate analysis contain 
absorption bands related to tissue oxygenation status (oXy 
and deoXyhaemoglobin) and oxygen utilization (cytochrome 
aa3), suggesting that ischaemic changes Within the joint are 
being detected. 
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DIAGNOSIS OF RHEUMATOID ARTHRITIS IN 
VIVO USING A NOVEL SPECTROSCOPIC 

APPROACH 

FIELD OF THE INVENTION 

[0001] The present invention relates generally to the ?elds 
of diagnostic devices and methods of use thereof. More 
speci?cally, the present invention relates to a device for 
diagnosing rheumatoid arthritis. 

BACKGROUND OF THE INVENTION 

[0002] There are almost 100 disorders that fall under the 
umbrella classi?cation of arthritis. The most prevalent are 
osteoarthritis and rheumatoid arthritis. Osteoarthritis (OA) is 
a disease of Wear and tear commonly affecting the elderly. 
Rheumatoid arthritis (RA) is a systemic auto-immune dis 
order causing a symmetric in?ammatory polyarthritis. Once 
the in?ammatory process is activated, there can be rapid 
destruction of joints that can, in some cases, be very aggres 
sive. It has been shoWn that erosive damage occurs Within 
Weeks of the onset of the clinical symptoms. Typically, RA 
involves the small joints of the hands and feet leading to the 
clinical signs of joint tenderness and sWelling. 

[0003] Despite its prevalence, arthritis can often be a 
dif?cult disease to diagnose. Clinical history and physical 
examination by a specialised medical practitioner are of key 
importance in diagnosis. HoWever, any diagnosis based 
upon the personal skills and experience of the examining 
physician must of necessity contain an element of subjec 
tivity. Among the more objective tests are X-ray investiga 
tion and magnetic resonance imaging of the affected joints 
and serological and immunological analysis of synovial 
?uid and blood. 

[0004] Once a diagnosis is made, assessment of prognostic 
indicators presents further dif?culties. For example, RA has 
traditionally been thought of as one homogeneous disease, 
but it has become increasingly obvious that there are many 
subgroups Within the patient population. Speci?cally, While 
some patients may have minimal disease for 20-30 years 
With only minor joint deformities and mild disability, other 
patients may have the disease for less than 5 years and 
Within this time the disease progresses so rapidly that many 
joints are destroyed and require replacement. Patients in this 
latter group often have severe functional disabilities in their 
activities of daily living. 

[0005] It is becoming clear that there are certain early 
prognostic features that can suggest that a patient is more 
likely to have extensive and progressive disease, at least for 
RA. One of these features is the immunological haplotype 
Where the class II MHC HLA-DR 4 and HLA-DR 1 are 
associated With RA. Unfortunately, immunogenetic haplo 
typing is expensive and is not a practical tool for the of?ce. 
Other factors contributing to a poorer prognosis include 
female gender, high rheumatoid factor titres, multiple joint 
involvement and early erosive damage. HoWever, no one 
feature predicts the severity of disease or the extent of 
involvement at a speci?c joint. 

[0006] Current modes of assessment of arthritis (other 
than clinical examination) include i) plain radiographs, 
Which do not shoW the very early damage: ii) magnetic 
resonance imaging Which does shoW early cartilage and 
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bony destruction, but is neither easily available nor inex 
pensive; and iii) ultrasound imaging Which provides a more 
subjective assessment but thus far has been con?ned to 
research units. 

[0007] All of the above diagnostic methods, and particu 
larly combinations of these methods, may require the ser 
vices of a rheumatology specialist, immunologist and skilled 
technical staff, making diagnosis costly, labour intensive and 
time consuming. In addition, it may take Weeks or months 
for the clinical symptoms to become distinctive enough to 
alloW diagnosis. Unfortunately, by the time symptoms are 
suf?ciently distinct to alloW diagnosis by more objective 
methods, considerable irreversible damage may already be 
present in the affected joints. 

[0008] Clearly, it is critical to determine the severity of the 
disease early on in the clinical assessment. HoWever, this is 
complicated by the discordance that is often found betWeen 
the detection of sWelling, tenderness and temperature of a 
joint With plain radiographic assessment Which may not yet 
shoW any underlying damage. Although the majority of 
patients With active synovitis do progress on to early radio 
graphic damage, there is a subset of patients Who have active 
synovitis for several years With no apparent radiographic 
joint damage. 
[0009] NeW methods for the early investigation of arthritis 
are therefore required and infrared spectroscopy may form 
the basis for such a method. For example, US. Pat. No. 
5,038,039 teaches an infrared spectroscopy-based method 
for detecting the presence of anomalies in biological tissues 
and cells. HoWever, the tissues and/or cells must be removed 
from the patient in order to be tested. 

[0010] Similarly, US. Pat. No. 5,473,160 teaches a 
method for diagnosing arthritic disorders using infrared 
spectroscopy that involves analyZing synovial ?uid taken 
from a joint for anomalies. 

[0011] It is apparent that there is a real need for a rapid, 
non-subjective method for the diagnosis of arthritic disor 
ders that has the additional bene?ts of being loW cost, 
non-labour intensive and does not require the removal of 
?uid or tissue samples from the patient, that is, a method of 
diagnosing arthritis that is non-invasive. 

SUMMARY OF THE INVENTION 

[0012] The novel method presented here is based upon the 
combination of near infrared (NIR) spectroscopy With mul 
tivariate classi?cation. 

[0013] NIR spectroscopy measures the Wavelengths of 
near infrared light that are absorbed by a sample, Which 
produces a characteristic ?ngerprint of the sample. NIR light 
is absorbed to promote vibrations Within molecules. Typi 
cally, only absorption band from O—H, N—H and C—H 
vibrations are seen. The Wavelengths of light Which are 
absorbed depend upon the nature of the vibration (stretch 
ing, bending etc.) and the nature of the molecules in the 
bond. Thus, O—H stretching and N—H bending vibrations 
absorb different Wavelengths of light. In addition, NIR light 
can be absorbed to promote loW-lying electronic transitions 
in the metal ions found in proteins such as haemoglobin, 
myoglobin and cytochromes. The Wavelength of light 
absorbed by the metal ions is in?uenced by both the oxida 
tion state and local environment. Thus, oxy- and deoxymyo 
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globin, oxy- and deoxyhaemoglobin and reduced and oxi 
dised cytochrome aa3 all absorb different Wavelengths of 
near infrared light. 

[0014] It can be seen that the Wavelengths of near infrared 
light absorbed by tissues Will provide direct chemical (com 
positional) and physiological (oxygenation and oxygen utili 
sation) information. More importantly, near infrared spec 
troscopy is sensitive to changes in these parameters. In 
principle, this should alloW NIR spectroscopy to be used as 
a tool to assess joint physiology. We have therefore applied 
NIR spectroscopy to the characterisation of rheumatoid 
synovitis. 

[0015] According to a ?rst aspect of the invention, there is 
provided a method of diagnosing an in?ammatory or 
ischaemic condition in a joint comprising: 

[0016] providing a device having: 

[0017] an emitter arranged to emit a beam of 
infrared light; 

[0018] a collector arranged to collect and analyZe 
re?ected light, said collector for producing an 
infrared spectrum; and 

[0019] a database containing a plurality of spectra 
previously collected from joints, said spectra 
being divided into at least tWo groups: spectra 
from joints diagnosed as having the in?ammatory 
or ischaemic condition and spectra from nonaf 
?icted joints; 

[0020] providing a joint; 

[0021] positioning the device proximal to the joint 
such that the emitter contacts the joint; 

[0022] emitting a beam of near infrared light from the 
emitter into the joint; 

[0023] collecting and analyZing re?ected light from 
the beam, thereby producing a patient spectrum; 

[0024] comparing the patient spectrum to the data 
base spectra; and 

[0025] assigning the patient spectra to a group, 
thereby diagnosing the joint. 

[0026] The in?ammatory or ischaemic condition may be 
rheumatoid arthritis. 

[0027] The patient spectrum may be a mean spectrum of 
tWo or more spectra of the joint. 

[0028] The patient spectrum may be compared to the 
database spectra over Wavelengths of high accuracy. 

[0029] The Wavelengths of high accuracy may be selected 
from the group consisting of: Wavelengths corresponding to 
oxyhemoglobin to deoxyhemoglobin ratio; Wavelengths cor 
responding to reduced cytochrome aa3; Wavelengths corre 
sponding to oxidiZed cytochrome aa3; Wavelengths corre 
sponding to deoxyhemoglobin; Wavelengths corresponding 
to oxyhemoglobin; Wavelengths corresponding to cyto 
chrome aa3; Wavelengths corresponding to Water; Wave 
lengths corresponding to proteins; Wavelengths correspond 
ing to lipids; and combinations thereof. 
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[0030] The emitter may be a ?bre optic probe. 

[0031] The database spectra may be divided into three 
groups: control, early rheumatoid arthritis and late rheuma 
toid arthritis. 

[0032] According to a second aspect of the invention, 
there is provided a device for diagnosing an in?ammatory or 
ischaemic condition in a joint comprising: 

[0033] an emitter arranged to emit a beam of infrared 
light; 

[0034] a collector for producing an infrared spectrum 
from re?ected infrared light; and 

[0035] a database containing a plurality of prior spec 
tra previously collected from joints, said spectra 
being divided into at least tWo groups: spectra from 
joints diagnosed as having the in?ammatory or 
ischaemic condition and spectra from nonaf?icted 
joints; and 

[0036] an analyZer for comparing the spectrum to the 
prior spectra and assigning the spectrum to a group, 
thereby diagnosing the joint. 

[0037] The in?ammatory or ischaemic condition may be 
rheumatoid arthritis. 

[0038] The collector may produce a spectrum that is a 
mean spectrum comprised of tWo or more spectra of the 
joint. 
[0039] The analyZer may analyZe the spectrum for Wave 
lengths of high accuracy and compares the spectrum to the 
database spectra over the Wavelengths of high accuracy. 

[0040] The emitter may be a ?bre optic probe. 

[0041] The spectra may be divided into three groups: 
control, early rheumatoid arthritis and late rheumatoid 
arthritis. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0042] FIG. 1 is a representative spectrum of a PIP joint. 

[0043] 
joints. 
[0044] TABLE 1 is a summary of baseline characteristics 
of patients. 

[0045] TABLE 2 is a summary of total joint count, radio 
graphic damage and laboratory parameters. 

[0046] TABLE 3 summariZes tWo class LDA of early RA 
and late RA, PIP only. 

[0047] TABLE 4 summariZes tWo class LDA of early RA 
and late RA, MCP only. 

[0048] TABLE 5 summariZes tWo class LDA of early RA 
and late RA, both MCP and PIP. 

[0049] TABLE 6 summariZes three class LDA of control, 
early RA and late RA (all joints). 

FIG. 2 is mean spectra of control, early and late RA 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0050] Unless de?ned otherWise, all technical and scien 
ti?c terms used herein have the same meaning as commonly 
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understood by one of ordinary skill in the art to Which the 
invention belongs. Although any methods and materials 
similar or equivalent to those described herein can be used 
in the practice or testing of the present invention, the 
preferred methods and materials are noW described. All 
publications mentioned hereunder are incorporated herein 
by reference. 

DEFINITIONS 

[0051] As used herein, “oedema” refers to an abnormal 
accumulation of ?uid in body parts or tissues. 

[0052] As used herein, “synovial ?uid” refers to the ?uid 
secreted by the synovial membrane that lubricates joint 
surfaces and nourishes articular cartilages. 

[0053] As used herein, “in?ammation” refers to the physi 
ological response of the body to tissue injury. 

[0054] As used herein, “ischemic” refers to a local 
decrease in blood supply. 

[0055] Described herein is a device for assessing the 
condition of a joint suspected of being arthritic. The device 
comprises an emitter arranged to emit a beam of loW 
intensity near infrared radiation, a collector Which records 
the absorbance of NIR light at different Wavelengths and a 
database containing spectra from joints previously deter 
mined clinically to be normal or arthritic. As discussed 
above, biomolecules absorb NIR radiation at characteristic 
Wavelengths. Thus, the described device can be used to take 
a chemical and physiological ?ngerprint of a joint and then 
compare the resulting spectrum to a set of spectra in the 
database for classifying the joint. In one embodiment, the 
device is positioned such that the emitter is in contact With 
a joint. The infrared beam is then emitted and collected, 
producing a spectrum. In one embodiment, this process is 
repeated tWice more and the spectra are averaged by an 
automated computer algorithm, producing a mean spectrum. 
The mean spectrum is then analyZed by another computer 
algorithm for regions of high diagnostic utility. The mean 
spectrum is then compared to the spectra in the database 
over these regions by a computer algorithm. On the basis of 
this comparison, the mean spectrum is assigned to a speci?c 
group of spectra (early arthritic, late arthritic or control). 
Thus, the condition of the joint can be assessed at an early 
stage Without the need to remove a ?uid or tissue sample. 
Furthermore, because assessment can be done at an early 
stage, treatment can begin before excessive and irreversible 
damage to the joint has occurred. Furthermore, the spectra 
from the examined joint can be added to the database, 
meaning that the accuracy of the device continually 
improves as more data is gathered. 

[0056] We have recently shoWn that analysis of synovial 
?uid by infrared spectroscopy can be used to predict the 
involvement of joints in a range of arthritic disorders. We 
have noW taken this approach one stage further, and applied 
near infrared spectroscopy (NIRS) to the differentiation of 
arthritic and control joints and to see if NIRS could deter 
mine early and late involvement in rheumatoid arthritis. 

[0057] Near infrared spectroscopy potentially provides a 
sensitive means of monitoring tissue by directly measuring 
the chemical composition of tissues. Materials such as 
lipids, proteins, Water, oxyhaemoglobin, deoxyhaemoglobin 
and reduced and oxidised cytochrome aa3 each absorb char 
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acteristic Wavelengths of infrared light. By analysing the 
relative proportions of light absorbed at each of these 
Wavelengths, a chemical ?ngerprint of tissue can be 
obtained. In the case of the small joints of the hand, a beam 
of loW intensity near infrared light is directed onto the joints 
via a ?bre optic bundle. The light Which is re?ected back 
from the joint is collected and analysed to determine Which 
Wavelengths of light have been absorbed, A plot of the 
intensity of light absorbed as a function of Wavelength 
produces a chemical ?ngerprint of the joint. Speci?cally, 
oxyhaemoglobin and deoxyhaemoglobin indicate oxygen 
delivery to the synovium and surrounding tissue While the 
redox balance of cytochrome aa3 provides a measure of 
mitochondrial oxygen utilisation. In addition, tissue oedema 
associated With in?ammation can be detected pre-clinically 
using near infrared spectroscopy. That is, high levels of 
Water can be detected by the above-described device. This in 
turn means that near infrared spectroscopy can be used to 
detect in?ammatory and ischaemic conditions in the joint. 

[0058] The invention Will noW be described by Way of 
examples; hoWever, the invention is not limited to the 
examples. 

EXAMPLE I 

Patient Selection 

[0059] A cohort of 53 patients With rheumatoid arthritis 
(meeting ARA criteria) Were studied. Of these, 28 had RA of 
duration less than 2 years (early RA) and 25 had RA of 
duration greater than 2 years (late RA). The control groups 
consisted of 8 age and gender matched subjects With no RA. 
Demographic information Was obtained on the patient’s age, 
gender, ethnicity, smoking history and hand dominance. All 
patients Were betWeen 18 and 70 years of age. Clinical 
evaluation for joint sWelling and tenderness, on a graded 
scale, Was performed on the second and third metacarpal 
phalangeal (MCP) and proximal interphalangeal (PIP) joints 
bilaterally. Patients Were excluded if there Were superim 
posed changes of osteoarthritis on clinical or radiographic 
assessment. A graded total joint count on 28 joints Was 
performed for sWelling, tenderness and damaged joints. 
Self-evaluation of morning stiffness, pain by visual analogue 
scale and functional disability With a modi?ed Health 
Assessment Questionnaire (HAQ) Was performed. Labora 
tory parameters for erythrocyte sedimentation rate (ESR) 
and C-reactive protein (CRP) Were determined. Radiographs 
of the hands Were taken and scored at the 8 target joints by 
a panel of 3 rheumatologists, blinded to the results. Using 
this information, patients Were classi?ed as control, early 
RA or late RA. 

[0060] The baseline characteristics, total joint counts, 
radiographic damage score and laboratory parameters are 
summariZed in Tables 1 and 2. As can be seen, signi?cant 
differences existed betWeen the mean disease duration, 
sWelling, damage and radiographic scores betWeen early and 
late RA, With values being higher in the late RA group as 
expected. 

EXAMPLE II 

Near Infrared Spectroscopy 

[0061] Visible and near-IR spectra Were acquired using a 
Perstorp NIRSystems model 6500 scanning spectrometer 
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(Silver Springs, Md.) equipped With a randomized ?ber 
bundle With an active area of approximately 1 cm. Triplicate 
spectra Were collected in the Wavelength range of 400 to 
2500 nm at 2 nm resolution by co-averaging 64 scans. In this 
embodiment, 64 scans Were performed to increase the signal 
to noise of the data. That is, all spectra contain random noise; 
by averaging a number of scans Which each contain random 
noise, the random noise is cancelled out. As Will be apparent 
to one knowledgeable in the art, the more scans that are 
averaged, the more random noise that is cancelled out. In 
this spectra region, it is found that 64 scans is a good 
compromise betWeen the time required to make multiple 
scans and the quality of the data. HoWever, it is apparent that 
other arrangements, Wherein either a greater number or 
lesser number of scans are taken, may also be suitable, 
depending upon experimental conditions. As Will be appar 
ent to one knowledgeable in the art, most NIR instruments 
include a feature that alloWs the number of scans to be 
averaged to be selected. Spectra Were acquired by bringing 
the near infrared light from the spectrometer to the joints 
using a ?bre optic probe. The ?bre optic probe Was pressed 
very lightly against the joint and the re?ected light collected. 
Through analysis of the re?ected light the Wavelengths of 
light absorbed by each joint Were calculated. Thus, the 
spectra Were gathered Without the removal of a sample of 
any kind from the patient. 

[0062] Prior to any further analysis, the triplicate spectra 
from each joint Were averaged, taking the median value for 
each Wavelength, and then the spectral Width Was truncated 
to 400 to 1860 nm, leaving a total of 731 data points per 
spectrum. The spectra Were partitioned into 3 classes: con 
trol, early RA and late RA and a mean spectrum and the 
standard deviation for each data point Was calculated for 
each class. Any spectrum Which had at least one data point 
Whose value Was more than three standard deviations from 
the class mean Was removed as an outlier. This left 94 

control spectra, 205 early RA spectra, and 193 late RA 
spectra, for a total of 492 spectra. 

EXAMPLE III 

Multivariate Analysis 
[0063] To increase accuracy and decrease processing time, 
spectra Were ?rst pre-processed. The pre-processing method 
used here selects relevant features from the spectra by an 
optimal region selection (ORS) algorithm developed in 
house. ORS starts at one end of an N-point spectrum by 
selecting a WindoW consisting of M<<N adjacent data 
points. Typically, M=10-12. Linear discriminant analysis 
(see beloW) is carried out With these M points as local 
attributes, and the classi?cation accuracy on the test subsets 
is recorded. The WindoW is advanced by M/2 data points 
along the spectrum and the process repeated. When the 
spectra are fully traversed, the non-overlapping subregions 
are sorted in decreasing order of accuracy. If the best 
subregion found satis?es a prescribed accuracy (typically 
290%), the subregion selection process is terminated. This 
happens rarely, and thus the next stage is initiated. The best 
6-8 subregions are tested in all possible combinations and 
the least number L of subregions that satis?es the accuracy 
criterion provides spectral regions that are used for classi 
?cation. 

[0064] Classi?cation of spectra Was performed by linear 
discriminant analysis of the optimal set of spectral subre 
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gions. A linear discriminant analysis algorithm Was trained 
to recognise the patterns in these subregions Which Were 
characteristic of early and late RA and control joints. TWo 
thirds of all of the spectra Were used in this training step. The 
remaining spectra Were used as a test set, to see if the LDA 
algorithm could correctly predict Whether the pattern corre 
sponding to early RA, late RA or control joints Was present. 

EXAMPLE IV 

Results and Discussion 

[0065] A representative spectrum of a PIP joint is shoWn 
in FIG. 1. Spectra are plotted shoWing the amount of light 
absorbed by the joints at each Wavelength. Thus, peaks 
correspond to Wavelengths of light Which are absorbed by 
materials Within the joint. The more intense the peak, the 
more light is absorbed by the joint and the higher the 
concentration of material that is absorbing the light Within 
the joint. Since, as discussed above, biomolecules absorb 
characteristic Wavelengths of light, each peak in the spec 
trum can be assigned to speci?c substances found in the 
joint. By comparison With spectra of reference materials, We 
can assign the major peaks as shoWn in FIG. 1. The major 
absorption bands arise from Water (in synovial ?uid, blood, 
interstitial ?uid and Within cells). Other important, but 
Weaker, absoprtions arise from oxy-haemoglobin, deoxy 
haemoglobin, cytochrome aa3 and lipds and proteins. This is 
important, as oxyhaemoglobin and deoxyhaemoglobin indi 
cate oxygen delivery to the synovium and surrounding tissue 
While the redox balance cytochrome aa3 provides a measure 
of mitochondrial oxygen utilisation. 

[0066] Traditional univariate statistical tests can be 
applied to spectra, if one considers a spectrum to be simply 
a plot of magnitudes at each point in the spectrum. We can 
then calculate the mean intensity and variance of light 
absorbed at each Wavelength for the three classes and the 
results can be analysed by Students t-test or analysis of 
variance. HoWever, application of such univariate statistical 
tests reveals that no signi?cant differences in the amount of 
light measured are seen betWeen groups at most Wave 
lengths, most likely due to the high degree of variability 
betWeen spectra from different subjects. 

[0067] Class average (mean) spectra of all early RA, late 
RA and control joints are shoWn in FIG. 2. It is immediately 
apparent that the mean spectra shoW a high degree of 
similarity, and discrimination betWeen spectra of early RA, 
late RA and control joints is difficult, even for the trained 
spectroscopist. 
[0068] It is highly improbable that variations in the 
absorption of a single Wavelength of light Will provide 
information Which is clinically useful: this Would imply that 
a single chemical species can be used as a diagnostic marker 
for RA. For disease as complex as RA, this seems unlikely. 
If this Was indeed the case, then it seems likely that a 
diagnostic tests based upon this chemical species Would 
have been developed. HoWever, tests based upon a single 
clinical or laboratory parameter are rarely diagnostic for RA. 
In general, more than one parameter (variable) is required to 
diagnose and stage the disease. Thus, the current clinical 
evaluation of RA is a multivariate process. 

[0069] In a similar fashion, it may be expected that mul 
tivariate analysis is required to obtain diagnostic information 
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from NIR spectra of joints. Avisible-near infrared spectrum 
of the joint is intrinsically multivariate since the tissue 
re?ectance properties are measured over a series of Wave 
lengths. Thus, rather than analysing the response at a single 
Wavelength of the spectrum, parameters can be derived from 
the response across a range of Wavelengths. For instance, 
tissue Water content can be derived by integrating the 
response across all regions of the spectrum Where Water 
absorptions dominate, rather than a single Wavelength. 
Another commonly measured near infrared spectral param 
eter is tissue hemoglobin oxygen saturation, Which requires 
analysis of a number of absorption peaks. A number of 
multivariate statistical methods are available Which can 
assess tissue responses across the spectrum and correlate 
these responses With clinical data. 

[0070] To reliably ascertain Whether or not signi?cant 
differences exists betWeen the three classes of spectra that 
are of diagnostic use, multivariate pattern recognition meth 
ods are required. UtiliZing the re?ectance response over 
several spectral regions or over the full spectral range 
improves the poWer of the multivariate statistical tests in the 
presence of confounding variables. 

[0071] Principal component analysis (PCA) is a poWerful 
multivariate technique for assessing spectra. PCA partitions 
the variance of the spectroscopic data set into its indepen 
dent sources and rank orders these sources of variation. In 
other Words, the ?rst principal component (PC) of the 
spectral data set consists of the linear combination of 
variables (Wavelength responses) Which account for the 
greatest variation Within the population. The second PC 
accounts for the next largest source of variation With the 
restriction that it is unrelated or independent (orthogonal) to 
the ?rst component. Higher PCs account for successively 
less variation Within the data set subject to the same inde 
pendence constraint. The variance partitioning carried out in 
a principal component analysis is solely based on the 
intrinsic covariance structure of the data set and does not 
consider any of the clinical or radiographic scores. As such, 
it is generally referred to as a model-free or exploratory 
method of data analysis. 

[0072] Once the PCs have been determined, it is then 
possible to establish a correlation for each PC With clinical 
data. Correlating the intrinsic variance structure of the 
spectroscopic data set With the clinical and radiographic data 
reveals some interesting relationships. For instance, the joint 
damage score shoWs a small but statistically signi?cant 
correlation With the 1St PC of the spectroscopic data. The 
clinical tenderness score is signi?cantly correlated With both 
the 2nd and 3rd PCs of the spectroscopic data. Tenderness 
Was also found to correlate signi?cantly With tissue Water 
content and oxygenation as measured by near infrared 
spectroscopy. The joint sWelling score Was found to have a 
signi?cant correlation With the 4th PC of the spectroscopic 
data as Well as hydration and oxygenation. Since sWelling 
and tenderness are often associated With in?ammation, a 
correlation With tissue oxygenation and Water content may 
be expected. HoWever, the correlation betWeen PCs and the 
clinical/radiographic scores suggest that further biochemical 
manifestations leading to the observed clinical symptoms of 
tenderness and sWelling as Well as hard tissue damage are 
latent in the visible-near infrared spectra. In fact, manifes 
tations of joint damage appear in the PC describing the 
greatest variation in the spectroscopic data over the study 
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population. This may suggest that joint damage causes the 
greatest change in the spectral response of the joint. Ten 
derness appears to be correlated With less drastic variations 
in the spectra Which emerge only in the 2nd and 3rd PC, While 
sWelling seems to give rise to even more subtle spectro 
scopic changes Which appear in the 4th PC. 

[0073] PCA clearly demonstrates that spectral information 
can be correlated With some clinical features of arthritis. 
HoWever, While principal component analysis ?nds the 
linear combination of Wavelengths (variables) Which maxi 
miZe independent sources of variation Within the data set, it 
does so With no regard to the clinical grouping of the 
patients. Sources of variation Which are not related to 
disease state are also accounted for in a PCA. A more 
reliable model can be developed using the combination of 
Wavelengths (variables) Which optimally discriminate 
betWeen the clinical groups. This amounts to searching all of 
the variables present in the data set for patterns characteristic 
of the disease state. In other Words, a pattern recongition 
model can recognise a spectroscopic ?ngerprint character 
istic of a particular type (or stage) of disease 

[0074] Multivariate pattern recognition techniques such as 
cluster analysis, linear discriminant analysis (LDA) and 
neural netWork analysis are being increasingly applied to 
complex spectroscopic data to alloW classi?cation of tissue 
into clinically relevant groups. The simplest multivariate 
pattern recognition techniques are the unsupervised meth 
ods, of Which cluster analysis is the most popular. Cluster 
analysis techniques compare spectra in a data set and 
calculate some measure of similarity betWeen spectra. Spec 
tra are then grouped based upon the degree of similarity, 
With spectra having a high degree of similarity being placed 
in the same group or cluster. An important shortcoming of 
these unsupervised clustering techniques is the sensitivity of 
the methods to noise and outliers. More sophisticated, 
supervised pattern recognition methods such as linear dis 
criminant analysis (LDA) make use of the fact that We are 
often in possession of the class identity for each spectrum, 
ie we knoW the diagnosis. Spectra can then be assigned into 
classes, depending upon the diagnosis. In this case We have 
three classes, early RA, late RA and control. The LDA 
algorithm then analyses the spectra in each class, searching 
for the pattern Within the spectrum Which is characteristic of 
that class. For example, the LDA algorithm attempts to ?nd 
a combination of absorbance intensities at a variety of 
Wavelengths that are only seen When a joint is affected by 
early RA. It then attempts to ?nd a combination of absor 
bance intensities at a variety of Wavelengths that are only 
seen in late RA. In this Way any neW spectrum from an 
undiagnosed patient can then be analysed to see Which of 
these characteristic patterns is present. Such methods are 
more suited to the dif?cult task of classifying spectra based 
upon very subtle differences in the presence of outliers and 
noise. 

[0075] Linear discriminant analysis combined With a 
genetic algorithm (Optimal Region Selection, or ORS) Was 
the multivariate pattern recognition technique applied to our 
data, chosen for speed and robustness. Data Was split into a 
training set (used by the LDA algorithm to ?nd the pattern 
characteristic of each of the three classes) and a test set used 
to evaluate the accuracy of the trained algorithm. To reduce 
processing time, ORS divided the spectrum into a number of 
smaller regions. Linear discriminant analysis Was then 
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applied to every combination of these subregions, to deter 
mine Which combination of n sub-regions (Where n is 
typically much smaller than the total number of sub-regions) 
provides the most accurate discrimination betWeen spectra 
in the three classes. The spectra Were then divided into an 
entirely different set of sub-regions and the process Was 
repeated. This process Was repeated through 250 iterations 
and the combination of subregions providing the most 
accurate classi?cation of spectra into the three groups Was 
determined. Spectra in the test set Were then divided into 
these sub-regions and LDA performed. The classi?cation of 
spectra from each patient in the test set Was then compared 
to the clinical diagnosis. This analysis Was applied to spectra 
from PIP and MCP joints separately and also to pooled 
spectra of PIP and MCP joints. 

[0076] We applied the multivariate classi?cation strategy 
described in the material and methods section to our data. 
Application of the Optimal Region Selection subroutine 
results in the identi?cation of a number of subregions 
(highlighted in FIG. 2) Which alloWed optimal classi?ca 
tion. Classi?cation Was then performed using only these 
spectral subregions. For each problem, the LDA Was trained 
using tWo thirds of the spectra in the data base and the 
trained algorithm then applied to the remaining spectra. 

[0077] The result of LDA applied to all PIP spectra to 
distinguish betWeen early and late RA is shoWn in Table 3. 
When the trained algorithm is then applied to the test 
spectra, 70.3 and 52.9% of early and late RA joints respec 
tively could be correctly predicted (overall accuracy 61.6%). 
Speci?city, positive predictive value and negative predictive 
values are Within the same range. 

[0078] The result of LDA applied to all MCP spectra to 
distinguish betWeen early and late RA is shoWn in Table 4. 
The sensitivity of the method for MCPs is much improved 
compared to that seen for PIP spectra, With 78.8 and 72.7% 
of joints being correctly classi?ed as early and late RA 
respectively, With an overall accuracy of 75.8%. Speci?city, 
positive predictive value and negative predictive value are 
also substantially improved, all values being greater than 
70%. 

[0079] These results suggest that the method is more 
sensitive to the presence of RA in MCP points than PIP 
joints. In total, using tWo classi?cation strategies (ie one for 
MCP and one for PIP joints) 69% of joints Were correctly 
classi?ed as either early or late RA. Interestingly, combining 
the spectra for MCP and PIP joints results in better overall 
performance of the linear discriminant analysis (Table 5). 
Applying LDA to the combined data set resulted in correct 
classi?cation of joints as either early or late RA With an 
accuracy of 77.3 and 71.2% respectively (overall accuracy 
74.3%), With speci?city and positive and negative predictive 
values all being greater than 70%. 
[0080] Finally, LDA Was used to discriminant betWeen 
early RA, late RA and control joints (Table 6). As combining 
data from MCP and PIP joints Was found to improve 
classi?cation for the tWo class problems discussed above 
this approach Was used for the three class problem. Joints 
could be predicted as early RA, late RA or control With an 
accuracy of 77.7, 74.6 and 69.9% respectively (overall 
accuracy 74.1%). Speci?city and positive and negative 
predictive values are also high. 

[0081] The optimal subregions used in the linear discrimi 
nant analysis are highlighted in FIG. 2. Based upon assign 
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ments from the literature and our laboratory, absorption 
bands in these regions can be attributed to oXy- and deoXy 
haemoglobin, oXidised and reduced cytochrome aa3 and 
tissue lipids and proteins, as shoWn in FIG. 2. Speci?cally, 
oXyhaemoglobin and deoXyhaemoglobin indicate oxygen 
delivery to the synovium and surrounding tissue While the 
redoX balance cytochrome aa3 provides a measure of mito 
chondrial oXygen utilisation. Interestingly, changes in these 
spectra regions have been observed in studies of ischaemic 
tissues in our laboratory, suggesting that multivariate analy 
sis of NIR spectra of joints affected by RA detects changes 
in the joints associated With ischaemia. 

EXAMPLE V 

Conclusions 

[0082] Clearly this novel spectroscopic technique has the 
potential for non-invasive assessment of joint chemistry. 
NIR spectroscopy is able to measure the Wavelengths of near 
infrared light that are absorbed by a sample to produce a 
characteristic chemical ?ngerprint of the sample. NIR light 
is absorbed to promote vibrations Within molecules. The 
Wavelength of light Which are absorbed depend on the nature 
of the vibration (stretching, bending etc) and the nature of 
the molecules in the bond. In addition, NIR light can be 
absorbed to promote loW-lying electronic transitions in the 
metal ions found in proteins such as haemoglobin, myoglo 
bin and cytochromes. The Wavelength of light absorbed by 
the metal ions is in?uenced by both the oXidative state and 
local environment. Thus, oXy- and deoXyhaemoglobin and 
reduced and oXidised cytochrome aa3 each give rise to a 
characteristic near infrared spectrum. Analysis of the Wave 
lengths of near infrared light absorbed by tissues therefore 
provides direct compositional (chemical) and physiological 
(oxygenation and oxygen utilisation) information. Further 
more, near infrared spectroscopy is sensitive to changes in 
these parameters, providing a method to monitor changes 
tissue chemistry and physiology associated With disease 
processes. More importantly, measurements can be made 
non-invasively by directing the near infrared light onto a 
sample, in this case a joint, through a ?bre optic cable. Light 
re?ected from the joint is then collected and transmitted to 
the near infrared sensor and the Wavelengths of light 
absorbed by the joint calculated to produce a spectrum. 

[0083] Near infrared spectra Were acquired from MCP and 
PIP joints. The MCP and PIP joints Were studied for tWo 
important reasons. Firstly, these joints are quite super?cial 
alloWing adequate penetration of the infrared beam into the 
joint. Near infrared light is scattered by tissues: the greater 
the thickness of tissue to be traversed by the infrared light, 
the more the light is scattered. Thus for thick layers of tissue 
a large proportion of the near infrared light is diffusely 
scattered and most of this diffusely scattered light cannot be 
collected by the ?bre optic collection. Thus, the hand joints 
are ideally suited for this technique, having minimal skin 
and subcutaneous fat overlying them. Secondly, MCPs and 
PIPs are the most characteristically involved joints in rheu 
matoid arthritis and are often involved at a very early stage. 
Correlation With radiographic data can be readily achieved 
in these joints, Which demonstrate the characteristic erosive 
changes of RA earlier than other joints. 

[0084] The combination of near infrared spectroscopy and 
multivariate pattern recognition techniques can be used to 
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distinguish between control joints and those affected by 
rheumatoid arthritis With a high degree of accuracy. Fur- TABLE 1-continued 
thermore, it is possible to classify joints affected by rheu 
matoid arthritis as being at either an early or a late stage of Patient demographics 
the disease With a similar degree of accuracy. — 

[0085] Thus, the multivariate analysis method is trained Early RA Late RA 
using a large data set acquired from joints of a number of 
patients. It then determines the patterns in the data set that Smoker (07”) 7 (25%) 4 (116%) 
correlate With early RA, late RA or control joints. A spec- AM Stiffness (mm) 110 (I160) 116 (I60) 
trum of a neW joint is then analyZed to see Which of these Pain scale (0-10) 3.9 (12.7) 3.7 (13.0) 

patterns is present. HAQ 0.57 (10.37) 0.52 (10.5) 

. . DMARD 0/ 20 7140/ 15 607 
[0086] In other embodiments, other in?ammatory and/or _ ( 0) ( 0) ( 0) 
ischemic conditions of the joint are diagnosed using the Sterold (07”) 8 (28%) 6 (24%) 
above-described device. In these embodiments, the database INSAID (07”) 19 (679%) 19 (76%) 

contains spectra from the condition of interest and the 
patient spectrum is compared to these. *Diiference Signi?cant, p < 0-05 

[0087] While the preferred embodiments of the invention [0088] 
have been described above, it Will be recogniZed and under 
stood that various modi?cations may be made therein, and TABLE 2 
the appended claims are intended to cover all such modi? 

cations Which may fall Within the spirit and scope of the 
. . Grip strength, total joint counts and laboratory parameters. 
invention. 

TABLE 1 Early RA (n = 28) Late RA (n = 25) 

Patient demographics Total joint count 

Early RA Late RA Tender 15.0 (111.4) 14.4 (111.1) 

Age 56 (:8) 52 (:11) Swelling 10.9 (19.9) 15.2 (110.1)* 
Disease duration (yrs) 1.2 (10.7) 10.9 (16.2)* Damaged 1.0 (11.6) 9.6 (110.8)** 

56X - Female (‘70) 21 (75%) 18 (72%) ESR 30.5 (114.7) 17.3 (16.2) 

Ethmclty CRP 14.7 (19.0) 25.2 (123) 

Caucasian 20 (71.4%) 23 (92%) 
* . . . _ 

Native American 6 (21.4%) 2 (8%) Difference signi?cant, p - 0.035. 

Asian 1 (36%) **Difference signi?cant, p = 0.00044 

Black 1 (3.6%) 

Skin colour 1—4 2.2 (11.0) 1.6 (10.6) TABLE 3 

TWo Class LDA: Earlv RA and Late RA PIP Onlv 

Positive Negative 
Sensitivity Predictive Predictive 

Control Early RA (% correct) of Speci?city Value Value 

Early RA 26 11 70.3 37 52.9 59.9 64.0 
Late RA E g 52.9 i 70.3 64.0 59.9 

Totals 42 29 71 
Overall Accuracy: 61.6% 
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[0090] 

TABLE 4 

TWo Class LDA: Early RA and Late RA MCP Only 

Positive Negative 
Sensitivity Predictive Predictive 

Control Early RA (% correct) of Speci?city Value Value 

Early RA 30 8 78.8 38 72.7 74.3 77.6 
Late RA _9 a 72.7 33 78.9 77.6 74.3 

Totals 39 32 71 
Overall Accuracy: 75.8% 

[0091] 

TABLE 5 

TWo Class LDA: Early RA and Late RA Both MCP and PIP 

Positive Negative 
Sensitivity Predictive Predictive 

Early RA Late RA (% correct) of Speci?city Value Value 

Early RA 58 17 77.3 75 71.2 72.9 75.9 
Late RA 2 47 71.2 66 77.3 75.9 72.9 

Totals 77 64 141 
Overall Accuracy: 74.3% 

[0092] 

TABLE 6 

Three Class LDA: Control Earlv RA and Late RA (all joints) 

Sensitivity Positive Negative 
(% Predictive Predictive 

Control Early RA Late RA correct) of Speci?city Value Value 

Control 73 13 8 77.7% 94 91.7% 82.4% 89.1% 
Early RA 17 153 35 74.6% 205 82.2% 67.7% 86.6% 
Late RA 16 42 135 69.9% 193 87.2% 73.2% 85.3% 

Totals 106 208 178 492 
Overall Accuracy: 74.1% 

1. A method of diagnosing an in?ammatory or ischaemic 
condition in a joint comprising: 

providing a device having: 

an emitter arranged to emit a beam of infrared light; 

a collector arranged to collect and analyze re?ected 
light, said collector for producing an infrared spec 
trum; and 

a database containing a plurality of spectra previously 
collected from joints, said spectra being divided into 
at least tWo groups: spectra from joints diagnosed as 
having the in?ammatory or ischaemic condition and 
spectra from nonaf?icted joints; 

providing a joint; 

positioning the device proximal to the joint such that the 
emitter contacts the joint; 

emitting a beam of near infrared light from the emitter 
into the joint; 

collecting and analyzing re?ected light from the beam, 
thereby producing a patient spectrum; 

comparing the patient spectrum to the database spectra; 
and 

assigning the patient spectra to a group, thereby diagnos 
ing the joint. 

2. The method according to claim 1 Wherein the in?am 
matory or ischaemic condition is rheumatoid arthritis. 

3. The method according to claim 1 Wherein the patient 
spectrum is a mean spectrum of tWo or more spectra of the 
joint. 
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4. The method according to claim 1 wherein the patient 
spectrum is compared to the database spectra over Wave 
lengths of high accuracy. 

5. The method according to claim 4 Wherein the Wave 
lengths of high accuracy are selected from the group con 
sisting of: Wavelengths corresponding to oXyhemoglobin to 
deoXyhemoglobin ratio; Wavelengths corresponding to 
reduced cytochrome aa3; Wavelengths corresponding to oXi 
diZed cytochrome aa3; Wavelengths corresponding to deoXy 
hemoglobin; Wavelengths corresponding to oXyhemoglobin; 
Wavelengths corresponding to cytochrome aa3; Wavelengths 
corresponding to Water; Wavelengths corresponding to pro 
teins; Wavelengths corresponding to lipids; and combina 
tions thereof. 

6. The method according to claim 1 Wherein the emitter is 
a ?bre optic probe. 

7. The method according to claim 2 Wherein the database 
spectra are divided into three groups: control, early rheu 
matoid arthritis and late rheumatoid arthritis. 

8. A device for diagnosing an in?ammatory or ischaemic 
condition in a joint comprising: 

an emitter arranged to emit a beam of infrared light; 

a collector for producing an infrared spectrum from 
re?ected infrared light; and 

Jan. 17, 2002 

a database containing a plurality of prior spectra previ 
ously collected from joints, said spectra being divided 
into at least tWo groups: 

spectra from joints diagnosed as having the in?amma 
tory or ischaemic condition and spectra from non 
af?icted joints; and 

an analyZer for comparing the spectrum to the prior 
spectra and assigning the spectrum to a group, 
thereby diagnosing the joint. 

9. The device according to claim 8 Wherein the in?am 
matory or ischaemic condition is rheumatoid arthritis. 

10. The device according to claim 8 Wherein the collector 
produces a spectrum that is a mean spectrum comprised of 
tWo or more spectra of the joint. 

11. The device according to claim 8 Wherein analyZer 
analyZes the spectrum for Wavelengths of high accuracy and 
compares the spectrum to the database spectra over the 
Wavelengths of high accuracy. 

12. The device according to claim 8 Wherein the emitter 
is a ?bre optic probe. 

13. The method according to claim 9 Wherein the spectra 
are divided into three groups: control, early rheumatoid 
arthritis and late rheumatoid arthritis. 

* * * * * 


