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ABSTRACT 

 
Our group has recently established that joints affected by Rheumatoid Arthritis (RA) can be distinguished from healthy 
joints through measurements of the scattering coefficient. We showed that a high scattering coefficient in the center of 
the joint is indicative of a joint with RA. While these results were encouraging, data to date still suffers from low 
sensitivity and specificity. Possibly higher specificities and sensitivities can be achieved if dynamic measurements of 
hemodynamic and metabolic processes in the synovium are considered. Using our dual-wavelength imaging system 
together with previously implemented model-based iterative image reconstruction schemes, we have performed initial 
dynamic imaging studies involving healthy human volunteers and patients affected by RA.  These case studies seem to 
confirm our hypothesis that differences in the vascular reactivity exist between affected and unaffected joints.   
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1. INTRODUCTION 
 

1.1 Rheumatoid Arthritis 
Rheumatoid arthritis (RA) is a chronic, progressive, systemic, inflammatory disease that primarily attacks 

peripheral joints and surrounding tendons and ligaments.1 This disease, associated with significant pain and disability, 
affects about 1% of the population worldwide, and approximately 2.1 million people in the US.2,3,4 Women are about 
three to four times as likely as men to develop RA.5,6 While RA can be mild, 10% of affected subjects suffer total 
disability.  Furthermore, there are indications that patients with RA die earlier, even though the immediate causes for 
death appears similar to those of the general population.7 

The onset and progression of rheumatoid arthritis is marked by a sequence of physiologic changes that affect 
the joint. Initially, there is a manifest inflammation of the synovial membrane that encases the joint and retains the 
synovial fluid.  This state of inflammation is also referred to as synovitis. Subsequent accumulation of synovial fluid in 
the joint cavity causes the joint to start swelling. This distension triggers a change in membrane permeability yielding a 
migration of inflammatory cells such as lymphocytes and neutrophils into the joint assembly. The inflamed synovial 
membrane thickens, creating a pannus which clings to the bones’ protective sheath, the articular cartilage. Some 
structural changes that are observed in the rheumatic joint include erosion of cartilage, formation of scar tissue, and 
connection of bone ends. In some severe cases, scar tissue ossifies and bone ends fuse together producing bent and 
deformed fingers.   
 
1.2 Imaging of RA 
 A variety of imaging modalities that capitalize on these structural modifications are currently employed to assist 
in the diagnosis and assessment of the disease. These include methods such as ultrasound (US), magnetic resonance 
imaging (MRI), and computed tomography (CT).  Conventional radiography has the most established role in assessing 
progressive joint damage; however, its inherent limitations prevent constructive evaluation of the soft tissue surrounding 
the joint. Therefore, it plays a limited role in diagnosing early stages of the disease which doesn’t affect the bone 
configuration. MRI can be employed for applications involving soft tissue imaging and has been shown to be affective in 
detecting synovitis.8,9,10,11 However, the long data acquisition time associated with MRI and the requisite injection of a 
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contrast agent have prevented it from becoming a widely used diagnostic tool. Ultrasound is a valuable method for the 
assessment of soft tissue structures and superficial bone lesions.12,13 But its utilization remains restricted due to the 
considerable operator training that is required for accurate image interpretation. 
 
1.3 Optical imaging of RA 

Accompanying the recent surge of research and application for optical imaging techniques, means of 
identifying associated physiologic attributes through transillumination processes have been explored.14,15 One 
recognizable feature is that the physical and optical properties of the synovial fluid, which fills the joint cavity, changes 
during the early stages of RA. The fluid transforms from a liquid that is a clear yellowish color to a turbid grayish 
substance. Extensive experimental and numerical phantom studies suggested that these differences can be detected 
through transillumination measurements of the joint.16,17,18,19,20,21,22 This creates the groundwork for using optical 
tomography to generate static images of the finger joints in assessment of disease status through detecting variations in 
optical properties. 
 Our group recently investigated the role of optical imaging as a diagnostic tool of joint inflammation by 
analyzing the static properties of the articular cavity.23 To perform the optical measurements, a sagittal scanner was used 
to collect data along the span of the finger. The hardware setup is comprised of a single laser that sits on top of the finger 
and a single photodiode which is mounted below. For each illuminated position, the photodiode makes 15 transmission 
measurements as it slides down the length of the finger in discrete intervals. The data acquisition time for such a scan 
takes 30 sec. The laser then steps to a new position where the photodiode again proceeds to collect the transmitted 
intensities. This procedure is repeated until the entire domain of interest has been measured.  
  Two examples of the resulting cross-sectional images of a proximal interphalangeal (PIP) finger joint are 
shown in Fig. 1. The image depicted on the left represents the spatial distribution of the reduced scattering coefficient µs’ 
corresponding to a healthy joint, while the image on the right corresponds to a joint afflicted with rheumatoid arthritis. 
As expected, the RA subject experiences elevated photon scatter across the synovial cavity. 
 
 
 
 

 
 
 
 
 
 
 

 
A clinical evaluation of the sagittal laser optical tomography technique was implemented to detect synovitis in 

arthritic finger joints24. To assess the diagnostic merit of this method, statistical analysis was applied to the data of 78 
finger joints. By comparing results of the optical imaging method with identifications formed through clinical 
examination in conjunction with ultrasound imaging, the sensitivity and specificity were found to be in the 70% range. 
Attempting to increase the sensitivity and specificity of optical tomographic imaging along with the appeal of gaining 
additional insight into the effects of RA, motivates our pursuit of acquiring dynamic measurements.  

 
1.4 Dynamic optical imaging 

Aside from the aforementioned structural differences of the rheumatic joint, it is well known that there are 
alterations in the metabolic activities and vascular organization of the synovium.25,26,27,28,29,30,31,32,33 As the disease 
progresses, oxygen demand and consumption in the affected joint rises markedly, as does the production of carbon 
dioxide (CO2).

34,35,36 In an attempt to meet this increased demand, the vascular network undergoes reorganization, 
adaptation, and redistribution. Significant angiogenesis has been reported in RA joints and rise in the rate of vascular cell 
turnover has been observed through morphometric and histologic studies. Blood flow through an RA joint was shown to 
be elevated and exponential. These results were determined using Doppler imaging techniques and radioisotope 
clearance rates. Additional studies report a decline in the partial pressure of oxygen (PO2) as the disease intensifies 
creating a hypoxic environment inside the joint capsule. Furthermore, RA joints exhibit an elevated carbon dioxide 
partial pressure (PCO2) whose value rises with the severity of the disease.  These results along with the identification of 

Figure 1: Cross-sectional optical scattering images of a healthy finger joint (left) and a finger joint affected by 
RA (right).  
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high lactic acid content (which suggests anaerobic respiration) demonstrate an oxygen-starved environment. Therefore, 
although the vascular bed undergoes reorganization and proliferation, it does not adequately compensate for the sharp 
rise in metabolic demand. 

Diffuse optical tomography (DOT) is well suited for imaging these hemodynamic changes. For example, it has 
been shown in dynamic brain imaging studies that by acquiring data at multiple wavelengths in the near-infrared region, 
it is possible to separate oxy-hemoglobin and deoxy-hemoglobin contributions from the overall blood volume changes.37 
Applying these techniques to joint imaging, we seek in this study to monitor oxy-hemoglobin and deoxy-hemoglobin 
changes that occur in the areas surrounding the joint during our experimental provocation. Comparing first results 
obtained from healthy volunteers and patients affected by RA suggest that pronounced differences in the hemodynamic 
response to vascular occlusion are present. 

 
 

2. METHODS 
 

2.1 Instrumentation 
Measurements on fingers were performed with a dynamic near-infrared optical tomographic imager (DYNOT). 

This instrument operates in continuous wave mode. The system employs two frequency encoded laser diodes with 
wavelengths at 765nm and 832nm as the illuminated sources. In our experiments these sources are time-division 
multiplexed for up to 24 target locations. The transmitted intensities are detected in parallel through optical fibers that 
are placed around the medium (Fig. 2). Full tomographic images are obtained at a rate of approximately 2.4 images per 
second. A more detailed description of the device can be found in Schmitz et al.38  
  
2.2 Measurement probe 
 To study the dynamic behavior of the metabolic activities 
and vascular structures in the joint, we designed and developed a 
cylindrical measurement probe (see Fig.  2), to make transverse 
measurements of the finger. The probe is made from a white 
Delrin© material and has a diameter of 3.2 cm. Two rings that 
support the fiber optics are secured to the cylinder and can be 
translated along the longitudinal axis for precise positioning 
parallel to the finger joint of interest. Each ring has a capacity for 
up to 24 optical fibers. For these experiments, we used 12 source 
fibers and 12 detector fibers on each ring. They were arranged in a 
clockwise pattern around the probe in an alternating configuration 
between the source and detector fibers, (i.e. source1, detector1, 
source2, detector2, etc). A variable length extension is added to 
the bottom of the probe to accommodate a wide variety of finger 
sizes. An internal holder was designed to stabilize the top of the 
finger while a custom fit cover is used to secure the base of the 
finger. These added components act to minimize any motion 
artifact of the finger during an experiment.   
 
2.3. Experimental Protocol 
 The experiments were designed to study vascular and possible metabolic effects of the disease on the proximal 
interphalangeal (PIP). Prior to each experiment, the distance between the top of the probe and the patient’s PIP joint is 
measured and the fiber optic rings are translated accordingly so that they lie in the transverse plane of the joint under 
examination. Additionally, the finger length is ascertained and the effective height of the measurement probe is adjusted 
so that the distal tip of the finger rests securely in the internal holder. This supplementary support enhances the 
constancy of the finger and reduces most transient tremors that are characteristic of unsupported, extended, skeletal 
muscles. With the fibers correctly positioned and the height properly fixed, the patient inserts their finger into the 
cylindrical probe.  A matching fluid of 1% Intralipid was added to fill all voids between the finger and the wall of the 
probe. Once the patient rests the finger comfortably in the imaging head the data acquisition is started. 
 To elicit a controlled hemodynamic response we employ a sphygmomanometer cuff placed around the arm. 
This cuff is inflated at a predetermined point in time after a baseline measurement is obtained for each individual human 

Fig. 2. Fiber-optical measurement head for trans-
versal joint imaging used in this study.   
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subject. The experimental protocol used in this study evolves as follows:  First a baseline measurement of 10 seconds is 
made. This is followed by the inflation of the arm cuff up to 100mmHg. This inflation is typically accomplished within 
~2 seconds. The cuff is maintained for 30 sec, at which point the pressure is rapidly released. Data is acquired for 
another 40 seconds, before the cuff is inflated a second time (this time up to 120mmHg) and maintained for another 30 
seconds. The experiment concludes with a 40 second rest period during which data is still acquired.  

All experiments and procedures were in accordance with institutional guidelines and informed consent was 
obtained from all participants. 
 
2.4. Preprocessing 

Once the raw data is obtained, all detectors are normalized to the initial rest interval. Secondly, we developed a 
technique to eliminate common system noise that is present on all channels. For each source locality i, the value of each 
detector j, Di,j, is renormalized to the detector value that is closest to that source, Di,i. Due to its adjacent proximity to the 
light source, this detected intensity is not actually probing tissue so it can function as a reference channel for that 
particular source position. Finally, the data is passed through a moving-average low-pass filter to remove the high 
frequency components in the signal. The data, preprocessed in this fashion, is then input into our MOBIIR code 
described in the following section. 
 
2.5. Image Reconstruction 
 To generate the images from the collected data, a model-based iterative image reconstruction (MOBIIR) 
scheme was employed.34,39,40,41,42 This technique solves the continuous wave (CW) diffusion equation for a finite-
element discritization over a volume of interest. This is a multi-step progression that utilizes an optimization procedure. 
The first step requires generating a tetrahedral mesh of a geometrical model representing the imaging head used in the 
experiment. To accomplish this, we use the GID software package (www.gid.com) to create our cylindrical model and 
generate the finite element mesh. When creating this mesh, care must be taken to preserve the precise location of the 
source and detector fiber positions.  Slight variations in the optode location can lead to adverse artifacts in the final 
image.  

Once this model is created, an initial guess of the spatial distribution of the optical properties in the medium of 
interest is assigned. This guess is based on documented values for the tissue being probed. Our initial guess for µa and D 
= c / 3(µa + µs’) was 0.10cm-1 and 0.924 cm2/ns respectively. A forward model which predicts the detector reading 
based on the initial optical properties is then applied. Subsequently, an analysis scheme is used which compares the 
predicted detector readings with the experimental values. If the error is large and the predicted values notably differ from 
the experimental results, the spatial distribution of the optical properties in the theoretical model is updated. Another 
forward calculation is then computed and the above steps are repeated. The solution converges when the recurrently 
updated predicted detector values are in good agreement with the measured data and the difference between the two data 
sets is negligible. The final distribution of optical properties represents the ultimate image of the corresponding data set 
at that specific time point. More details on the particulars of the algorithm used in this study can be found in reference 
[37]. 

 
 

3. RESULTS 
 
3.1 Time traces 

We acquired images from ten healthy finger joints and four joints that have been diagnosed with rheumatoid 
arthritis. Figure 3 represents a typical time trace obtained from a healthy volunteer. Shown are 24 traces that belong to 
24 different detectors that surround the finger joint (Fig. 2). These traces represent data obtained for a single illuminated 
position, at one wavelength (λ = 765nm). The response is plotted as intensity changes ∆Ι, verses time t, in seconds. All 
traces are normalized to the average signal during the first 10 second of the experiment. Review of the response reveals a 
constant signal decrease as pressure is applied around the wrist see (t = 20sec and t=85 sec). Upon pressure release (t = 
42 sec and t =130 sec), the signal rises fast for about 10 seconds, before it continuous to rise toward baseline at a slower 
rate. 
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