Invited Paper

Imaging of Hemodynamic Effects in Arthritic Joints
with Dynamic Optical Tomography

Andreas H. Hielscher', Joseph M. Lasker', Chris J. Fong', Edward Dwyer”
'Departments of Biomedical Engineering and Radiology, Columbia University
’Department of Medicine, Columbia University
500 West 120" Street, ET351 Mudd Bldg, MC8904, New York, NY 10027

ABSTRACT

Optical probing of hemodynamics is often employed in areas such as brain, muscular, and breast-cancer imaging. In
these studies an external stimulus is applied and changes in relevant physiological parameters, e.g. oxy or deoxy-
hemoglobin concentrations, are determined. In this work we present the first application of this method for
characterizing joint diseases, especially effects of rheumatoid arthritis (RA) in the proximal-interphalangeal (PIP)
finger joints. Using a dual-wavelength tomographic imaging system together with previously implemented model-
based iterative image reconstruction schemes, we have performed dynamic imaging case studies on a limited
number of healthy volunteers and patients diagnosed with RA. Inflating a sphygmomanometer cuff placed around
the forearm we elicited a controlled vascular response. We observed pronounced differences between the
hemodynamic effect occurring in healthy volunteers and patients affected by RA.
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1. INTRODUCTION

In dynamic imaging studies, one attempts to image changes in optical properties and/or physiological parameters as
they occur during a system perturbation. A typical example is imaging of hemodynamic effects during various
stimulation of the brain.'***° The advantage of dynamic imaging over static imaging is that images change against
a baseline that is defined by the system itself. These measurements allow to calculate changes in oxy and dexoy
hemoglobin, without and the need for data calibration using a separate reference measurement, for example, on an
Intralipid tissue phantom. The drawback of dynamic imaging is that absolute values for hemodynamic parameters
such as deoxy-hemoglobin concentration [Hb], oxyhemoglobin concentration [HBO;], or total hemoglobin
concentration [HbT], cannot be obtained without additional assumptions or measurements.® Besides advances in
algorithms™’ and instrumentation'™'""'> geared specifically to dynamic imaging, this technique has increasingly
been applied to other clinically relevant areas, such as breast imaging", fluorescence tomography'* and cancer
research in small animals.'”” In this paper we explore the potential of optical dynamic imaging for the
characterization of joint diseases, particularly rheumatoid arthritis in finger joints.

Rheumatoid arthritis (RA) is a chronic, progressive, systemic, inflammatory disease that primarily attacks
peripheral joints and surrounding tendons and ligaments.'® This disease affects about 1% of the population
worldwide, and approximately 2.1 million people in the US.""™® Women are about three to four times as likely as
men to develop RA."”?° The onset and progression of rheumatoid arthritis is marked by a sequence of progressive
physiological changes that affect the joint. Initially, there is a primary inflammatory response of the synovial
membrane which encapsulates the joint space and retains the synovial fluid. This inflammatory process is referred
to as synovitis. Subsequently, there is accumulation of synovial fluid in the joint space which causes the joint to
swell. This distention 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 and creates a
pannus, which aggressively invades the articular cartilage and adjacent osseous structures. The end result is frank
erosion of the joint structural components causing deformity of the fingers and functional disability.

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.?'***%*» Studies report a decline
in the partial pressure of oxygen (PO,) and an elevated carbon dioxide partial pressure (PCO,) as the disease
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intensifies, creating a hypoxic environment inside the joint capsule. 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. These combined results along with the identification of 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.

Several studies have already explored the use of optical techniques for the characterization of joint
28,29,30,31,32,

disease. 3334 Most of the early work tried to exploit the changes in the optical properties of the synovial
fluid, which fills the joint cavity. The fluid transforms from a liquid that is a clear yellowish color to a turbid grayish
substance in the course of RA. Extensive experimental and numerical phantom studies suggested that these
differences can be detected through transillumination measurements of the joint.

Going beyond transillumination measurements, our group recently explored the use of optical tomographic
imaging techniques as a diagnostic tool for joint inflammation.® To perform the optical measurements, a sagittal
scanner was employed to collect steady-state data along the span of the finger. In initial case studies it was found
that the joints affected by RA have higher scattering and absorption coefficients. Subsequently a clinical evaluation
of the steady-state sagittal laser optical tomography technique was implemented to detect synovitis in arthritic finger
joints.* 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%. Attempting to
possibly 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 data in addition to static
measurements performed so far.

We hypothesizes that dynamic optical tomography is well suited for imaging the hemodynamic effects in
RA joints. Especially differences in the vascular network in affected joints should lead to different responses to
carefully applied stimuli. This should provide additional complementary information to changes in the synovial fluid
observed previously. In particular, we focus on effects of pressure cuffs on the forearm, which lead to a temporary
blockage of the venous return. For this pilot study we enrolled 6 healthy volunteers and 8 patients diagnosed with
RA. In the following we will describe in detail the experimental methods used and observations made.

2. METHODS

2.1. Instrumentation and Experimental Setup
Measurements on the finger were performed with a dynamic near-infrared optical tomography (DYNOT) imager.
This instrument operates in continuous-wave mode and allows to obtain up to 10 full tomographic measurement sets
per second. A combined optical beam consisting of two laser diodes (760nm and 832nm) act as the illuminating
source. This source is sequentially coupled into different 1-mm multimode fiber bundle which distribute light to
multiple areas along the measurement probe. Each laser diode is current modulated to a distinct amplitude and
frequency. In this way, multiple wavelengths may be illuminated simultaneously and their respective amplitude and
phase contribution on the attenuated detected signal can be extracted using synchronous detection techniques. The
total power incident on the target is about 30mW. Once the light is
disbursed throughout and attenuated by the finger structures
surrounding the joint, it exits the probe and is collected in parallel
by the numerous fiber bundles positioned around the target. The
light is then guided to the detection circuitry which converts the
optical signal into an electrical current, and ultimately, into a
corresponding amplitude. Silicone photodiodes are used as the
transducer. Fast source switching synchronized with adaptive on-
the-fly gain control affords rapid detection over a large dynamic
range. A more detailed description of the DYNOT instrument can
be found in Schmitz et al *’

The goal of this study was to image the proximal
interphalangeal (PIP) joint over a wide range of finger shapes and
sizes. To this end, we constructed a cylindrical imaging head with
an inner diameter measuring 3.0cm and wall thickness of 10mm,
machined from a solid rod of opaque (white—colored) acetal resin

Fig. 1: Transverse measurement probe for
optical tomographic finger scans.
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engineering plastic material also known as Delrin®. Borrowing from the concept of a bolt, the inner wall of the
lower third of the cylinder is threaded and accepts a custom bolt, also machined from the same Delrin material. In
this way, a multitude of varying finger sizes can be accommodated by adjusting the effective interior length of the
probe to conform to the specific subject under investigation. An indentation is bore into the end of the bolt wherein
the finger rests. This serves to stabilize the distal tip of the finger during an experiment and reduce the tremors that
are characteristic of extended, free hanging skeletal muscles. Similarly, because 3.0cm is larger than the average
finger size, many fingers will “float” within the walls of the cylinder possibly creating large motion artifact.
Therefore, in an effort to secure the base of the finger, caps with varying diameter holes drilled through the center,
cover the top of the cylinder. A subject would then place their finger through the cap, into the cylinder, until it is
supported by the bolt at the bottom.

Two rings that slide over the cylinder accommodate the source and detector fiber bundles. The rings are
translated along the longitudinal axis of the imaging head until they are positioned parallel to the joint under
investigation, at which point they are fastened to the probe. Each ring can hold up to 24 fibers. For the
measurements presented in this work, we employ 12 sources and 12 detectors per ring in an alternating clockwise
arrangement for a total of 24x24=576 source-detector combinations. Approximately 2.5 complete tomographic
datasets were acquired per second. A single time frame consisted of illuminating each of the 24 sources in
succession and detecting the transmitted light received through all 24 detectors simultaneously.

2.2. Experimental Protocol

The experiments were designed to study vascular and possibly metabolic effects of the disease on the proximal
interphalangeal (PIP) joint. Prior to each experiment, the blood pressure of each patient is established. This serves to
standardize the measurement protocol (see below) as well as provide possible insight when interpreting the dynamic
behavior of the joint. Additional setup procedures include measuring the length of the patient’s finger and adjusting
the effective height of the measuring head so that the distal tip of the finger rests securely in the internal holder and
that the complete finger is immersed inside the cylinder. Similarly, 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 on the transverse
plane of the joint under examination. With the fibers correctly positioned and the height properly fixed, the patient
inserts their finger into the measurement head. A matching fluid of 1% Intralipid was added to fill the voids between
the finger and the wall of the probe. Once the patient rests the finger comfortably and secure, the instrument must
run a self calibration where it determines and stores the ideal gain setting for each channel at every source position.
This is implemented to maximize the signal to noise ratio without saturating the electronics. The data acquisition is
started after the calibration is complete.

To illicit a controlled hemodynamic response, we employ a sphygmomanometer cuff placed around the
forearm. This cuff is inflated at a pre-determined point in time after a baseline measurement is obtained for each
individual subject. The timing and induced perturbation protocol used in these dynamic studies evolves as follows:
First a baseline measurement of 10 seconds is made. This is followed by an inflation of the arm cuff to the pressure
Piastotic T (Psystotic — Pdiastotic)/2. By applying this pressure, the intention is to shut down venous return and CO,
removal of the blood supply from the finger while still maintaining blood and oxygen delivery. The pressure is
maintained in the cuff for 30 seconds, at which point the pressure is rapidly yet steadily released. Data is acquired
for another 40 second rest period before the cuff is inflated a second time. During the second perturbation, the
pressure is held to Pgyoiic + 15 mmHg for another 30 seconds, which is intended to shut off both the venous return
and arterial supply. The experiment concludes with a 40 second rest period during which data is still being collected.
We repeat this experiment for the PIP joint of the index, middle, and ring fingers on both the right and left hand. All
experiments and procedures were performed in accordance with institutional guidelines and informed consent was
obtained from all participants.

2.3. Pre-processing

Once the data has been collected, it must be prepared for an image reconstruction. To this end we have developed an
intuitive and user-friendly MATLAB script, which guides the user through the pre-processing routines. Data sets for
both wavelengths are loaded into the program. The user can choose to view and analyze data from either a single
measurement plane or channels from both fiber optic rings. At the outset, because the instrument generates data in
the form of difference-measurements, the time trace for each source-detector pair is normalized to the mean of its
baseline scan. For the subsequent steps, the nature of the data processing depends upon the type of experiment that
was performed.
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When processing dynamic measurements, we developed a technique for eliminating common system noise
that is present on all channels. For each source locality i, the value of each detector j, P;;, is renormalized to the
detector value that is closest to that source, P;;. Due to its adjacent proximity to the light source and comparative
distance from the finger, we can safely assume that this detected intensity is not actually probing tissue so it may
function as a reference channel for that particular source position. Following this re-normalization, the time trace is
further smoothed by a moving average low-pass filter

(M~-1)/2
Mil=— % i+l
J=—(M-1)/2
This filter slides an M-point window centered at index [i] along the sampled data. It then computes the mean of all
overlapping samples and assigns it to the currently indexed time point. In this work, we chose M = 3 averaging over
one neighbor to the right and one to the left, which dampened the high frequency spikes with minimal distortion of
the intensity profile. After the measurement set has been appropriately processed, the user can save all source-
detector measurements for a selected time point to be used by the reconstruction algorithm. All operations are
performed on both wavelengths in parallel.

2.4. Image Reconstruction Algorithm

Data generated by the DYNOT instrument is in the form of difference-measurements. The primary reasons for this
is the varying effective response among detector channels operating in parallel, and associated coupling differences
at each fiber interface along the photon trajectory. As a result, it becomes difficult to relate one source-detector
measurement with another. By performing these perturbation-based measurements though, several advantages can
be realized. Firstly, because a perturbation only affects the specific areas of change while the physical boundary
conditions remain unchanged, the system becomes less sensitive to boundary affects. Secondly, it becomes less
sensitive to the poor diffusion representation of low-scattering regions characteristic of synovial finger joints. A
drawback to this approach however, is that the absolute distribution of optical properties cannot be determined, only
relative changes of absorption or scattering relative to a baseline.

To generate the three-dimensional reconstructions of the optical properties in the joint, we employ a model
based iterative image reconstruction (MOBIIR) scheme.®**" This technique consists of three individual
components: 1. A forward model that uses photon propagation theory to predict the detector readings at the
boundary based on an assumed initial spatial distribution of the optical properties inside the medium; 2. An analysis
step that compares the measured values with the theoretical model; 3. An updating scheme that adjusts the optical
parameters of the model. These steps are repeated until the error between the predicted and measured quantities is
sufficiently small. The final distribution of optical properties when the solution converges represents the spatial
mapping of the target medium.

The forward model used in these studies is the time-independent diffusion equation, given by;

~VDVHr) +cp () =cS(r) @)

where D is the diffusion coefficient defined as ¢/3u,'(cm*/ns) with s, being the reduced scattering coefficient (cm™),
¢ =22 cm/ns represents the speed of light in tissue, ¢ is the fluence (W/cm?), 4, is the absorption coefficient (cm™),
and S is the source.

During the analysis phase of the MOBIIR scheme, an objective function is defined which quantifies how
well the actual experimental data correlates with the theoretical prediction. To do this, we use a modified standard
least-square objective function as suggested by Pei et al,*' which is formulated for difference data. To update the
initial and subsequent spatial distributions of the optical properties, the gradient of the objective function with
respect to the absorption and diffusion coefficients (1, and D) is calculated. Further details on the reconstruction
methods can be found at Bluestone et al.**

By using the scheme outlined above, MOBIIR calculates the change in absorption profile Az, in response
to some stimulus. All measurements are recorded at two wavelengths (765nm and 832nm) enabling us to reconstruct
a profile for both A1 and A2. The absorption coefficient is related to the chromophore concentration and its
extinction coefficient by u, = g/C]. Recognizing that the primary chromophores in tissue at these wavelengths (1)
are oxy- [HBO,] and deoxy-hemoglobin [Hb], we can express the overall absorption as a linear combination of each
weighted by their respective extinction coefficients:*
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where 5%11)02 and é{_}b represent determined extinction coefficients for oxyhemoglobin and deoxyhemoglobin

respectively.*® Measuring parametric change at both wavelengths leads to a system of algebraic equations. Inverting
the extinction coefficient matrix and solving this system for AlTHBO,] and A[Hb] yields,
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Therefore, for each node in the mesh, we can combine the reconstructed A,ujl for both wavelengths and use the
documented extinction coefficient values to determine the relative changes in oxy- and deoxy-hemoglobin
concentration.

The diffusion equation given above (2) is solved over a finite element volume. To this end, we make use of

the adaptive geometrical modeling software package distributed by GID (http:/www.gidhome.com) to construct a
finite element volumetric mesh equivalent to our imaging head dimensions and experimental setup. Because data
quality is critically dependent on optode placement, care must be taken to precisely match the source and detector
coordinates with the physical setup and to maintain them when generating the mesh. Any deviation in their positions
will produce adverse artifacts in the image. Our cylindrical geometry was 3.2 cm wide and 6 cm tall. Two rings of
24 equally spaced points seated at the boundary were separated by 1.3 cm, corresponding to the optode arrangement
around the imaging head. 10,000 finite elements comprising ~2000 nodes, ~8000 volumetric tetrahedral elements,
and ~2000 triangular surface elements form the mesh. After the mesh was generated, the optical properties for 1%
Intralipid at ~800nm were assigned to each node. All node locations were initially assigned an absorption coefficient
of 1, =1.0 cm™ and a diffusion coefficient of D = ¢/(31") = 0.9 cm?/ns, values that are documented in literature.

The computation usually converges in about 15-25 iterations and is determined by the magnitude of the
perturbation relative to the baseline at that time point. Using a Linux work station with two 1.2GHz processors, the
required computation time ranges from 5 to 30 minutes depending on the number of experimental parameters
(source-detector pairs) defined for the reconstruction.

3. RESULTS

To illustrate our major findings we focus on two case studies, which included one healthy volunteer and one patient
diagnosed with RA. The healthy volunteer (male, 35 years of age) had never been diagnosed with rheumatoid
arthritis and experiences no symptoms of RA. Our second subject (female, age 55) has been clinically diagnosed
with rheumatoid arthritis and all PIP joints on both hands were affected. However, one of the hands reveals greater
inflammation and exhibits more pain than the other. For each subject we imaged the index, middle, and ring fingers
of both hands. This allows us look at differences between cases, as well as differences between left and right hand
of the same subject.

3.1 Dynamic Time Traces

We begin our analysis by evaluating the time traces of all detectors for a representative source position. Figures 2,
and 3 show traces of fingers on the left and right hand for a healthy volunteers and a patient affected by RA,
respectively. The traces depict the transmission profile over all detector channels for a single illumination position at
one wavelength (A = 765nm). The response is plotted as change in intensity Al versus time ¢ in seconds recorded at a
data acquisition rate of 2.4 Hz. All traces are normalized to the mean of the initial rest period, which defines the
baseline for the experiment.

Figure 2(a) represents traces for source 1 on the left index PIP, and Fig. 2(b) represents traces for source 1
on the identical PIP joint on the right hand. As found in all healthy volunteers, these particular traces from both
hands exhibit fundamentally similar trends. As the pressure is applied around the arm (see ¢ = 10 and ¢ = 80), we
initially observe a fast decay in the signal. This is followed by a slower decay. Upon release of the pressure cuff (£ =
40 and ¢ = 110), the signal rises sharply for about 10 seconds, after which it continues to ascend toward baseline
though at a much slower pace. As we might expect, we can see that the detectors on the opposite side of the source
display a much more pronounced effect than say those detectors positioned close to the light source.
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