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Staging and therapy monitoring of malignant lymphomas relies heavily on imaging using arbi-
trary size criteria from computed tomography (CT) and sometimes non-specific radionuclide
studies to assess the activity of the disease. Treatment decisions are based on early assess-
ment of the response to therapy and the residual volume of the disease. Our initial experience
is reported using a new noninvasive, inexpensive, and reproducible passive imaging modality,
Dynamic Infrared Imaging (DIRI), which may add a new dimension to functional imaging. This
system relies on its ability to filter the raw infrared signal using biological oscillatory behavior. It
detects and analyzes minute oscillations of temperature and heat distribution in tumors.

Introduction

The treatment of malignant lymphomas depends heavily on imaging at the time
of staging. With the progress in therapy there is an increasing demand for more
frequent and accurate monitoring of the early response to treatment, as well as
the detection of toxicity of chemotherapy. Early assessment of response and tox-
icity will allow more timely changes in the treatment of patients who are not
responding, and may enhance the chances of decreasing toxic side effects and
ultimately increase the prospect for a cure. Functional imaging techniques are
becoming more widely accepted for this purpose, and imaging modalities using
Ga-67 or FDG-PET show very promising results in this regard (1-5). Some stud-
ies suggest that very early restaging — as early as after one cycle of therapy — may
be predictive of the treatment success or failure (1, 6). PET likewise, has been
employed in the early monitoring of lymphoma patients on radio-immunothera-
py (7). PET assessment of tumor glucose or amino acid metabolism with F-18
FDG, C-11 Thyrosin PET, C-11 cystein PET have shown very encouraging
results in a variety of tumors, although larger studies are needed to confirm this
concept (3, 7-9). Our report on this new imaging modality, Dynamic Infrared
Imaging (DIRI) is based on our working hypothesis that tumors can be detectable
as areas of long-wave (8-10um) infrared photon flux that exhibit significantly
different temporal behavior when compared to non-diseased tissue.

In this study, we compare the ability of Dynamic Infrared Imaging (DIRI) to
depict tumor masses in lymphoma patients for staging and therapy monitoring
against CT, Ga-67 and FDG-PET.

Staging CT, Ga-67 and FDG-PET were compared with DIRI images on ten
patients (five males, five females) in age range from 25-50 years with newly
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diagnosed lymphoma. We compared the ability of DIRI to
depict tumor masses in superficial locations and define char-
acteristic patterns that could be used later for therapy moni-
toring. Twenty-eight tumor sites were identified using Ga-
67 and/or FDG-PET and CT measurable tumor masses,
amenable to a single view dynamic acquisition utilizing the
BioScanIR® System (OmniCorder Technologies Inc., East
Setauket, NY). Each acquisition consisted of 2048 images
taken over 20 seconds. Various algorithms were used to
extract and analyze the infrared data from the 28 tumor sites
which were then translated to visual images and compared to
29 regions in adjacent soft tissues without tumor.

There was very close correlation in selected locations
between tumor depiction by DIRI as compared to Ga-67,
FDG-PET, and CT. Average temperature sampled over
tumor masses within a 20 x 20 pixel region was significant-
ly higher than those over adjacent soft tissues (31.78 + 0.98
vs. 3123 £ 0.71 &#61616; C; P=.017, t-test), and these dif-
ferences were confirmed on color-coded maps as areas of
high relative temperature and high temperature modulation.
Tumors showed lower raw temperature and temperature
modulation with prominent high modulation rim in two
patients. The semi-quantitative evaluation showed signifi-
cant correlation between Ga uptake and high temperature
modulation (P<.001), as well as high relative temperature
(P<.001) compared to tumor sites with soft tissues outside
the tumor. No consistent pattern of thermo-homogeneity
was seen throughout the tumors. Raw temperature and tem-
perature modulation measurements using DIRI are able to
distinguish lymphoma from adjacent tissues.

DIRI is able to distinguish lymphoma from adjacent tissues.
“Typical patterns” may be identified that may allow the
incorporation of this promising functional imaging tech-
nique to monitor patients with lymphoma during therapy.

DIRI is a new infrared imaging technique that records natu-
ral infrared radiation (IR) from tissue. Living tissue contin-
uously emits IR photons in the 8 to 10um frequency. IR
intensity is proportional to the temperature of the radiating
tissue, and is indirectly proportional to the degree of tissue
perfusion. DIRI has superficial similarities to a previous
technique called thermography, but the means of collecting
and processing the data are so different that it is described in
the literature as a new and distinct modality, referred to
alternatively as DIRI, HPIR or DAT (10, 11).

The first significant attempts to utilize the infrared technology
in medical imaging were in the field of breast cancer diagnosis.
These early attempts were hampered by inferior infrared tech-
nology, very limited data processing capability and a poor
understanding of the biology of cancerous lesions. Regardless,
throughout the 1960s, 70s, 80s and early 90s hundred of reports
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persistently indicated a correlation between the development
and growth of cancerous lesions and heat emission.

Our understanding of cancer biology grew enormously in the
1980s and 90s. In1986 Ignarro reported that nitric oxide
relaxes smooth muscles in the walls of blood vessels, and
has a role in a range of biological processes, with possible
implications in cancer research (24). In 1996 Gamagami
reported infrared imaging had the ability to non-invasively
monitor angiogenesis in cancerous tissue (23). In the mean-
time, new infrared technology became available in 1996 in
the form of the first QWIP camera, developed by Gunapala
at NASA'’s Jet Propulsion Laboratory. In 1997 Anbar report-
ed it was possible to measure normal blood perfusion using
this same QWIP camera (17). In 1999 Anbar, using a sub-
stantially more advanced QWIP camera, reported that can-
cerous lesions could be objectively identified (12).

MRI, CT, ultrasound and other conventional imaging modali-
ties input and manipulate a known signal while measuring its
alteration through the tissue. Conversely, DIRI detects and pas-
sively analyses infrared energy radiating from the tissue.
Because DIRI is a passive imaging system, and therefore can-
not control the electromagnetic signal to enhance the image
analysis, the system relies on its ability to filter the raw signal
using biological oscillatory behavior. Oscillation of heat emis-
sion can be analyzed for different frequencies. M. Anbar et al.
reported on the frequency analyses predictive of breast cancer
(12). Similar results were reported by T. M. Button et al. in his
preliminary work as “vasomotor frequencies” (27). F. Meyer et
al. reported that infrared flux rates of change — or slope analy-
sis — are useful in monitoring brain function during surgery.

In this study three algorithms were used to extract and ana-
lyze the infrared data. All the information was then translat-
ed into a visual image with 256 colors. Spot averaging analy-
sis (SAA) merged neighboring 2 x 2 or 4 x 4 pixel arrays and
averaged the temperature for all frames in the acquisition.
Spot Standard Deviation (SSD) measured the standard devia-
tion of the change in temperature for a 2 x 2 array over the
duration of image acquisition. A positive Spot Slope is trans-
lated into colors from the high end of the visible spectrum
(white and red) for relative increase in temperature. Constant
temperatures are in the middle range (green and blue).
Negative slope (decrease in temperature) is shown with col-
ors at the low end (black). The Fast Fourier Transformation
(FFT) algorithm gates the frequency of known physiological
processes, such as cardiac cycle, to the intensity of IR emis-
sion expressed as ‘Modulation of temperature.’

Technology

DIRI records changes in perfusion and reperfusion of human
tissues by rapid (>=100 frames per second) measurement of
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minute changes (<0.006 degrees) in photon flux, both spatial-
ly and temporally. High spatial and temporal resolution is
essential for identifying tumor masses (10, 11). The central
component that provides this capability and therefore makes
DIRI clinically viable is a sensor developed for the strategic
defense initiative (SDI), or the “Star Wars” research program.
This extraordinarily sensitive, high speed sensor is called the
quantum well infrared photo detector (QWIP). The QWIP is
along wave (8-10um), narrow band, focal plane array infrared
detector. Long-wave detectors are superior for measuring bio-
logical behavior because tissue has its peak emissivity in the 8
to 10um frequency range. Mid-wave IR detectors (3-5um),
on the other hand are subject to environmental artifacts. For
example, up to 15% of the information detected in the mid-
wave can be reflected by environmental sources versus <2%
in the 8-10wm range. So the 8-10um narrow band capability
of the QWIP is ideal for medical imaging applications. A typ-
ical QWIP is a 256 x 256 array with 65,000 pixels per frame
that can resolve a 0.006 degrees C difference in temperature
over time. The QWIP’s spatial resolution is 40um, with more
than 99.5% operating pixel yield. Next generation QWIP
detectors offer 640 x 480 resolution (307,200 pixels) at 20um,
nearly five times the effective spatial resolution.

The QWIP detector is incorporated into a camera and built
into a self-contained mobile unit that includes: a customized
computer for data analysis, a LED display, a printer and a
black body calibration unit. This integrated unit can collect
up to 400 frames/second of data with a 14 bit digital output.
The QWIP detector operates at cryogenic temperatures of
approximately 60K, but the cooling operation is performed
with an entirely sealed, long-life (4000+ hrs), sterling cool-
ing system, so the handling of cryogenic liquids is eliminat-
ed. The camera is equipped with a 50mm f/2 germanium
lens, but can be refitted with numerous lens configurations
including microscopic and endoscopic lenses.

Materials and Methods

Our study was conducted on a group of 10 patients (five
males, five females) ranging in age from 25-50 years, all of
whom had newly diagnosed malignant lymphoma. Five
patients had Hodgkin disease and five non-Hodgkin lym-
phomas affecting the neck, axillae and anterior mediastinum.
The lesions were identified by computed tomography (CT)
and corroborated by staging gallium-67 scans and/or fluorine-
18 flouro-deoxyglucose positron emission tomography (PET).
Gallium scans were performed 72 hours after injection of 370
MBq of gallium-67 citrate in all 10 patients, and included both
planar and SPECT (single photon emission tomography)
images recorded in the standard manner (1). PET scans were
obtained from six subjects 48 minutes after injection of the 20
mCi (740 MBq) of F-18 fluro-deoxyglucose using a dedicat-
ed PET scanner and the standard technique of 2D acquisition
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with iterative reconstruction and attenuation correction of the
images (7). Selected areas with superficially located tumors
were imaged with DIRI at the time of staging.

In our study group, 28 tumor sites were identified with CT
measurable tumor masses amenable to a single view DIRI
acquisition utilizing the BioScanIR® System (OmniCorder
Technologies Inc., East Setauket, N.Y.) (10, 12). This sys-
tem utilizes QWIP FPA detector technology capable of
detecting infrared radiation by converting photon flux to
electrical signals; the signals are then used to generate
images as described above. The system was configured to
collect 2048 frames of data over 20 seconds. A specially
configured computer system performed real-time capture
and storage of data at rates of >25 MB/sec. The individual
data files are >250MB in size. This computer system con-
figuration requires at least 2GB of RAM storage, with a
computational power equivalent to two 1.2GHz Pentium
processors and a 200GB hard drive (10-12). Infrared images
were obtained from a distance of 1.5 meters in single pro-
jection. Images were stored in the computer memory and
processed using dedicated proprietary software to generate
color bitmaps for SAA, SSD and FFT as described above.
The distribution of the highest 10% of the temperature (T)
and temperature modulation (TM) were shown in purple; the
next lower T and TM were assigned a red color. These two
colors were called “high” T and TM in semi-quantitative
evaluations. All remaining colors were called “low” for sta-
tistical analysis. Gallium scans were independently evaluat-
ed by two board-certified nuclear medicine physicians. The
presence or absence of abnormal gallium uptake in regions
of “high” or “low” T and TM were evaluated using the Chi-
square test. Subsequently thirty 20 x 20 pixel regions of
interest were drawn over the tumor masses as well as over 29
areas without tumor masses, and the absolute temperature
was evaluated and compared using the Student t-test.

Results

The diagnosis of disease was histologically proven in all 10
Hodgkin’s and non-Hodgkin’s lymphoma patients. All ten
patients underwent gallium-67 imaging and CT. Six of the
patients also had F-18 FDG PET. There was good morpho-
logic correlation with Ga-67 scans on visual evaluation of
the images. Visual evaluation of scans as utilized in current
clinical practice was employed since DIRI imaging is closest
to radionuclide techniques due to its functional rather than
morphological information it provides. All tumors were
found to be highly gallium and FDG avid. The DIRI images
collected in a single projection for a single selected region
were guided by conventional imaging studies, and had very
good morphological correlation of abnormalities when com-
pared with CT and abnormal uptake of radionuclides in
tumor masses (Figure 1, 2). The 20 x 20 pixels regions of
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Figure 1la: GC, 29yowm: Newly diagnosed non-Hodgkin’s lymphoma
with lymphadenopathy in the right neck, supraclavicular regions bilaterally,
and mediastinum in retrosternal and paratracheal regions as seen on select-
ed two CT axila cuts over lower neck and upper chest. Left upper panel:
DIRI - raw temperature distribution. High temperature over the medi-
astinum extending to supraclavicular regions bilaterally. (Note color-coded
small regions of interest for graphs on Figure 2: blue and red over the tumor,
purple over right pectoral muscle, and green over the thyroid.)

Figure 1b: Same patient as
Figure la: F-18 FDG PET
demonstrating lymphadenopa-
thy affecting right lower neck,
supraclavicular regions and
more extensively mediastinum.

Janicek et al.

interest placed over the areas of tumor masses detected on
CT, radionuclide and DIRI studies showed significantly
higher SAA readings compared to sites with no detectable
tumors. The SAA over the tumors was 31.786 + 0.983 as
compared to normal tissues with temperature 31.228 +0.714
degrees C; t = 2.458, DF = 55, P = .017 (Graph). Areas of
high relative SAA (coded as purple and red for highest 20%)
corresponded to abnormal gallium-67 deposition, P <0.001,
Fisher exact test (Table I). The same very close correlation
was observed between high FFT (coded as purple and red for
highest 20%) and Ga-67 abnormal uptake, P <0.001, Fisher
exact test (Table II). Color coded maps were also generated
from the original data sets, evaluating SSD within 2 x 2 pixel
areas, reflecting the thermal heterogeneity of tissues. Most
tumor masses showed homogeneous temperature distribu-
Graph
Correlation of absolute temperature of skin surface over tumor
sites with normal areas.
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Temperature over tumors 31.78+0.98° C; temperature over normal
tissues 31.23 £0.71° C.

T=2458,DF=55,P=0.017.

(20 x R0 pixel ROI, Wistance 4.5 Im, infrared mission B-10 km,
OmniCorder system, in plane 256 x 256 detector matrix).

Tablel
Comparison bf kites fvith hbnormal a-67 hptake hnd high femperature bnk
bit-maps.

Gallium-67 LOW temperature HIGH temperature
Normal 12 (26.7%) 3 (6.7%)
Abnormal 5(11.1%) 25 (55.6%)
Total: 17 (37.8%) 28 (62.3%)

Fisher exact test: P=<0.001
Tablell

Comparison &f kites vith Abnormal Ha-67 hptake hnd high femperaturel.
modulation on bit-maps.

Gallium-67  LOW Temp. Modulation HIGH Temp. Modulation
Normal 11 (24.4%) 4 (8.9%)
Abnormal 3 (6.6%) 27 (60.0%)

Total: 14 (31.0%) 31 (68.9%)

Fisher exact test: P=<0.001

Figure 1c: Same as Figure la,b: Gallium-67 scan demonstrating extensive
lymphadenopathy in the neck and chest as PET and DIRI. (Clockwise from
upper left: sagital, coronal, volume rendered, and axial images)

Technology in Cancer Research & Treatment, Volume 2, Number 6, December 2003



Dynamic Infrared Imaging of Newly Diagnosed Malignant Lymphoma

575

A DtsplayScale

Figure 2: GC, 29 yowm with NHL: (same as Fig. 1): Color panels (anterior
view of the chest): Left upper panel showing higher intensity of temperature
oscillation in the areas of tumor in the upper mediastinum to the right of the
midline investigated selectively for frequency of 0.1953 Hz. Left lower panel
is the same area investigated at 0.5859 Hz. These frequencies were identified

7

Figure 3: CC, 38yowm: Newly diagnosed Hodgkin’s disease (lymphocyte
predominant type) with bulky lymphadenopathy in the right axila.
Composite image: (a) Left panel: F-18 FDG PET. Intense abnormal uptake
in the right axila. (b) DIRI image, LAO view of the right axila with arm ele-
vated same as on PET image (upper and mid right panels): Discrete area of
high temperature and area of high temperature oscilation corresponding to
PET abnormality in purple and red. Relatively cold pectoral muscle is light
and dark blue. (c) Right lower panel: CT axial cut of upper chest with bulky
right axilary lymphadenopathy.

Intergration

b |

] 2 _sese |

as the peaks on Fourier transformation of all frequencies in the interval 0-50
Hz depicted on the right hand side. (x axis = frequency, y axis = intensity) Blue
and red curves are frequencies over the tumor, green and purple curves are over
the pectoral muscle and thyroid. Note a very good correlation with Ga-67 and
F-18 FDG PET abnormalities demonstrated on Figure 1.

tion, with some demonstrating a rim of heterogeneous tem-
perature, but there was no uniform pattern observed.

Discussion

High success rates in the treatment of malignant lymphoma
and the availability of alternative treatments increase the
demand for accurate staging and early monitoring of therapy
response (13, 14). Imaging will play an increasingly impor-
tant role in this evaluation (3, 5, 14). Conventional imaging,
consisting of CT and MRI in combination with radionuclide
studies, allows accurate staging and guidance for biopsy (5,
15). These imaging techniques, however, become problem-
atic after treatment begins. In our earlier work we docu-
mented the predictive value of the early restaging with the
use of gallium-67 in the middle of the treatment (1). Others
have suggested the need for even earlier restaging (4, 6, 16).
Conventional techniques cannot differentiate residual soft
tissue masses from persistant disease (7, 13). The standard-
ization of the technique and the evaluation of radionuclide
studies are relatively subjective in the setting of limited
residual disease. Also, the cost and availability — as well as
the radiation dose — represent additional limitations to
repeated use of conventional and gallium-67 imaging at mul-
tiple time points during treatment. DIRI may represent a

Technology in Cancer Research & Treatment, Volume 2, Number 6, December 2003



576

very important non-invasive, non-contact, inexpensive and
easily reproducible alternative, generating direct information
about the basic physiology of tissues (10-12, 17). Infrared
photon flux emanating from tissue is the by product of meta-
bolic heat production and emission. This is controlled by a
variety of physiological and pathologic mechanisms, includ-
ing systemic and local controls. These include blood perfu-
sion, neurogenic control, local tissue mediators and endothe-
lial receptors. Current imaging generally uses indirect
indices of metabolic activity and perfusion. One such
parameter, glucose metabolism, has been shown to be very
active in lymphomas, as demonstrated by F-18 FDG PET (3,
5,7). Lesions are usually well perfused, with moderate con-
trast enhancement on CT after the injection of iodinated con-
trast, although they do not typically demonstrate the same
degree of pathological vasculature known from angiography
of sarcomas or some epithelial tumors.

D. S. Kapp et al. (25) reported the potential prognostic signif-
icance of temperature measurement during treatment. Using
probes within the tumors of different histologies — before and
during radiotherapy — and hyperthermia, they demonstrated
that lower pretreatment temperature and larger difference of
temperature before and after treatment were predictive of bet-
ter local treatment control. Similarly, infrared data in our
study was intended to image lymphoma masses at the time of
staging to identify the thermo-characteristics of these lesions,
which could be used for monitoring the disease during treat-
ment. Changes in infrared flux are probably due to a complex
interaction between multiple parameters that are evolving and
changing over the course of tumor development and treat-
ment, including the toxic effects of the drugs (10, 12, 22, 25),
recruitment of blood vessels and angiogenesis stimulated by
the tumors, to name a few. These parameters are currently
under intense exploration by many researchers as independent
prognostic factors for cancer, and they all very likely con-
tribute to heat distribution and production (12, 22-24).

Conclusion

Raw temperature and temperature modulation measured
with DIRI can distinguish lymphoma from adjacent tissues.
Infrared body anatomy and physiology need to be further
studied to allow refined evaluation of images as well as a
better understanding of the quantitative data. Typical pat-
terns may be identified that may allow incorporating this
promising functional imaging technique to follow up of
patients with malignant lymphoma. Exploring specific fre-
quencies may produce new information about different
tumor types, the effects of treatment and the disease state,
and will be further refined in larger series in the future.

Janicek et al.
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