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ABSTRACT

VLBI observations of the H,0O emission from VY CMa made in 1974 and 1976 show the
diameter of the masing region to be about 5 x 10'® ¢cm, and the diameters of the individual
components to be about 5 x 10® cm. The total mass of the gas in the water masing region is
estimated to be 10~ M, and the density is about 10° cm =2, The H,0 and main-line OH maser
spectra from single antenna measurements show substantial changes within a few months. These
changes may be correlated with changes in the optical spectrum. Expanding-shell models, with

emission from both the limbs and the direction along the line of sight to the star, can explain the
observations.

Subject headings: infrared: sources — interferometry — masers — stars: circumstellar shells —
stars: individual — stars: mass loss
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Subcutaneous Temperatures: A Method of

Noninvasive Sensing

Abstract. A new method of noninvasive sensing of the subsurface temperature distribu-
tion in human and animal tissue is described. Thermal radiation emitted from subsurface
depths of several centimeters can be detected with microwave receivers. Temperature sen-
sitivity of order 0.1°C and spatial resolution of approximately 1 by 2 centimeters have
been obtained. Measurements demonstrating the technique, with feline and human tissue,
are reported. A potential medical application is the detection of subsurface thermal
anomalies such as malignant tumors and regions of vascular insufficiency.
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Fig. 1 (left). Penetration depth as a function of frequency for typical hu-
man tissues. The greatest penetration is provided by low frequencies but
the spatial resolution is worsened. The frequency of operation of typical
infrared thermographs is 107 to 10* Mhz for which there is virtually no
penetration (1000 Mhz = 1 Ghz). Fig. 2 (right). Time history of (top
curve) temperature of dead cat thigh muscle, heated with pulsed focused
ultrasound, measured with a thermocouple implanted at the focus ap-
proximately 1.5 cm beneath the skin surface, and (bottom curve) temper-
ature recorded by 3-Ghz microwave radiometer, with antenna fixed
against skin surface. Arrows indicate start and end of ultrasonic irra-
diation period.

669



There are many potential medical applications of microwave radiometry. By analogy with
infrared thermography, we may expect these to include detection of sub-surface thermal
anomalies such as malignant tumors, especially in the female breast; localized inflammations,
such as appendicitis; and vascular insufficiency in the limbs and in the brain. However, the
usefulness of the technique is difficult to predict because detailed knowledge of the internal
thermal structure of the human body is sparse. Extensive clinical evaluation, involving
observations at more than one frequency, will be required. If simultaneous observations are
made at two well-separated frequencies, the ability to determine the depth of a particular
thermal anomaly will be improved. However, this depth resolution will still be crude, of order
1 cm at best, because of the long wavelengths involved. Experiments at other frequencies
have been performed by others in the laboratory but have not been the subject of detailed
clinical evaluation (8). Infrared thermography has been utilized in the detection of breast
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Micro-wave thermograms at 3.3 Ghz on some 30 to 40 female patients per week at Faulkner
Hospital, Boston, are being correlated with mammography, infrared thermography, clinical,
and, where appropriate, biopsy results. These data are the first microwave thermographic

data taken in a systematic, routine manner in a clinical environment and should help establish
the currently un-known microwave emission patterns from the breasts of normal patients.
Once these patterns are known with confidence, an examination of departures can be carried
out for diagnostic purposes. Our initial data indicate good agreement with infrared patterns,
but insufficient data exist for any further conclusions.

ALAN H. BARRETT PHILIP C. MYERS Department of Physics and Research Laboratory of
Electronics, Massachusetts Institute of Technology, Cambridge 02139



MICROWAVE THERMOGRAPEY FOR THE DETECTION
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Abstract

This thesis presents a general discussion of a 6 GHz Microwave
Thermcgraph used for the detection of breast cancer. An evaluation
of the antenna power pattern was done, and showed that , first,
almost all the energy received at 6 GHz has its origin within the
3 mm skin layer overlying the breast, and second, that resolution
is likely to be limited more by examination time than by the intrinsic
power pattern of the antenna.

Using the results of 960 patients measured with this device
as part of a larger screen for breast cancer at Faulkner Hospital,

6 GHz thermography was found to be equivalent to both earlier L and
S-band thermography as well as present Infra-red thermography, which
showed a performance decrease over previous results. Combination
with Infra-red thermography offered little improvements over 6 GHz
thermography alone, leading to the conclusion that X-ray would remain
an essential examination for all women if high sensitivity is to be
retained.

Cost-benefit analysis was performed for both X-ray and clinical
screening alone, and with microwave examination included as part of a
two phase screen. X-ray screening was shown to reduce person-years
lost to breast cancer by 47%, while two phase screening reduced years
lost by 38% over those obtained without screening. The net costs of
both forms of screening were high, mostly reflecting the cost of the
actual screening program. Microwave examination did not improve the
cost-effectiveness of mass screening for breast cancer.

Thesis Supervisor: Dr. Philip C. Myers
Title: Associate Professor of Physics
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Contour Map at 1.3cm
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Histograms of Temperature Distributions:
Cancer vs. Normal
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Receiver Operator Curve (ROC)
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Scatterplot: Cancer vs. Normal
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Corrected ROC Curves
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A few Conclusions

A background in the nature of breast disease and currently

available modalities to detect these motivated the rational

behind microwave thermography. The basic principles of

detecting subcutaneous temperature distributions was

established. The analysis of the properties of the antenna

used for the 6 GHz measurements showed that, first, almost

all the energy measured at that frequency has its origin

within the 3 mm skin layer, and, second, that ultimate

resolution is likely to be limited more by examination

time than by the intrinsic power pattern of the antenna,

even for automated scanning devices.

Using the findings of 960 patient measurements the

6 GHz system was found to perform similarly to the 1.3

GHz thermograph as a stand-alone system for discriminating

cancer from normals. New methods of processing the data

allowed improved performance over earlier systems. When

used in conjunction with the 6 GHz thermograph, IR data

offered little improvement, demonstrating the similarity

/gEEthe two methods. This in turn prevented thermographic

manner.

methods from augmenting x-ray techniques in a satisfactory

the present 6 GHz thermograph would not improve the performang
of a large screening program for asymptomatic women, either

by decreasing person-years lost to breast cancer or by

Finally, using this result it was concluded that

\&T?roving cost-effectiveness of the screen. 4///




Retrospective look at biopsy
proven cancers

Infra-red results showed a significant improvement
in TP of about 10 percentage points for both code 2 and code
3, with comparable TN. When analysed along with the microwave
results, the important conclusion can be drawn that for
those patients who were initally labeled cancer and turned
out not to be, both forms of thermographic data did better
than average in assigning their true state. This would

indicate that the radiologists at Faulkner would be well

advised to payv closer attention to thermographic results.



Measurement Positions

Experimental investigation of the
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Microwave Radiometry: Its Importance to

the Detection of Cancer

KENNETH L. CARR. FELLOW, IEEE
( Invited Paper)

Abstract —Developments in the application of microwave technology to
the solution of medical problems, particularly the detection and treatment
of cancer, have been very encouraging. In the treatment of cancer, for
example, microwave hyperthermia has been accepted as an adjunctive
procedure to radiation therapy in the treatment of superficial lesions.
While not as widely reported, the use of microwave radiometry as a
noninvasive, passive technique for the early detection of cancer appears
very promising. Wider acceptance of these methods, however, awaits
fundamental improvements in the ability to focus energy at depth in human
tissue, an important and nontrivial antenna problem. Further development
in the areas of antennas and antenna arrays is required if microwave
technology is to provide a practical solution to the detection and treaiment
of cancer.

This paper discusses developments in the medical uses of microwave
radiometry, particularly in relation to the early detection of cancer, as well
as the significance of and progress in related antenna technology.

TABLE |
20 YEAR SURVIVAL RATE — BREAST CANCER®

SIZE AT TIME OF
__DETECTION _
3CMDIA

2

APPROXIMATE
SURVIVAL RATE

507
65%
80"
95"
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as evident in Fig. 2. The potential of detecting thermal
anomalies, such as malignant tumors in the female breast
using microwave radiometry, was recognized by re-

searchers Barrett and Myers [15], [16], followed by others

[17]-[21]. Improved transmission characteristics at the

\J . U - . J U 3 { U

ing lower level of emission. The dielectric properties of

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 37, NO, |2, DECEMBER 1989

ential between the antenna and the reference load. In the
case where long integration times are involved, the long-
term gain variations in the receiver must ke considered.
The long-term gain variations can degrade the minimum
detectable temperature sensitivity (A7) in accordance with
the following expression:

AT, =AG/G(T,~T,) K rms (1)

where AG is the receiver gain change, G is the nominal
receiver gain, 7, is the temperature of the reference load in
kelvins, and 7, is the temperature of the antenna in
kelvins. Obviously, if 7, approaches 7, the effect on
long-term receiver gain variations becomes negligible. It
becomes advantageous, therefore, to maintair the tempera-
ture of the reference load approximately equal to the
temperature of the unknown.

The radiometer design can be further modified to take
into account antenna mismatch. If the receive antenna is
noncontacting or remote, for example, the mismatch at the
surface relative to the air can be significant, resulting in a
dramatic reduction in surface emission. Ludeke and Kohler
[28] have suggested the use of a radiation balancing ra-
jiometer employing noise injection, thus making the re-

iver temperature equal to the object temperature to
liminate the error due to reflectivity. However, if the
adiometer is designed for a specific applicat on, the use of
ite-optimized contact antennas could eliminate the need
for this added complexity [29]. In this situation, however,
thermal drift results from prolonged contact between a



V. CONCLUSION

The application of microwave technology to the solution
of medical problems, specifically to the detection and
treatment of cancer. has been very encouraging. It is
generally agreed that hyperthermia (i.c.. the application of
microwave energy to elevate tumor temperature to cause
cell necrosis) will play an increasingly important role in
cancer therapy.

The use of microwave radiometry (i.e.. a noninvasive,
passive technique to allow the detection and diagnosis of
pathologic conditions in which there are disease-related
temperature differentials) is currently an experimental
technique with studies being conducted by several teams
around the world with limited vet encouraging results,
Performance improvements and cost reduction in these
arcas will be assisted by the rapid progress in microwave
devices, components, and signal processing techniques.

The antenna has become the critical component limiting
system performance. The near-field region of a layered,
absorptive, and inhomogeneous medium represents a diffi-
cult and challenging problem of electromagnetic theory.
Further development in the areas of antennas and antenna
arrays is required if microwave technology is to become an
accepted and practical solution to the detection and treat-
ment of cancer.
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Microwave Radiometric Imaging at 3 GHz for the
Exploration of Breast Tumors

B. BOCQUET, J. C. va~x pe VELDE, A. MAMOUNI,
Y. LEROY, G. GIAUX, J. DELANNOY,
anp D. DELVALEE

Abstract —A process of microwave radiometric imaging working at 3
GHz permits the mapping of radiometric intensities on a square area
about half a decimeter on a side. These data, translated in terms of
colored image, point out the existence of lateral temperature gradients
in the tissues. This system was initially used in order to examine large
breast tumors; at present, it is also used for the detection of smaller,
impalpable tumors. We try to define the rules for the characterization of
benignity or malignancy of small tumors which appear in a mammo-
graphic examination (X rays). The definition of an appropriate parame-
ter, deduced from this image processing, seems to make it possible to
indicate if the tumor is benign or malignant.

[. INTRODUCTION

For several years, because women are more aware of breast
lumps, more breast tumors have been discovered at an early
stage. Therefore, new problems arise for differential diagnosis.
Indeed, these tumors are often so small that they cannot be
investigated with clinical examination. Because some of these
lumps cannot be characterized by mammography or percuta-
neous cytology, it is often necessary to resort to surgery, al-
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Conclusions

Microwave systems for cancer detec-
tion are coming of age. Enough promise
is there to be optimistic that in the next
decade a viable system will become
available. It is not expected that such a
system or systems will replace x-ray
mammography as a screening tool. But
these systems used together can
improve detection and limit false posi-
tive findings. Perhaps for young women
for whom mammography is not recom-
mended, a microwave system will
become a useful and painless low risk
diagnostic aid. At present, there is still a
great deal of research and engineering
design to be completed before this opti-
mistic outlook becomes a reality.
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ON QUANTITATIVE MICROWAVE TOMOGRAPHY OF
FEMALE BREAST

I. Catapano, L. Di Donato, L. Crocco, and O. M. Bucci |
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Universita degli Studi di Napol Federico 11
Via Cintia, Napoli 80126, Italy

Abstract—Microwave tomography deserves attention in biomedical
imaging, owing to its potential capability of providing a morphological
and functional assessment of the inspected tissues. However, such
a goal requires the not trivial task of solving a non linear inverse
scattering problem. In this paper, the factors affecting the complexity
of the inverse problem are exploited to trace guidelines aimed at setting
the matching fluid, the frequency range and the number of probes
in such a way that the dielectric parameters of female breast tissues
can be reliably retrieved. Examples, concerning 2D realistic numerical
phantoms obtained by NMR images, are given to asses a posteriori the
effectiveness of the proposed guidelines.

ND TECHNIQUES, VOL. 52, NO. 8, AUGUST 2004
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for detecting nonpalpable early-stage
er, despite significant progress in
sgraphic technique, well-recognized
Aost significantly, there is a need for
specificity, particularly in the case of
reast tissue. Approximately 4%-34%
e missed by conventional mammog-
70% of all breast lesions identified by
to be benign [3]. Other drawbacks
le the risk of accumulating low-dose
'epeated scans and patient discomfort
n during the exam. These limitations
Iternative or complementary technolo-
ncer detection. One such modality is



The origin of any observed temperature variations is
currently a topic of some controversy. For many years it has
been known that skin temperature rises of 1 to 3 °C are
associated with some breast tumors ( 1). The source of this
temperature increase has been described as being of metabolic
origin by some, and of vascular origin by others. Recent
studies with both human and animal subjects have demonstrated
that localized surface hot spots can only rarely be attributed

o metabolic heat production. They concluded that the thermal
patterns over a breast tumor was a reflection of a wvascular
reaction (43). However, angiographic studies of the breast

aimed towards detecting breast cancer have repeatedly

proved to be of little value ( 4), indicating that a consistent

angiogenic response is not a characteristic of breast cancers.
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TUMOR ANGIOGENESIS AND METASTASIS — CORRELATION IN INVASIVE BREAST
CARCINOMA

Novr Wempser. NEDL Josepn PoSeseee. MLDL Winniav RO Weren, MUD.axp Jubpas Forkmax, M.D.

Abstract Background. Experimental evidence sug-
gests that the growth of a tumor beyond a certain size
requires angiogenesis, which may also permit metastasis.
To investigate how tumor angiogenesis correlates with
metastases in breast carcinoma, we counted microves-
sels (capillaries and venules) and graded the density of
microvessels within the initial invasive carcinomas of 49
patients (30 with metastases and 19 without).

Methods. Using light microscopy, we highlighted the
vessels by staining their endothelial cells immunocyto-
chemically for factor VIIl. The microvessels were carefully
counted (per 200x field), and their density was graded
(1to 4+), in the most active areas of neovascularization,
without knowledge of the outcome in the patient, the pres-
ence or absence of metastases, or any other pertinent
variable.

Results.  Both microvessel counts and density grades
correlated with metastatic disease. The mean (+SD)
count and grade in the patients with metastases were
101+49.3 and 2.95+1.00 vessels, respectively. The

corresponding values in the patients without metasta-
ses were significantly lower — 45=21.1 and 1.38+0.82
(P =0.003 and P=0.001, respectively). For each 10-
microvessel increase in the count per 200 x field, there
was a 1.59-fold increase in the risk of metastasis (95
percent confidence interval, 1.19 to 2.12; P = 0.003).
The microvessel count and density grade also corre-
lated with distant metastases. For each 10-microves-
sel increase in the vessel count per 200x field, there
was a 1.17-fold increase in the risk of distant metasta-
sis (95 percent confidence interval, 1.02 to 1.34; P =
0.029).

Conclusions. The number of microvessels per 200 x
field in the areas of most intensive neovascularization in
an invasive breast carcinoma may be an independent pre-
dictor of metastatic disease either in axillary lymph nodes
or at distant sites (or both). Assessment of tumor angio-
genesis may therefore prove valuable in selecting pa-
tients with early breast carcinoma for aggressive therapy.
(N Engl J Med 1991, 324:1-8.)







The first in vivo images of tumor
angiogenesis

American Journal of Roentgenology
1939 42:891-899

lde AG, Baker NH, Warren, SL. Vascularization of the Brown Pearce rabbit
epithelioma transplant as seen in the transparent ear chamber




MR Imaging circa 1982
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Dynamic Imaging with Lanthanide Chelates in Normal Brain:
Contrast Due to Magnetic Susceptibility Effects

ARNO VILLRINGER,* BRUCE R. ROSEN,T JOHN W. BELLIVEAU,
JEROME L. ACKERMAN, RANDALL B. LAUFFER, RICHARD B. BUXTON,
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Rat brain signal loss following administration of Gd-DTPA
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Conception and Development of MRI”

Also, 1n this interyening period, two former res

sudents Z?NSEYEJ leSan e ?&ﬁ%z@d?ﬁﬁ%l fated
to the Umarmpﬂﬁﬁm%pay&aﬂ Byksttined Advanced
NMR SykgEms, Wih s obede dagpolmigiteithg cvugeny s
prospeciapisholdingaanssreirseteng A BRIpA2a O en
Althougg ﬁa\/fﬁéprgtf) %eh}l ?ﬁgﬂlﬁ %Ie; produced and

installed at various sites, never rea y took off in a big
way commercially during that period.




EPI Acquisition of Dynamic
Susceptibility Contrast




Dynamic Susceptibility Contrast
Imaging of Tumor Blood Volume




Malignant Dedifferentiation
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Evidence of Vascular Normalization with
VEGF blockade (AZD2171, cediranib)
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Diffusion Tractography
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Functional Mapping of the Human Visual Cortex by
Magnetic Resonance Imaging
J. W. BELLIVEAU,* D. N. KENNEDY, R. C. MCKINSTRY,

B. R. BUCHBINDER, R. M. WEISSKOFF, M. S. COHEN, J. M. VEVEA,
T. J. BRADY, B. R. ROSEN

Knowledge of regional cerebral hemodynamics has widespread application for both

physiological research and clinical assessment because of the well-established interre-

lation between physiological function, energy metabolism, and localized blood supply.

A magnetic resonance technique was developed for quantitative imaging of ccrebral

hemodynamies;atfowing for measurement of regional cerebral biood vol

resting and activated cognitive states. This technique was used to generatc the ﬁrst

ctional magnctlc resonance maps of human task acnvatnon, by using a visus

5 biood volume

32 = 10 pcrccnt n=7 subjects) were detected in the pnmary visual cortex.
Center-of-mass coordmatcs and linear extents of brain activation within the plane of
the calcarine fissure are reported.

Science, New Series. Vol. 254. No. 5032. (Nov. 1. 1991). pp. 716-719.
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Brain signal intensity (%)

Fig. 2. Changes in NMR brain signal intensity
during the first-pass transit of intravenously ad-
ministered paramagnetic contrast agent (0.1
mmol/kg Gd(DTPA)?~, at arrow). Sixty images
were acquired in 45 scconds (A, resting; O,
activated). Bascline normalized signal intensity
changes from a single subject are shown for a
single 3 by 3 by 10 mm voxel within the visual
cortex during rest (darkness) and during 7.8-Hz
photic stimulation. The activated state is charac-
terized by a larger blood volume (area under
curve).



“These experiments demonstrate the potential
of magnetic resonance techniques for
high-resolution mapping of brain areas involved
in cognitive processing. Further improvements
in both spatial resolution and

sensitivity of the NMR method can be expected
with the ongoing development of

localized gradient coils and phased array
receiver coils. The sensitivity of our NMR
technique to changes in blood volume, as
distinguished from changes in blood flow

in previous radionuclide studies, offers the
possibility of performing continuous serial
1imaging of cortical function with subsecond
temporal resolution using intravascular

contrast agents at equilibrium within the
vascular space”.







Proc. Natl. Acad. Sci. USA
Vol. 89, pp. 5675-5679, June 1992
Neurobiology

Dynamic magnetic resonance imaging of human brain activity
during primary sensory stimulation

KeNNETH K. KwonGT, Joun W. BELLIVEAUT, DAviD A. CHESLERT, INNA E. GOLDBERGT,
ROBERT M. WEIsSkOFFT, BRIGITTE P. PONCELETT, DAviD N. KENNEDYT, BERNICE E. HOPPELT,
MARK S. CoHENT, ROBERT TURNER¥, HONG-MING CHENGS, THOMAS J. BRADYT, AND BRUCE R. ROSENT

TMGH-NMR Center, Department of Radiology, Massachusetts General Hospital and Harvard Medical School, Charlestown, MA 02129; ¥National Institutes of
Health, Laboratory of Cardiac Energetics, National Heart, Lung, and Blood Institute, Bethesda, MD 20892; and ¥Howe Laboratory of Ophthalmology,
Massachusetts Eye and Ear Infirmary and Harvard Medical School, Boston, MA 02114

Communicated by David H. Hubel, March 26, 1992

ABSTRACT Neuronal activity causes local changes in ce-
rebral blood flow, blood volume, and blood oxygenation.
Magnetic resonance imaging (MRI) techniques sensitive to
changes in cerebral blood flow and blood oxygenation were
developed by hlghspeed echo planar imaging. These tech-

lete nonlnvasive tomo-

motor stimulus paradigms. Changts in blood oxygenation were

detected by using 4 gradient echo (GE) imaging sequence
. Iood tlow changes were evaluated by a spin-echo v

sion recovery (lR), tissue relaxatnon parameter Tl-sensitive

: maocing 4 BT LR uﬁng
task activation Clne display of subtraction images (activated
minns baseline) directly demonstrata activity-induoed changes
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Hemifield fMRI




Functional Imaging: Across Space and Time

Anatomy, Physiology, Metabolism, Electrophysiology, Neurochemistry
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V1 Resolution test: “M”

pre-warped stimulus desired activity pattern
on flattened cortex

contralateral visual hemi-field primary visual cortex (V1)




Activation pattern fidelity as function of cortical depth

Near WM Center lamina Near pial surface

Harrison et al,
Chinhcilla auditor
cortex, Cereb.
Cortex 2002, 12,
p225
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ROC Curve
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FIGURE27 . ROC CURVE WITH LINEAR DISCRIMINANT FUNCTIONS
USING AVEDIF, MAXDIF, AND HOTSPOT.



More ROC Curves
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FIGURE 29. ROC CURVE FOR THE BEST COMBINED RESULTS

(LINEAR AND "OR" FUNCTIONS) USING AVEDIF,
MAXDIF, AND HOTSPOT.



“Star” Diagrams — Cancer vs. Normal
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FIGURE 45. STAR DIAGRAMS FOR "INNER GROUP'" CANCERS

5543
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FIGURE 46. STAR DIAGRAMS FOR "INNER GROUP" NORMALS.

Left side measurements on diagrams left side.
Microwave exam numbers given inside diagrams.



Peak Power vs. Depth
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FIGURE 7. PEAK POWER VERSUS DEPTH

—=+=« = Attenuation due to fat
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Contour Map at
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FIGURE 10. CONTOUR MAP AT APERTURE
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