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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 emittedfrom subsurface 
depths of several centimeters can be detected with microwave receivers. Temperature sen- 
sitivity of order 0. ?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. 

The ability of microwave radiation to 
penetrate biological tissues has been 
known in quantitative detail for more than 
20 years (1). Such penetration forms the 
basis for microwave diathermy and "mi- 
crowave ovens." However, this partial 
transparency of tissue to microwave radi- 
ation implies that thermal radiation gener- 
ated internally may escape from the sur- 
face. Therefore a measurement of the mi- 
crowave radiation intensity may be related 
to the temperature along the path of the es- 

caping emission. The emitted power is 
weak, of the order of 10-21 watt per square 
centimeter per hertz at a frequency of 3 
Ghz, but even this low power is easily de- 
tectable by microwave radiometers devel- 
oped primarily for the purposes of radio 
astronomy. Thus, by externally measuring 

the microwave emission from the human 
body, one may detect anomalous temper- 
atures within the body at depths of several 
centimeters. The method is entirely passive 
and noninvasive; the body is not irradiated 
with electromagnetic energy, hence the 
measurements may be repeated as often as 
desired without risk to the patient. 

The technique, which we have called mi- 
crowave thermography, may be described 
as the microwave analog of infrared 
thermography, the detection of surface 
temperature patterns by measurement of 
the body's thermal emission at infrared 
frequencies. The biological difference in 
the two techniques can be traced directly to 
the electromagnetic properties of biologi- 
cal tissues; radiation at microwave fre- 
quencies can escape from a depth of sev-. 

eral centimeters, whereas the infrared radi- 
ation originates from a depth so small as to 
be essentially surface emission. 

The penetration depth (2), which is also 
the depth from which most of the radiation 
may escape, is well known from Schwan's 
measurements on the dielectric properties 
of tissues (1). Since water is a strong ab- 
sorber of microwaves, the penetration 
depth depends critically on the water con- 
tent of the tissue. Figure 1, adapted from 
data by Schwan and others, depicts typical 
values of the penetration depth as a func- 
tion of frequency for tissue of "high" and 
"low" water content. At 3 Ghz, for ex- 
ample, penetration depths of approximate- 
ly 1 to 5 cm are indicated. 

The primary technical problem in using 
microwave radiometers for medical diag- 
nostic purposes is that of coupling the 
body's radiation to the measuring in- 
strument in an optimum manner. The data 
of Fig. 1 argue for the use of low fre- 
quencies for greater penetration, but the 
spatial resolution is degraded by using low- 
er frequencies, so that detection of a deep- 
seated, localized temperature anomaly 
may actually be more difficult. It is almost 
certain that different medical applications, 
of which there seem to be many, will re- 
quire different frequencies for optimum re- 
sults. For our initial clinical evaluation of 
microwave thermography, the observation 
of microwave thermal emission from sus- 
pected tumors of the female breast, we 
have chosen a frequency of 3.3 Ghz. The 
antenna, the device which couples the 
body's radiation to the radiometer, con- 
sists of an open-ended, dielectric-filled 
waveguide. A dielectric constant of 11 has 
been used to permit the use of a waveguide 
of 1 by 2.3 cm cross section (standard X- 
band guide). The antenna is placed in 
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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 108 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 

01 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. 
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Fig. 3. The microwave emission from the dorsum, expressed in temperature units, at 1.3 Ghz ( ) 
and 3.3 Ghz (!) as a function of time. The surface temperatures of the palm (o ) and dorsum (L_) 
are also shown. During time interval A the hand was grasping a block of wood; during interval B, a 
bakelite pipe carrying water at 20 to 4?C; and during interval C, the same pipe with water at 430C. 

direct contact with the patient to avoid 
reflections due to impedance mismatches 
at the tissue-air and air-antenna interfaces. 
A quarter wave coaxial section is added to 
reduce mismatch from tissue to radiometer 

input. The resolution properties of such 
an antenna are well known (3). The 
spatial resolution area of a single measure- 
ment is approximately that of the antenna 

aperture, 1 by 2.3 cm, in the antenna near 
zone (depths 0 < z 1.5 cm for fatty 
tissue at 3.3 Ghz), and broadens as z2 due 
to diffraction in the far zone (z > 1.5 cm). 
Thus the antenna is sensitive to radiation 
from a tissue volume which resembles a 
funnre whose narrow end coincides with 
the antenna aperture. The measured tem- 

Pteraire is a weighted average over this 
volume. The depth extent of the tissue vol- 
ume is determined by the penetration 
depth, defined earlier, and is therefore in- 

dependent of antenna size. For a given an- 
tenna aperture, the near zone spatial reso- 
lution remains approximately constant 
with frequency f but the near zone depth 
extent increases in proportion tof The far 
zone resolution varies as f- . The effective 
resolution is thus extremely crude in com- 
parison with infrared measurements but is 
sufficiently small to permit an evaluation 
of the microwave technique. 

Our radiometer, typical of many radio 
astronomy receivers, is a Dicke-switched 
superheterodyne with a tunnel diode mi- 
crowave amplifier preceding the mixer. 
The predetection bandwidth is 100 Mhz, 
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and the root-mean-square temperature 
sensitivity is 0.15?C for a 3-second in- 
tegration time. A calibration signal corre- 
sponding to a temperature increase of 8?C 
is provided by a noise diode. 

Prior to the start of clinical evaluation 
we made measurements on cats, a dog, and 
humans to (i) demonstrate the feasibility of 
microwave sensing of subcutaneous tem- 
peratures, (ii) provide information from 
which we could establish the parameters of 
a radiometer specifically designed for the 
unique application of measuring body ra- 
diation, and (iii) establish and improve our 
measurement technique. Beginning in 
1971, experiments were conducted at fre- 
quencies of 10, 5, 3.3, and 1.3 Ghz, corre- 

sponding to wavelengths of 3, 6, 9.1, and 23 
cm, respectively. At 10 Ghz the microwave 
emission from the human cheek was found 
to increase when the subject held warm wa- 
ter in the mouth while the external cheek 
temperature remained constant (4). Al- 
though this experiment proved the ability 
of microwave radiometry to detect sub- 
cutaneous temperatures, the experiment 
could not be conveniently conducted over 
long periods of time. Experiments at 3 Ghz 
on ultrasonically heated muscle of a ne- 
crotic cat thigh also revealed the sub- 
surface temperature-sensing capability of 
microwave radiometry (5). Data obtained 
in one such experiment are shown in Fig. 2. 
A convenient measure of low levels of mi- 
crowave power is in temperature units cor- 
responding to the temperature of a perfect 

emitter radiating an equal amount of pow- 
er. The internal and skin temperatures and 
microwave emission were monitored, and 
it was found that the decay with time of the 
microwave emission mimicked closely the 
decay of the internal temperature when the 
ultrasonic heating was terminated. The ra- 
diometrically measured temperature in- 
crease is less than that recorded by the 
thermocouple because of (i) impedance 
mismatch at the tissue-antenna interface, 
(ii) signal absorption by overlying muscle 
tissue, and (iii) the small size of the hot re- 
gion in comparison to the response volume 
of the antenna ("beam dilution"). At- 
tempts to detect enhanced microwave 
emission by artificially inducing an inflam- 
mation in the thigh muscle of an anesthe- 
tized cat gave marginally positive results 
(6). 

The most convenient method that we 
used to observe anomalous temperatures 
in the human body was to measure the mi- 
crowave emission from the dorsum, the 
back of the hand. The hand grasped a ba- 
kelite pipe through which was circulated 
water of varying temperatures. Both the 

palm and dorsum surface temperatures 
were measured with thermistors while the 
microwave emission at 3.3 and 1.3 Ghz 
was measured by placing the antenna on 
the dorsum. The results of the experiment 
can be expressed as four temperatures: the 
palm, dorsum, 3.3 Ghz, and 1.3 Ghz tem- 
peratures (Fig. 3). The microwave temper- 
atures are corrected for antenna-tissue im- 
pedance mismatch. Since the cooled and 
heated areas are large relative to the an- 
tenna response area, beam dilution is negli- 
gible. After 26 minutes of stabilized behav- 
ior with the palm placed on a block of 
wood at room temperature (time interval 
A), the hand grasped the pipe through 
which was circulated water at 20 to 4oC. 
All four temperatures dropped sharply 
(time interval B). After approximately 60 
minutes the water temperature was in- 
creased to 43?C and all temperatures in- 
creased (time interval C). The observed 
temperatures show several features that 
persist over many similar measurements 
and that indicate the ability of microwave 
thermography to sense the subsurface ther- 
mal structure and its changes. In periods A 
and C the temperatures are in the relation 
T(palm) > T(1.3) > T(3.3) > T(dorsum). 
This behavior is consistent with greater 
penetration by radiation at 1.3 Ghz than at 
3.3 Ghz, as indicated in Fig. 1. In period B, 
the palm was cooled strongly with the re- 
sulting temperatures T(1.3) > T(3.3) > 
T(dorsum) > T(palm). Under these condi- 
tions, we believe that the temperature pro- 
file of the hand with depth may be crudely 
approximated by a local maximum in the 
interior, since (i) palmar vasoconstriction 
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will tend to insulate the interior against the 
cooling at the palm surface, (ii) more 
warm arterial blood will be supplied to the 
hand interior than to the palmar and dor- 
sal surfaces, and (iii) venous blood will be 
cooler than arterial blood and leaves, the 
hand primarily through the dorsal veins. 
The measured temperatures suggest that 
most of the 3.3 Ghz radiation originates 
near the dorsum while most of the 1.3 Ghz 
radiation originates deeper, near the region 
of highest temperature. Thus in all time in- 
tervals, the microwave data indicate 
changing hand temperatures at different 
depths between the dorsum and the palm. 

The results are representative of those 
obtained in several trials; the purpose of 
our experiments was to demonstrate sub- 
surface temperature sensing, and not to 
conduct research in thermal physiology-a 
field quite outside our area of expertise. 

We have constructed models of fatty tis- 
sue as described by Guy (7). These models 
have been useful in measuring and improv- 
ing antenna properties. However, we have 
not used them in tests of subsurface ther- 
mal sensing, because of our belief that the 
homogeneity of their electrical and ther- 
mal properties departs too greatly from 
what happens with tissue. 

There are many potential medical appli- 
cations of microwave radiometry. By anal- 
ogy with infrared thermography, we may 
expect these to include detection of sub- 
surface thermal anomalies such as malig- 
nant 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 eval- 
uation, 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 ther- 
mal 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 oth- 
er frequencies have been performed by oth- 
ers in the laboratory but have not been the 
subject of detailed clinical evaluation (8). 
Infrared thermography has been utilized in 
the detection of breast cancer for many 
years, and this is an area where microwave 
thermography is being evaluated. Micro- 
wave thermograms at 3.3 Ghz on some 30 
to 40 female patients per week at Faulkner 
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to 40 female patients per week at Faulkner 
Hospital, Boston, are being correlated with 
mammography, infrared thermography, 
clinical, and, where appropriate, biopsy re- 
sults. These data are the first microwave 
thermographic data taken in a systematic, 
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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 ex- 
amination of departures can be carried out 
for diagnostic purposes. Our initial data 
indicate good agreement with infrared pat- 
terns, 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 
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call "penetration depth" is what textbooks call 
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the obvious confusion it can cause in a biomedical 
application. Use of the term "penetration depth" 
in connection with biological tissue did not origi- 
nate with us (1). 
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In addition to their lateral eyes, many 
lizards have a small "third eye" located on 
top of their heads. The general morpholo- 
gy of this third eye is similar to that of the 
larger lateral eyes, except that the third eye 
(parietal eye) lacks muscles and an eyelid 
(1). The parietal eye of a few genera is 
known to be a functional photoreceptor 
(2), but no comprehensive data are avail- 
able for lizards as a group. Neither has 
there been any comprehensive analysis of 
the pattern of parietal eye occurrence (3). 
In order to determine the possible signifi- 
cance of the parietal eye in the evolution- 
ary and present-day success of lizards, we 
investigated the relationship of the pattern 
of parietal eye occurrence to their life- 
styles and;geographic distribution. 

Parietal eye occurrence is relatively non- 
variable in genera of the same family (3). 
Thus, either a very high percentage or a 
very low percentage of the members of any 
particular family has a parietal eye (Table 
1). These data bear no apparent correla- 
tion with life-style. Instead, occurrence of 
parietal eyes seems to be following lines of 
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lizard evolution at the familial level re- 
gardless of the variety of natural histoay 
types within each family (4). HowevAt 
there is a relationship between latitudinal 
distribution and parietal eye occurrence. 

Virtually all geckos and teiids lack pa- 
rietal eyes. Since these are the largest, 
most successful, and best studied parietal- 
eyeless groups, we chose them for an anal- 
ysis of geographical distribution. Centers 
of abundance and range were plotted for 
59 of the 79 genera in Gekkonidae and for 
39 of the 42 genera in Teiidae (5). Gekkon- 
idae are most abundant within 10? of 
the equator. Among Teiidae, the equa- 
torial concentration is more pronourtced 
(Table 2). It is possible that teiids were re- 
stricted in their northward distribution by 
the instability of the land bridge between 
North and South America. It is unlikely, 
however, that this could be the sole ex- 
planation for their equatorial concentra- 
tion, since they are relatively unsuccessful 
at high southern latitudes as well. 

For comparison, we analyzed the geo- 
graphical distribution of two large success- 
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Parietal Eyes in Lizards: Zoogeographical Correlates 

Abstract. Lizards without parietal eyes tend to be restricted to low latitudes, wiheieda 
lizards with parietal eyes are successful at higher latitudes also. These zoogeographical 
data, along with current theories of parietal eye physiology, strongly suggest that the 
overall significance of the parietal eye to lizards as a group is that it facilitates survival 
at higher latitudes, thus making possible the exploitation of a wider variety of habitats. 
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