Thermographic control of fingers and hands
after replantation

by E. LAMBIRIS, A. SCHICK and H. STOBOY
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Summary. In 48 traumatic amputations of one or more fingers or of one hand, thermographic
(T.) control investigation after replantation were carried out. T. is a reliable means of judging

blood supply following replantation surgery.

Key words: thermography, replantations, blood flow.

Al INTRODUCTION

Recently, reports ‘were published concern-
ing the replantation of traumatically ampu-
tated fingers or hands.”” Gaupin et al’
proposed to perform first the suture of arteries,
and second the venous repair in order to shor-
‘ten the time of ischemia and to remove meta-
bolic waste products. Thermographic (T.) con-
trols of replantations have been carried out in
addition to other diagnostic studies over a
period of one yr.

The aim of this study is to document the
course of surface radiation temperature to
judge the blood flow in fingers and hands after
replantation.

B) MATERIAL AND METHOD

The AGA 680 Medical Thermovision
Device was used. The first T. investigation was
performed immediately after the replantation.
Room temperature was kept constant at 21°C.
The patient rested 15 mins in the room prior to

Tab. I. Distribution of complete and
incomplete traumatic amputations of
fingers and hands.

si No Traumatic amputation
ite

cases Complete Incomplete
Hands 3 2 1
Fingers 45 27 18
Total 48 29 19
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the investigation. The method detects changes
of radiation temperature in the range of = 1°C.
Diminished blood supply causes decreased
radiation temperature in the replantated
finger. 48 replantations were performed; 29
after complete and 19 after incomplete ampu-
tations (Tab. 1). Three cases of replantation
relate to 2 instances of complete loss of the
hand, and one of incomplete traumatic ampu-
tation of the hand. Control investigations were
performed one wk, 2 wks, 3 months and 5
months after surgery.

C) RESULTS

The following results were obtained (Tab.

I):

1. Inthefirst post-surgical investigation
done during the wk after operation, 15/48
patients presented hyperthermia due to hy-
peremia, 3/48 replants were normothermic. In
14/48 patients decreased heat radiation was
noted. In 16/48 cases heat radiation was below
norma ranges of isotherms.

2. After thefirst and second wk, results
were virtually unchanged. One replant in
which hypothermic measurements were in
evidence, and 2 in which no temperature
readings could be obtained had to be reampu-
tated because of arterial or venous occlusion
(Fig. 1). In one replant in which no T. readings
had been obtained one wk after replantation,
hypothermic readings were noted during the
second.



Tab. 11. Distribution of replants according to thermographic readings during the
observation period. Out-of-range: no thermographic readings could be obtained
due to a poor blood supply.

- Periodical control

Therpr;?tgerriphlc After R laa arié[]gt:ti‘m

surgery | 2 3 5
Hyperthermia 15 15 15 10 7
Normothermia 3 8 8 14 21
Hypothermia 14 14 14 8 4 2
Out of range 16 16 13 7 5) 9
Total 48 48 45 39 37 11

Fig. 1. After replantation no temperature readings of the
4th finger of the right hand could be obtained. In th
2nd wk a reamputation was necessary.

3. T. invegtigation in the third month after
operation showed that 5 previously hypother-
mic (Fig. 2), 5 hyperthermic (Fig. 3) and one
out-of-range cases were now normothermic. In
one hypothermic and 5 out-of-range cases
reamputation was necessary.

4. Five months after surgery an additional
7 replants were normothermic. Three of these

had been previously hyperthermic, 4 hypother-
mic. Compared with the results obtained
immediately after replantation, 21 cases
presented normal temperatures. Two replants
from which no T. readings could be obtained
had to be reamputated. In 5 grossly hypother-
mic replants (Tab. 1) amputation was not indi-
cated not with standing poor blood supply.
During the observation period under reference
11 amputations had to be performed.

D) DISCUSSION

According to the medical literature results
of T. investigations of replantations have not
been published so far. T. controls are impor-
tant because differences of temperature may

obtained from small areas of the replants.
esults of T. must be compared with clinical
observations. Assuming that results obtained
with T. indicate whether vascular anastomoses
remain patent after replantation, a 66.7% suc-
cess rate was achieved in the Authors series
(32/48). In the 10.4% in which out-of-range
readings were noted, the outcome of the surgi-
cal procedure was uncertain. Some 22.9%
(1 1/48) reamputations were necessary within
the first 5 months. Complete occlusion of a
vessel made visualization of the replantated
finger in the T. picture impossible.

The ratio of success obtained by our surgi-
cal team was below that reported by MaoL et
al” and Biever'  (74.2% and 87%). These Inves-
tigators had examined a large sample of cases
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A

Fig. 3

Fig. 2 A-B. A) T. af ter hand replantation. The left hand is distinctly hypotkermic. B) Three months later the left hand

is normothermic.

A-B. A) T. after finger replantation. The right thumb

the right thumb

but did not differentiate in the analysis of their
results between finger, hand and arm replan-
tation.

In the Authors' material none of the re-
plants in the hyper- and normo-thermic range
had to undergo reamputation. In 2 cases in

is distinctly hyperthermic. B) Th
is approximately normothermic.

e months after surgery

which hypothermic readings were obtained
after surgery, reamputation of the replant had
to be carried out. In 9 cases in which reampu-
tation proved necessary, no T. readings had

been obtained.
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MTF measurement, a Simple method for
determining the spatial resolution
of a thermograph

by G.F. VERMEIJL,® M. ELAND® and J. STEKETEE®

® Department of Electrical Engineering, Twente University of Technology, Enschede. ® Faculty of Medicine, Department
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Summary. By means of a thin heated wire and an oscilloscope with a delayed time base, the
line-spread function (LSF) of a thermograph is determined. The sampled LSF points are Fourier
transformed by a programmable pocket calculator, and the modulation transfer function (MTF) is
calculated. The method has been tested on several infra-red cameras. Comparison of the results
with earlier published measurements based on a rectangular modulation transfer method (bar
chart) produces good reproduction with the LSF method and large numerical differences
between the alternative ways of specifying the resolution of a thermograph. It is concluded that
specification of the whole MTF should be adopted as a standardized way of specifying the
spatial resolution of a (medical) thermograph.

Key words: spatial resolution, modulation transfer function, measurement, thermograph.

A) INTRODUCTION

As thermographs are being used more and
more as measuring instruments in the medical
field, the main specifications should be che-
cked periodicaly. One of the parameters is the
spatial resolution, represented by the system
modulation transfer function (MTF). This is a
generally accepted and physicaly sound way
of expressing the spatial resolution of (IR)
optical instruments.*

The MTF test method described in this
paper was designed for ssimplicity and for use
in a non-specialized technica environment. It
only requires an oscilloscope with delayed
time base, (possibly) a photo camera, a piece of
thin electrical resistance wire (NiCr; ¢ < 0,3
mm) and a supply to deliver its heating current.
A programmable pocket calculator such as
Texas Instruments SR 56, Tl 59, Hewlett

Packard HP 65, 67,97, or a desk top calculator
completes the list of requirements.

The measurement is performed on the
videosignal and excludes the display transfer
of the thermograph.

B) THE MODULATION TRANSFER FUNCTION
(MTF)

To define the MTF of a thermograph, an ob-
ject temperature pattern is chosen in which the
radiation intensity varies sinusoidally, as
measured along a certain line in the object.
The intensity in the image adso varies in the
same manners. The absolute value of the ratio
of the sine wave amplitudes of the image inten-
sity and the original object are plotted as a
function of the sine frequency and this is called
the Modulation Transfer Function (MTF).
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Frequency here refers to the number of sine
periods per unit length. The laws of Fourier
transformation yield that every image can be
described by a certain set of sinusoidal modu-
lated functions. In general, large sized objects
are represented by a set of mainly low-frequen-
cy functions (in the frequency domain) while
the small sizes correspond to higher frequen-
cies. In Fig. 1, 2 typica normalized MTFs are
given.
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Fig. 1. Two typica relative MTF curves.

It must be emphasized that a thermograph is
commonly calibrated with large sized re-
ferences. This means that the scaling factor is
adjusted for the low frequency (flat) part of the
MTF. Hence, an MTF attenuation of 10% at
frequency f gives rise to a measuring error of
-10%. For general medical application this
error seems to be acceptable. However, much
of the object detail, corresponding to frequen-
cies beyond f, is easily perceptible and presu-
mably important for detection purposes.
However, these frequencies cannot be
measured quantitatively without great error.
Due to these phenomena, a very sharp deten-
ted thermogram caused by the long tailed
MTF 1 of Fig. 1 isinferior for quantitative pur-
poses to the thermogram that lacks the photo-
graphic sharpness of 1 but has been recorded
by an instrument with MTF 2 of Fig. 1.

The mathematical expression for the MTF
is given by:

MTF = | [ L(x) exp (~2mix f,) dx | )

with L(x) the system response on a one-dimensional line-
shaped object (line spead function)
the distance usudly in the image plane
f, the frequency in cycles/unit distance
i the imaginary unit /i = -1
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Usually, the relative MTF is specified for an
instrument as:

MTF
MTE,, =

JLx) dx

100% (2

with the property that for f, = 0, MTF,,, = 100%.

The system MTF can be determined direct-
ly based on frequency by measuring the res-
ponse on sinusoidal test patterns at different
gpatial frequencies. Because construction of a
sinusoidal test pattern is complicated, one
often resorts to a pattern of rectangular bar.‘In
this case, a transfer function is determined
which is approximately equal to the MTF but
gives significant differences for lower frequen-
cies, as will be shown later. According to for-
mula (I), a second method for measuring the
MTF can be made by using a heated wire as a
test pattern. When the line-spread L(X) is
measured, the normal MTF can be caculated
in which both formulae (1) and (2) are taken
into accent.

The application of Discrete Fourier Trans-
formation to (2) yidds:

Z L(x) - cos 2nf,x; % L(x) cos 2nfx;

m
T L(x)
j=1 i

[RYE:]

L(xp
1

with L(x;) the LSF samples equally spaced on the x-axis at
a distance Ax, see Fig. 2.

4 L(xJ')

A IS

=1 < Ax—> X j=m
Fig. 2. Equally spaced sampling of LSF.




Recently, a simple and straight-forward pro-
gramme based on the HP 65 calculator has
been published.’

This programme can be used to obtain the
MTF in a few mins. The same agorithm is pro-
grammed for other calculators and a pro-
gramme used on a Texas Instruments Tl 59 is
available on request. When 2mfyxxj, Xj is
chosen to represent distance increase Ax in
mm in the image, the MTF frequency fx is ex-
pressed in line pairs or cyclesmm. When the
angular increment is chosen in radians, cy-
cles/radians are expressed in the result.

Cl EXPERIMENTAL SET-UP

Fig. 3 gives a schematic impression of the
experimental set-up. A blackened electrical
resistance wire is heated by the current of a
power supply. This represents the line source.
A second line source is fastened at a fixed and
known distance d to provide the right scaling
factor. The camera is focused and positioned
so that the scanning lines are perpendicular to
the image of the line source. The distance 1
from the wire to the lens centre is measured.

An oscilloscope with a delayed time base
generator is used. The time base starts after an
adjustable delay of the V-pulse (frame). This
delay is chosen such that the 2 line sources are
both visible in the video signal (for a ow time

Power
supply

base). This yields the number of cm per mi-
cro-second. When the time base is set faster
until the LSF of one of the line sources
appears, a photograph is taken from the screen
and the time base scale is noted. The LSF scal-
ing factor is then easily determined. Examples
of an LSF photo are given in Figs. 4A and 4B.
This photo of L(x) is then sampled by hand by
dividing the time (distance) axis into equal
parts. The parts are chosen so as to result in a
total number of 9-17 points. This will deliver
sufficient accuracy.’

D) RESULTS

The described set-up and procedure were
used to measure the MTF of several thermo-
graphs. Bofors Mark 111, AGA 680 with 10"
lens, AGA 750 with 7" and 20" lenses. The
measured MTFs are shown in Fig. 5.

E) DISCUSSION

The camera types and object distances
chosen were the same as those used by Sreke-
TEE.* Comparison of his M-functions with the
MTFs measured by the Authors is in principle
impossible because they characterize different
things. However, there appears to be a striking
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electricat

i.R. Camera \ !

i Yy
Video A |

V-pulse , / — | delayed time base

trigger ext.

resistance

wire :
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|

|

|

—

photo camera

Fig. 3. Experimental set-up.
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Fig. 4 A-B. A) Bofors Mark 111, ohject distance 1.60 m.,
time base 20u s./div. d = 9 ecm. B) Bolors Mark 111, ob-
ject distance 1.60 m., time base 1p s./div

numerical difference between both transfer
function types for a considerable part of the
frequency domain. To answer the question
whether this MTF measurement is traceable to
the M-function or not, both transfers have
been calculated for the same camera: the Bo-
fors Mark Ill. This choice was made because
the same apparatus was available as that used
by srexeree in 1974.°The camera transfer was
modelled by a convolution of a rectangular
modulation function M, of 6 periods of varying
frequency, with a rectangular detector window
function W and an exponential impulse res-
—t

ponse e | representing a first order low pass
behaviour of the video preamplifier. The top
vaue transfer for different frequencies of M
delivers the M-function. The same is done
with a sinusoidal modulation (instead of&l).
The result is the MTF. The results of this
approach are indicated in Fig. 6 by (0).
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Fig. 5. Relative MTFs, object distance 1.60 m.
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Fig. 6. Caculated (0) and measured (A) normalized M-
function and MTF for a Bofors Mark 11l camera, object
distance 1.60 m.

The agreement between the calculated and
the measured characteristics for this camera
appears to be very good. This proves that the
described simple MTF measurement method
is fully traceable to the earlier M-function
method on the condition of validity of the
model.

F) CONCLUSIONS AND RECOMMENDATIONS

1. There appears to be alarge numerical
difference between the M-function and the
MTF. Especialy at the 90% transfer point, the
corresponding frequency in the rectangular
case can be amost twice that of the sinusoidal
one.

2. The described MTF measurement method
is fully traceable to rectangular modu-
lation measurements published earlier and is
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easy to carry out with standard technical
service instrumentation.

In optics the MTF curve is generally unders-
tood to be an unambiguous and versatile way
of specifying spatial resolution. This is due to
the fact that in the frequency domain the
MTFs of parts of a system parts can be multi-
plied for every frequency point to obtain the
total system MTF. Because this is not appli-
cable to the M-function, the spatia resolving
power of a thermograph should be specified by
giving the total MTF curve. When this is done
in a standardized way, the user may compare
the performances of different cameras in a
more meaningful way.
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Calculation of the effects of
oedema on Dbreast thermograms

by U.R. BARKER
School of Mathematics, University of Bath, Bath (U.K.)

Summary. Calculation shows that oedema between a tumour and the skin surface will general-
ly reduce the rise in temperature at the skin, but it may still be possible to detect the tumour by

the abnormal vascularity produced.

Key words: thermography, tumours, oedema.

A) INTRODUCTION

A theoretical study of heat flow in breasts,
with reference to the detection of tumours by
thermography (T.) was made in 1976." It has
been pointed out that tumours are often asso-
ciated with oedematous tissues, so this paper
extends the calculations to such a case. The
description of oedema, which has to be incor-
porated in the mathematical model, was
obtained in discussions at the Anglo-Dutch
Thermographic Society's meeting at
Gateshead, U.K., on the 6th cf October 1979.

AcknowLEDGMENT . The problem was suggested by Dr.
Acnes M. Stark, Queen Elizabeth Hospital, Gateshead,
UK.
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B) MODEL OF BREAST WITH TUMOUR

The geometric form of the model is a very
simple one (Fig. 1), in which the boundaries
between regions are paralel planes. First,
there are 2 mm of dermis, then 2 mm of fatty
tissue behind which lies the tumour in an
anarchic hyper-vascularised region which is
taken as being at 37°C. The skin is exposed to
the air, as in a breast clinic, and it is given
enough time to reach thermal equilibrium with
an ambient temperature of 20°C. The resulting
skin temperature is calculated using the tissue
data given in Tab. 1. For Fig. 1A it is 34.5°C
compared with 29.3°C for a «normal» breast
modelled in Fig. 1E.

Some or al of the 2 mm of fatty tissue is now
made odematous as in Fig. 1 B-C-D. This
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Fig. 1 A-B-C-D-E. Eguilibrium skin temperatures when
exposed to 20°C ambient. A) Tumour (T) at 37°C, behind 2
mm fatty tissue (F) and 2 mm dermis (D). B) The fatty tis-
sue is gradually exchanged for oedematous tissue (OE); 1,8
mm fatty tissue and 1 mm of oedema. C) The fatty tissue is
1. mm thick, while the oedematous tissue is 5 mm thick. D)
No fat, only 10 mm of oedema. E) « Normal » breast: 2 mm
dermis and 38 mm fatty tissue. The skin temperature, in
equilibrium with an ambient temperature of 20°, is 29,3°C.

change involves distension of the fatty tissue,
represented by increasing the thickness 5
times, and decreasing the perfusion and meta-
bolic heating rates for fat (Tab. I) by dividing
them by 5. All these changes act to reduce the
skin temperature. Finally, the thermal conduc-
tivity is increased to the value for water. This
last change will tend to increase the skin tem-
perature but, as the results show, the overal
effect of the 4 changes is a drop in skin tem-
perature.

In fact, the role of perfusion and normal
metabolic heating of the tissue is negligible
throughout Fig. 1 because the region at 37°C is
S0 near to the skin; on the other hand, omitting
both from Fig. 1E where the hot core is 40 mm
deep would reduce the skin temperature by 3.8
“C. In conditions where blood perfusion and
metabolic heating can be neglected,
oedematous tissue will tend to hide the tumour
if its thermal resistance is greater than that of
the fatty tissue from which it is derived. This
will be so if the expansion in thickness is
greater than ko/kp times, where these are the
thermal conductivities of the two kinds of tis-
sue. In the present case, this would be an ex-
pansion in thickness by 0.62/0.25 = 2.5 times.

C) DISCUSSION

The detection of the tumour by its direct
effect in elevating the skin temperature be-
comes rapidly less likely as its depth is
increased,” and oedema will aso help to hide
it. A spherical tumour, rather than an exten-
sive flat sheet as modelled here, will result in a
«hot spot» of lower temperature than these
caculations give because the heat flow will
spread out on this way to the skin.

Hot veins associated with the tumour but
passing close to the skin provide a major
means of detection in practice and will presu-
mably be till effective if the vein comes nearer
to the skin than the oedematous region.
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Tab. I. Factors influencing skin temperature.

) . Oedematous

Parameters Dermis Fatty tissue fatty tissue
Conductivity W m—1K—1 0.42 0.25 0.62
* Perfusion constant kg m—3s—1 0.16 0.2 0.04
** Metabolic rate W m-3 840 840 168

Specific heat of blood = 3900 J kg-‘K-1

Heat transfer coefficient, skin to ambient = 13.6 W m—2K—1

* The «perfusion constant» equals the mass of blood perfusing unit vol. of tissue per unit time.
** «Metabolic rate» is the thermal power generated chemically per unit vol.; the values shown are only an order of
magnitude figure, namely, 0.0002 cal/(cc. sec) = 840 W m™.
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CASE REPORT

Hematoma of the breast

by W. VAS, D. McLOUGHLIN and J. DAVIDSON
Department of Radiology, Henderson General Hospital, Hamilton, Ontario (Canada)

A) INTRODUCTION

The patient, an obese 71 yrs old white
femae, developed deep venous thrombosis of
the right leg for which she was heparinized and
subsequently put into oral anti-coagulant
trestment. Two months later she developed a
painful, reddish swelling of her right breast
which went on to form an ulcerated area,
covered with a heavy black eschar (Fig. 1).
There was no history of trauma to the breast.
Physical examination revealed a grossly
swollen erythematous right breast with an area
of necrotic skin 10 cm in diameter and granu-
lation tissue around the edge. The surface of
the lesion was dry and it was black in colour.
No enlarged axillary nodes were palpable. The
clinical impression was that the patient had a
large ulcerating carcinoma or had developed a
breast hematoma as a result of her anti-coagu-
lant therapy. The possibility of bleeding into a
pre-existing breast leson such as an inflam-
matory carcinoma was also considered.

Mammography of the right breast showed
complete loss of the normal soft tissue planes
with a large defect anteriorly. There was
increase in density of the remainder of the
breast. No calcification was seen (Fig. 2). The
appearances were interpreted as a large necro-
tic area anteriorly with possible underlying
neoplastic infiltration in the remainder of the
breast. Thermography (T.) of the right breast,
however, showed a large irregular cold area, in-
cluding the periareolar region, with increased
heat emission above the cool area. (Fig. 3). In
view of the striking T. findings, the possibility
of a breast neoplasm seemed less likely and a
diagnosis of breast hematoma induced by anti-
coagulant treatment with necrosis of the over-
lying breast tissue and skin was considered. A
simple mastectomy was performed.

The resected right breast showed a large ne-

crotic ulcer in the middle of the breast, 10x6
cms, with destruction of the nipple and areola.
The adjacent skin appeared dlightly pigmented
and thickened. The breast tissue measured an
average of 5 cm in thickness and showed ex-
tensive areas of induration. No tumour mass
was identified. Histological sections confir-
med the presence of skin ulceration with
granulation tissue forming the base of the
ulcerated area. There was fat necrosis with a
florid granulomatous inflammatory reaction
and focal hemorrhages. The necrotic fatty
lobules were separated by fibrous septa and
within the lobules there was a dense infiltrate

Fig. 1. Theright breast is markedly swollen with alarge ne-
crotic ulcer in the middle of the breast and destruction of
the nipple and areola The adjacent skin is discoloured
and indurated.

of histiocytic cells, many with foamy cyto-
plasm and large numbers of multinucleate
cells of the foreign body type. The residua re-
cognizable breast tissue consisted of a few
unremarkable mammary ducts. No evidence
of malignancy was found.
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Fig. 2. Mammogram of the right breast shows a large defect anteriorly. There is increase in density in the remainder
of the breast.

25"

Fig. 3. Thermogram of the right breast shows an illdefined
cold area in the area of the breast lesion.

B) DISCUSSION

The development of infarction and necrosis
of the skin and subcutaneous tissue is an
uncommon complication of anti-coagulant

therapy with coumarin derivatives.'”Cou-
marin necrosis has a marked predilection for
areas with abundant subcutaneous fat e.g. but-
tock, thighs and rarely breast. It occurs
between the third and tenth day of therapy and

. develops almost exclusively in obese females.

The lesions appear suddenly and are charac-
terized by pain, erythema, oedema and
hemorrhagic bullae, followed by necrosis with
development of an overlying black eschar. The
underlying breast tissue shows large lobules of
fat necrosis with pale yellow discoloration and
foca hemorrhages.

T. cannot generally be used to distinguish
between benign and malignant lesions because
the T. patterns are non-specific. It is not an
anatomical detector of cancer but rather an
alerter of a physiological disturbance which
may be a malignant process which requires
corroboration by other methods. Increased
heat is often associated with a maignant pro-
cess. With the newer T. equipment, some ther-
mal abnormalities can be found in at least 95%
of cases of breast neoplasm.’

In the case described above, the finding of
an irregular cold area in the region of the
lesion, in association with the clinical presen-
tation, alowed the radiologist to arrive a the
diagnosis of breast hematoma in spite of the
mammographic findings.
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