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Tenderizing the Foot
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INTRODUCTION

In 1995 the United States Public Health Service
called a conference to discuss the increasing problem
nationwide of amputation of the foot in patients with
diabetes. The conference was planned to be the
start of a federal program that was to be called
‘‘LEAP,’’ for lower extremity amputation prevention. This
program now provides a folder of information about foot
ulceration prevention and treatment to any physician or
clinic in the United States that treats diabetic patients.

The LEAP program does a good job of emphasizing
that neither diabetes itself nor the loss of sensation
of itself causes the breakdown in a foot which is
neuropathic. The breakdown is caused by excessive
mechanical stresses that impinge on the surface of the
foot and are repeated on the same spot until tissues
break down. The program goes on further to describe
ways of evaluating both the degree of sensory loss and
the areas of the foot which are likely to receive the
highest stresses.

The program also demonstrates how localized areas
of high stress in walking can be modified. Footwear
designed to spread the stress of walking more evenly
lowers the level of stress on prominent areas most
prone to ulceration. The program also tells the patient
that even with these precautions, he or she must limit
the amount of walking or running, because repetitive
stress is cumulative, and long hikes or runs may still
result in ulceration even when proper shoes are worn.

What LEAP fails to do is to is to help the patient to
know what amount of walking is excessive, or to be able

This article was presented as the Kenneth A. Johnson Memorial Lecture
presented at the American Orthopaedic Foot and Ankle Society Meeting on
March 19, 2000 in Orlando, FL.

Corresponding Author:
Paul W. Brand, M.D.
1026 California Lane S.W.
Seattle, WA 98116
E-mail: pbrand5779@aol.com
For information on prices and availability of reprints call 410-494-4994 X226.

to recognize at any given time whether his or her feet
are still within their safe reserve or are moving closer
to the danger point of impending breakdown. In the
absence of sensation, the only sure way for a person
to preserve his or her feet is to understand the process
that leads to destruction and then to have a simple
routine to check the status of the feet. Since we know
that it is the loss of pain sensation that makes the foot
vulnerable to ulceration, it is important to understand
exactly how a person with normal sensation uses pain
to protect his or her feet. We need to bear in mind that
this is accomplished by the use of at least two different
pain systems, both of which are diminished in leprosy
and diabetes.

It was Sherrington, back in 1906, who recognized
that there was more than one system of pain.5 He
suggested that for scientific analysis it might be better
not to refer to them all as ‘‘pain.’’ He coined the general
term ‘‘nociceptor.’’

Burgess and Perl,3 Lynn,4 and Bonica1,2 all agreed
that there were at least two types of nerve endings
in the skin that responded to mechanical force by
a sense of pain, but under very different conditions.
They called one type of nerve ending high threshold
mechano-receptors (HTMs). Impulses from these HTMs
are carried by A-delta nerve fibers and they give pain
sensation in response to relatively high levels of force
and pressure that impinge on healthy tissues.

The other type of nerve endings were called poly-
modal nociceptors (PMNs). These respond to mechan-
ical stresses by severe pain at much lower thresholds
of force, but only if they have already been activated by
chemical products of inflammation or of actual damage
to living tissue cells.

After any part of a normal body has received
repetitive mechanical stress, it becomes ‘‘tender.’’ We
all know also that after such stress the ‘‘tenderized’’
part develops a much lowered threshold to pain from
subsequent stress. What we do not all know is that
any pain we felt from the original stress was felt by
HTMs while later impacts on the now ‘‘tenderized’’
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area are felt as much more severe pain by the newly
activated PMNs, with their lower thresholds for pain
from mechanical force.

The reason that my title uses the nontechnical
word ‘‘tenderizing’’ is that this word is understood by
patients who need to relate to a process with which
they were familiar before they lost their sensation. I
express awe and admiration at the design of the pain
system that preserves us from severe damage while
still permitting us freedom to walk and run quite long
distances without pain. All walking would be painful
for everyone if we felt pain from our PMNs at every
step. The pressure of every step exceeds the PMN’s
low mechanical threshold. We don’t feel pain because
our PMNs are not activated. If the only pain we ever
felt was that from our HTMs, we would walk quite
happily but finish with ulcers every time we went for
long hikes.

People with full sensation are protected by the
alternation of the two systems. The pain from our PMNs
force us to limp or quit walking as soon as they are
activated (or tenderized) by the cumulating stresses
of really long walks that remain within our permissive
HTM system.

CASE STUDIES

Once we are able to use down-to-earth analogies
to help our patients with diabetes to understand the
normal process of self-protection, we must then go
on to define for them the signs of early tenderizing
which they can look for and define for themselves even
when they have lost the sensation of pain. We tested
this by using a volunteer athlete who was working
with us as a physical therapist. He volunteered to run
8 miles without shoes around the cement corridors
of our hospital. We stopped him at intervals to take
pressure tracings of the interface between his feet
and the ground, using Harris mats to determine areas
of high and low pressure. We also took temperature
scans of the soles of his feet, because we knew
that normal tissues become progressively warmer as
a result of repetitive mechanical stress and we hoped
that this might be used as an index of the tenderizing
process, even when the tissues were insensitive. For
this experiment we used an AGA Thermovision camera
that maps surface temperature in degrees Celsius over
a chosen 10◦ range by color changes from blue at the
low end to orange at the high end.

The first thermograph, before he started running,
showed that most of his resting foot was cool, at or
below the low limit of the 10◦C spread that we had
chosen to record (Fig. 1). After 2 miles of running, the
thermograph showed that he had been applying stress

maximally to his first metatarsal head and great toe. The
hottest spot was under the medial sesamoid (Fig. 2).
After 6 miles it became clear that he was shifting his
high stress area from the medial to the lateral side of
his sole (Fig. 3). Finally, at the end of the 8 miles the
thermograph shows that his highest stress, and thus
his highest temperature, had changed and shifted from
the medial side to the center and lateral forefoot and
lateral border of the foot (Fig. 4). The great toe had been
selectively rested even while he had been running, and
now after 8 miles was no warmer than it had been at
2 miles.

He had not been aware of his shift. However, when
we pressed on parts of his foot at the end of his run,
he was aware of tenderness in his second toe and the
lateral edge of his foot. His change of gait was a form
of limping and had been prompted by just a whisper
of pain from a few of his newly awakening polymodal
nociceptors on the medial side.

We continued our studies with the footpads of
Sprague Dawley Rats. Our engineers calculated the
pressures that rats felt on their footpads during
running. They built a machine to deliver these pressures
repetitively to the center of a footpad until it had taken
about the same number of steps as our runner had
taken (Fig. 5). The rats had been anesthetized before
taking the simulated run which was repeated each day
for 7 days. We able to take temperature changes and
we sacrificed one rat each day to follow the histology of
the sequence of changes for each day.

A photomicrograph of a resting rat footpad (Fig. 6)
and one of a footpad at the end of the 2nd day
of ‘‘running’’(Fig. 7) show an increase of volume and
number of inflammatory cells. We also noted that there
was a commencing hyperplasia of the epithelium, most
marked at the edges of the piston which delivered the
mechanical stresses. This showed us that shear stress
was more damaging than normal stress. By the 7th day
the footpads of the surviving rats had all broken down
and ulcerated (Fig. 8). Thus we had been able to record
the entire sequence of the histology of tenderizing
followed by breakdown of a footpad subjected to the
repetitive stress.

At a second experiment we used similar rats and the
same machine to deliver the same mechanical stresses.
The only difference was that the number of repetitions
(or simulated steps) was reduced from 10,000 per day
to 8,000 per day. These feet never ulcerated. This
experiment showed that the number of repetitions each
day was at least as significant as the severity of the
stress at each step.

A final test was aimed at relating the factor of pain
to the factor of the number of repetitions and to the
factor of temperature. I allowed my finger to be placed
in the same machine that had applied the tenderizing



Foot & Ankle International/Vol. 24, No. 6/June 2003 TENDERIZING THE FOOT 459

Fig. 1: Thermograph of runner’s foot before he began to run. Note
most of the resting foot is cool.

Fig. 2: Thermograph of runner’s foot after 2 miles of running. Note
increased heat over forefoot.

stresses to the rat footpads and to accept as many
repetitions as I could tolerate, while the thermograph

Fig. 3: Thermograph after 6 miles. Note shift to lateral side of foot.

Fig. 4: Thermograph after 8 miles. Note increased size and lateral
shift of increased temperature.

recorded the sequence of temperature changes during
the tenderizing process.

I testify to the fact that when the repetitive stress
started and for the first few hundred repetitions, there
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Fig. 5: Device to deliver repetitive pressures to rat footpads.

Fig. 6: Photomicrograph of resting rat footpad.

Fig. 7: Photomicrograph of rat footpad at end of 2nd day. Note
increase in volume and number of inflammatory cells.

was no real pain at all. My HTMs said that it felt like the
stress of clapping one’s hands. Gradually the process
became a little painful and then really painful and then,
as my PNMs became activated, absolute agony. I would
have started ‘‘limping’’ by offering another finger to the

Fig. 8: Photomicrograph of rat footpad at end of 7th day. Note
complete breakdown and ulceration.

machine before my day’s quota was complete, but
instead I simply withdrew with dignity.

The following day the process was repeated on
another finger of the same hand, with a similar sequence
of pain and temperature change. Then the same finger
that had been tenderized the previous day was put into
the machine. The temperature had fallen back nearly
to normal. However, as soon as the machine started
to work it was clear that the early stresses would not
be pain-free as they had been the previous day. The
tenderizing of the previous day had obviously persisted.
Within a very few repetitions I was starting to experience
pain, and in less than 1,000 beats my devotion to
science was severely tested. When it finally failed, the
temperature had already reached the maximum of the
previous day. On the 3rd day there was no further stress,
but the thermograph indicated a significant carry-over
of temperature contrast between the twice stressed
finger and the other.

DISCUSSION

We came to the conclusion that the sequence of
events leading up to the ulceration and breakdown of
a foot following loss of sensation can most usefully be
interrupted by finding a way to identify the stage at
which the foot becomes ‘‘tenderized’’. We then advise
our patients to behave as though they had pain. This
may involve slowing down and walking less. We further
suggest that a simple and practical way to identify
this stage is by looking for a progressive rise in the
temperature differential between a part of the foot that
is subjected to mechanical stress and an area that is
free of stress during ambulation.

The fact that people without sensation do not limp
makes it easier to follow developing danger spots. They
do not shift weight in response to stress and pain as
our runner did.
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We suggest that a good program for insensate feet
of people with diabetes would be to modify footwear
as needed to avoid high pressure points. The patient’s
soles should be photographed by a thermograph or
screened by a thermister after walking for perhaps half
an hour in the modified shoes. This will identify one
or two small areas on the sole which have become a
little warmer than the rest. It would be explained to the
patient that if he or she ever begins to be in danger
of ulceration, it will be at that warm spot and it will
have become progressively hotter by several degrees
for several days before it breaks down. The patient
would purchase or be given a thermister or radiometer
probe to keep beside his or her bed, by which to
check foot temperature at bedtime. If a hot spot grows
progressively hotter day after day, it would mean that the
patient is walking too much or too fast and is in danger
of ulceration. It becomes very easy for the patient to
figure out how the hot spot varies evening by evening
in response to the amount and type of activity during
the day. He or she may learn to walk more slowly, or
for shorter distances, until the temperature differential
remains steady, at perhaps 3◦C or 4◦C. Some patients
may find that they may be free to walk further than
they thought they should, while others may have to
cut back.

Once the patient has gotten to understand his or her
feet and the way in which rising temperature differentials
can serve as a warning sign, and once they have
learned the amount of walking that it takes to put them
into a danger zone, they may no longer have to do
their temperature checks every night. Once a week or
whenever they have had a busy day may be all that
is necessary.

CONCLUSION

There are three factors that determine the probability
of actual breakdown and ulceration of the foot when

there is loss of pain sensation. The first is the severity
of the sensory loss and its localization on the sole of
the foot. This is commonly tested by the physician and
demonstrated to the patient.

The second is the magnitude of the forces that
impinge on various parts of the sole of the foot while
walking in regular footwear or in footwear that has
been modified to spread the stress and minimize stress
on areas of severe sensory loss. This is commonly
recognized and appropriate footwear is provided.

The third is the walking distances that it takes for
moderate repetitive stress to build up a state of inflam-
mation. The patient must recognize this as a warning that
further walking will result in breakdown and ulceration.

This is rarely fully explained to the patient, nor is
he or she taught how to monitor the progress of
the inflammatory state and accept responsibility to
stop walking before there is a breakdown. We have
found that patients readily understand the nontechnical
terms ‘‘tender’’ and ‘‘tenderize’’ and quickly learn that
inflammation tenderizes the sole and that it can be
monitored at home every evening by a skin thermometer
to tell them whether the activities of the day have raised
the temperature difference between their stressed and
unstressed areas to levels that should warn them to
walk less the next day.
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