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FOREWORD 

Protection of the foot against frostbite is implicit in the design 

AND DEVELOPMENT OF COLD-WEATHER FOOTGEAR. HOWEVER, IT IS KNOWN THAT FOOT 

INJURY MAY OCCUR UNDER CONDITIONS WHICH DO NOT PRODUCE FROSTBITE. A CON¬ 

DITION CALLED "TRENCH FOOT" MAY OCCUR WHEN THE FEET ARE MAINTAINED AT 

COLD BUT STILL ABOVE-FREEZING TEMPERATURES FOR PROLONGED PERIODS OF TIME. 

Proper evaluation of the protection afforded by Arctic "ootgear requires 

THAT CONSIDERATION BE GIVEN TO TYPES OF FOOT INJURY OTHER THAN FROSTBITE. 

This report describes some of the changes which occur in feet during pro¬ 

longed EXPOSURE TO A COOL ENVIRONMENT IN WHICH FROSTBITE WOULD NOT BE A 

PROBLEM. 
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ABSTRACT 

1 
The effects of continuous cold exposure (2 weeks at 60oF) and starva¬ 

tion ON FOOT VOLUME AND CAPILLARY FRAGILITY WERE STUDIED IN 6 MEN. ÏHE 

AND rÉcovÍrv/'t'^f''3 FRLCZUe0 MD FLOWED BY 2-WEEK PERIODS (CONTROL 
orcRFAsrn 2 80 f AND A CAL0SIC INTAKE: °f 2^00 Calories. Toot volumes 
DECREASED 6.1 PERCENT IN THE FIRST J HOURS OF COLD EXPOSURE AND REMAINED 

MFASnRrn ™o REMA'NDIrR 0F THE EXPERIMENTAL PERIOD. FOOT VOLUME WAS ALSO 
onof ? r 3 MINUTES 0F ELEVATION OF THE FOOT AND OCCLUSION OF THE BLOOD 

UP LY. This volume decreased less during the experimental than the pre- 

ÏMr'rvprü F°LL0W,NG P^'ODS. CAPILLARY FRAGILITY DECREASED SLOWLY DURING 
THE EXPERIMENTAL PERIOD AND INCREASED IN THE RECOVERY PERIOD. On THE THIRD 
DAY OF RECOVERY, FOOT VOLUMES WERE LARGER THAN AT ANY OTHER TIME. FOR THE 
REMAINDER OF RECOVERY, FOOT VOLUME WAS THE SAME AS THE CONTROL VOLUME, BUT 
THERE WAS A GREATER DECREASE IN VOLUME WITH FOOT ELEVATION. THE RESULTS 
oUGGEST THAT THERE WAS A CONSTRICTION OF ALL TYPES OF BLOOD VESSELS DURING 
THE EXPERIMENTAL PERIOD, WHILE IN THE RECOVERY PERIOD THERE WAS APPARENTLY 
A SIMULTANEOUS DILATATION OF LARGE BLOOD VESSELS AND A CONSTRICTION OF 
SMALL ONES. ONE SUBJECT HAD A GREATLY INCREASED VOLUME OF ONE FOOT ASSOCI¬ 
ATED WITH PAIN AND REDNESS DURING EARLY RECOVERY DAY". THESE CHANGES MA* 
BE INDICATIVE 0" EARLY TRENCH FOOT OR CAPILLARY DAMAGE. STARVATION PER 3r 
APPEARED TO HAVE NO EfFECT ON FOOT VOLUME, k - 



CHANGES IN FOOT VOLUME AND CAPILLARY FRAGILITY DURING 
CONTINUOUS COLD EXPOSURE AND STARVATION 

1. Introduction 

Subjects exposed to a cold environment (nude at 60oF) for prolonged 
PERIODS OF TIME OFTEN COMPLAINED OF TRANSIENT FOOT PAIN AND TENDERNESS 
DURING REWARMING (l, £). THE POSSIBILITY OF MILD TRENCH FOOT WAS CONSID¬ 
ERED BUT WAS NOT INVESTIGATED. TRENCH FOOT HAS BEEN A COMMON OCCURRENCE 
IN CHRONIC NON-FREEZING COLD ENVIRONMENTS (4, 5)* EDEMA FORMATION AND 
INCREASED CAPILLARY PERMEABILITY ARE BOTH FOUND IN MILD TRENCH FOOT (6). 
Capillary changes due to local hypothermia have been demonstrated by 
Lewis and Love (7) and Willman and Hanlon (8). 

Recently, the opportunity was afforded to study 6 men‘living nude for 
2 weeks at 6o°F. During this period no food was consumed. Fopt volumes 
AND CAPILLARY FRAGI'LiTY OF THE DORSUM OF THE FOOT WERE MEASURED TO ASCER¬ 
TAIN IF A PATTERN SIMULATING MILD TRENCH FOOT WAS PRESENT. 

2. Procedure and methods 

Six HEALTHY MEN, AGED l8 TO 27 YEARS, WEARING ONLY COTTON SHORTS, 
LIVED IN A TEMPERATURE-CONTROLLED ROOM FOR 6 WEEKS. THEIR ACTIVITIES WERE 
SEDENTARY,. E.G., CARD PLAYING, READING, WRITING, WATCHING MOVIES AND 
TELEVISION. The FIRST 2 WEEKS SERVED AS A CONTROL PERIOD WITH ROOM TEM¬ 
PERATURE AT 80°F, RELATIVE HUMIDITY 40-50#, WIND LESS THAN 1 MPH. THEIR 
diet (2400 Calories per day) consisted of an enriched milk drink, buttered 
TOAST, AND COFFEE. The SECOND 2-WEEK PERIOD WAS THE EXPERIMENTAL PERIOD 
WITH TEMPERATURE AT 60°F, RELATIVE HUMIDITY 40-50$, AND WIND LESS THAN 
1 mph. Diet during this period was non-calohic (water ap libitdm and black 
coffee). The conditions during the third 2-week period.(recovery period) 
WERE THE SAME AS THOSE OF THE CONTROL PERIOD. In ALL PERIODS, EACH SUBJECT 
WAS ALLOWED 1 WOOLEN ARMY BLANKET DURING THE SLEEPING HOURS. 

, Measurements of foot volume were made l6 times during the 6 weeks 
(4 TIMES IN CONTROL, 6 TIMES IN EXPERIMENTAL, AND 6 TIMES IN RECOVERY). 
Volume of the foot was estimated by measuring the water displaced by the 
FOOT IN A METAL BOOT. MEASUREMENTS WERE MADE WITH THE SUBJECT ERECT AND 
WITH HIS WEIGHT PLACED EQUALLY ON BOTH FEET. ÏHE AMOUNT OF WATER IN THE 
BOOT BEFORE IMMERSION OF THE FOOT WAS KEPT CONSTANT. ÏHE WATER WAS ALWAYS 
AT ROOM TEMPERATURE (80°F CONTROL AND RECOVERY, 60°F EXPERIMENTAL PERIOD). 
The LOWER EXTREMITIES WERE KEPT IN A HORIZONTAL POSITION FOR I5 MINUTES 
PRIOR TO MEASUREMENT. ÎHE VOLUME OF THE RIGHT FOOT WAS MEASURED. ÏHE 
RIGHT FOOT WAS THEN SUPPORTED AT AN ELEVATION OF l8 INCHES FOR 3 MINUTES 
WITH THE SUBJECT SUPINE. WlTH THE FOOT STILL ELEVATED, A PRESSURE OF 
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200 MM Hg was applied with a TOURNIQUET 3-^ inches below the knee to cause 
ARTERIAL OCCLUSION. THE FOOT VOLUME WAS AGAIN MEASURED WITH THE SUBJECT 
IN THE ERECT POS I F I ON AND THE TOURNIQUET IN PLACE. 

Capillary fragility was measured by means of a suction petechiometef< 
SIMILAR TO THE APPARATUS OF KRAMAH (9)* T«E MAXIMAL NEGATIVE PRESSURE OF 
OUR APPARATUS WAS 60 CM Hg. THE TIME REQLIREO TO PRODUCE 12 PETECHIAE 
UNDER THE SUCTION CUP (iNSIDE DIAMETER OF SUCTION CUP 1r; MM) WAS TAKEN AS 
THE END POINT. THIS VARIED FROM 0-5 10 Ö.0 MINUTES WITH THE SUCTION CON» 
STANT AT 60 CM Hg. MEASUREMENTS WERE TAKEN AFTER THF. MEN HAD BEEN SUPINF. 
FOR AT LEAST 1* ÑUTES. FOUR AREAS ON THE MEDIAL SIDE OF THE OORSUM OF 
THE RIGHT FOOT, OVcR THE METATARSAL BONES, WERE ROTATED AS THE TESTING 
SITE,WITH NO SITE EING USED MORE THAN ONCE IN 48 HOURS. 

3« Results 

a. Foot volume 

Average foot volume during the control period was 1,279 cc* After 
5 hours in the cold, foot volume was 1,200 cc. This represents a decrease 
in the cold (Fig. 1) of 6.1$. All the men showed this pattern (range of 

DECREASE 3*9^ T0 7*3$)* ^001 VOLUME DURING THE REMAINDER OF THE COLD 
PERIOD REMAINED ESSENTIALLY UNCHANGED AFTER THE FIRST 5 HOURS. 

The mean decrease in foot volume with elevation and arterial occlu¬ 
sion was 29 cc (control), 14 cc (experimental), and 4l cc (recovery); the 
3 PERIODS DIFFERED SIGNIFICANTLY FROM EACH OTHER. THE VOLUME OF THE FOOT 
AFTER ELEVATION AND ARTERIAL OCCLUSION WAS LESS DURING THE EXPERIMENTAL 
PERIOD THAN DURING CONTROL AND RECOVERY PERIODS (TABLE l). THE VOLUME 
DURING RECOVERY AVERAGED I5 CC LOWER THAN THE CONTROL VOLUME (CONTROL, 
1,250 CC; EXPERIMENTAL, 1,^86 CC; AND RECOVERY, 1,235 CC)* 

Foot volume during recovery did not return to control values until 
3 DAYS HAD PASSED. FlVE HOURS AFTER LEAVING THE COLD ROOM, 5 0F THE 6 
SUBJECTS' FOOT VOLUMESWERE MIDWAY BETWEEN CONTROL AND EXPERIMENTAL 
VALUES, BUT THE SIXTH SUBJECT HAD AN INCREASE OF 44 CC ABOVE HIS HIGHEST 
CONTROL VALUE. THE RIGHT FOOT OF THIS SUBJECT WAS PAINFUL, RED, AND SUB¬ 
JECTIVELY WARM DURING THE FIRST 3 DAYS OF RECOVERY. ON THE THIRD DAY OF 
RECOVERY, THE AVERAGE FOOT VOLUME FOR 6 SUBJECTS WAS 24 CC ABOVE THE AVER¬ 
AGE FOR THE CONTROL DAYS AND 29 CC ABOVE THE AVERAGE FOR THE REMAINING 
RECOVERY VALUES. FOOT VOLUME AFTER ELEVATION AND OCCLUSION ON THE THIRD 
DAY Of RECOVERY WAS 19 CC GREATER THAN ON ANY OTHER RECOVERY DAY. FROM 
THE FOURTH RECOVERY DAY UNTIL TERMINATION OF THE STUDY, FOOT VOLUME OF ALL 
THE MEN REMAINED UNCHANGED AT APPROXIMATELY CONTROL VALUES. 

b• Capillary fragility 

Capillary fragility on the dorsum of the right foot decreased 
DURING THE EXPERIMENTAL PER»OD AND ROSE AGAIN DURING RECOVERY (FIG. 2). 

3 
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TABLE I : MEAN FOOT VOLUME OF 6 MEN FOLLOWING 15 MINUTES OF 
RECLINING (WITHOUT OCCLUSION) AND 3 MINUTES OF 

FOOT ELEVATION (WITH OCCLUSION) 

Day of 
Perioo 

3 
8 

TO 

12 

Mean 

1 

3 

5 

8 

10 

12 

Mean 

1 

3 
4 

5 

8 

10 

Mean 

Volume without 
_Occlusion 

cc ~ 

Volume with 
Occlusion 

cc 

1274 

1272 

1281 

1288 

1279 

Control 

1250 

123Ö 

1253 

1257 

125Q 

Cold 

1203 

1197 

1209 

1198 

1202 

1191 

1200 

Recovery 

1256 

1303 

1272 

1278 

1275 

1272 

1276 

1198 

1183 

1196 

1102 

II88 

II77 

II86 

1218 

1257 

1230 

1239 

1235 

1228 

1235 
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The mean time to reach the end point (formation of 12 petf.chiae) was 2,3 
MINUTES IN THE CONTROL, 5.2 MINUTES IN THE EXPERIMENTAL, AND 4.2 MINUTES 
IN THE RECOVERY PERIODS. THERE WAS MARKED INDIVIDUAL VARIATION IN THE 
RATE OF CHANGE OF CAPILLARY FRAGILITY IN 90TH THE EXPERIMENTAL AND RE¬ 
COVERY PERIODS. The END POINT DURING RECOVERY NEVER RETURNED TO CONTROL 
values. Subject D, who had a swollen right toot on the first recovery 
DAY, DEMONSTRATED MARKED CAPILLARY FRAGILITY (12 PETECHIAE PRESENT IN 1/? 
minute with 60 CM Ho) on this day or recovery. The mean time for the 
remainder of the group (i.z., excluding Subject D) to reach the end point 
ON THE FIRST RECOVERY DAY WAS 5*MINUTES. SUBJECT D HAD A POSITIVE END 
POINT IN LESS THAN Î Ml NU'i E THROUGHOUT THE RECOVERY PERIOD, WHEREAS THE 
MEAN END POINT FOR THE OTHER MEN WAS 4.8 MINUTES. 

4. DISCUSSI ON 

No PATTERN SIMULATING TRENCH FOOT WAS FOUND IN 5 OF THE 6 SUBJECTS, 
ALTHOUGH 2 SUBJECTS COMPLAINED OF FOOT PAIN AND TENDERNESS DURING THE 
FIRST 2 DAYS OF RECOVERY. THE 6tH SUBJECT, SUBJECT D, HOWEVER, HAD THE 
FINDINGS OF EARLY, MILD TRENCH FOOT. 

Foot volume decreased within 5 hours after entering the cold con¬ 
ditions AND REMAINED UNCHANGED DURING THE REMAINDER OF THE COLD PERIOD. 
During the early recovery period, foot volume exceeded the control volume 
AND LATER RETURNED TO CONTROL VALUES. THE SMALLER, CONSTANT FOOT VOLUME 
IN THE EXPERIMENTAL PERIOD CAN BE EXPLAINED BY A GENERAL VASCULAR CON¬ 
STRICTION. Three minutes of elevation caused a further reduction in foot 
VOLUME DUE TO A DECREASED AMOUNT OF INTRAVASCULAR FLUID. A FOOT ELEVATED 
FOR THIS TIME SHOULD LOSE POOLED VENOUS BLOOD AND POSSIBLY HAVE A DE¬ 
CREASED ARTERIAL INFLOW, BUT SHOULD NOT LOSE ANY EXTRAVASCULAR FLUID. 
Since there was a greater change in foot volume with elevation during 
CONTROL AND RECOVERY PERIODS THAN DURING THE EXPERIMENTAL PERIOD, A GREATER 
AMOUNT OF BLOOD WAS PROBABLY PRESENT IN THr LARGE VESSELS DURING THE WARM 
CONDITION. One OF THE FIRST REACTIONS TO COLD IS PERIPHERAL VASOCON¬ 
STRICTION (5), WHICH WOULD REDUCE ARTERIAL AND ARTERIOLAR FLOW TO THE 
feet. Wood, Bass, and Iampietro (10) found decreased blood flow to the 
ARM, AS WELL AS VENOUS CONSTRICTION, WITH EXPOSURE AT 60°F AND NO FURTHER 
SIGNIFICANT CHANGES AS THE COLD PERIOD CONTINUED. It IS LIKELY THAT 
SIMILAR CHANGES WOULD OCCUR IN THE FEET, THUS REDUCING VENOUS POOLING IN 
THE FEET AND PRODUCING SMALLER FOOT VOLUMES IN THE COLD. 

Capillary fragilTty measures the capacity of the capillary wall to 
RESIST INCREASED INTRACAPILLARY PRESSURE OR EXTRACAPILLARY SUCTION (ll). 
The CAPILLARY WALLS CONSIST OF A SINGLE LAYER OF ENDOTHELIAL CELLS HELD 
TOGETHER BY CEMENT SUBSTANCE. SUBSTANCES PASSING THROUGH THE CAPILLARY 
WALL MUST PASS THROUGH EITHER THE ENDOTHELIAL CELL OR THE CEMENT SUB¬ 
STANCE (12). When capillaries constrict, their flat cells might become 
MORE RECTANGULAR AND THE CEMENT SUBSTANCE, THEREFORE, MIGHT HAVE A 
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GREATER DEPTH FROM INTRACAPILLARY LUMEN TO CAPILLARY EXTERIOR. SANDERS. 
.-8ERT, AND FlORY (13) OBSERVED CAPILLARY CONTRACTION AS A RESULT OF SYMHÀ- 
irtLTSC STIMULATION WITH SWELLING IN THE REGION OF THE ENDOTHELIAL CELL 
NUCLEI WHICH OCCLUDED THE LUMEN OF THE VESSEL. INCREASED CEMENT SUBSTANCE 
DEPTH OR INCREASED ENDOTHELIAL CELL WIDTH CAUSED BY SWELLING OF THE ENDO¬ 
THELIAL CELL COULD ACCOUNT FOR DECREASED CAPILLARY FRAGILITY DURING THE 
COLD PERIOD. 

Foot volume on the third recovery day was created than at any other 
1 I ML DURING RECOVERY, BUT THE DECREASE IN VOLUME AFTER ELEVATION AND 
OCCLUSION WAS ESSENTIALLY THE SAME AS ON ANY OTHER RECOVERY DAY. ÏHIS IN¬ 
DICATED THAT THE INCREASED VOLUME OF THE FOOT ON THE THIRD DAY WAS PROBABLY 
DUE TO AN INCREASE IN EXTRAVASCULAR FLUID (EDEMA) RATHER THAN INCREASED 
VOLUME OF BLOOD IN THE VESSELS OF THE FOOT. THIS EXTRAVASCULAR FLUID HAD 
DISAPPEARED BY THE FOURTH RECOVERY DAY. SlNCE THE FOOT AFTER ELEVATION 
AND ARTERIAL OCCLUSION REMAINED SMALLER DURING RECOVERY ( AFTER THE THIRD 
DAY) THAN DURING CONTROL, AND SINCE CAPILLARY FRAGILITY INCREASED ONLY 
SLOWLY IN RECOVERY, IT IS POSSIBLE THAT CAPILLARY AND OTHER SMALL VESSEL 
CONSTRICTION CONTINUED INTO THE WARM CONDITION. THUS, IT IS POSSIBLE THAT 
A PARADOX OF DILATATION OF THE LARGE VESSELS AND CONSTRICTION OF THE 
CAPILLARIES MAY EXIST DURING RECOVERY. 

Three subjects complained of foot pain and tenderness on the first 
RECOVERY DAYS, BUT 2 OF THESE SUBJECTS EXHIBITED NO OBJECTIVE FINDINGS. 
Another subject, along with the findings of redness, warmth, and greatly 
INCREASED RIGHT rOOT VOLUME, ALSO HAD MARKEDLY INCREASED CAPILLARY FRA¬ 
GILITY. This could indicate that in addition to the increase in large- 
vessel blood volume, the capillaries hao an increased volume and were 
thinner-walled or that capillary damage occurred during the experimental 
period. The signs of early trench foot, including increased capillary 
PERMEABILITY WITH EXTRAVASATION OF EDEMA FLUID (6), WERE PRESENT IN 
this subject (Subject D). 

The changes.in foot volume during the experimental period were 
PROBABLY A RESULT OF EXPOSURE TO COLD AND WERE NOT INFLUENCED BY STARVA¬ 
TION. Thus, the foot attained its smallest volume within 5 hours in the 
COLD and MAINTAINED THIS VOLUME FOR THE 2-WEEK PERIOD. At THE TIME OF 
THE FIRST MEASUREMENT IN THE EXPERIMENTAL PERIOD ONLï ONE MEAL, BREAKFAST, 
HAD BEEN OMITTED. AFTER l4 DAYS OF A NON-VITAMIN, NON-CALORIC DIET, NO 
FURTHER CHANGES IN FOOT VOLUME WERE NOTED* 

The relative effects of cold AND STARVATION ON CAPILLARY FRAGILITY 
ARE MORE DIFFICULT TO EVALUATE. CAPILLARY FRAGILITY HAD DECREASED MARKEDLY 
BY THE SECOND DAY OF THE EXPERIMENTAL PERIOD (PlG. 2) AND THEN DECREASED 
MORE SLOWLY DURING THE REMAINDER OF THE PERIOD. IT WOULD APPEAR THAT THE 
EARLY RAPID CHANGE IN CAPILLARY FRAGILITY WAS THE RESULT OF COLD EXPOSURE 
AND THAT THE LATER, SLOWER CHANGE WAS THE RESULT OF STARVATION OR STARVA- 
TI ON AND COLD. 
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